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Elevatedcarbondioxidedoesnot increase
macroalgal community photosynthesis

Check for updates
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Marco Milazzo3,7 & Jason M. Hall-Spencer 2,3,8

Ocean acidification, driven by rising atmospheric carbon dioxide levels, has impacts on marine
ecosystems. While elevated carbon dioxide concentrations have the potential to enhance Blue
Carbon fixation and storage, the response of community photosynthesis in macroalgal-dominated
ecosystems remains poorly understood. Here, we investigated the effects of elevated carbon dioxide
on macroalgal communities using volcanic carbon dioxide vents as a natural analogue of ocean
acidification. Net community photosynthesis was assessed using chambers positioned on the
seafloor as well as water mass dynamics monitoring. Despite a shift in algal community composition,
onlyminimal differences in net community photosynthesiswere observed between reference andhigh
carbon dioxide sites. The high carbon dioxide site had a lower abundance of algal specieswith carbon
dioxide concentrating mechanisms, based on δ13C isotope measurements. Carbon dioxide
concentrating mechanisms facilitate photosynthesis under present-day levels of carbon dioxide in
seawater, resulting in a negligible effect of elevated carbon dioxide on macroalgal community
photosynthesis. These results challenge the assumption that ocean acidification will enhance Blue
Carbon uptake and storage, necessitating a reevaluation of this perspective.

The increasing concentration of atmospheric CO2 is causing changes in the
carbonate chemistry of the surface ocean, known as ocean acidification
(OA)1. This shift can have profound effects on a variety of marine organisms
and is expected to alter ecosystem dynamics2. One potential consequence of
OA is CO2 fertilization of growth by photosynthetic organisms. The enzyme
ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO), responsible for
carbon fixation during photosynthesis, is highly sensitive to ambient CO2

levels3. As a result, elevated CO2 concentrations can enhance photosynthetic
activity and could potentially increase carbon storage in marine ecosystems.

Blue Carbon refers to the carbon sequestered by vegetated coastal
habitats, and although it has amitigation potential of less than 2%of current
global CO2 emissions these habitats provide multiple co-benefits4. Vascular
plants found in soft sediments, such as seagrasses, mangroves, and salt
marshes—collectively known as established Blue Carbon habitats—have
been the primary focus of research5. It is expected that vascular plants in
established Blue Carbon habitats will have increased photosynthesis under
elevated CO2 conditions, similar to land plants6–10. Consequently, these

ecosystems could provide a negative feedback mechanism to climate
change11.

Following suggestions for future BlueCarbon research byMacreadie et
al.12, a wide range of studies on carbon cycling in macroalgal beds have
emerged13,14. The processes underlying carbon sequestration in macroalgal
beds are less understood than for vascular marine plants, despite their high
productivity15. Export of organic carbon to the deep sea would contribute to
carbon sequestration16,17. Macroalgae differ fundamentally from vascular
plants in their photosynthetic physiology. Some macroalgae have CO2

concentratingmechanisms (CCMs)18,19 that allow them to grow in lowCO2

environments, which means their responses to elevated CO2 may differ
from those of vascular plants. To accurately estimate the impact of elevated
CO2 on photosynthesis in macroalgal communities, it is essential to con-
sider potential shifts in species composition. In a high CO2 world, some
speciesmay proliferate,while othersmay decline20. Therefore, it is necessary
to assess photosynthetic activity at the community level, focusing on those
species that are most successful in a high- CO2 environment.
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Volcanic CO2 vents provide valuable natural laboratories for studying
shifts in benthic community composition21. Several studies have docu-
mented distinct changes inmacroalgal communities across CO2 gradients

20

,22,23. While an investigation of benthic algal communities in an early suc-
cessional phase suggested enhanced community photosynthesis under
elevated CO2

24, the response of established macroalgal communities
remains poorly understood. Here, we focus on volcanic CO2 vents off
Shikine Island,where changes inmacroalgalflora acrossCO2gradients have
been well-documented23,25,26. To evaluate community photosynthesis, we
used two experimental approaches: using chambers to enclose the
seafloor (Experiment 1)27,28 and monitoring water mass dynamics
(Experiment 2)29. Additionally, we assessed the performance of CCM by
analysing carbon isotope ratios (δ13C), which reveal physiological processes
involved in CO2 uptake.We used these techniques at a natural analogue for
ocean acidification to investigate how community photosynthesis was
affected by shifts in species composition and physiological traits related to
CO2 uptake.

Results
Chamber experiment (Experiment 1)
Seawater pH at our high CO2 site was significantly lower than at our
reference site (p < 0.001), with differences ranging from 0.10 to 0.33 pH
units (Supplementary Fig. 1a). Partial pressure of CO2 (pCO2) levels ranged
292–391 μatm at the reference site and 509–909 μatm at the high CO2 site
(Supplementary Fig. 1b). The differences in temperature were within 1 °C
(0.14–0.83 °C) in most surveys except for two occasions (high CO2 and
reference site in January (13.9 and 10.1 °C) and February (16.8 and 15.1 °C),
respectively) (Supplementary Fig. 1c). Salinity and alkalinity levels were also
similar between sites, ranging from 33.5–34.7 to 2230–2290 μmol kg–1,
respectively, with no significant differences observed (Supplementary
Fig. 1d, e). Thesefindings alignwith carbonate chemistrydata fromprevious
studies conducted at these same locations23.

Seasonal variations in algal communities around Shikine Island are
strongly affected by the impacts of the typhoon season that can remove
macroalgal biomass. Therefore, rather than grouping the survey by tem-
perature, the data were grouped according to the typhoon season. These
were categorized as Pre (April, June, September), Post (November,
December), and Recovery (January, February) according to Hudson et al.26.
Algal communities on shallow coastal bedrock at 4–8m depth below Chart
Datum significantly differed between reference and high CO2 sites. At the
reference site, Gelidium elegans (Pre: 15.3 ± 4.4, Post: 15.8 ± 4.0 and
Recovery: 17.3 ± 5.0% cover; mean ± SE, n = 15-30) and coralline algae
(crustose inPre: 11.5 ± 2.7, Post: 20.3 ± 3.2 andRecovery: 11.6 ± 2.7% cover,
branched inPre:13.3 ± 3.2, Post: 34.0 ± 6.3 andRecovery: 11.5 ± 3.6%cover,
n = 15-30) predominated (p < 0.01). In contrast,Zonaria diesingianawas at
the highCO2 site (Pre: 31.7 ± 4.5, Post: 56.5 ± 5.0 andRecovery: 59.1 ± 6.6%
of substratum cover, n = 15-28, p < 0.01) (Supplementary Fig. 2a).

We carried out functional group analysis similar to Agostini et al.23

revealing higher cover of coralline algae (crustose and branched) and
canopy-forming algae, including G. elegans (p < 0.01), at the reference site.
Conversely, algae with small erect thalli, which we grouped as low-profile
algae, such as Z. diesingiana, were more dominant at the high CO2 site
(p < 0.01). Turf algae were observed exclusively at the high CO2 site during
the Pre typhoon season,with significantly greater cover than at the reference
site (p < 0.001) (Supplementary Fig. 2a). These findings are consistent with
previous research23,25,26,30. The five dominant functional groups—crustose
coralline algae (CCA), branched coralline algae (BCA), canopy-forming
algae, low-profile algae, and turf algae—collectively covered 73–92% of the
rocky seafloor (Fig. 1a). Community composition differed significantly
between sites, as indicated by PERMANOVA (Permutational Multivariate
Analysis of Variance) (p < 0.001, Supplementary Table 1) and nMDS (non-
metricMultidimensional Scaling) analyses (Supplementary Fig. 2b). On the
contrary to community composition, shift of biomass (dry weight) between
reference and high CO2 sites was unclear (two-way ANOVA, p = 0.083)
(Supplementary Fig. 2c, Supplementary Table 2).

At the reference site, Net Community Photosynthesis (NCP) values
were 313 ± 79, 112 ± 50, and 432 ± 90mgO2m

–2 h–1, while at the high CO2

site, they were 181 ± 67, 159 ± 29, and 557 ± 57mg O2 m
–2 h–1 (n = 10–31)

during the Pre, Post, and Recovery seasons, respectively (Supplementary
Fig. 3). Solar irradiance ranged 75–500 (338 ± 45, 155 ± 37 and 191 ± 26 in
Pre, Post and Recovery Seasons, respectively; mean ± se) and 4.8-560
(264 ± 41, 152 ± 21 and 206 ± 22 in Pre, Post, Recovery Seasons, respec-
tively) μmol photon m–2 s–1 at reference and high CO2 sites, respectively.
Given thedependenceof photosynthesis on solar radiation, a two-way linear
mixed model was employed to assess light-normalized photosynthesis
between sites, with Light, Temperature and Site as fixed factors and Season
as a random factor. The linear relationship betweenNCP and light intensity
in the chamber experiments suggests that light levels were below the
saturation point, with the slope of the regression line representing the initial
slope of the photosynthesis-irradiance curve (Fig. 2). NCP showed a sig-
nificant positive correlation with Light (p < 0.0001) and Temperature
(p < 0.001); however, no significant differences were observed between sites
(p = 0.614) (Table 1) without any interaction among the fixed factors. We
also tested the relationship betweenNCPnormalized by total weight of algal
biomass (NCPw) and Light, but no significant correlation was found
(p = 0.142) (Supplementary Fig. 4, Supplementary Table 3). The light-
normalized slope values for NCP in each site were calculated using a one-
way linear mixedmodel (LMM, fixed factor: Light, random factor: Season),
yielding 0.359 ± 0.039 and 0.333 ± 0.047mg O2 photons

–1 for the reference
and high CO2 sites, respectively.

Monitoring water mass dynamics (Experiment 2)
ThepH in total scale at ourhighCO2 sitewas significantly lower (7.53 ± 0.06
(7.35–7.66), mean ± SD, n = 1,440) compared to our reference site
(8.05 ± 0.03 (8.01–8.12) n = 3,240; Supplementary Fig. 5a, b). Temperature
and solar irradiance were similar between sites, with temperature ranging
23.6–25.4 °C at the reference site and 21.4–25.6 °C at the high CO2 site
(Supplementary Fig. 5c, d). Solar irradiance ranged from 0-551 at the
reference site and 0–477 μmol photon m–2 s–1 at the high CO2 site (Sup-
plementary Fig. 5e, f). At the reference site, canopy-forming and coralline
algae were prevalent, while the high CO2 site was more dominated by turf
algae (SupplementaryFig. 6).NCPΔDO (NCPmeasured inExperiment 2: see
methods and Supplementary Information) values ranged from −0.10 to
0.13 g O2 min–1 at the reference site and −0.014 to 0.092 g O2 min–1 at the
high CO2 site. NCPΔDO was positively correlated with solar irradiance
(p < 0.001; Fig. 3, Table 2).No significant differencewas found for the slopes
of theNCPΔDO versus solar irradiance between the sites (p = 0.585; Table 2).

Carbon concentrating mechanism performance based on 13C
analysis
The δ¹³C values of algal samples ranged from –7.30 to –31.7‰ (Supple-
mentary Table 4), which is an indicator of CCM. δ¹³C value of HCO3

- is
higher than that of CO2 due to isotopic disequilibrium. Since one of the
important processes of CCM is conversion of HCO3

- to CO2 with carbonic
anhydrase, macroalgae were classified into three groups following
Velazquez-Ochoa et al.31: CCM users (values higher than −10‰), both
CCM and diffusive CO₂ users (values between –11 and –30‰), and non-
CCMusers (values lower than –30‰). Specieswith δ¹³C values higher than
−10‰, including coralline algae and the green alga Codium lucasii, were
predominantly collected from the reference site. Non-CCM users, such as
Neorhodomela aculeata, which had δ¹³C values lower than −30‰, were
exclusively collected from the high CO2 site during the Pre typhoon season.
Seven species were present at both sites, and their δ¹³C values were sig-
nificantly higher at the reference site (p < 0.001; Supplementary Table 5),
indicating intraspecific plasticity in CCM performance relative to ambient
CO2 concentrations.

At the reference site,Σ¹³C values ranged from–17.5 to–12.5 during the
Pre typhoon season and –17.4 to –9.12 during the Post season, significantly
higher than those at thehighCO2 site,which ranged from–20.8 to–13.6 and
–19.5 to –12.5‰ during the Pre and Post seasons, respectively (p < 0.001;
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Fig. 4). AlthoughΣ¹³C values at the reference site tended to be higher during
the Recovery season, the difference between sites was not statistically
significant.

Discussion
In this study,we investigatedNetCommunityPhotosynthesis in response to
ocean acidification using volcanic CO2 vents, which serve as a natural
laboratory capable of addressing ecosystem-level complexities. Areas with
different levels of CO2 had distinct macroalgal communities with coralline
algae (both branched and crustose) and canopy-forming algae dominant at
the reference site,while low-profile and turf algaewere dominant at the high
CO2 site. These shifts in community composition observed with the ele-
vation of CO2 are consistent with previous studies of benthic communities
along CO2 gradients around Shikine Island

23,25,26,30. Estimates of NCP using

two independent methods in the present study show that increased CO2

levels had a negligible effect on macroalgal community production, chal-
lenging the notion that photosynthetic growth might be boosted as the
availability of carbon increases.

The response of macroalgae to OA relates to physiological processes
underlying CO2 fixation. If we consider only the affinity of RuBisCO for
CO2, photosynthesismight be expected to increase underOA, since current
CO2 concentrations in the ocean (approximately 300–400 ppm) are gen-
erally below the half-saturation constant of RuBisCO (approximately
50 μM)32. However, the majority of macroalgal species would have C3
process plus CCM33 with a few exceptional cases34, suggesting that photo-
synthesis could be enhanced at the current CO2 concentrations

35. Some
macroalgal species may exhibit intraspecific plasticity in their CCM per-
formance to optimize their survival strategy depending on ambient CO2

Fig. 1 | Coverage of macroalgal functional groups in a benthic chamber experi-
ment at two sites off Shikine Island, Japan. Error bars show SE (Reference: n = 30,
22 and 15, High CO2: n = 28 19 and 16 in Pre, Post and Recovery Seasons,

respectively). BCA, CCA, ENCA, and NA indicate Branched Coralline Algae,
Crustose Coralline Algae, Encrusting Non Calcifying Algae and Not Applicable,
respectively.
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concentrations36. Moreover, species without CCM (or low-affinity CCM)
could be benefited under high CO2

18. Therefore, interspecific differences in
CCM performance must also be considered, as shifts in community com-
position are expected under OA20,23.

The small variability in NCP despite changes in CO2 concentration
may be related to both intraspecific plasticity and interspecific differences in
the physiological processes involved in CO2 fixation. Seven macroalgal
species collected fromreferenceandhighCO2 sites showeddown regulation
ofCCMat thehighCO2 site (SupplementaryTable 5).Additionally, shifts in
species composition could affect CCMperformance at the community level.
Species showing active CCM usage were predominantly found at the
reference site, while species that rely on dissolved CO2 (non-CCM users)
were exclusive to the high CO2 site (Supplementary Table 4). The perfor-
mance of CCM at the community level was assessed by calculating Σ¹³C,
whichwas consistently higher in the reference site (Fig. 4), showing a higher
contribution of CCM, compared to the high CO2 site. This is in line with
previous research suggesting that macroalgae with lower δ¹³C values
dominate high CO2 environments around other volcanic CO2 vents (e.g.
Vulcano and Ischia Islands, Italy)18, and that reduced CCM performance
under high CO2 conditions is a general response to OA. Our results imply

that macroalgae with less CCM performance have an advantage to survive
under high CO2 environment probably due to saving energy cost in CCM
processes. Balance betweenCO2availability and energy cost forCCMwould
be a key factor determining macroalgal ecosystem dynamics.

While CO2 fertilization in coastal vegetated ecosystems, such as sea-
grass beds, mangrove forests, and salt marshes, is expected to enhance Blue
Carbon capacity6–10 and provide negative feedback on climate change11, the
response of macroalgal NCP remains unclear, despite their high
productivity15. Most macroalgae possess CCM33 unlike land plants37, which
likely allow them to adapt to current CO2 levels, reducing carbon limitation
for their photosynthesis. Combined with major changes in the macroalgal
communities with low CCM performance driven by high CO2, our study
suggests that ocean acidification will have a negligible effect on macroalgal
net community photosynthesis.

Analysis of carbon sequestration from macroalgal-dominated eco-
systems has only recently begun. Our results reveal a negligible effect of
elevated CO2 on macroalgal NCP, suggesting that potential for CO2 ferti-
lization to enhance Blue Carbon in macroalgal systems should be recon-
sidered. Carbon fixation is the start of the process underlying Blue Carbon,
but it is not equal to sequestration as much of the carbon produced by
macroalgae is labile and will not be permanently stored. Organic matter
derived frommacroalgae can by exported and sequestered into the deep sea
after dislodgement17,38. Therefore, a variety of processes such as export,
decomposition and sinking are relevant to Blue Carbon. Although knowl-
edge on the effect of elevated CO2 on these processes in fate of macroalgal
organic matter is still limited, an increase in export flux of algal biomass
under high CO2 was suggested in a previous study carried out across CO2

gradient around Shikine Island24. To predict the feedback of macroalgal
systems for climate change, the impact of elevatedCO2on thoseprocesses in
the fate of organic matter should be highlighted.

Methods
Net community photosynthesis estimates using a chamber
experiment (Experiment 1)
Experiment 1 was conducted at two locations: a high CO2 site, situated near
a CO2 vent in Mikawa Bay on Shikine Island (139.2°N, 34.3°E; Supple-
mentary Fig. 7a, b), Japan, and a reference site, located in another bay

Fig. 2 | Correlation between Net Community Photosynthesis and Light in benthic chambers before a typhoon season, after and during the recovery of macroalgal
communities off Shikine Island, Japan. Shadings imply 95% confidence intervals. Ordinate and abscissa indicate NCP and light intensity, respectively.

Table 1 | Results of linear mixed model in the Experiment 1

Numerator df Denominator df F P

Intercept 1 111 18.8 <0.001

Light 1 111 136 <0.001

Site 1 111 0.256 0.614

Temp 1 111 12.3 <0.001

Light × Site 1 115 0.0012 0.973

Light × Temp 1 111 0.0041 0.949

Site × Temp 1 111 0.0041 0.949

Light × Site
× Temp

1 111 1.92 0.168

Explanatory variables, light, temperature and site, and interaction between them are shown.
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outside the influence of the vent (Supplementary Fig. 7c). Surveys were
conducted on eight occasions across various seasons (June, November, and
December 2017; January, February, April, June, and September 2018). The
experimental chambers used in the experiment had a truncated cone shape,
constructed fromametal frame and transparent plastic sheet. The chambers
measured 25 cm and 20 cm in diameter at the base and top, respectively,
with a height of 16.5 cm. A plastic skirt extended from the chamber’s edge,
weighted with beads to ensure proper sealing against the seafloor (Supple-
mentary Fig. 8). Each chamber had a dissolved oxygen and temperature
meter connected to a logger (Multi 3410, WTW) on a floating buoy to
continuously monitor dissolved oxygen (DO) concentrations at 5 s
intervals.

A circular area (25 cm in diameter, matching the chamber base) was
randomly marked on the seafloor, and then photographed, before placing
the chamber in the same location. These photographs were used to
estimate floral coverage following Agostini et al.17. A photometer (DEFI-L,

JFE-ADVANTEC) placed adjacent to the chamber measured solar irra-
diance at 1 s intervals to calculate mean light levels in each incubation
period. Water within the chambers was gently mixed by agitating oxygen
probe attached with the chamber through the 10-minute incubation to
ensure uniform oxygen concentrations. After incubation, 2ml of diluted
fluorescent dye (Bright Dyes, Fluorescent FLT Yellow/Green) was injected
into the chamber, and seawater was retrieved to calculate the chamber’s
water volume via dilution rates. Fluorescence intensity was measured using
a fluorophotometer (F-7000, Hitachi) at excitation and emission wave-
lengths of 490 nm and 515 nm, respectively. We confirmed the linearity of
fluorescence intensity across a dilution range from 500,000 to 4,000,000
(Dilution rate: 0.25–2.0 × 10–6, Supplementary Fig. 9). DO changes over
time (Supplementary Fig. 10) were analyzed using linear regression, and
NCP was calculated from the slope of DO concentration versus time using
the equation:

NCP ¼ S×V=A ð1Þ

where S represents the slope of DO change (mg O2 l-1⁻¹ h⁻¹), V is the water
volume (l), and A is the area of the chamber bottom (m²).

Seawater samples were collected by SCUBA divers near the experi-
mental sites.Water salinity and pH (on the total scale) weremeasured using
a portablemulti-sensor (OrionStarA329,ThermoFisher Scientific)within a
few hours after collection. Seawater samples were filtered through dis-
posable membrane filters (DISMIC-25AS, ADVANTEC), and the total
alkalinity of the filtrate was then measured using an auto-titrator (916 Ti-
Touch, Metrohm)30.

Fig. 3 | Correlation between net community
photosynthesis ΔDO and light during water mass
dynamic monitoring at 8–10 m depth off Shikine
Island, Japan. Shadings imply 95% confidence
intervals.

Table 2 | Results of analysis of covariance (ANCOVA) for
NCPΔDO during water mass dynamic monitoring at 8–10m
depth off Shikine Island, Japan

Estimate SE t value p

Intercept –3.50 × 10–2 0.49 × 10–2 7.19 <0.001

Light 3.36 × 10–4 0.39 × 10–4 8.72 <0.001

Site 1.07 × 10–2 1.95 × 10–2 0.55 0.585

Light × Site –1.90 × 10–6 127 × 10–6 −0.02 0.988

Explanatory variables, light and site, and interaction between them are shown.
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Net community photosynthesis estimates by monitoring water
mass dynamics (Experiment 2)
Experiment 2 was conducted near the chamber experiment site (Supple-
mentary Fig. 7b, c) in October 2018. Sensors were deployed in a 400m² area
(20 × 20m) at both high- CO2 and reference sites for two days. Oxygen
sensors were positioned at the square’s corners, while temperature- and pH
(in total scale)- (MX-2501, ONSET HOBO), current- (INFINITY-EM, JFE-
ADVANTEC) and photo-meters (DEFI-L, JFE-ADVANTEC) were placed
centrally. Data were logged at 1min intervals. Horizontal water mass trans-
port was estimated from current measurements, and net community pho-
tosynthesis (NCPΔDO) was calculated by dividing oxygen concentration
changes by the water mass travel duration. The position of certain water mass
was traced according to the horizontal current. In case that the coordinate of
the water mass at certain corner reached in the area within 2m from other
corners, the change in DO concentration was logged to calculate NCPΔDO.
Since the location of the study area is nearby coastline, the reflection of water
current could bring serious error in the analysis. In the high CO2 site, the
location was close the coastline on the northern side (Supplementary Fig. 7b).
Therefore, the directions of the export toward east and west were used. Since
the location in the reference site is inside of a bay (Supplementary Fig. 7c), we
only used the direction of the export of water mass toward outside. The
duration of the export of water mass was limited in the range from 10 to
100min. The experiment was carried out for 3 days (from 14th to 16th October
in control and 10th to 12th October in high CO2 sites), and the datasets in
daytime (solar irradiance >50 μmol photon m–2 s–1) were used. These esti-
mates provide relative site comparisons, as vertical diffusion was not eval-
uated. Therefore, it is difficult to directly compare the results in experiments 1
and 2 due to the difference in the unit. Benthic functional group coverage was
estimated using random seafloor photography within 50 × 50 cm quadrats,
analysed following Steneck and Dethier39.

Analysis of 13C
Benthic flora, excluding crustose coralline algae, were collected by hand (at
random) nearby the area of Experiment 1. Samples of each species were
dried at 60 °C, ground into fine powder, and treated with vapor-phase HCl
in a desiccator for 24 h to remove inorganic carbon. Stable isotope analysis
was performedusing an elemental analyzer/isotope ratiomass spectrometer
(EA/IRMS) (ThermoFisher, Delta V). To evaluateCCMperformance at the
community level, the average δ¹³C values of each functional group, site, and
season were weighted by their respective coverages to calculate Σ¹³C using
the equation:

Σ13C ¼ C1 × δ
13C1 þ C2 × δ

13C2 . . .Cn × δ
13Cn ð2Þ

where Ck and δ13Ck represent the coverage and δ¹³C values of a specific
functional group k, respectively. For Σ¹³C calculations, data from BCA,
Canopy-FormingAlgae, Low-ProfileAlgae, andEncrustingNon-Calcifying
Algae were used. Since δ¹³C values for CCA were not measured, values for
BCA were used as substitutes.

Statistical analysis
Water chemistry parameters (pH in total scale, temperature, salinity, and
alkalinity) were analyzed using a two-way ANOVAwith season and site as
factors. Taxonomic and functional group differences were compared indi-
vidually using theWilcoxon rank sum test (Bonferroni-adjusted). Changes
in community compositionwere assessed using PERMANOVAandnMDS
analyses based on Bray Curtis distance with the ‘vegan’ package40. Shift of
biomass (dry weight) per community area was tested with two-way
ANOVA with factors of Site and Season. NCP from Experiment 1 was
analyzed using a three-way LMM (fixed factors: Light, Temperature and
Site, random factor: Season) with the ‘nlme’ package41. The slope of NCP
versus Light at each site was calculated using a one-way LMM (fixed factor:
Light, random factor: Season). NCPΔDO from Experiment 2 was analyzed
using analysis of covariance (ANCOVA) with Light and Site as factors.
Intraspecific δ13C differences were evaluated using 3-way ANOVA with
Season, Site andSpecies as factors.Community-normalizedδ¹³C (Σ¹³C)was
compared using the Wilcoxon rank sum test (Bonferroni-adjusted). For
these tests, we used the program R version 4.3.1.

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

Data availability
All data are uploaded upon Zenodo. https://doi.org/10.5281/zenodo.
16653946.

Code availability
All R code are uploaded upon Zenodo. https://doi.org/10.5281/zenodo.
16653946.
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