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ABSTRACT

Ocean acidification (OA) driven by increasing atmospheric CO, is altering marine biodiversity. However, impacts of OA on
ecosystem functioning at the community level, including calcification, primary production and nutrient uptake, remain largely
unknown. Here, we conducted community transplant experiments at natural CO, vents to assess how declining pH affects
marine community species composition, biomass, and key ecosystem processes over time. Our results indicate that community
shifts caused by declining pH lead to decreased biomass and calcification rates, while photosynthesis and nutrient uptake rates
increased. By leveraging OA field model systems and in situ measurements of ecosystem functioning, this study provides critical
insights into how OA-induced biodiversity loss reshapes the structure and functioning of temperate marine coastal ecosystems.

1 | Introduction

Ocean Acidification (OA), caused by the ocean's uptake of ap-
proximately 25% of anthropogenic CO, emissions (Gattuso and
Hansson 2011), is expected to pose a major threat to marine
ecosystems because it reduces the capacity of calcifying organ-
isms such as molluscs (Rodolfo-Metalpa et al. 2011) and corals
(Mollica et al. 2018) to form their shells or skeletons. Most stud-
ies investigating the effects of OA at the ecosystem level have
already revealed severe declines in biodiversity and habitat com-
plexity (Pefia et al. 2021; Agostini et al. 2018; Kroeker et al. 2013;
Hall-Spencer et al. 2008). However, our understanding of how
biodiversity loss affects ecosystem functioning (EF) under OA
remains limited, particularly for key functions such as calcifica-
tion, primary production and nutrient uptake.

Generally, higher biodiversity enhances the ecological resil-
ience and stability of the ecosystem (Wang and Loreau 2016).
As OA intensifies, there is growing concern that marine eco-
systems may become increasingly simplified, with the loss of
complex habitat-forming species including calcifying algae,
corals or oysters to the benefit of simpler algal-dominated as-
semblages such as low-lying, centimetre-tall algae, hereafter
referred to as turf algae (Agostini et al. 2021). These compo-
sitional shifts can decrease functional redundancy, poten-
tially diminishing ecosystem productivity and stability (Biggs
et al. 2020). EF, commonly defined as the fluxes of energy or
material within an ecosystem, is strongly influenced by spe-
cies composition and diversity (Bellwood et al. 2019; Brandl
et al. 2023). While many studies suggest that biodiversity loss
can lead to EF declines (Mori et al. 2018; Van Der Plas 2019),
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EF responses are likely more complex and might be enhanced
or compensated in some cases (Armitage et al. 2024; Micheli
and Halpern 2005). For example, the additional CO, in the
ocean, which causes OA, might favour photosynthesis in cal-
cifying primary producers but impair their calcification rates
(Gao et al. 2019). To date, few studies have quantified the
impacts of OA on EF and the possible shifts between differ-
ent functioning rates in the field and at the community level
(Cornwall et al. 2024), due to logistical challenges in studying
intact ecosystems under natural conditions while maintaining
ecosystem integrity.

To overcome these challenges, submarine volcanic CO, vents
offer an invaluable opportunity to investigate shifts in commu-
nity diversity, structure, and EF in response to OA (Hall-Spencer
et al. 2008). One of these is the CO, vents of Ischia (Italy), which
have been active for decades (Foo et al. 2018) and present a nat-
ural pH gradient, providing pH conditions ranging from low-
emission (SSP1-2.6) to high-emission (SSP5-8.5) CO, scenarios
(=0.16 to —0.44 pH,, pH on total scale) and extreme low pH
zones to explore OA impacts further (Teixido et al. 2018). By
studying these high-CO, environments and their communities,
it becomes possible to predict and quantify marine EF responses
to global environmental change, thereby improving our under-
standing of the links between biodiversity and EF in complex
marine ecosystems.

Here, we extend previous trait-based work under OA (Teixido
et al. 2024) by moving from species-level trait patterns to
community-scale measurements of EF in order to reveal how
changes in species composition and biomass shape ecosystem-
level responses to acidification. We deployed settlement tiles
in ambient pH conditions and transplanted them across dis-
tinct pH zones to quantify how these compositional changes
translate into shifts in key ecosystem functions—calcification,
gross photosynthesis, dark respiration and nutrient uptake.
Unlike trait-based approaches focusing on presence-absence,
our community-level measurements capture functional shifts
arising from species reorganization and changes in biomass.
We show that OA simplifies communities through the loss of
calcifying taxa and the proliferation of fleshy and turf algae,
generating directional shifts in EF across three communities.
By integrating compositional dynamics with direct functional
measurements, our study provides new insights into how OA-
driven biodiversity loss can restructure temperate reef func-
tioning, shedding light on long-term ecological dynamics in a
changing ocean.

2 | Methods
2.1 | Study Site

Volcanic CO, vents are at 0.5-3m water depth on the south and
north sides of Castello Aragonese islet, Ischia, Italy, adjacent
to sloping rocky reefs, and create a natural pH gradient (Hall-
Spencer et al. 2008). We followed the three pH zones correspond-
ing to an extreme low pH zone (high venting activity); a low
pH zone (moderate venting activity); and an ambient pH zone
(non-visible vent activity) on the south side (Teixido et al. 2018).
Each zone spans ~20m and is separated by 20-25m. Ambient

conditions reflect current average pH, low pH simulates future
scenarios under SSP1-2.6 to SSP5-8.5 (—0.16 to —0.44 pH), and
extreme low pH provides an extreme scenario to test responses
to OA.

2.2 | pH, Time Series, pH  Variability
and Carbonate Chemistry Across pH Zones

To characterize the pH, a SeaFET sensor (SeaBird) and two
Sami sensors (Sunburst) were deployed in the three pH zones
(extreme low, low, ambient) at the same depths as the settlement
tile transplants (0.5-3m; Figure S1). Sensors recorded every
15min from May 8-June 26 (spring) and September 11-20,
2023 (early fall). The SeaFET was calibrated in ambient sea-
water with spectrophotometric pH determination, showing a
mean offset of £0.0001 units (n =12; Dickson et al. 2007). Sami
sensors were verified against TRIS buffers (Batches T38-T39;
Dickson et al. 2007), with deviations from nominal values rang-
ing from —0.0160 to —0.001. Discrete water samples for total al-
kalinity (A;) were collected concurrently and measured using
the open-cell potentiometric method (Dickson et al. 2007). The
HCI (0.1 M) titrant was calibrated against Certified Reference
Materials (Batch #184; Dickson et al. 2007), with mean differ-
ences from nominal values < 5umol.kg™! (Riebesell et al. 2011).
A, pH, and in situ temperature, salinity and depth were then
used to calculate the remaining carbonate system parameters
with the R package seacarb v3.3.3 (Gattuso et al. 2019).

2.3 | Transplantation Experiments Using
Settlement Tiles

Two experiments using volcanic rock recruitment tiles were con-
ducted to investigate ecological functions (calcification, gross
photosynthesis and nutrients uptake) shifts across pH zones. In
June 2013, 18 recruitment tiles (15X 15x 1cm) were deployed at
0.5-1.5m depth across all three pH zones (n=6 per zone) and
monitored at two time points (T, T,,; referred to as historic
tiles). In November 2019, 18 recruitment tiles (15X 15X 2cm)
were deployed in the ambient zone and allowed to recolonize
for 3.5years (referred to as transplanted tiles). In May 2023,
transplanted tiles were randomly placed across extreme low,
low, and ambient pH zones (n=6 per zone, 0.5-1.5m depth; T )
and we performed incubation experiments on individual tiles
to measure ecological responses at T, 7days (T,), 1 month (T,),
and 4 months (T,) (Figure S2). Historic tiles at T,, and T, , were
assessed at the same time as T, and T, of the transplanted tiles
experiment.

2.4 | Net Photosynthesis and Dark Respiration
Rate Measurements

Net photosynthesis and dark respiration were measured
by incubating entire tiles in custom-built 3.7 L chambers
equipped with 12V submersible pumps (maximum flow rate
of 280Lh™!) to ensure continuous water circulation during
the incubations. Chambers were sealed with a watertight lid
fitted with a tap to prevent mixing with ambient seawater.
Four transparent chambers (referred to as light chambers)
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allowed light penetration for net photosynthesis, while four
black chambers (referred to as dark chambers) blocked light,
to measure dark respiration. In each experimental set, three
chambers contained individual tiles and one served as a
control for background metabolic rates. Tiles in light cham-
bers were incubated for 75min to avoid O, supersaturation
(>150%), which can inhibit photosynthesis and alter pH
(McMinn et al. 2005). Dark incubations lasted 60 min to main-
tain O, >80% saturation, preventing stress in benthic fauna
(Kolb 2018). Oxygen was recorded every minute with factory-
calibrated Minidots sensors (PME, USA; https://www.pme.
com/products/minidot). To ensure measurement accuracy,
sensors were weekly calibrated at 100% O, saturation by im-
mersion in seawater bubbled with atmospheric air. After each
set, tiles were swapped between light and dark chambers fol-
lowing a 30 min acclimation. Gross photosynthesis was calcu-
lated as net photosynthesis minus dark respiration, expressed
as pmol O, h~! per tile (Figure S3).

2.5 | Nutrient Uptake and Calcification Rate
Measurements

For each incubation, water samples were collected at the
start and end to measure nutrient uptake and calcification.
Duplicate 20mL samples for nutrients were stored in high-
density polyethylene bottles at —20°C, and 250 mL samples for
total alkalinity (A;) in borosilicate bottles at 4°C (max. 3 days).
Prior to A} analysis, samples were equilibrated to room tem-
perature (23°C) for 1h. Calcification was calculated from the
change in A} (AA,) during incubations, assuming a 2:1 stoi-
chiometry between A decrease and CaCOj; precipitation, cor-
rected for seawater density (1.025kg L~!) and chamber volume
(3.7 L), and expressed as umol CaCOzh™! per tile. A, was de-
termined in duplicate or triplicate following SOP3a (Dickson
et al. 2007) (Figure S3). Ammonium (NH,4%), nitrate (NO3"),
and phosphate (PO,37) concentrations were quantified using
a Flowsys III Continuous Flow Analyser (Systea), with detec-
tion limits of 0.05 mmol m~3 (NH,*) and 0.01 mmol m~3 (NO;",
PO4*7). Nutrient uptake was calculated as the difference be-
tween final and initial concentrations, corrected by controls
and standardized over time. Fluxes were reported in wumol h!
per tile.

2.6 | Adjustments for Photosynthetically Active
Radiation

Relationships between metabolic rates and irradiance were
assessed for each pH zone and experimental time point using
three tiles per zone (n=9). Irradiance during incubations was
logged every 5min with two PAR sensors (Odyssey Xtreem),
cross-calibrated against a LI-COR quantum sensor (Li1400).
Net photosynthesis was measured during 1h incubations con-
ducted every 2h from 06:00 to 22:00 GMT+1 over three con-
secutive days, with mean PAR calculated for each incubation.
Data were fitted with the equation y=a(1—p.e") (Aalderink
and Jovin 1997; R*=0.52-0.73), where a is the maximum
photosynthetic rate and 8 and y are curvature and saturation
constants (Figure S4). These relationships were then used to es-
timate maximum net photosynthetic rates at the maximum PAR

recorded (600 umol m~2s~") for transplanted (T,-T,) and historic
(T,,-T,,) tiles.

2.7 | Species Identification and Biomass Estimate

At each time point (T,-T, for transplanted tiles; T,,-T,,, for
historic tiles), benthic species and their cover were identified
to assess community composition. Percent cover was quanti-
fied through underwater photographs complemented by vi-
sual census. For each photograph, a 25-square grid (5X 5cm)
was superimposed on both sides of the tile, and occupied
squares were counted to calculate percent cover, expressed
as relative percentages (Teixidd et al. 2024). In total, 61 taxa
were identified to the lowest possible level (25 algal species,
1 algal turf group and 35 invertebrates; Figure S5). Based on
dominant taxa on the front side, communities were classified
as calcifying algae-, mixed algae- or fleshy algae-dominated.
To provide quantitative support for this classification, we
performed 3D NMDS and PERMANOVA analyses, which
confirmed the presence of three statistically distinct commu-
nity types (PERMANOVA: F=1.698, R?=0.343, p=0.022;
see Figure S6). To estimate biomass, in situ triplicate 5X 5cm
samples of each species were collected, dried at 50°C for 48 h
and weighed. Species-specific dry weights were then applied
to percent cover data to calculate total biomass for each tile
across the four transplanted (T -T,) and two historic (T ,,-T,,)
time steps (Denny and Benedetti-Cecchi 2012).

2.8 | Change in Biomass and Ecological Functions

To quantify the changes in biomass and ecological processes
(calcification, gross photosynthesis, and nutrient (NH,*, NO5™,
PO,3") uptake), we standardized values at each time point rel-
ative to the initial measurement (T, for transplanted tiles, T,
for historic tiles). Standardized biomass values were strictly
positive, while process rates could be either positive or negative.
We applied two Bayesian non-linear models using Weibull and
Gaussian distributions and models were specified with the fol-
lowing structure:

B ~ Weibull(pg, o)

F ~ Normal (pg, op)

H= (ﬂ + Ccommunities + z;pH) X time
§=(QZ),

diag(Z) = oy

p ~flat; 6 ~I'(0.01,0.01); 6, ~ Student(3, 0, 2.5);
Q~LKJ(1); 6, ~[(0.01,0.01)

where B and F represent the standardized biomass and process
rates respectively, and time represents the experiment duration
in days. § denotes the overall scaling slope for communities
and pH. The models include communities (calcifying algae-
dominated, mixed algae-dominated and fleshy algae-dominated
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communities), a vector of n; =3 levels of communities observed
and pH, a vector of n,=3 levels of pH sites. These vectors con-
struct a hierarchical matrix { with n; X n, rows and two col-
umns, representing both community-level and pH-level additive
deviations from f. In the models, Q is the Cholesky factor of the
correlation matrix among hierarchical effects, Z is a diagonal
matrix with a vector of among-communities and among-pH
standard deviations (GC) and §is an s-by-two matrix of standard-
ized hierarchical effects. We considered an effect to be meaning-
ful between two conditions when their respective 75% credible
intervals did not overlap, indicating high certainty about the di-
rection of the effect. Models were run with four chains, 10,000
iterations each, 2000 warm-up steps, retaining 32,000 posterior
draws. Convergence was checked via trace plots and R, ,, (< 1.05;
Gelman and Rubin 1992), with model fits of R?=0.77 for bio-
mass, 0.22-0.43 for ecological functions using the transplanted
tiles and 0.38-0.63 for ecological functions using the historic
tiles. All analyses were conducted in R 4.3.2 using the R package
brms (Biirkner 2017).

3 | Results

3.1 | Change in Physiochemical Parameters
Across Sites

The three transplantation sites differed sharply in seawater pH
(Figure 1). Extreme low pH tiles experienced mean pH=6.43
(25th-75th percentile: 6.43-6.68), low pH tiles pH.=7.70
(7.72-8.00), displaying skewed values due to localized venting,
and ambient pH tiles pH=8.02 (7.99-8.05). Saturation states

of calcite (Qc) and aragonite (Qa) followed the same gradient
(Table 1). Extreme low pH conditions were severely undersat-
urated (Qc=0.3+0.5, Qa=0.2+0.3), low pH remained above
undersaturation but was substantially lower than ambient
(Qc=3.7+1.4, Qa=2.4+0.9), while ambient conditions were
highly supersaturated (Qc=5.4+0.4, Qa=3.5+0.3).

3.2 | Change in Species Composition and Biomass
due to OA

Under ambient pH conditions, all communities exhibited rel-
atively constant cover over time, except for the fleshy algal-
dominated communities, which showed a marked decrease
(=17% +13%; mean + SD) overall in brown macroalgae (Phylum
Ochrophyta, Class Phaeophyceae) over time, and an increase
(20%+12%) in red macroalgal (Phylum Rhodophyta) cover
due to the seasonal appearance of the small-calcifying red alga
Haliptilon virgatum, which becomes highly abundant after sum-
mer (Table 2, Figure S5). Under low pH, different patterns were
observed across the different community types over time, with
a notable loss of bryozoans on both sides of the tiles (—=12% + 7%)
and a marked reduction in almost all brown algae except
Dictyota sp. (=5.9%+11.0%). These communities also showed
a pronounced increase (28.5% +1.5%) in turf cover (front side)
and mortality of dim-light animals (11.1% +6.4%) (back side)
over time. Under extreme low pH, the cover of almost all taxa
declined (between —30.0%+2.8% and —1.9% +1.3%) over time
on both sides of the tiles, leaving only a few low-pH-tolerant
species (e.g., the macroalgae Hildenbrandia crouaniorum and
Dictyota sp.).

a
Extreme
low
Low
Ambient {
60 65 70 75 80
pHT

FIGURE1 | Distribution of pH, measures in the extreme low, low and ambient pH zones. (a) Measurements were taken every 15min in spring

(08/05/23-26/06/23) and fall (11/09/23-20/09/23), totalling 17,475 measurements (n = 6342 ambient pH; n= 5587 low pH and n= 5546 extreme low

pH zones). The solid dots represent the mean pH.. The mean carbonate chemistry in the ambient pH zone corresponds to current average conditions,

whereas the low pH site is most comparable with values predicted for the year 2100 with a decrease in surface pH from —0.16 to —0.44 pH units under

SSP1-2.6 and SSP5-8.5. The extreme low pH zone is used to represent more extreme scenarios. (b—d) Seascape at the three pH zones: (b) Extreme low

pH zone characterized by the encrusting non-calcareous perennial red algae Hildenbrandia crouaniorum and turf algae; (c) Low pH zone character-

ized by fleshy algae, including Flabellia petiolata, Halopteris scoparia and the encrusting sponge Crambe crambe; and (d) Ambient pH zone charac-

terized by fleshy algae, including Halopteris scoparia and Dictyota sp. and a variety of calcifying algae such as Ellisolandia elongata.
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All tiles exhibited a similar specific richness at T ranging from
20+ 3 species for communities dominated by calcifying mac-
roalgae to 22+ 3 species for those dominated by fleshy mac-
roalgae. Fleshy macroalgal-dominated communities showed
the largest changes, losing on average 7+5, 7+1 and 18+4
species under ambient, low and extreme low pH conditions,
respectively. Mixed macroalgal-dominated communities expe-
rienced intermediate losses of 4+2, 6.5+5 and 17+1 species
across the same pH gradient. Calcifying macroalgal-dominated
communities were the least affected, with losses of 4+4, 7+2
and 14+ 1 species at ambient, low and extreme low pH, respec-
tively (see Figure S7). No new species colonized the tiles during
the experiment and losses in richness directly reflect declines
in existing taxa. Consequently, under low and extreme low pH,
calcifying macroalgal-dominated communities no longer retain
their original composition, shifting instead toward more simpli-
fied assemblages dominated by a few low-pH-tolerant species
(Table 2). Species loss was generally mirrored by proportional
shifts in biomass, with responses ranging from slight gains up to
8% (credible intervals (CI) [-7%; 20%]) to decreases up to —12%
(CI [-2%; —24%)) under ambient conditions. Under low and ex-
treme low pH, biomass declined by —18% to —37% (CI [-21%;
—15%] to [—58%; —8%]) and from —97% to —100% (CI [-100%;
—71%) to [-100%; —80%]), respectively (Figure 2).

3.3 | Ecosystem Functioning Under OA

Under ambient pH conditions, calcification rates increased
over time, ranging from 3.5 to 5.1 umol CaCO5-g(DW)~1h=! (CI
[-2.5;9.5] to [-0.7; 11.1]) after 100days (Figure 3). Under low pH
conditions, calcification rates were lower, ranging from 3.0 to
4.6 umol CaCO5-g(DW)1h~1 (CI[0.8; 5.4] to [2.2; 6.8]). Under ex-
treme low pH, calcification declined rapidly, with negative rates
(i.e., net dissolution) recorded after only 7 days, corresponding to
the observed loss of calcifying organisms. Gross photosynthetic
rates increased over time for each pH condition, with the highest
rates measured after 100days under extreme low pH conditions

(34.0-35.9umol O,.g(DW) h, CI [26.7; 41.3] to [28.7; 43.2]).
In comparison to the extreme treatment, gross photosynthetic
rates were consistently lower under low pH (16.5-18.5pumol
0,.g(DW)~'h™, CI [8.7; 24.4] to [10.6; 26.4]) and ambient pH
conditions (9.8-11.6 umol O,g(DW)~'h~, CI [6.8; 12.9] to [8.5;
14.6]). Similar results were observed for dark respiration rates,
with higher rates under extreme low pH (from 11.2 to 12.0 umol
0,.g(DW)~'h™, CI [1.2; 21.2] to [2.0; 22.0]), consistently de-
creasing under low (from 3.6 to 4.5umol O,g(DW)~'h™!, CI
[2.1; 5.1] to [3.0; 6.0]) and ambient pH conditions (from 0.8 to
1.7 umol O,.g(DW)~'h=L, CI [0.5; 1.2] to [1.4; 2.1]). Finally, nu-
trient uptake showed the strongest amplification across the pH
gradient. Under ambient conditions, uptake rates remained low,
ranging from 48.0 to 81.2nmol g(DW)~'h~! for NH,* (CI [31.5;
64.4] to [64.9; 97.6]), from 8.7 to 76.6 for NO;~ (CI [-9.0; 26.4] to
[58.6; 94.6]), and from 0.2 to 0.4 for PO, (CI [0.1; 0.4] to [0.2;
0.5]). Uptake increased modestly under low pH, rising by factors
of 1.3 to 8.4 for NH,* and PO,3~ (CI [1.1; 1.6] to [4.1; 12.7]) and
by 8.0 to 30.8 for NO5;~ (CI [-0.8; 16.9] to [17.6; 22.0]). Under
extreme low pH, uptake rates increased dramatically by 199- to
254-fold relative to ambient conditions (CI [14.0; 385.6] to [86.0;
421.9)).

To confirm that our results from the short-term experiment are
representative of longer time frames, we quantified EF on tiles
exposed to the three pH conditions for nearly 15years (Figure 4).
We found that calcifying macroalgae were never dominant
under low pH and were absent in extreme low pH conditions.
Consistent with our findings from analysis of the transplanted
tiles, calcification rates were significantly higher under ambient
pH conditions, ranging from 2.2 to 7.0 umol CaCO, g(DW)'h~!
(CI [1.6; 2.9] to [4.8; 9.2]), than under low pH, where rates were
reduced to between 0.7 and 1.1 umol CaCO, g(DW)~'h~! (CI [0.5;
1.0] to [0.8; 1.4]). No calcification was observed under extreme
low pH. Dark respiration and gross photosynthetic rates showed
a consistent trend, with the highest values under extreme low
pH conditions, reaching 11.9 (CI [4.8; 19.0]) and 44.7 umol
0,.g(DW)~'h™! (CI [29.5; 59.9]) and decreasing to values up to
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Dominated Communities Dominated Communities Dominated Communities
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- t
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FIGURE2 | Biomasslossalongthe pH gradient over time. Predicted change in biomass across the three pH zones and assemblages over time. The

solid lines represent the average modelled regression curves and the shaded areas indicate the 95% credible intervals of the predictions. Predicted

change in biomass was standardized by T,. The lollipop plot represents the total change in biomass from the start (T) to the end of the experiment

(T,) across the three pH sites and the three assemblages.
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FIGURE3 | Ecosystem function responses to ocean acidification. Modelled changes over 100days in six key functions across three pH conditions
(extreme low, low and ambient pH), including calcification, dark respiration, gross photosynthesis, and nutrient (NH,*, NO,~ and PO 43‘) uptake.
These six processes were grouped into three core functions: calcification, primary production, and nutrient uptake. The ecosystem function re-
sponses were quantified based on the three dominant community types: fleshy macroalgal-dominance (symbolled by triangles), mixed macroalgal-
dominance (symbolled by diamonds) and calcifying macroalgal-dominance (symbolled by circles). The solid lines represent the corresponding cred-
ible intervals of the predictions. Symbol fill indicates whether credible intervals overlap zero, with filled symbols denoting responses whose credible
intervals exclude zero.

2.1(CI[-0.8;5.0]) and 12.2umol O,.g(DW)~'h~! (CI [3.2; 21.2]) although slightly higher, with greater uptake rates under ex-
under ambient pH conditions, respectively. Nutrient uptake rates treme low pH. NH,* uptake reached 7.7umolg(DW)~'h~* (CI
were comparable to those observed in transplant experiments, [5.2; 10.1]), NO,~ uptake reached 2.8 umolg(DW)~'h~* (CI [1.9;
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dominance) and the three pH conditions (extreme low, low and ambient) including mean pH values followed by the 25th and 75th percentiles
into parenthesis. The six processes (i.e., calcification, dark respiration and gross photosynthetic rates and nutrient [NH,*, NO,~ and PO,*"] uptake
were grouped into three core functions as calcification [brown], primary production [green]| and nutrient cycling [purple]). Calcifying macroalgal-
dominated communities were absent in extreme low and low pH conditions, and mixed macroalgal-dominated communities were absent in extreme
low pH conditions. The size and colour of the bars in the plot indicate the absolute values. All values are displayed with the average estimate + stan-

dard error from bayesian models.

3.7]) and PO,3~ uptake reached 0.7 umolg(DW)=*h~! (CI [0.4;
1.0]) with rates decreasing as pH increased.

4 | Discussion

By examining changes in benthic communities using settlement
tiles deployed along a natural CO, gradient, our study reveals
consistent shifts in community structure and EF under increas-
ing OA. Species richness and biomass declined with decreasing
pH. These changes in community structure were accompanied
by shiftsin EF, as calcification rates in communities experiencing
long-term exposure to acidified conditions declined by approx-
imately 50%-90% under low pH and were entirely absent under
extreme low pH, consistent with the disappearance of calcifying
organisms. In contrast, fleshy macroalgal species thrived under
increased CO, levels, accompanied by higher rates of gross pho-
tosynthesis, which increased up to twofold under low pH and up
to fourfold under extreme low pH, as well as enhanced nutrient
uptake, rising by approximately 110%-180% under low pH and
by up to ~250-fold under extreme low pH relative to ambient

conditions. Together, these results demonstrate a predictable
shift in community dominance from calcifying to macroalgal
taxa, accompanied by reduced diversity, declining calcification,
and increasing primary production and nutrient turnover under
elevated CO,,.

4.1 | Biodiversity Loss and Ecosystem
Simplification

Our results show that benthic communities exposed to increas-
ing OA diverged clearly into ecological winners and losers
(Baskin 1998) across a pH gradient. Similar to previous studies
(Hu et al. 2024), we observed that highly adaptable species, par-
ticularly fleshy macroalgae and turf-forming taxa, increased in
dominance under acidified conditions, while calcifying organ-
isms declined sharply along the gradient (Cornwall et al. 2017).
The proliferation of fleshy macroalgae was associated with a
reduction in community structural complexity, as low-profile,
fast-growing taxa increasingly dominated settlement tiles under
low and extreme low pH (Agostini et al. 2021). Such dominance
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likely contributes to reinforcing community-level shifts by
limiting space and resources available for slower-growing or
structurally complex taxa (Milazzo et al. 2019). Consequently,
benthic communities became increasingly simplified, with a
measurable decline in species richness, consistent with patterns
of biotic homogenization under environmental stress (Clavel
et al. 2011). However, our results showcase that biodiversity loss
did not translate uniformly into functional decline. Indeed, some
ecosystem functions were amplified, indicating that functional
responses did not track structural changes uniformly, as pre-
viously reported in marine systems such as tropical coral reefs
(Carlot et al. 2022) or temperate rocky reefs (Teixido et al. 2024).

4.2 | Ecosystem Functioning Shifts

The observed increase in photosynthetic rates due to OA
has been previously highlighted for phytoplankton (Mackey
et al. 2015) but remains controversial for macroalgal-
dominated benthic communities due to the high variability
in responses among macroalgal species (Wada et al. 2025;
Cornwall et al. 2024; Paine et al. 2023). In this study, we find
that macroalgal-dominated ecosystems might be enhanced by
OA and that nutrient availability, such as nitrogen (in the form
of NH,* and NO,") and phosphorus (in the form of PO,*~) may
play a key role in supporting higher photosynthetic rates under
OA (Helliwell 2023), with rates proportionally rising as nutri-
ent concentrations increase (Roleda and Hurd 2019). Although
phosphorus is expected to remain less available than nitrogen in
marine systems due to global change (Penuelas et al. 2020), we
show that benthic communities may enhance uptake of both nu-
trients to sustain high photosynthetic activity. In contrast, cal-
cification declines with increasing OA and disappears entirely
under extreme conditions as expected (Cornwall et al. 2022).
This shift toward non-calcifying, fast-growing taxa may reshape
carbon cycling by reducing carbonate deposition while main-
taining or increasing organic matter production and nutrient
turnover (Romano de Orte et al. 2021). Our results indicate that
the replacement of calcifying taxa by fleshy macroalgae drives a
functional transition from calcification-dominated processes to-
ward higher primary production and nutrient fluxes. Even with
a significant decrease in macroalgal biomass, we demonstrate
that OA can reallocate ecosystem-level energy and matter flows,
potentially influencing carbon cycling, organic matter produc-
tion and export, and trophic transfer in coastal benthic systems
(Ullah et al. 2018; Wada et al. 2021). Overall, our findings sug-
gest that elevated CO, levels could stimulate and promote shifts
to marine ecosystems dominated by macroalgal communities
(Goldenberg et al. 2017).

4.3 | Long-Term Consequences in a
Changing World

Here, we highlight that apparent increases in photosynthe-
sis and nutrient uptake primarily reflect the strong reduction
in total community biomass along the pH gradient, as OA fa-
vours low-complexity, low-biomass taxa such as Dictyota sp., H.
crouaniorum and turf-forming algae (Teixido et al. 2024). These
taxa are characterized by rapid lateral expansion and efficient

space occupation, and are therefore less constrained by surface
availability than structurally complex organisms such as calci-
fying algae or corals (Steneck and Dethier 1994). Because our
study was conducted on settlement tiles with a fixed and lim-
ited surface area, biomass standardization provides the most ap-
propriate metric to compare functional rates across contrasting
community states. When EF is instead standardized by surface
area (see Figure S8), photosynthetic and overall nutrient uptake
rates remain slightly higher under low pH compared to ambient
conditions but decline sharply under extreme low pH, indicating
that total biomass remains a key driver of EF at the community
level (Lohbeck et al. 2015).

In the frame of our study, communities were not exposed to ad-
ditional pressures, allowing us to isolate the effects of OA on EF.
However, Mediterranean marine ecosystems have been rarely
subjected to a single pressure over the past decades (Carlot
et al. 2025). Ocean warming, deoxygenation, altered stratifica-
tion, reduced mixed-layer depth and shifts in nutrient supply
are expected to interact with OA to shape ecosystem processes.
For example, warming-induced stratification can reduce verti-
cal nutrient supply, constraining primary productivity and al-
tering competitive dynamics among primary producers (Boyd
et al. 2015; Riebesell et al. 2008). In this context, the conjunction
of multiple pressures over time would likely modify EF rates pri-
marily when expressed per unit area with likely higher EF rates
under ambient conditions. For instance, although Dictyota sp.
was among the dominant species found under extreme low pH in
our study, its thermal sensitivity (>30°C; Kaschner et al. 2016)
suggests that the combined effects of OA and warming would
further erode species diversity and biomass, amplifying declines
in area-standardized EF and underscoring uncertainty about EF
and resilience following biodiversity loss in the long term (Oliver
et al. 2015).

5 | Conclusion

Our study demonstrates that OA drives a predictable reorgani-
zation of temperate benthic communities, characterized by a
shift from calcifying macroalgal assemblages to low-complexity,
fast-growing taxa such as Dictyota sp. and turf-forming algae.
This compositional transition is driven by the loss of calcifying
species and occurs without evidence of species replacement, re-
sulting in simplified communities dominated by a small num-
ber of low-pH-tolerant taxa. These structural changes translate
into clear functional shifts, as community calcification de-
clines sharply and disappears under extreme low pH, whereas
gross photosynthesis and nutrient uptake increase, particularly
when expressed per unit biomass. Our results indicate that
total community biomass, rather than surface area, is the pri-
mary determinant of EF under OA in constrained habitats such
as settlement tiles. Although functioning per unit area would
likely decline under extreme conditions or in the presence of
additional pressures, biomass-standardized metrics reveal that
remaining communities can maintain or even amplify specific
functions. Together, these findings show that OA reshapes EF
in Mediterranean macroalgal communities through functional
transitions driven by community reorganization, rather than
uniform declines across processes.
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