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Martin Vodopivec!

1Marine Biology Station, National Institute
of Biology , Fornace 41, 6330 Piran,
Slovenia

Correspondence

Martin Vodopivec, Marine Biology Station,
National Institute of Biology , Fornace 41,
6330 Piran, Slovenia

Email: martin.vodopivec@nib.si

Funding information
Slovenian Research Agency (research core
funding No. P1-0237).

Ocean acidification (OA), a direct consequence of an-
thropogenic CO, emissions, significantly affects marine
ecosystems, including the ocean carbon pump. It's most
direct effect is felt by the marine calcifiers where acidity
and low aragonite saturation (Q) results in reduced cal-
cification and shells dissolution (Bednarsek et al., 2023).

For those lacking a background in marine biology (my-
self included): Pteropods, or sea butterflies, are small
planktonic marine snails, typically less than 1 cm in
size, found in all the world’s oceans. They serve as
an important food source for many marine species and
play a significant role in the biological carbon pump.
Pteropods form thin aragonite shells, which is more sol-
uble than calcite, making them highly sensitive to ocean
acidification (OA). To avoid predation, pteropods dive
into deeper, but also more acidic, layers during the day.

These characteristics make pteropods a key indicator

species for OA.

Laboratory experiments have shown that the shells
of pteropods grow thinner in acidic environment (Bed-
narsek et al., 2019).
ifornia Current System, where deep, unsaturated wa-

Pteropods sampled in the Cal-

ters rise closer to the surface, had significantly thin-
ner shells than those sampled further offshore (Mekkes
et al., 2021). These findings suggest that the pteropods
are probably already experiencing the adverse effects of
OA and could face significant threats under projected
climate change. The observed response of pteropods
to an acidic environment has been combined with ob-
served and modelled trends in aragonite saturation in
the world’s oceans to assess and predict the impact of
OA on pteropod populations (Bednarsek et al., 2023).
However, none of these approaches is able to account

for the complete life history of individual pteropods. As
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shown by Hofmann Elizondo et al. (2024), there is con-
siderable spatial heterogeneity in Q and the depth of
diel vertical migrations of pteropods changes over their
lifetime. The extent and intensity of time spent in a
harmful acidic environment is thus difficult to estimate
and varies drastically between individuals.

Hofmann Elizondo et al. (2024) approach this prob-
lem with a Lagrangian (trajectory-following) Individual
Based Model (IBM, Grimm and Railsback (2013)). A
large number of fictitious particles, representing indi-
vidual pteropods, are released and tracked in hourly
time steps in a numerical model. Such an approach
is able to provide a complete life history of the indi-
vidual pteropods. Results of the laboratory and in situ
studies are incorporated into a comprehensive model
which emulates the behaviour of each individual ptero-
pod (diel vertical migrations), takes into account differ-
ent life stages (stage-specific vertical migrations and
sensitivity to acidic environment) and effects of environ-
ment (food- and temperature-dependent growth, arag-
onite saturation and temperature-dependent mortality,
etc.). The basic assumptions and parameterisations used
in the model are described in Hofmann Elizondo and
Vogt (2022). In their new work, Hofmann Elizondo et al.
(2024) apply new findings to improve the representa-
tion of individuals and develop a sophisticated attribu-
tion approach to infer the effects of natural variability in
OA, its trend and extreme events on the development,
reproduction and mortality of pteropods in the Califor-
nia Current System. This gives us unprecedented insight
into the dynamics of OA influence on pteropod devel-
opment. It also shows the wide range of possible life-
history scenarios, which greatly differ between individ-
uals. The results show that most damage is caused by
naturally occurring exposure to low Q conditions dur-
ing diel vertical migrations. However, they also show
that there have been increasing detrimental effects of
anthorpogenically driven OA on pteropod populations
in the California Current System since 1984 and these
are expected to amplify in the future.

Hofmann Elizondo et al. (2024) exemplify how in sil-
ico experiments (Gentleman, 2002) can provide deeper

and more holistic insights into marine ecosystem func-

tioning. The study effectively addresses a number of
very important issues, namely: What are the effects of
OA on pteropods? Are these getting worse? What is
the contribution of human-induced OA? Are pteropods
already affected by increased OA? The study is very
well thought out, with a clear set of research ques-
tions, a thorough model design that incorporates all
available data in the model parameterisations, and an
in-depth analysis of the model results. Due to the spa-
tial heterogeneity of aragonite saturation, a Lagarangian
approach is required to properly assess the exposure
of pteropods to harmful environment and its conse-
quences. The authors formulate their IBM according
to the ODD (Overview, Design concepts, Details) pro-
tocol (Grimm et al., 2006) and adhere closely to the "as
simple as possible, but as complicated as necessary" ap-
proach (Sun et al., 2016). Every model inherently dif-
fers from the system it is trying to emulate as the only
way to eliminate all differences would be for the model
to become the system itself. Therefore, it is important
to know the limitations of the model in order to prop-
erly interpret its results and the authors transparently
discuss the model’s caveats and limitations. There is a
known bias in the biogeochemical model used to pro-
vide Q values (Desmet et al., 2022), and | find the re-
seeding strategy that keeps the particles inside the Cali-
fornia Current System somewhat questionable, but also
necessary to keep the modelled pteropods in the area
of interest. The authors also offer possibilities for future
improvements of the model that would allow an assess-
ment of the effects of combined stressors (e.g. OA in
combination with temperature and food availability) on
pteropod development. The model code is freely avail-
able and the principles and equations are thoroughly ex-
plained in the paper and the extensive Supplementary

Information section.

The study provides a theoretical foundation for the
future monitoring and management programmes that
will enable the differentiation between the damages
caused by natural variations and those caused by human
influences. Moreover, it provides a modelling frame-
work that could be used for many other marine calcifiers

and an attribution scheme that could be used to assess
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the impact of environmental stressors on different ma-
rine organisms. Therefore, this work should prove to be
an interesting read to marine biologists, ecologists and
modellers alike.
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