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Temperature-driven decline in
recalcitrant dissolved organic carbon
weakens coastal macrophyte’s blue
carbon storage potential

Check for updates

Alba Yamuza-Magdaleno 1 , Tomás Azcárate-García 2,3, Luis Gonzalo Egea 1,
Xosé Antón Álvarez-Salgado 4, Hauke Reuter 5, Fernando Guillermo Brun1,6 &
Pedro Beca-Carretero 4,5,6

Marine macrophytes, including seagrasses and seaweeds, are major contributors to the marine
carbon cycle through the release of dissolved organic carbon, a fraction of which is recalcitrant
(resistant to microbial degradation for weeks to months), thereby supporting long-term carbon
storage. Here we tested howwarming and invasion by a non-native seagrass affect carbon dynamics
in temperate macrophyte communities from southern Iberia using controlledmesocosm experiments
across three temperatures. The invasive seagrass did not substantially alter carbon metabolism or
dissolved organic carbon release. However, warming altered the amount and composition of released
carbon. The recalcitrant fraction decreased by 28% with increasing temperature, while labile carbon
(readily degradable) increased proportionally. When standardized to macrophyte carbon stocks, the
recalcitrant fraction produced was comparable to sediment carbon burial rates in the same
communities. These results suggest that warming restructures dissolved organic carbon
composition, reducing coastal carbon storage capacity and affecting global carbonbudget estimates.

Marine ecosystems play a pivotal role in the global carbon cycles, with
coastal and oceanic habitats contributing to climate regulation through
efficient CO₂ capture and long-term storage1,2. Seagrasses, mangroves, and
saltmarshes are recognized as key blue carbon ecosystems that bury organic
matter (OM) in sediments, potentially sequestering carbon for centuries to
millennia3–5. Macroalgae contribute to carbon cycling by producing abun-
dant biomass, part of which is exported as organic carbon to deep habitats
via lateral advection and subsequent sinking, a pathway also associated with
seagrasses, salt marshes, and mangroves6–9. Phytoplankton drive the bio-
logical carbon pump throughCO₂ fixation and export of organic carbon via
vertical mixing of dissolved and suspended OM, and sinking of particulate
OM, including zooplankton fecal pellets10–13, sequestering carbon in abyssal
layers for long timescales14.

Despite the well-established pathways of particulate carbon burial and
export, the fate of carbon released as dissolved organic carbon (DOC) (i.e.,

the fraction of marine OM lower than 0.2–0.7 μm15; remains poorly
understood. DOC fractions span a broad reactivity spectrum from labile
(lifetime of hours–days) to ultra-refractory forms (lifetime tens of
millennia)16. Authors by agreement denote as ‘labile’ (LDOC) the fraction of
DOC that is utilised bymicrobial communities rapidly (i.e., which does not
accumulate in seawater), while the fraction that shows resistance to rapid
OM decay and is accumulated at different timescales in seawater is con-
sidered as ‘recalcitrant’ (RDOC)16. Recent studies recorded both fractions in
the macrophytes-derived DOC, highlighting the RDOC as an overlooked
pathway in the contribution of macrophytes to ocean carbon
sequestration17–20.However, the inclusionofmacrophytes-derivedRDOCas
a feasible nature-based solution into blue carbon initiatives is still at an early
stage of research since (i) the limited number of data of DOC degradation
frommacrophytesbeyond fewdays orweeks20; (ii) the lack of a standardized
framework regarding the units utilized to show these fluxes (so far appear
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normalized by dry/fresh biomass, surface area, volume, mol of oxygen,
grams of carbon, etc in the literature) which hinder the comparison among
marine communities and among compartment within the coastal carbon
cycle; and (iii) the gaps of knowledge regarding possible changes on mac-
rophytes DOC dynamics under both, current and future climate
conditions21. For instance, warming affects the oceanic DOC cycle by
enhancing both its production and themicrobial degradation of recalcitrant
compounds21–24. Notably, a 1 °C increase can lead to a 15–18% rise in the
degradation rates of the recalcitrant fractions that turns over in decades,
potentially reducing the global ocean DOC reservoir by ~7 Pg C23. Overall,
both DOC composition and temperature are key factors controlling its
degradation, with higher temperatures consistently accelerating decay
rates25. These findings primarily refer to the open ocean, where DOC pools
are relativelywell characterized. By contrast, little is known about howDOC
dynamics respond to warming in coastal ecosystems, where DOC pro-
duction and degradation are more variable and closely tied to benthic pri-
mary producers26.

Phytoplankton, macroalgae, and seagrasses are major DOC con-
tributors, exporting globally ~11.54, 8.46, and 4.52mol C m−2 yr−1,
respectively9,10,27. DOC released by primary producers and the balance
between labile and recalcitrant fractions are influenced by the physiological
state (e.g., growth phase and stress), species-specific traits (e.g., size and
growth rate), and environmental factors such as temperature, light, and
nutrient availability28–32. The quantity and composition of DOC released by
marine photosynthetic organisms are partially modulated by their species-
specific thermal responses. Under optimal or near-optimal thermal con-
ditions, DOC releasemay decline (e.g.,Zosteramarina33; Ecklonia radiata34.
In contrast, under suboptimal or stressful warming conditions, species may
release more DOC (e.g., Cymodocea nodosa18,27; Laminaria digitata35. In
phytoplankton, experimental warming of+2 to+6 °C above their optimal
temperature range led to a higher DOC release36. These contrasting results
underscore the species-specific and thermal context-dependent nature of
DOC responses to temperature. Moreover, DOC fluxes are influenced by
organism size and ecological strategy. Smaller, fast-growing species typically
release a higher fraction of DOC relative to biomass. For instance, pico-
plankton release 15–30% vs. < 10% in larger phytoplankton37,38. Relative to
the lability of DOC, small macrophyte species likely release more LDOC
relative to their biomass, while larger species might produce structurally
more carbon linked to RDOC forms39.

Global warming andbiological invasions are notably reshapingmarine
ecosystems, particularly in temperate and subtropical regions. Native sea-
grasses such asCymodocea nodosa and Zostera noltei, andmacroalgae such
as Caulerpa prolifera, are adapted to thermal ranges of approximately
5–28 °C but are experiencing increasing stress and habitat contraction due
to rising sea surface temperatures in the Mediterranean and eastern
Atlantic40,41. Simultaneously, the tropical seagrass Halophila stipulacea,
native to the Red Sea and Indian Ocean, is rapidly expanding into these
warming habitats, often displacing native species such asC. nodosa42–46, also
interacting with native macrophytes like Z. noltei and Caulerpa spp.47–49. A
critical knowledge gap persists regarding how the co-occurrence and
interaction between native and invasive macrophyte species affect biogeo-
chemical processes, particularly the production, composition, and persis-
tence of DOC17.

Accurately quantifying DOC fluxes, especially its recalcitrant fraction,
is essential to understand the role of coastal vegetated ecosystems in ocean
carbon cycling and long-term carbon storage50. However, the lack of
experimental studies assessingdifferent pathways of carbon sequestration in
representative seagrass beds (e.g., comparing carbonburial in sediments and
rates of carbon export as RDOC in situ) and the lack of a standardized
framework regarding the units utilized to show these fluxes are hindering
not only the comparison among marine communities, but also to provide
reliable estimations of contribution of seagrass-derived RDOC in ocean
carbon sequestration. For instance,DOCproduction is typically normalized
to fresh biomass or surface area in marine macrophyte studies21,27,51, but
rarely normalized to dry weight, internal carbon content, or chlorophyll

content52. By contrast, DOC production is usually tied to volume, chlor-
ophyll content or internal carbon budgets in phytoplankton studies, yet
RDOC-specific rates are rarely quantified53–55. This constraint also prevents
direct cross-system comparisons among different primary producer com-
munities, such comparing DOC production rates of seagrasses versus
phytoplankton.Another poorly defined aspect in the assessment of bacterial
DOC consumption, and, by extension, the distinction between LDOC and
RDOC, is the wide variability in incubation periods used across studies.
Reported durations range from 15 to over 60 days18,20,25,39,56, introducing
major uncertainty in the comparability and interpretation of results, since
shorter incubation periods may overestimate the proportion of RDOC57,58.
This issue is exacerbated by the absence of standardized criteria for defining
and isolating RDOC fractions, which can differ widely in bioavailability and
yield time calculations and estimations depending on environmental con-
text and methodological approach.

To investigate how metabolic and DOC-related parameters of tem-
perate seagrass communities are affected by global change stressors, and to
address methodological gaps in DOC flux estimations, the objectives of this
study are: (i) To assess whether temperature and the presence of an invasive
species influence metabolism and DOC fluxes in temperate marine mac-
rophytes, and to quantify daily DOC (labile and recalcitrant) production
rates relative to dry weight, internal carbon content of living tissues, and
chlorophyll content; and (ii) To establish a standardized methodology for
comparing DOC and RDOC production with sedimentary carbon accu-
mulation rates and to enable cross-ecosystem comparisons among different
primary producer communities, such as seagrasses, seaweeds, and phyto-
plankton.We hypothesize that warming and invasive species pressures will
increase respiration rates in seagrasses and macroalgae, favouring RDOC
release over LDOC. We further propose that this RDOC pool, often over-
looked in blue carbon assessments, constitutes a key component of marine
carbon sinks, with annual contributions comparable to long-term sedi-
mentary carbon burial.

Material and methods
Study Sites and sampling strategy
The rising of ocean temperature is facilitating the spread of Halophila
stipulacea through the Mediterranean Sea and along the Atlantic coast of
the Caribbean Sea42,46,59–61. Thus, this species is starting to reach areas
inhabited by more template macrophyte species, recording its coex-
istence with Cymodocea nodosa and Posidonia oceanica41,62, as well as the
macroalgae Caulerpa spp.49,63 in some locations. To a lesser extent, it
coexists with Zostera noltei45,48. For this reason, we conducted our
experiments on mixed macrophyte communities representative of
Atlantic and Mediterranean temperate ecosystems, also including the
tropical invasive seagrass species H. stipulacea. The temperate species C.
nodosa, Z. noltei, and C. prolifera were collected from the Bay of Cadiz
(southern Spain; 36°29'21.0“N, 6°15'53.6“W), a transitional area between
Atlantic and Mediterranean marine climate regimes with water tem-
peratures ranging from 13 °C to 24 °C, reaching up to 28 °C in heat
waves. For additional information on the study area, review previous
studies of the Bay of Cadiz64,65. The invasive species H. stipulacea was
collected fromMayagüez Bay, Puerto Rico (18°12'36.4“N, 67°09'41.1“W).
Mayagüez Bay is a tropical coastal ecosystem within the Caribbean Sea,
characterized by warm tropical conditions and the presence of seagrass
species such as Thalassia testudinum, Syringodium filiforme, and Halo-
phila ovalis. Surface water temperatures in this region typically range
from 24 °C to 30 °C year-round. Shoots from both sites were manually
harvested by snorkelling at 1–2m depth in June and July 2023. Sampling
was conducted at regular 5–10m intervals along a 50m transect to
minimize collecting shoots from the same clone/genotype. Collected
shoots were transported within 30 h to the Marine Experimental Facil-
ities (MAREE) at the Leibniz Centre for Tropical Marine Research
(ZMT) in Bremen, Germany. During transport, shoots were wrapped in
seawater-moistened tissue, placed in plastic bags, and packed in insulated
coolers to maintain moist, cool conditions.
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Experimental Setup
The experiment was conducted for 25 weeks (Supplementary Fig. S1) in a
large mesocosm facility composed by 27 aquaria (300 L, 58 cm wide, 80 cm
long, and 65 cm high each aquarium) at ZMT’s MAREE facility. Each
system included a recirculating setup (Supplementary Fig. S2) with biolo-
gical filtration (1 g filter media per 10 L water) and mechanical filtration,
operating at ~60 L h−1 to achieve five full water turnovers daily. Three
months prior to macrophyte transplantation, a 6 cm sediment layer of
aragonite sand (80% medium-grain: 1.7mm; 20% fine-grain: 0.75mm;
1.87 ± 0.1% organic matter (OM)) was placed in each aquarium. A com-
mercial bacterial solution (Fauna Marin Bacto Blend) was introduced to
stimulate microbial colonization, and systems were stabilized for three
months to develop mature microbial communities in sediments and filters.
In parallel, each aquariumwas inoculatedwithwet sediment fromtheBayof
Cadiz (10–20% of the aquarium’s sediment) to introduce native temperate
microbial and bacterial assemblages.Weekly, 20%of thewater was replaced
with artificial seawater (Red Sea Salt; 36 PSU salinity). Nutrients were
supplemented tomaintain ~3 μMnitrate, ~1 μMammonium and ~0.2 μM
phosphate concentrations, replicating natural habitat conditions at the Bay
of Cadiz in summer31. Fluorescent lighting maintained an irradiance of
300 μmol photons m−2 s−1 at the sediment surface under a 12 h light:dark
cycle, simulating natural light conditions in the donor area66. Salinity, pH,
and dissolved oxygen were monitored weekly using a conductivity sensor
(TetraCon 925), pH sensor (SenTix 980), and optical oxygen sensor
(FDO925), respectively (Supplementary Fig. S3). Nutrient concentrations
were analyzed weekly in parallel (Supplementary Table S1). To reduce algal
growth, epiphytes on aquarium walls were manually removed every
2–3 days.

Following transplantation in June, all species underwent an acclima-
tion period of six weeks (June–July 2023) to allow plants to recover and start
growing new tissue in the aquaria (Supplementary Fig. S4A). Halophila
stipulacea transplants underwent an additional step-wise temperature
acclimation becausewater temperature at collection time inPuertoRicowas
~28 °C. That is, shoots were held initially at 28 °C for 2weeks, then 26 °C for
2 weeks, and finally 24 °C for 2 weeks before the starting of the experiment.
This gradual procedure acclimatedH. stipulacea to the base temperature of
our treatments (24 °C) without temperature shock. The native species from
Cadiz were maintained at ~24 °C (their average summer temperature)
during this period. To transition from 24 °C to the elevated treatments, we
increased temperatures gradually over 7 days ( ~ 0.5 °Cper day up to 28 °C).
In order to ensure physical isolation between species while minimizing
interferencewith the growth of each, the species within each aquariumwere
separated using PVC dividers (Supplementary Fig. S2). Consequently,
approximately 6 g fresh weight (FW) of each species were introduced per
aquarium, with an average density of 41 shoots of each species per
aquarium.

The experimental warming treatments were initiated in August 2023
and ran for six weeks (to mid-September 2023). We used a fully factorial
design with temperature (three levels) and community (three levels).
Temperature treatments were: (i) 24 °C (control, current summer condi-
tions), (ii) +2 °C (26 °C, moderate warming), and (iii) +4 °C (28 °C, high
warming). These values represent, in these Mediterranean-Atlantic com-
munities, the upper thermal range they experience in situ, from colder
(Atlantic) to warmer areas in central and eastern Mediterranean Sea.
Community treatments were: (i) Native control (the three native species
together), (ii) H. stipulacea control, and (iii) Native + H. stipulacea mixed
(interaction) (Supplementary Fig. S4B). Each of the 3 × 3 temperature ×
community combinations were replicated in triplicate (N = 27 aquaria).
Aquaria were randomly arranged to avoid spatial biases in light or room
conditions. Temperature in each aquarium was regulated by independent-
aquarium heaters and chillers, closely monitored; during the experiment,
temperatures stayed within ± 0.2 °C of targets.

Benthic chambers were installed in each compartment of the aquaria
on day 21 (midpoint of the temperature and community experiment) to
conduct metabolism and DOC measurements (Supplementary Fig. S5).

Each benthic chamber ( ~ 2 L) consisted of a polyvinyl chloride (PVC)
cylinder ( ~ 8 cm diameter, 10 cm height, 0.0064m2) attached to an airtight
polyethylene bag ( ~ 40 cm height, 15 cm width), following designs used in
previousmacrophyte studies17,67,68. ThePVCcylinder had a sharpened lower
edge to allow full insertion into the sediment (6 cm deep) while avoiding
damage to macrophyte leaves. Each polyethylene bag included a sampling
port in the upper half ( ~ 30 cm) for water collection. The flexible walls
( ~ 0.07mm thick) allowed natural movement with water flow, preventing
stagnation.

The ratio of fresh biomass (g FW) relative to water volume (liter) used
for benthic chambers was established based on preliminary experiments
testing different biomass-to-water ratios across incubation times of 1, 3, 6,
12, 24, 36, and 72 h. Based on these trials, a ratio of 1–2 g of aboveground
biomass (AG) per liter of water was identified as optimal for a 24-hour
incubation period. This proportion was selected to prevent saturation of
DOC in the incubation. Fresh biomass (g FW) was measured immediately
after the18 h incubation.Once the full experimentwas completed, the fresh-
to-dry biomass ratio was calculated and applied to the fresh weight to
estimate dry weight used in the metabolism and DOC experiments (Sup-
plementary Table S2). The analysis of the biomass data introduced into the
benthic chambers (including C. nodosa, Z. noltei, C. prolifera, and H. sti-
pulacea species) yieldedamean total biomassvalueof approximately 0.212 g
dryweight (DW) inside the chambers in the experiment.Given the chamber
surface area, the biomass-to-surface area ratio of the mesocosm meadows
ranged from 30 to 40 g DW m−2. The carbonate-rich sediment used in all
aquaria was homogenized prior to the experiment and its OM content was
quantified to ensure that any DOC released from sediment-associated OM
should be comparable across treatments. For that, sediment subsamples in
each benthic chamber (n = 66) were taken from the top centimeters of the
sediment to analyze the OM content ( ~ 2.09 ± 0.02% DW; Supplementary
Table S2) using the loss-on-ignition method in an oven at 550 °C for 5 h
(Supplementary Table S2). No significant differences were found among
aquaria.

DOCflux estimateswere then normalized toplant dryweight (AGand
total biomass), internal carbon content (carbon content in biomass), and
total chlorophyll content (the sumof chlorophylla andb). To establish these
relationships, at the end of the experiment all plant material from each
benthic chamber was harvested to determine AG and belowground (BG)
biomasses (g DWm−2, dried at 60 °C for 48 h). Subsamples of this biomass
were analyzed for carbon and pigment contents (Supplementary Tables S2,
S3). We used a CHN analyzer (PerkinElmer 2400) to measure carbon and
nitrogen in plant tissues ( ~ 7mg of freeze-dried, ground biomass per
sample, combusted at 900 °C69). Pigments were extracted following proto-
cols established in previous studies70: ~20–30mg of powdered freeze-dried
leaf tissue was mixed with 5mL of 100%methanol, kept in the dark at 4 °C
for 20 h with constant stirring. After centrifugation, the clarified extract was
storedat 4 °C in thedark.Chlorophylla, chlorophyllb, and total carotenoids
were then measured with a UV-Vis spectrophotometer (Agilent Cary 50)
according to traditional equations developed in previous studies71. Equa-
tions 1–3 in Supplementary Information (SI).

Photosynthetic efficiency
Eachweek, we assessedmorphometric and physiological indicators of plant
performance (Supplementary Table S4). Measurements were conducted
repeatedly on the same tagged individual within each aquarium whenever
possible, allowing temporal tracking of individual-level responses across the
experimental period. Growth metrics included leaf elongation rate (cm
day⁻¹), new shoot/frond production (% increase), and rhizome elongation
(cm day⁻¹). Plant physiological status was evaluated via chlorophyll fluor-
escence (maximum quantum yield, Fv/Fm). In situ Fv/Fm was measured at
night on 3–5 leaves per species per aquarium using a Diving-PAM fluo-
rometer (Walz, Germany). These values were then compared to those from
field-collected specimens of the same species: the temperate species with
populations from the Bay of Cadiz, and forH. stipulacea, mesocosm values
were compared to nearby natural populations from the Caribbean Sea72.
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Carbon metabolism
Following methods used in previous studies32,33, dissolved oxygen (DO) in
each benthic chamber was measured at three times spanning a daily cycle:
just before sunset (S1), immediately after sunrise (S2), and six hours after
sunrise (S3) (Supplementary Fig. S5A), which allow to differentiate meta-
bolic rates during both dark and light periods. Specifically, DO concentra-
tions were measured by collecting water samples from inside the benthic
chambers using acid-washed 50mL syringes (standard plastic, pre-
validated through blank controls). Water was slowly introduced into glass
vials to prevent the formation of bubbles. Each vial was equippedwith a self-
adhesive oxygen sensor dot (OXSP5-ADH, PyroScience). An adapter was
attached to the outside of the vial to ensure contact between the sensor and a
fiber optic with an integrated lens (SPFIB-LNS, PyroScience). The tem-
perature in each benthic chamber was recorded using a temperature sensor
(TSUB21, PyroScience). Both the SPFIB-LNS and TSUB21 sensors were
connected to a FireSting-O₂ fiber-optic oxygenmeter (PyroScience), which
had an integrated battery, LCD display, and logger. This systemwas used to
record DO concentration (mg L⁻¹) and in situ temperature (°C) for O₂
calibration at 60-second intervals until readings stabilized.

Changes in DO concentration between the three sampling times (S1,
S2, and S3) were used to calculate net primary production (NPP) and
respiration (R), which were then used to estimate gross primary production
(GPP). The chosen time spans are standard for this methodology51,67,73, and
are sufficient to detectDO changes while avoidingDOoversaturation in the
incubators. However, it is possible thatNPPmay be slightly underestimated
due to the isolation of the communities within the benthic chambers. This
limitation suggests that the community’s autotrophic capacity could be
higher than indicated by our current results51,67,74. Hourly rates of R, NPP
and GPP were calculated using equations 4–7 in SI.

Metabolic rates in DO units were converted to carbon units using
photosynthetic (PQ =molesO₂:molesCO₂) and respiratoryquotients (RQ)
of 1, values commonly applied in seagrass meadows studies75–77. These
equations and calculations are standard in published research on carbon
metabolism17,51,67.

Dissolved Organic Carbon (DOC) fluxes
To calculate DOC fluxes, water samples were collected from the benthic
chambers using 50mL acid-washed syringes at the same S1, S2, and
S3 sampling times as community carbon metabolism measurements (Sec-
tion “Experimental Setup”). Approximately 20mL of each sample was fil-
tered (precombusted GF/F, 47mm), fixed with 0.08mL of 30% H₃PO₄ in
acid-washed glass vials sealed with silicone-Teflon caps. Samples were
stored in the dark until analysis. DOC concentrations were determined
using at high temperature catalytic oxidation (720 °C) in a Shimadzu TOC-
VCPH analyzer at the Institute of Marine Research (INMAR) at University
of Cadiz (Spain).

The net DOC flux was calculated as the difference between final and
initial DOC concentrations in the water samples, following protocols
established by previous studies67,73,78. Hourly DOC flux rates during night
and light periods were derived using established equations 8–10 in SM.

Daily DOC flux rates were calculated as the sum of the hourly DOC
flux in light multiplied by light hours (12 h) and the hourly DOC flux in
night multiplied by night hours (12 h). Thus, when net DOC flux was
positive, the community was considered to act as a net DOC source, while
when net DOC flux was negative, the community behaved as a net
DOC sink.

DOC Bioavailability: Labile and Recalcitrant DOC Production
To evaluate the bioavailability of DOC produced by different benthic
communities under varying temperature and interaction conditions (Sup-
plementary Fig. S4A),weperformed aDOCdegradation assay following the
initial measurements of DO and DOC (Sections “Carbonmetabolism” and
“Dissolved Organic Carbon (DOC) fluxes”). Following the names of earlier
works17,18,79, we use the term ‘recalcitrant’ fraction of DOC (RDOC) to refer
to the remaining fraction of DOC at the end of bioavailability assay.

Likewise, the term ‘labile’ fraction of DOC (LDOC) refers to the fraction of
DOC that is utilized by heterotrophic bacteria during the assay (i.e., the
difference between the initial DOC concentration and RDOC).

From each aquarium, 300mL of seawater were collected from the
benthic chambers using 50mL acid-washed syringes. For the native
control and interaction treatments, 100 mL were taken from the chamber
corresponding to each species and pooled (300mL total) to integrate
DOC production across the entire community. To prepare the incuba-
tion medium, 270mL of the pooled water were filtered through 0.2 μm
polycarbonate filters to remove bacteria while allowing DOC to pass.
Later, a volume of 30mL of water (bacteria inoculum) from in situ
natural communities were filtered through 0.8 μm filters to retain larger
particles but preserving the natural bacterial community (i.e., retain
bacteria). These fractions were combined into hermetically sealed 300mL
glass bottles. A total of 27 incubation beakers (one for each replicate of
each treatment) were prepared and incubated in darkness at a constant
temperature of 18 °C. The DOC bioavailability assay was run for 60 days,
allowing sufficient time for LDOC to be consumed and the system to
reach a stationary phase, as previously reported for macrophyte-derived
DOC17,80. DOC decay rate (k) during the assay was modelled using a first-
order exponential decay equation with two DOC pools, LDOC and
RDOC (ref. 25; Equation 11 in SI).

Water sampleswere collected at the following times: 0, 1, 3, 7, 15, 30, 45,
and 60 days, and at each time DOC was measured. Initial DOC con-
centration (C₀) was measured after addition of the bacterial inoculum.
Control tests indicated that the inoculum’sDOCcontributionwasnegligible
and did not influence estimates of degradation kinetics. Notably, to prevent
the onset of anaerobic processes during bacterial inoculation, it was essential
to maintain a molar excess of oxygen relative to the final amount of carbon
present after 60 days of incubation. This ensured that carbon consumption
occurred exclusively through aerobic metabolic pathways, allowing us to
confirm that all assimilated carbon was processed under strictly aerobic
conditions. After 60 days, the percentage reduction of DOC from its initial
value was considered the LDOC fraction, while the remaining DOC was
categorized as the no labile fraction, whichwe used as the RDOC fraction of
macrophyte-derived DOC (Equations 12–13, SI).

DOCproduction rates relative toPlantBiomass,CarbonContent,
Chlorophyll Content and yield times
Daily production rates of LDOC and RDOC from biomass (AG and total)
were calculated bymultiplying the daily netDOC flux standardized per unit
of biomass (g C g DW⁻¹ d⁻¹, as calculated in Section “Dissolved Organic
Carbon (DOC) fluxes”) by the corresponding DOC fraction (%, labile or
recalcitrant) (Equations 14–15, SI). This resulted in daily LDOCandRDOC
release rates per unit biomass.

Yield times (in days) reflects the number of days required to generate
1 g of DOC from the available carbon content in biomass. Using the daily
DOC production (g C g DW⁻¹ d⁻¹) and the measured carbon content in
biomass (g C g DW⁻¹ in AG and total tissues), we estimated the yield times
for net DOC, RDOC, and LDOC (equations 16–18, SI).

Based on the calculated DOC production rates and the measured
carbon content in biomass (gC gDW−1), we estimated howmuchDOCcan
beproducedperday from1 gof structural carbon in theplant biomass (daily
DOC from carbon content in biomass, Equation 19 in SI). This normal-
ization allows direct comparison of DOC release to the internal carbon
content of the plants. Daily production rates of LDOC and RDOC were
calculated by multiplying daily net DOC fluxes standardized per carbon
content in biomass (g C g C⁻¹ d⁻¹) by the corresponding fraction (labile or
recalcitrant) (Equations 20–21, SI).

Daily ProductionRatesofDOC fractionswere also calculatedusing the
total chlorophyll content (Chlaplusb) of theplants, bymultiplyingnetdaily
DOC fluxes standardized per unit of chlorophyll content (g C g Chl⁻¹ d⁻¹) by
the corresponding fraction (labile or recalcitrant) (Equations 22–23, SI).
AlthoughChl is not themost commonly used indicator inmacrophytes, we
normalized DOC production to Chl content to enable comparisons with
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other primary producer compartments, such as phytoplankton, where this
metric is commonly used.

Comparison Across Carbon Pathways and Ecosystems
To evaluate distinct blue carbon pathways, we first compared DOC pro-
duction rates from this study and DOC production rates measured in the
same southern Iberian Peninsula macrophyte beds (C. nodosa, Z. noltei, C.
prolifera) with sediment organic carbon burial rates measured in the same
locations18,66,81–83. In addition, we compiled literature data on sediment
carbonburial rates (gCm⁻² yr⁻¹),AGbiomass (gDWm⁻²), and total biomass
(AG and BG; g DW m⁻²) for global macrophyte ecosystems (Supplem-
mentary Tables 5, 6). Using these carbon-related estimates, we derived
annual organic carbonburial rates normalized to eitherAGor total biomass,
expressed as g C g DW⁻¹ yr⁻¹ with the equation 24 in SI.

To estimate carbon-content-normalized burial rates (g C gC⁻¹ yr⁻¹), we
applied ameancarboncontent in biomass valuederived fromour four study
species to all taxa in the dataset (Supplementary Table S2). This approx-
imation enabled a consistent comparison across specieswhere direct carbon
content in biomass measurements were unavailable (Equation 25 in SI).

Data and statistical analysis
All results were reported as mean ± standard error (SE) for replicated
aquaria (n = 3 per treatment). We employed a combination of univariate
and multivariate statistical approaches to analyze our data. To test main
effects of Temperature, Community, and their interaction on carbon
metabolism variables, wefirst applied two-wayANOVAwhen assumptions
of normality and homogeneity were met; this included variables such as Fv/
Fm, leaf growth, shoots/fronds production/elongation, DOC fluxes, and
DOC bioavailability. For metrics not meeting these assumptions, we used
non-parametric alternatives: Kruskal-Wallis tests for comparisons such as
light versus night DOC differences, or rank transformation followed by
factorial ANOVA (ART-ANOVA) for carbon metabolism rates, k, labile/
recalcitrant DOC fractions, and DOC production rates. Where significant
differences emerged, we conducted post-hoc comparisons using Tukey’s
HSD tests for parametric analyses or pairwise Wilcoxon tests for non-
parametric analyses to examine specific group-level differences.

To isolate the effect of temperature (as a continuous variable) across
community treatments, we performed Arrhenius-type linearization for
metabolic rates and DOC fluxes, as well as conducting linear regression
analyseswith temperature for k andDOC fractions. For relationshipswhere
variables contained measurement error, such as between respiration and
night-time DOC flux, we implemented Deming regression instead of
ordinary least squares. This method accounts for uncertainty in both X and
Y variables, unlike standard linear regression that assumes an error-free
predictor, thereby providingmore robust, symmetric relationship estimates
under realistic field conditions.

Additionally, to visualize multivariate community-level patterns, we
conducted non-metric multidimensional scaling (NMDS) ordination using
the metaMDS() function from R’s vegan package. This analysis incorporated
a suite of variables including DOC fluxes and percentages of labile versus
recalcitrant DOC, configured with two dimensions (k= 2), no data trans-
formation, and a maximum of 100 iterations. We evaluated ordination fit
using stress values, where values < 0.05 indicated excellent representation, and
used PERMANOVA to formally test for multivariate treatment differences.

All analyses were executed in R (v4.0.2). Statistical significance was set
at α = 0.05, with results at 0.05 < α < 0.1 considered as marginal trends.

Results
Comparison between experimental and natural conditions of
macrophytes
Fv/Fm results from our experimental individuals did not differ significantly
from those in their natural environment (SupplementaryTables S4, S7). For
example, Cymodocea nodosa in its natural area displayed Fv/Fm values of
0.81 ± 0.02, similarly to those observed in the experiment (0.79 ± 0.002).
Regarding Halophila stipulacea, values of Fv/Fm did not display significant

differences between experimental and field conditions (0.69 ± 0.01 and
0.69 ± 0.02, respectively). Similar values were also observed for Caulerpa
prolifera andZosteranoltei in both thefield and themesocosm. In the case of
Z. noltei, leaf growth in the mesocosm ranged from 0.08 to 0.18 cmd−1

(Supplementary Table S4), increasing from an initial length of 5.6 ± 0.3 cm
to 6.3 ± 0.2 cm over the experimental period. No significant effects of
temperature were observed on the morphometric and physiological char-
acteristics of the plant (Supplementary Tables S8, S9).

Carbon Metabolism
The four macrophyte species clustered into two distinct groups based on
carbonmetabolic parameters (R,GPP, andNPP; Supplementary Figs. S6, S7
and Table S10,). Cymodocea nodosa and C. prolifera formed one group,
while Z. noltei and H. stipulacea constituted the other, with the latter pair
exhibiting significantly higher metabolic rates. Cymodocea nodosa and C.
prolifera showed similar metabolic values when averaged across the three
temperatures (24, 26, 28 °C). R in C. nodosa (2.66 ± 0.29mmol C g DW⁻¹
d⁻¹) did not differ significantly from R in C. prolifera (2.10 ± 0.39mmol C g
DW⁻¹ d⁻¹), but both were markedly lower than the R values observed in Z.
noltei (34.96 ± 6.51mmol C g DW⁻¹ d⁻¹) and H. stipulacea
(21.15 ± 2.47mmol C g DW⁻¹ d⁻¹). Similar patterns were observed for GPP
and NPP (Fig. 1, Supplementary Fig. S6).

Temperature had no significant effect on any of the metabolic rates
when all community treatments and species were considered together
(Supplementary Table S11), although there was a marginal trend for R to
increase with temperature (p = 0.1; Supplementary Table S10). When each
species was analyzed separately, NPP tended to decrease with rising tem-
perature for all species; this decline was most pronounced in C. prolifera
(p = 0.06; Supplementary Table S12). Overall, when native species (C.
nodosa, Z. noltei, and C. prolifera) were grown in interaction with H. sti-
pulacea, no significant temperature effects were observed on any of the
metabolic rates. The averageNPPof native species under control conditions
(6.64 ± 2.95mmol C g DW⁻¹ d⁻¹) was significantly lower than that of H.
stipulacea under control conditions (18.62 ± 6.53mmol C g DW⁻¹ d⁻¹).
Nonetheless, when each species was evaluated independently, NPP did not
differ between individuals grown alone (control) and those grown in
interaction with H. stipulacea.

Dissolved Organic Carbon (DOC) fluxes
DOCfluxeswere significantly higher during thedaylight hours than at night
across all community treatments (native control,H. stipulacea control, and
the interaction community) (Supplementary Table S13). Overall, tem-
perature had no significant effect on DOC fluxes measured during night,
light, or over a full day (Supplementary Tables S11, S14, S15). However,
when community treatments were analyzed individually, H. stipulacea
under control conditions showed a significant decrease in night DOC flux
with increasing temperature, dropping from 0.12 ± 1.19mmol C g DW⁻¹h⁻¹
at 24 °C to–2.77 ± 0.64mmol C gDW⁻¹h⁻¹ at 28 °C (Fig. 2A, Supplementary
Table S16). Regarding light DOC fluxes, temperature did not significantly
affect any community treatment (Fig. 2B). The native control tended to
increase light DOC production with rising temperature, however the H.
stipulacea control and the interaction treatment did not report a clear
pattern. These outcomes were also reflected in daily net DOC
fluxes (Fig. 2C).

When averaging temperature treatments, DOC fluxes did not differ
significantly among the three community treatments, except at night.
During the night period, the H. stipulacea control treatment had a sig-
nificantly lower mean DOC flux (−1.34 ± 0.83mmol C g DW⁻¹h⁻¹) com-
pared to the interaction treatment (0.07 ± 0.08mmolC gDW⁻¹h⁻¹) (Fig. 2A,
Supplementary Table S14). A positive correlation was also observed
between night DOC fluxes and respiration (Supplementary Fig. S8).

DOC bioavailability
TheDOCpool exhibited a significant 1st-order decay trend over the 60-day
bioavailability assay across all temperature treatments (Supplementary
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Table S17).Onaverage,microbial degradation accounted for 51%, 56%, and
65%of the initialDOCat 24, 26, and 28 °C (Fig. 3), respectively. Incubations
usingDOC from the 28 °C treatments had significantly lower percentagesof
DOC remaining at day 60, indicating a lower recalcitrant DOC fraction in
those treatments (Supplementary Tables S18, S19). However, irrespective of
temperature, no significant differences were observed among the three
community treatments (native control, H. stipulacea control, and interac-
tion) in the percentage of DOC remaining at day 60. These temperature-
driven shifts in recalcitrant DOC proportion occurred despite minimal
changes in metabolic rates (Section “Carbon Metabolism”), highlighting a
decoupling between whole-community carbon metabolism and DOC
bioavailability responses.

Linear regression revealed a significant relationship between tem-
perature and the k of DOC produced at various temperatures across all
community treatments (y = 163.4 – 5.63x; R² = 0.307; p = 0.003; Supple-
mentary Table S11). This indicates a clear decline in k from 24 °C to 28 °C
(Fig. 4; Supplementary Tables S20, S21, S22), with the results being much
more dispersed at 24 °C. Similarly, analyzing each community treatment
separately (native control,H. stipulacea control, interaction) revealed that all
showed a decreasing trend in k with warming (Supplementary Table S23).
Notably, k declined faster with rising temperatures, even though the DOC
released under these conditions contained a greater proportion of labile
carbon (Section 3.4.3).

Overall, temperature had a significant effect on both labile and recal-
citrant DOC fractions across all community treatments (Supplementary
Table S11).As temperature increased, theproportionof LDOCproducedby
the communities increased significantly, while the fraction of recalcitrant
DOC decreased (Fig. 5A). Significant differences in both DOC fractions
were observed between 24 °C and 28 °C (p = 0.02; Supplementary
Table S22). The lowest recalcitrant DOC fraction was observed in the
interaction treatment at 28 °C (31 ± 2%), whereas the highest was observed

in the native control at 24 °C (65 ± 15%) (Fig. 3). Despite these temperature-
driven changes, the different community treatments did not differ sig-
nificantly from each other when temperature was not considered. The
average recalcitrant DOC fractions (across all temperatures) were 46 ± 10%
for the native control, 46 ± 3% for theH. stipulacea control, and 45 ± 7% for
the interaction.

In addition, non-metric multidimensional scaling (NMDS) of the
DOCfluxes and bioavailability data showed a clear ordination of samples by
temperature (Supplementary Fig. S9). Samples from the 28 °C treatments
clustered tightly, indicating consistent behaviour across replicates, whereas
samples at 24 °C were more variable, which is also observed in Fig. 4B. The
stress value was 0.015, indicating an excellent ordination fit.

DOC production and yield times
DOC production rates per AG biomass (g C g DW⁻1 d⁻1) tended to increase
with temperature across all community treatments (native control, H. sti-
pulacea control, and interaction),with this patternbeingmore evident in the
native control (Table 1, Supplementary Fig. 10, and Tables S11, S24). This
trend was observed for net and for recalcitrant, and labile DOC fractions. In
contrast, DOC yield times tended to decrease with increasing temperature,
with a marginally significant trend observed for the yield time of LDOC
(p = 0.08). Similarly, DOC production rates normalized to the carbon
content in AG biomass also increased with temperature, with a marginally
significant effect for LDOC (p = 0.08). There were no significant differences
in DOC production or yield times among the three community treatments
at any given temperature.

DOCproduction rates per total biomass (AGandBG, gC gDW−1 d−1)
showed trends consistent with those observed for AG biomass (Supple-
mentary Figs. S10, S11), although statistical support was marginal for both
net (p = 0.09) and labile (p = 0.07) DOC production rates (Table 1 and
Supplementary Table S11).When normalized to the carbon content in total

Fig. 1 | Interactive effects of temperature and invasive species on daily net pri-
mary production across macrophyte species. Daily rates (mean ± SE, n = 3, error
bars represent the standard error of the mean) of net primary production (NPP) in
the four studied species (Z. noltei, C. nodosa, C. prolifera and H. stipulacea) and

different temperatures: 24 °C (blue), 26 °C (green), and 28 °C (orange). Letters above
the bars indicate significant differences among temperature and community treat-
ments of the same species (p < 0.05).
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biomass, the daily net DOC production rate was found to be around
0.26 g Cg C−1d−1 (including all community and temperature treatments).
This means that these communities required ~3.9 days to produce an
amount of DOC equivalent to their carbon biomass.

The mean daily net DOC production per carbon content in total
biomass (grouping the values of the three community treatments, native
control, H. stipulacea control and interaction) at 24 °C and 28 °C was
0.13 ± 0.02 and 0.31 ± 0.07 g C g C⁻¹ d⁻¹, respectively (Supplementary
Fig. S11). Both daily net and labile DOC production rates per carbon
content in total biomass increased significantly with temperature
(p = 0.046 and p = 0.03, respectively; Supplementary Table S11 and Fig.
S6C). Similarly, the daily recalcitrant DOC production rates per C

content in total biomass at 24 °C and 28 °C were 0.06 ± 0.01 and
0.11 ± 0.02 g Cg C⁻¹d⁻¹, respectively, which implies an 83% more carbon
production at 28 °C than at 24 °C. It does allow for the quantification of
temperature-enhanced recalcitrant carbon output in relation to carbon
content in biomass.

In addition, regardless of temperature, species under interaction con-
ditions showed a 55% increase in recalcitrant DOC production rates per
carbon content in total biomass compared to thoseundercontrol conditions
(from 0.09 ± 0.03 g Cg C⁻¹d⁻¹ at control conditions to 0.05 g Cg C⁻¹d⁻¹ in
interaction with H. stipulacea; Fig. 6 C). Again, no significant effect of
temperature or community on yield times was found (Supplementary
Fig. S11 and Table S24).

Fig. 2 | Interactive effects of temperature and invasive species on DOC fluxes.
DOC fluxes (mean ± SE, n = 3, error bars represent the standard error of the mean)
measured during (A) night hours, (B) light hours, and (C) net daily (24 h) fluxes
across different treatments. The Native control represents the mean flux from the
three native species (Z. noltei, C. nodosa, C. prolifera) together. The H. stipulacea
control includes fluxes only from H. stipulacea. The Interaction treatment is the

mixed community of natives + H. stipulacea. Each community treatment was
evaluated under 24 °C (blue), 26 °C (green), and 28 °C (orange). Letters above bars
denote significant differences between temperatures within a given treatment
(p < 0.05). Symbols (*, #) indicate significant differences between community
treatments at a given temperature.
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Finally, DOC production rates calculated based on total chlor-
ophyll content showed similar trends to those based on biomass and
carbon content in biomass (Supplementary Fig. S12 and Table S11).
However, none of these chlorophyll normalized trends was statistically
significant.

Discussion
Carbon Metabolism, DOC Fluxes and Production Rates
Across the experimental thermal range, temperature increases did not
notably affect the photosynthetic efficiency (Fv/Fm) of studied marine
macrophytes, either relative to natural ambient conditions in the Medi-
terranean andAtlantic seas. These results were in the same range as those of
other studies that analyzed the same species84–86. The mean biomass of the
mesocosmwas found to be approximately 30–40 gDWm−2. A reviewof the

literature (Supplementary Tables S5, S6) indicates that this ratio falls within
the range reported for other seagrass meadows worldwide (at the lower end
of the range), suggesting that the experimental conditions reproduced
realistic natural biomass densities, although in the lower limit. Experimental
warming produced subtle reductions in net productivity alongside slightly
respiration rises (Fig. 1, S5). Previous studies have shown that warming
typically stimulates metabolic processes and respiration in autotrophic
organisms, enhancing photosynthesis performance87–89. However, in our
experiment favorable warming conditions generated distinct metabolic
responses among the macrophyte species, likely reflecting species-specific
ecological strategies and thermal acclimation capacity. The four species
clustered into two metabolic groups, Z. noltei (native) and H. stipulacea
(invasive) had substantially higher R,GPP, andNPP compared toC. nodosa
(native) andC. prolifera (native), which showedmuch lower rates (Fig. 1, S5,

Fig. 3 | Bioavailability assays using DOC samples collected at the end of the
mesocosm incubations. Each panel shows the DOC decay (mean ± SE, n = 3, error
bars represent the standard error of the mean) over 60 days for the (A) 24 °C, (B)
26 °C, and (C) 28 °C treatments, for DOC derived from the Native control, H.

stipulacea control, and Interaction communities. Data are expressed as remaining
DOC (% of initial concentration) ± SE (n = 3). The values in the legend indicate the
initial DOC concentrations (μM) at the start of the bioassay for each community
treatment.
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S6). Zostera noltei exhibited notably higher R, GPP, and NPP than co-
occurring species, along with a 10–20% increase in shoot size, indicating
enhanced metabolic performance and substantial growth under experi-
mental conditions. In contrast, C. nodosa and C. prolifera appeared to
prioritize resource conservation, as neither species significantly increased
nor decreased their body size over the course of the experiment.Halophila
stipulacea showedno significant changes inmetabolic parameters across the
temperature range, consistentwith its pioneer strategy characterizedbyhigh
thermal plasticity and rapid biomass turnover that supports its fast colo-
nization of diverse environments62.

Notably, daily net DOC fluxes were positive across all treatments,
indicating that the community functioned as a net DOC source as already
found in other macrophyte species67. Temperature influenced both, the
quantity and composition of DOC exuded by macrophytes, with higher net
DOC release during light hours either in native or invasive communities.
This pattern, consistent with previous macrophyte studies27,66, reflects the
strong link between DOC release and photosynthetic activity. According to
the stoichiometric overflow hypothesis, released DOC is related to surplus
photosynthate production under high photosynthetic conditions and parti-
cularly under nutrient limitation90. The native macrophyte community
showed a clear temperature-dependent increase in DOC production, with
daily net release rates nearly tripling from 24 °C to 28 °C, whileH. stipulacea
exhibited no consistent thermal response (Fig. 2). This aligns with previous

findings that favorable warming conditions within a species’ thermal opti-
mum can enhance DOC exudation27,88, as also observed for C. nodosa under
short-term warming during summer season51, accompanied by an overall
rise in both labile and recalcitrant DOC (LDOC and RDOC) production
rates. However, in our study, with increasing temperature, the relative pro-
portion of LDOC rose while the proportion of RDOC declined significantly,
with an average reduction of ~7% in the RDOC fraction per 1 °C warming
(approximately a 28% total decrease from 24 °C to 28 °C; Supplementary
Table S11, Fig. 5). These findings are particularly noteworthy as they suggest
that warming conditions within their optimal of temperature enhances the
production of labile carbon fraction, yet alters their balance, favoring the
production of labile carbon compounds that are more readily assimilable by
bacteria. Changes in DOC composition driven by temperature likely reflect
shifts in internal carbon allocation between photosynthetic production and
respiratory demand, as well as changes in the microbiome and how organic
matter (OM) in water and sediment is processed. Respect to macrophytes,
warming conditions may stimulate photosynthesis within the species’ ther-
mal optimum, increasing the availability of photosynthates and favoring the
release of more labile compounds91,92. In contrast, higher respiratory costs at
elevated temperatures can divert carbon toward maintenance metabolism
and the synthesis of more complex or stress-related molecules, which tend to
contribute to the recalcitrant DOC pool35,36,93–95. This is likely due to the
production of more respiration-derived, humic, and other complex

Fig. 4 | Effect of temperature onDOCdecay rate (k) (n= 9).ALinear regression of
k vs. temperature, across the three community treatments. Points represent indi-
vidual observations, the dashed line shows the linear regression fit, and the shaded
area indicates the 95% confidence interval. B Boxplots of k at each experimental
temperature, showing distribution of k values in each community treatment. Boxes

represent the interquartile range (IQR), centre lines indicate medians, and whiskers
extend to the most extreme data point within 1.5 × IQR; points show individual
observations. Community treatments: Native control (circles),H. stipulacea control
(triangles), and Interaction (squares). Temperature treatments: 24 °C (blue), 26 °C
(green), 28 °C (orange).

Fig. 5 | Effect of temperature on final fractions of
labile DOC (%) (n= 9). A Linear regression
showing a relationship between temperature and
labile DOC fraction across the three community
treatments. Points represent individual observa-
tions, the dashed line shows the linear regression fit,
and the shaded area indicates the 95% confidence
interval. B Boxplots of DOC fractions at each
experimental temperature treatment, illustrating the
distribution of values for each community treat-
ment. Boxes represent the interquartile range (IQR),
centre lines indicate medians, and whiskers extend
to the most extreme data point within 1.5 × IQR;
points show individual observations. Community
treatments: Native control (circles), H. stipulacea
control (triangles), and Interaction (squares).
Temperature treatments: 24 °C (blue), 26 °C
(green), 28 °C (orange).
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compounds that are less accessible to bacterial communities55. On the other
hand, temperature rise can swiftly reshape the microbial communities linked
to seagrasses96, often stimulating increases in bacterial density, activity, and
respiration rates97, which in turn may intensify the uptake of labile DOM by
marine microbes. At the same time, microbial transformation of this labile
material can result in the production of recalcitrant DOM, as shown in
recent studies19,79,98. Although we did not directly measure metabolic inter-
mediates or carbon partitioning, these mechanisms provide a plausible
physiological framework that explains the observed reduction in RDOC
proportion with warming. Our findings, therefore, challenge the commonly
reported trends in marine primary producer communities. This raises a
critical question: could warming conditions within their optimal range of
temperature enhance the production of LDOC, while exceeding the thermal
optimum induces physiological stress, shifting carbon partitioning toward
more recalcitrant compounds? Interestingly, we also found that DOC kwere
lower at the highest temperature, indicating that newly released DOC was
utilised by bacteria more rapidly when produced at lower temperatures. In
other words, the effective bioavailability of the LDOC pool decreased as
temperature increased within the optimal range. Thus, although warming
enhanced DOC production and favoured the release of labile compounds,
the bioavailability was lower at elevated temperature, resulting in an overall
more RDOC pool at 28 °C. This temperature-dependent shift in DOC
quality may have implications for carbon cycling and microbe–DOC
interactions in coastal ecosystems under sustained warming scenarios. To the
best of our knowledge this is the first time that k is applied in macrophyte
studies.

The presence of the invasive species H. stipulacea had limited short-
term effects on the native macrophyte community. We observed no sig-
nificant changes in photosynthetic efficiency, metabolic rates, or DOC
fluxes attributable to its presence. However, previous reports found thatH.
stipulacea negatively affected the growth and photosynthetic traits of C.
nodosa99, as well as field observations showing long-term impacts on native
seagrass habitats100,101. To date, studies assessing how alien invaders influ-
ence carbon metabolism and DOC dynamics in macrophyte communities
are scarce. Some studies reported that the invasion by the tropical macro-
algaeHalimeda incrassata inC. nodosameadows decreaseDOC release and
shifted the balance towardmore labile compounds inmixed communities17.
In our experiment, DOC yield times, including net, labile, and recalcitrant
fractions, were slightly lower in the presence ofH. stipulacea. Several studies
indicate that H. stipulacea may induce changes in sediment biogeochem-
istry, nutrient availability, carbon storage, and microbial community
composition in the environments it colonizes45,102. A similar phenomenon
occurs withC. prolifera species in Balearic Island (Spain).When it invades a
Posidonia oceanica meadow, it modifies the sediment by releasing more
DOC, altering hydrogen sulfide production, and changing the sediment’s
chemistry103. These alterations could partially explain the changes in the
composition and lability of DOC released by the invaded community
observed in our study.

This study provides the first quantification of LDOC and RDOC
production rates normalized to plant carbon and total chlorophyll content
inmarinemacrophytes. This approach allows to calculate DOC yield times.
Our results evidenced the substantial release of DOC and RDOC that these
species can reach under favorable conditions. When normalized to carbon
content in total biomass, native species produced 0.25 g C g C⁻¹d⁻¹ of net
DOC (corresponding to an average yield of ~4.1 days; Supplementary
Table S25), whileH. stipulacea produced 0.20 g C g C⁻¹d⁻¹ (yield ~4.7 days).
Focusing on the RDOC, native species released 0.09 g C g C⁻¹d⁻¹ with a yield
time of ~11.8 days, whereasH. stipulacea produced 0.10 g C g C⁻¹d⁻¹, with a
yield of ~10.2 days. Temperature had a strong effect on DOC release rates.
At 24 °C, native communities released 0.11 g CgC⁻¹d⁻¹ of netDOC (Table 1),
corresponding to a yield timeof 8.8 days, and0.04 g CgC⁻¹d⁻¹ ofRDOCwith
a yield time of ~23 days. At 28 °C, DOCproduction increased substantially:
netDOCreached 0.43 g CgC⁻¹d⁻¹ (yield ~2.4 days), andRDOC increased to
0.14 g C g C⁻¹d⁻¹ with a reduced yield time of ~7.1 days (Table 1). These
results highlight both the importance of incorporating carbon-normalized

metrics in DOC studies and the temperature sensitivity of different DOC
fractions, particularly the recalcitrant pool.

A Comparison of DOC Dynamics and Coastal Carbon Pathways
This study presents a standardized framework quantifying LDOC and
RDOC production relative to carbon content in macrophyte biomass over
defined time scales. This standardized approach facilitates direct compar-
isons with other carbon pathways, such as sedimentary organic carbon
burial, and provides a foundation for consistent cross-ecosystem assess-
ments among diverse primary producers (seagrasses, seaweeds, phyto-
plankton; Supplementary Tables S5, S6, S25).

We compared sediment carbon burial rates with DOC production
rates obtained in our mesocosms within the same southern Iberian
Peninsula macrophyte beds. For the native seagrass C. nodosa, annual
sediment carbon burial was 0.53 g C g C⁻¹ y⁻¹, while RDOC production
reached 33.14 g C g C⁻¹ y⁻¹, a difference of two orders of magnitude (Table 2
forC. prolifera and Z. noltei data). It is worth noting that recent incubations
of Zostera marina leaves from Northern Spain under natural conditions,
conducted over a full annual cycle, have reported netDOCproduction rates
in the range of approximately 0.15–0.35 g C g C⁻¹d⁻¹, comparable to the
values observed in the present study (Personal communication). Analysis of
available literature data confirms that global organic carbon sequestration
rates via burial in C. nodosa meadows (0.59 g C g C⁻¹ y⁻¹; Supplementary
Tables S5, S6) align closely with our local Iberian Peninsula observation
(0.53 g C g C⁻¹ y⁻¹). Using reported C. nodosa biomass (268 ± 54 g DWm⁻²)
and our DOC production metrics, we estimate that one square meter
produces ~7.6 g Cm⁻² d⁻¹ ( ~ 2.7 kg Cm⁻² y⁻¹; Table 2) of RDOC. This DOC
flux is two orders of magnitude greater than the measured annual organic
carbon burial rate in these productive meadows (0.039 kg C m⁻²; Table 2).

It is essential to highlight that, when comparing our results with those
obtained from previous field-based experiments, the DOC production rates
of native species measured in mesocosms (0.25 g C g C⁻¹d⁻¹) were con-
siderably higher, up to two orders of magnitude, than those reported for C.
nodosa meadows in the Bay of Cadiz (0.004 g C g C⁻¹d⁻¹;18), as well as for
other natural marine macrophyte communities27. There are several factors
that couldhelp explain the elevatedDOCfluxes observed inour experiment.
Notably, plant density in ourmesocosm systems was lower than that found
in natural seagrass meadows, which suggests that macrophyte biomass
alone is unlikely to account for such highDOC production. In addition, the
presence of epiphytes was minimal and did not contribute to overall
metabolic activity. While the controlled mesocosm conditions, character-
ized by stable and optimal light, temperature, and nutrient levels, likely
promoted continuous exudation of DOC by macrophytes and associated
microbial communities, this does not fully explain the magnitude of DOC
release recorded. Our DOC measurements aim to reflect the integrated
exudation of the whole benthic community, including macrophytes, sedi-
ments, water and bacterial community, without isolating individual con-
tributions, to quantify the integrated biogeochemical response of the entire
benthic community, and to better represent natural ecosystem conditions.

A key factor may be the activity within the sediment compartment. In
our experimental setup, the sediment was pre-conditioned and colonized
over several months, allowing for the establishment of a mature microbial
community in the absence of mechanical disturbances such as hydro-
dynamic forcing or bioturbation. The sediment OM content
( ~ 2.09 ± 0.02% DW; Supplementary Table S2) was comparable to values
found in macrophyte-dominated coastal systems such as bays and
estuaries81, providing ample substrate for microbial degradation. Over the
course of approximately 100 days, including the acclimation period, this
microbial assemblage likely mineralized sedimentary OM at high rates.
Moreover, experimental temperatures may have further stimulated
microbial metabolism, as higher temperatures are known to enhance bac-
terial activity andOMturnover in sediments104.On the other hand, previous
studies have shown that the DOC production of macrophytes of the same
species can vary depending on whether they are found in muddy or sandy
sediments105. The use of highly carbonated sediment in our mesocosms,
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combined with the presence of seagrasses, likely played a substantial role in
the elevated DOC fluxes observed. Recent findings demonstrate that
carbonate-associated OM (CAOM), a dynamic and exchangeable fraction
of sedimentary organic carbon, can be released as DOC through carbonate
dissolution processes106. These processes are often triggered by localized
acidification and sulfide oxidation, both of which can be enhanced by
oxygen transported into the sediment by seagrass roots. In our system, the
activity of rooted macrophytes likely could promote aerobic microbial
respiration and facilitating carbonate dissolution. Furthermore, the high
porosity of the aragonite sediment may have enhanced oxygen penetration,
reinforcing these processes107. As a result, the release of DOC in our
experiment likely reflects not only direct exudation from plant biomass, but
also the remobilization of sediment-bound OM. Altogether, these factors
suggest that sediment microbial activity under controlled mesocosm con-
ditions likely played a dominant role in driving the elevated DOC fluxes
observed in this study.

Because the DOC release observed in our experimental setup was
relatively high, we used field-basedDOCproduction values to contextualize
our findings and enable more robust comparisons with other macrophyte-
related carbon cycle processes (e.g., sediment carbon burial) as well as with
DOC production by other marine communities (e.g., macroalgae and
phytoplankton). Based on values reported in earlier studies, net DOC
production ofC. nodosa in the donor area (i.e., Bay of Cadiz) correspond to
an annual rate of 1.11 g C g C⁻¹d⁻¹18,64,67. Assuming that 45% of this DOC is
recalcitrant, as suggested by our experimental findings, this would translate
into a RDOC production of 0.50 g C g C⁻¹d⁻¹. This estimate is similar in
magnitude to the annual carbonburial rate reported forC. nodosa in theBay
of Cadiz (0.53 g C gC⁻¹d⁻¹; Table 2,81). Notably, similar trendswere observed
for the othernative species studied,C.prolifera andZ. noltei (Table 2). These
findings further reinforce the potential relevance of RDOC as an important
component of long-term carbon storage in coastal vegetated ecosystems. By
extrapolating these results and taking into account the 36.15 g C m⁻² y⁻¹
(average annual RDOCproduction rate from total biomass, native/invasive;
Table 2) as well as the worldwide estimated seagrass surface area
(300,000–600,000 km2;75), we found that macrophytes-derived RDOCmay
range 0.011–0.022 Gt C yr⁻¹. In the context of carbon burial, annual burial
fluxes of 0.048 to 0.112 Gt C yr have been reported3. Consequently, the
estimated annual flux of RDOC to the ocean’s blue carbon pool appears to
be at least in the sameorder ofmagnitude as the contribution from sediment
carbon burial. Altogether, these findings underscore the importance of
considering RDOC as a key component of the blue carbon pool, one that
remains underrepresented in current carbon budgets and sequestration
frameworks. However, the RDOC represents a poorly studied carbon
pathway that warrants further investigation through expanded field and
mesocosm studies, in order to compile robust datasets and refine future
comparisons across species and ecosystems.

Our proposed framework also enabled comparisons of seagrass DOC
production rates with those from other ecosystems, such as phytoplankton
and macroalgae. When compared with macroalgae, net DOC production
rates were found to be of a similar magnitude, with a rate of 4.26 × 10⁻⁴ g C g
DW⁻¹ d⁻¹ reported for the greenmacroalgae Caulerpa racemosa (assuming an
average biomass in the Mediterranean of 1,031.5 g DW m⁻2;27,108), in com-
parison with field studies for C. nodosa 3.04 × 10⁻4 g C g DW⁻¹ d⁻¹ (Table 2).
Additionally, some studies have shown that phytoplankton can produce
substantial amounts of DOC relative to chlorophyll content (between 0.05
and 10 gC g Chl⁻¹ d⁻¹;53–55), whereas transforming field data demonstrated
that macrophytes generated DOC fluxes in the same order of magnitude
(0.85 g C g Chl⁻¹ d⁻¹). However, it’s important to note that chlorophyll content
may not be a consistent proxy for DOC production, as pigment concentra-
tions are highly responsive to environmental factors such as light and tem-
perature, potentially limiting their reliability as normalization metrics109,110.

Importantly, our results show that 1 °C increase in temperature
(from 24 °C to 28 °C) led to a 3.5–9% reduction in the release of RDOC
by macrophytes. Similar trends have been observed in phytoplankton
communities, where a 1 °C rise enhanced DOC degradation rates by

15–18%23,24,111. These findings support the idea that warming accelerates
microbial activity, promoting the breakdown of recalcitrant compounds
and potentially reducing the size of the ocean’s DOC reservoir112,113.
Notably, RDOC comprises 90–96% of the oceanic DOC pool and can
persist for centuries to millennia10,16, meaning that carbon entering this
pool is effectively sequestered and removed from the rapid carbon cycle.
Therefore, our findings suggest that seagrass and macroalgal meadows
substantially contribute to this carbon sink as dissolved form, an over-
looked component of blue carbon that remains underrepresented in
global carbon inventories.

Methodological Insights and Limitations into DOC Production
Rate Calculations
In this study, we propose a standardized framework to investigate DOC
fluxes and production rates in vegetated coastal habitats. One of the most
relevant innovations is the development of a quantitative framework that
relates dailyDOCproduction rates to the plant carbon and total chlorophyll
contents. However, there are limitations in our proposed approach that
should be acknowledged. First, the ∼21 h incubations span full diel cycles
during which bacterial consumption of LDOC occurs114. This prevents
accurate estimation of gross DOC release, since a portion of the exuded
DOC is remineralized during the incubation. Consequently, the values
reported reflect net DOC accumulation and likely underestimate the actual
release of bioavailable DOC. Second, the use of intact plant communities,
including AG and BG tissues and associated microbiota, complicates the
isolation of DOC derived solely frommacrophyte metabolism27. Epiphytes,
microbial assemblages, and sediment interactions contribute toDOCfluxes.
In our biomass normalization, we did not include the biomass of associated
organisms such as bacteria or epiphytes. Likewise, our method does not
distinguish between DOC released from AG and BG tissues, even though
these structures likely release distinct DOC fractions due to their physio-
logical differences. It should also be noted that we did not separate DOC
derived from macrophytes from DOC derived from sediments. However,
the purpose of this study was to measure the integrated response of the
benthic macrophyte community to warming and invasion. Therefore, it
encompasses the combined effects of all system components, including
macrophytes, sediment, the water column, and associated microbial com-
munities. Nevertheless, all treatments began under uniform baseline con-
ditions, with a standardized sediment inoculum and similar sediment OM
content across aquaria. Therefore, the observed DOC fluxes reflect ecolo-
gically relevant, community-level responses to the applied stressors rather
than processes specific to individual compartments. Lastly, our assessment
of RDOC was conducted over 60 days, commonly a longer period than is
typical in such studies (which often use 15–20 day bioassays)18,21,39,115. This
extended incubation better captured LDOC consumption, but it does not
imply that the remaining DOC is entirely inert over longer timescales. In
fact, some of the DOC we classified as recalcitrant over 60 days could
continue to break down on the scale of months to years20. Therefore, our
RDOC should not be considered representative of ultra-refractory DOC,
which remains preserved in the ocean for centuries to millennia. Although
most of the bacterial consumption may have already occurred in our
bioavailability assay, other chemical processes will continue to degrade the
DOC, especially when considering longer-term degradation dynamics39.
Despite the aim of this study was to evaluate the integrated response of the
macrophyte community as a whole rather than to determine the basis of
DOC production and composition, we acknowledge that future research
should incorporate carbon-related metabolomics and stable isotope label-
ing. These approaches may clarify the specific metabolic pathways and
sources that drive DOC composition and bioavailability under environ-
mental stress. There are also inherent limitations in our laboratory setup.
Despite the goodconditionof themacrophytes,wedidnotuse an area that is
fully representative of a natural population. As a result, our experimental
system does not capture the full complexity of natural conditions, where
additional biotic and abiotic processes may influence DOC dynamics.
Therefore, the RDOC fractions we report should be treated with caution
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when extrapolating to longer timescales. Despite these limitations, our
results suggest that coastal vegetated habitats release considerable amounts
of DOC that resist rapid microbial degradation, serving as a proxy for the
RDOC fraction. The implementation of this standardized framework
represents meaningful progress in quantifying DOC production in blue
carbon systems and provides a solid foundation for future efforts to
understand carbon fluxes in vegetated coastal ecosystems.

Conclusions
This study successfully addressed its core objectives regarding blue carbon
pathways in coastal ecosystems. We demonstrated that elevated tempera-
tures consistently restructure DOC composition in native macrophyte
communities, notably reducing the recalcitrant fraction (by~28%over 4 °C)
while enhancing LDOC production. This occurred despite decreased DOC
k, indicating a decline in the actual bioavailability of the warming-enhanced
labile pool. In contrast, the presence of the invasiveHalophila stipulaceahad
no meaningful short-term impact on metabolic rates or DOC fluxes. Fur-
thermore, we developed and applied a standardized framework quantifying
daily DOC production rates relative to plant biomass, carbon content in
biomass, and chlorophyll content. This framework directly enables robust
comparisons of DOC fluxes, particularly the crucial recalcitrant fraction,
across macrophyte species with diverse morphologies and ecological stra-
tegies. By applying this carbon-based normalization at a global scale, we
roughly estimate thatmacrophytemeadows convert a substantial amount of
inorganic carbon into RDOC, comparable in magnitude, although 1.41
higher, to the carbon burial rates in the sediment. Our results, hence,
underscore the potential contribution of RDOC produced by macrophyte
communities to the long-term carbon storage, positioning RDOC pro-
duction as a key, yet often overlooked, blue carbon pathway. Collectively, by
fulfilling both objectives, our work refines blue carbon budgets and
underscores the critical, yet climate-sensitive, role of DOC, particularly the
recalcitrant fraction, in coastal carbon sequestration. The developed fra-
mework provides an essential tool for predicting how climate-driven
changes in coastal vegetation will impact the ocean’s long-term carbon
storage capacity.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
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Code availability
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