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Long-term exposure to C02 can considerably alter community development,
often resulting in simplified systems dominated by turf algae that possess reduced biodiversity and
low ecological complexity. Current understanding of the underlying processes by which ocean
acidification alters biological community development and stability remains limited, making the
management of such shifts problematic. Here, we found that assemblages in reference pC02 conditions
continued to gain species through time and had developed more structurally complex communities with
clearly defined understory and canopy species. In contrast, the assemblages in the elevated pC02
became arrested in terms of their successional development due to competition for space by the turf
algae, resulting in a highly simplified community. By understanding the ecological processes
responsible for driving shifts in community composition, we can better assess how communities are
likely to be altered by ocean acidification.

Climate Change Marine Ecology

Ocean Acidification Community Succession Biodiversity Climate Change Meta-barcoding
ystem Functioning

Ecos



X C—-19, F-19—-1, 2—19 (3tiH)
Title: Understanding the Impacts of Ocean Acidification: from Biodiversity to Ecosystem

Functioning

1. WFFEBIAG S A DT &

Marine ecosystems are currently under threat from ocean acidification, the change in seawater
carbonate conditions associated with increasing levels of atmospheric CO,. Although some
species may benefit from elevated CO: (e.g., some fleshy macroalgae species) - under our current
rate of CO, emissions, most marine organisms evaluated will have very high risk of negative
impacts by 2100 and many by 2050 (Gattuso et al., 2015). This variety of responses within and
between taxa mean that ocean acidification is likely to drive substantial change in marine
ecosystems (Agostini et al., 2018; Hall-Spencer & Harvey, 2019). While these ecosystem changes
are often gradual, they can reach tipping points, resulting in dramatic and abrupt regime shifts
that change the structure and function of marine communities (Conversi et al., 2015; Mdllmann
et al., 2015). Regime shifts are particularly concerning because they can cause large losses of
ecological and economic resources, and yet are often difficult to predict due to their non-linear
nature (Hastings & Wysham, 2010). Presently, the next significant knowledge gap is to understand
how ocean acidification will affect the structure and functioning of whole communities, with the
long-term aim of informing on the implications for the ecosystem services that these communities

provide (e.g. food, habitat provisioning, coastal defense, nutrient cycling).

2. WFFEDOHRY

There has been extensive research into the effects of OA on single species (reviewed by Harvey
et al., 2013, 2014), yet these experiments rarely investigate species interactions (such as habitat
provisioning, competition, predation, or food limitation) and so it is difficult to assess how the
results apply to natural ecosystems. By using natural in-situ CO, seeps, where CO, bubbles
through the seabed due to nearby volcanoes, it is possible to provide insights into the future of
marine ecosystems because they expose entire communities to the conditions we expect by the
end of the century. This provides researchers with an avenue to assess the long-term development
of communities and provides insights into whether resident species can cope or adapt to ocean

acidification over their life span.

Previous work using CO; seeps across temperate, sub-tropical and tropical systems has shown
profound shifts in the community due to ocean acidification (Hall-Spencer & Harvey, 2019),
finding that ecosystems became increasingly simplified under ocean acidification with declines
in biodiversity, habitat, and structural complexity. However, since these community assessments
carried out to date having typically used traditional ecological methods, they have almost
exclusively focussed on large and conspicuous species that represent only a minor fraction of
marine diversity. Traditional approaches thereby highlight a limitation - how can we
comprehensively quantify changes in biodiversity over time and understand the consequences of
community shifts on ecosystem services if most species are unknown to science or cannot be
easily surveyed? The purpose of this research was therefore to address this knowledge gap by

using meta-barcoding approaches to characterise whole communities, link it to their ecosystem



functioning, and test how ocean acidification will influence biodiversity and ecosystem

functioning.

3. WHEDTE

Recruitment tiles (150 x 150 mm volcanic rock tiles) were deployed in July 2016 in Shikine Island,
being secured to the substrate using individual anchor bolts (8.5 mm width, 70 mm length) drilled
into rock by SCUBA divers at ~6 m depth (Nemo Underwater Drill, Nemo Power Tools, CA,
USA). Tiles were deployed within two zones: (i) near to the natural CO, seeps (High-CO,, 900
ppm), and (ii) in a nearby bay for control conditions (Reference, 300 ppm). A total of 50 tiles were
utilised (n = 25 per zone) with a subset of five tiles collected and analysed after 2, 4, 9, 18 and 24
months. These recruitment tiles allow us to analyse the biodiversity and abundance of species
under different levels of CO, when substrate complexity and colonisation history are being held

constant.

Upon collection, each tile was removed from the substrate and placed into plastic bags underwater
and transported back to the laboratory. Within the laboratory, each recruitment tile was
photographed (Nikon D7200, Nikon, Japan) to assess the total percentage cover of the tile, then
each tile was measured for gross primary production and community respiration in a measure of
the tiles community production rate, and finally each tile was stored at -20 °C until DNA

extraction.

Community production and respiration of individual tiles were assessed by measuring, with an
Orion 4-Star pH and dissolved oxygen meter (Thermo Scientific, USA), the changes in dissolved
oxygen concentrations during an incubation within a 2.5 L seawater container (15 cm wide x 20
cm length x 10 cm height) in a temperature-controlled water bath. Magnetic stirrers (M-1
Controller and MS101A Stirrer, AS-One, Japan) were used to continuously mix the seawater
within each container throughout measurements. Seawater for each treatment (pHnss ~8.10 vs.
pHxgs ~7.80) were acquired by bubbling with pure CO, (Fukurow pH Controller; Aqua Geek,
Kawaguchi, Japan). Community production and respiration were measured over a 150-minute
period; first determining oxygen production (60-minute light period, ca. 200 umol m™ s™), and
after a 30-minute dark period, oxygen consumption (60-minute dark period). Net community
production and community respiration were measured during the light and dark periods,
respectively, with gross primary production calculated as the net community production minus

community respiration.

The DNA was extracted from each tile using a Powermax Soil DNA Isolation Kit (MO-BIO) on
homogenised tissue scraped from each tile. PCR assays were used to amplify universal primers
of >300-bp, COI and 18S (eukaryotic organisms) and 16S (prokaryotic organisms) fragments - in
each replicate sample before being sent for sequencing. Sequences were cleaned and processed
using QIIME2 with DADA2, with downstream analysis carried out in the R environment.
Comparisons were made between the ‘Reference’ and ‘High-CO,’ sites, separately for the

bacterial community composition (16S), algal community composition (18S) and fauna (COI).



4. WRERR

Overall community composition between the Reference and High-CO, sites at all time points
were highly separated by nMDS for bacteria (Figure 1A-B), algae (Figure 1C-D) and fauna
(Figure 1E-F). This highlights that across early-stage (2-m and 4-m), mid-stage (9-m), and late-
stage (18-m and 24m) succession, communities entirely diverge and remain separated in terms of
their composition. These differences in the community are also demonstrated by diversity, with
the high-CO, showing reduced diversity compared to the Reference site. This is most clearly
shown when looking at the latest stages of succession (24-m), where assemblages in reference
pCO; conditions continued to gain species through time and had developed more structurally
complex communities with clearly defined understory and canopy species (Figure 2). In contrast,
the assemblages in the elevated pCO; became arrested in terms of their successional development

due to competition for space by the turf algae, resulting in a highly simplified community (Figure
2).

The turf algae that were observed at 24 months in the High-COs site, was also prevalent at other
time points, and likely played a role in maintaining the species-poor state. The benefits of seawater
acidification to opportunistic species, such as turf algae, over others (including calcareous
species) is well established. It is likely that the enriched CO, environment had a positive effect

on the fast-growing microalgae and turf algal species in the early stages of community
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Figure 1: nMDS of community composition based on meta-barcoding between Reference
(blue) and High-CO; (red) communities. Each point represents a community, with more similar
communities closer to each other. Communities are separated as Bacteria by 16S (A-B), Algae
by 18S (C-D), and Fauna by COI (E-F). Panels on the right (B, D and F) show the different

durations of development before collection (2, 4, 9, 18 and 24 months).



Figure 2: Example photographs from the laboratory of the
recruitment tiles after 24-months. Communities on the tiles were

visually distinct from each other.

development, which are then locked-in, leaving a species-poor, low complexity community. The
simplification of the marine ecosystem, such as by systems shifting to turf dominance, likely leads
to functional-biodiversity loss in the system with implications for functioning of the system under

future ocean acidification

When assessing the community production rates a clear pattern emerged. Communities within the
Reference site consistently demonstrated higher levels of gross primary production (Figure 3A)
and community respiration (Figure 3B) compared to the High-CO; site. This was driven by the
greater biomass, diversity, and complexity of the community. The hindered development of the
High-CO; community, i.e. the state of being turf-dominated from early to late succession, was
also mirrored in the production rates with the rates showing far less change over time (Figure 3A-
B).

In conclusion, ocean acidification can set the course of successional development and lead to

communities dominated by turf algae, causing reduced algal biomass, diversity and complexity.
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Figure 3: Community production rates of the recruitment tiles for gross primary

production (A), and community respiration (B).




12 12 12 5

Ben P. Harvey, Sylvain Agostini, Koetsu Kon, Shigeki Wada and Jason M. Hall-Spencer 11

Diatoms Dominate and Alter Marine Food-Webs When CO2 Rises 2019

Diversity 242
DOl

10.3390/d11120242

Jason M. Hall-Spencer, Ben P. Harvey 3

Ocean acidification impacts on coastal ecosystem services due to habitat degradation 2019

Emerging Topics in Life Sciences 197-206
DOl

10.1042/ETLS20180117

Hirosuke Hirano, Koetsu Kon, Masa-aki Yoshida, Ben P. Harvey, Davin H. E. Setiamarga 58

The influence of CO2 seeps to coastal environments of Shikine Island in Japan as indicated by 2019

geochemistry analyses of seafloor sediments

International Journal of GEOMATE 82-89
DOl

10.21660/2019.58.8163

Sylvain Agostini, Ben P. Harvey, Shigeki Wada, Koetsu Kon, Marco Milazzo, Kazuo Inaba & Jason 8

M. Hall-Spencer

Ocean acidification drives community shifts towards simplified non-calcified habitats in a 2018

subtropical temperate transition zone

Scientific Reports 11354

DOl
10.1038/s41598-018-29251-7




Susan C. Fitzer, Vera Bin San Chan, Yuan Meng, Kanmani Chandra Rajan, Michio Suzuki, Christelle 57

Not, Takashi Toyofuku, Laura Falkenberg, Maria Byrne, Ben P. Harvey, Pierre de Wit, Maggie

Cusack, Kunshan Gao, Paul Taylor, Sam Dupont, Jason Hall-Spencer, Vengatesen Thiyagarajan

Established and Emerging Techniques for Characterising the Formation, Structure and Performance 2019

of Calcified Structures Under Ocean Acidification

Oceanography and Marine Biology: An Annual Review 57-94
DOl

Harvey Ben P. Kon Koetsu Agostini Sylvain Wada Shigeki Hall- Spencer Jason M. 27

Ocean acidification locks algal communities in a species- poor early successional stage 2021

Global Change Biology 2174-2187
DOl

10.1111/gcb. 15455

Harvey Ben P. Allen Ro Agostini Sylvain Hoffmann Linn J. Kon Koetsu Summerfield Tina C. 4

Wada Shigeki Hall-Spencer Jason M.

Feedback mechanisms stabilise degraded turf algal systems at a CO02 seep site 2021

Communications Biology 219
DOl

10.1038/s42003-021-01712-2

Wada Shigeki Agostini Sylvain Harvey Ben P. Omori Yuko Hall-Spencer Jason M. 250

Ocean acidification increases phytobenthic carbon fixation and export in a warm-temperate 2021

system

Estuarine, Coastal and Shelf Science

107113 107113

DOl
10.1016/j .ecss.2020.107113




Agostini Sylvain Houlbreque Fanny Biscere Tom Harvey Ben P. Heitzman Joshua M. Takimoto 7

Risa Yamazaki Wataru Milazzo Marco Rodolfo-Metalpa Riccardo

Greater Mitochondrial Energy Production Provides Resistance to Ocean Acidification in 2021

“ Winning” Hermatypic Corals

Frontiers in Marine Science 1235
DOl

10.3389/fmars.2020.600836

Harvey Ben P. Kerfahi Dorsaf Jung YeonGyun Shin Jae-Ho Adams Jonathan M. Hall-Spencer 161

Jason M.

Ocean acidification alters bacterial communities on marine plastic debris 2020

Marine Pollution Bulletin

111749 111749

DOl
10.1016/j .marpolbul .2020.111749

Cattano Carlo Agostini Sylvain Harvey Ben P. Wada Shigeki Quattrocchi Federico Turco 725
Gabriele Inaba Kazuo Hall-Spencer Jason M. Milazzo Marco
Changes in fish communities due to benthic habitat shifts under ocean acidification conditions 2020

Science of The Total Environment

138501 138501

DOl
10.1016/j .scitotenv.2020.138501

Kerfahi Dorsaf Harvey Ben P. Agostini Sylvain Kon Koetsu Huang Ruiping Adams Jonathan M. 22

Hal l-Spencer Jason M.

Responses of Intertidal Bacterial Biofilm Communities to Increasing pC02 2020
Marine Biotechnology 727 738

DOl
10.1007/s10126-020-09958-3




3 1 3

Harvey, B.P.; Agostini, S.; Allen, R.; Hall-Spencer, J.M.

Turf algae dominance under ocean acidification - are positive feedback mechanisms locking this degraded system in place?

The 12th Meeting of the International Temperate Reefs Symposium

2019

Ben Harvey

Ecosystem effects of ocean acidification

JPGU-AGU

2017

1.Harvey B_P., Allen R., Agostini S., Hoffmann L.J., Kon K., Summerfield T.C., Wada S., and Hall-Spencer J.M.

The dominance of turf-forming diatoms under ocean acidification and their role in community succession

Marine Biotechnology Conference 2019

2019







