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APPLIED ECOLOGY

Plankton food web structure and productivity under

ocean alkalinity enhancement

Nicolas Sanchez"?*, Silvan U. Goldenberg‘, Daniel Briiggemann1, Cornelia Jaspers3,

Jan Taucher', Ulf Riebesell’

Ocean alkalinity enhancement (OAE) is a nature-based technology for CO, removal and storage, but little is known
about its environmental safety. We tested a CO,-equilibrated OAE deployment in a close-to-natural community
using in situ mesocosms in the oligotrophic subtropical North Atlantic and assessed metazoan zooplankton to
inform about food web stability, structure, and production. In addition, a literature review complemented experi-
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mental results by summarizing physiological responses of marine animals to decreasing proton concentrations, or
increased pH. The food web studied proved resistant, and zooplankton physiologically tolerant, to the OAE tested.
We observed short-term effects of OAE on zooplankton reproduction and productivity, which were likely trophi-
cally mediated. Yet, these did not affect zooplankton populations or their nutritional value as food for fish. Our
study demonstrates an environmentally safe OAE application, but also stresses the risks of more intense OAE op-

tions, and the vulnerabilities of other marine ecosystems.

INTRODUCTION
Successfully preventing further climate change will not only require
drastic reductions of CO, emissions, but also its active removal from
the atmosphere (1). The ocean is a promising candidate for CO, re-
moval and storage, as it has already absorbed a fourth of our emis-
sions (2, 3). This buffering capacity emerges from the dissolution of
minerals, which consumes protons and shifts carbon equilibrium
toward bicarbonates and carbonates, leaving more space for CO, to
in-gas (4). Ocean alkalinity enhancement (OAE) takes inspiration
from this naturally occurring process and proposes to accelerate it
to permanently remove CO, within the urgent timescales needed
(5). In addition, OAE could benefit ocean health by reversing ongo-
ing acidification (6). However, acidification and OAE can differ in
their impact on pCO,, intensity, and spatial and temporal scales,
calling for research on the environmental safety of OAE (7).
Different methods to implement OAE are being pursued, but what
a real-world deployment will look like remains uncertain (8). OAE
can use a variety of alkali and alkaline minerals, in particulate or dis-
solved form, and each method carries its own set of trade-offs. For
instance, buffered accelerated weathering of limestone (b-AWL) dis-
solves minerals and/or their oxides under high pCO,, releasing a
CO;-equilibrated solution (9). This makes monitoring, reporting, and
verification of carbon dioxide removal (CDR) relatively simple, as the
alkalized water has absorbed the intended CO, before its dispersion.
However, b-AWL has to be paired to other CDR actions, like direct air
capture, raising its costs. OAE methods also differ in how and where
alkalinity is released, either over offshore or coastal waters, or at the
seafloor. For example, ship-based OAE proposes to use shipping
routes to distribute gigatons of alkalinity over the global surface ocean
(10). While this potentially avoids the accumulation of alkalinity and
the generation of permanent OAE hotspots, it also raises the need to
assess its impacts across ecosystems, from subtropical, oligotrophic
waters to temperate, seasonal environments.
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The oceans provide multiple ecosystem services of intrinsic value
to humans. Fisheries, for instance, report global annual landings in
the order of 67 million tons, and aquatic foods supply about 19% of
our animal protein demand (11). The primary link between fish and
the microalgae ultimately supporting said production are metazoan
zooplankton, but they are not all equally nutritious (12). For exam-
ple, copepods are more energy and nutrient dense than most gelati-
nous groups (13, 14). Still, some gelatinous zooplankton, like larvaceans,
can also be efficient trophic links because they decrease the num-
ber of steps from picoplankton and bacteria to fish (15). Nutrition-
al quality can also vary within a species, through adjustments in
population structure (size and development) and body composition
(proteins, fatty acids, and nucleic acids) (16, 17). Given their key
role in fish production, it is crucial that zooplankton community-
and organism-level responses to OAE are covered in environmental
safety evaluations.

To date, there are no studies assessing the impacts of alkaliniza-
tion on metazoan zooplankton, hereon simply zooplankton, or food
webs. Still, past research on acidification, a stressor that alters the
same seawater properties, may hint at potential impacts of OAE.
Zooplankton physiology can be directly affected by changes in sea-
water proton levels and carbonate chemistry. Studies found a sub-
stantial variability in their tolerance to acidification, even among
closely related species and across development (18, 19), but some
recurring sensitivities could be identified. Acid-base homeostasis,
calcification, and digestion were all found altered under acidifica-
tion, with consequences for energy allocation and, ultimately, the
organism’s fitness. For instance, copepod developmental rates were
delayed and their reproductive success decreased as a result of dis-
ruptions to their acid-base balance (19, 20). Calcifiers also suffered,
as costs of building and maintaining their calcium carbonate shells
and skeletons increased (21). In contrast, larvaceans benefitted from
the higher acidity, which eased their digestion and resulted in im-
proved reproductive success (22, 23). These physiological functions
may be equally vulnerable to the perturbations associated to OAE.

OAE may also affect zooplankton indirectly through its impacts
on the availability and quality of their food. To date, few studies have
investigated how phytoplankton respond to alkalinity enhancement,
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and they report low to moderate impacts affecting production and
composition (24-26). These changes could affect zooplankton nutri-
tion, but bottom-up regulation in the context of OAE remains to be
investigated. With acidification, most community level experiments
show that high pCO; fertilized primary producers, increasing food
availability and therefore zooplankton and fish biomass (27-32).
Other studies showed that acidification decreased the quality of
their food, hindering trophic transfer (33-36). Regardless of the di-
rection of change, bottom-up mechanisms determined consumer
responses and food web productivity under acidification and should
therefore be investigated for OAE.

Here, we studied the responses of a subtropical, oligotrophic
food web to OAE, with particular focus on metazoan zooplankton
and their role in trophic transfer up to fish. We simulated CO,-
equilibrated OAE, where associated chemical perturbations are
mild: pCO; levels remain constant and the decrease in proton levels
and consequent increase in pH and carbonate saturation are rela-
tively small (37). We used nine in situ mesocosms to test a gradient of
OAE and monitored its impacts on a truncated (organisms < 3 mm),
close-to-natural plankton food web. The month-long exposure
was divided into three response phases to address the potential
for alleviation or aggravation of OAE impacts, with an immediate
period to identify possible direct effects. Throughout the experi-
ment, we assessed the stability, trophic structure, and produc-
tivity of the food web, as well as the potential for bottom-up
mediation. With this study we provide a community-level assess-
ment of the risks and side-effects of OAE across direct and indirect
response pathways.

RESULTS

To comprehensively evaluate the safety of OAE, we investigated 12
properties in several metazoan zooplankton groups, from now re-
ferred to as zooplankton, and six in their potential food, adding up
to a total of 47 responses. Figure 1 presents a selection of these re-
sponses and shows the data and linear regression models on which
we base our assessment. Zooplankton diversity, trophic level of large
zooplankton, zooplankton biomass, and the copepod to gelatinous
zooplankton ratio were not altered (Fig. 1, A to D), suggesting the
maintenance of food web stability, trophic structure, and the avail-
ability and nutritional value of food for fish, respectively. Lower tro-
phic levels were also monitored to define the influence of bottom-up
regulation. The amount of potential food for zooplankton was not
affected by OAE, as informed by particulate organic carbon concen-
tration (Fig. 1E), but its quality deteriorated based on the observed
increase in the carbon-to-nitrogen stoichiometry (C:N) of particu-
late matter (Fig. 1F). The remaining 41 responses, which complete
our assessment of food web stability, trophic structure and produc-
tion, and bottom-up control, were analyzed following the same ap-
proach (fig. S1 and table S1).

Overall, food web stability and trophic structure remained un-
perturbed by OAE (Fig. 2). In addition to diversity, OAE also did
not affect zooplankton community composition (Fig. 3A and table
S2). Instead, temporal clustering revealed successional change irre-
spective of alkalinity: calcifiers declined, copepods were stable, and
larvaceans increased in biomass (fig. S2). Similar to large zooplank-
ton, the trophic level of other zooplankton groups also did not
change with OAE (table S1), indicating that food web length re-
mained unchanged. Regarding the food source for zooplankton, we
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could not find evidence for a change with OAE based on any of the
fatty acid markers investigated (fig. S1 and table S1).

Food production also remained mostly unaffected by OAE,
based on the lack of impacts on the majority of zooplankton prop-
erties informing about their availability and nutritional value to
higher consumers (Fig. 2). For one, alkalinization did not affect zoo-
plankton biomass in any taxonomic or size group (fig. S1 and table
S1). Fatty acid content and composition, and all size-based quality
indexes, also remained unperturbed over the course of the experi-
ment, across all zooplankton groups investigated (Fig. 3B, fig. S1,
and table S1). OAE impacts at the base of the food web were also
limited (Table 1). Primary production, protozooplankton abun-
dances, and fatty acid content in particulate matter were all unaf-
fected (fig. S1). As expected in an oligotrophic ecosystem, primary
production was low across all treatments. Yet, starting on day 25, we
observed blooms of Chrysochromulina (38) unrelated to OAE, re-
sponsible for up to a threefold increase in particulate organic carbon
(Fig. 1E). This type of mixoplankton (39) has also been reported to
establish a symbiotic relationship with nitrogen fixer UCYN-A (40).

Three shorter-term impacts on zooplankton were observed (Figs.
2 and 4). With increasing OAE intensity, zooplankton production
and copepod reproduction, based on nauplii biomass, decreased.
The decrease in production rates was only significant in one of the
three zooplankton groups where they were measured, but the other
two showed a similar trend. In the longer-term, both responses dis-
appeared. We also detected an increase in the C:N in one of the four
zooplankton groups studied, and a similar trend was observed in
one other group. The C:N increase persisted into the longer-term in
one of the three groups studied. OAE also affected two properties of
the potential food for zooplankton, both associated with organic ni-
trogen availability (Table 1 and Fig. 4). Particulate matter C:N in-
creased with OAE across the shorter and longer terms, and particulate
organic nitrogen decreased with alkalinization during the shorter term,
but not in the longer term.

DISCUSSION

This study shows that a month-long exposure to CO,-equilibrated
OAE had alow impact on the stability, structure, and productivity of
a close-to-natural oligotrophic plankton food web. Most metazoan
zooplankton properties, from now simply referred to as zooplank-
ton, did not change throughout the experiment, and none were al-
tered immediately after OAE implementation. Zooplankton seemed
to tolerate the chemical perturbations caused by alkalinization,
which aligns with findings from our literature review on the physi-
ological impacts of decreased [H*] (Box 1). In this review, we found
that most animal functions are resistant to proton perturbations,
and the consequent pH increases, within the range tested in the me-
socosms (from 0 to —2.91 x 10™° mol per kg, corresponding to a pH
increase from 0 to 0.225). Calcification was the only exception, but
calcifiers played a minor role in our experiment, disappearing short-
ly after the start. In food webs of the subtropical North Atlantic,
calcifiers naturally contribute little to the overall biomass of plank-
ton communities (41), and it seems like this may not change if OAE
is implemented in these waters. Our enclosed community was trun-
cated and did not include higher trophic levels, notably fish, which
are at the center of the ecosystem service of food production. Two
studies investigating fish fitness under increased pH, included in the
review, show that larval fish would not be directly affected by the
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Fig. 1. Metazoan zooplankton and lower trophic level responses to OAE. We show a selection of key responses to represent each food web property (stability, struc-
ture and productivity) (A to D) and the potential for bottom-up mediation under OAE (E and F). The lower panels show the temporal development of each response, with
the vertical dashed lines separating the experiment into three [(A) to (D)] and two [(E) and (F)] response phases. Response phases include an immediate (days 5 to 10),
shorter- (11 to 22) and longer-term (23 to 33) phase for zooplankton [(A) to (D)], and a shorter- (days 6 to 20) and longer-term (21 to 33) phase for their potential food
[(E) and (F)]. The upper panels show the phase averages, or the mean of all measurements taken within each phase, for each parameter and every treatment, on which
linear regression models are tested.
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Fig. 2. Summary of metazoan zooplankton responses to OAE, informing about food web stability, structure, and productivity. For every response, colored cells
indicate the outcome of the linear regressions fitted to average values for each phase. Gray = no effect, orange = potentially adverse effect, and blank = no data. Arrows

indicate the direction of change with OAE.

Box 1. Review of literature on direct effects of decreased [H*] on marine animals

OAE research is at its infancy, and our knowledge about its impacts on marine communities is limited. In this systematic review, we found 16 studies that,
despite being unrelated to OAE, investigated the physiological responses of marine animals to a decrease in proton levels, classically discussed in terms of
increasing pH. With this, we aim to gain qualitative insight into the direct impacts of this OAE-associated stressor. Results from this review, discussed here, are

presented in Fig. 5 and Table 2.

For the most part, decreased proton levels did not cause effects, with over half of the observations showing no impacts. Still, we could find evidence that
both calcification and acid-base homeostasis are sensitive. Calcification increases with decreasing [H'], and in some cases, this is accompanied by other
beneficial responses in calcifiers like increased growth and faster development. Signs of homeostatic stress, on the other hand, only indicate that animals
compensate for changes in proton levels. The link to reduced fitness has been proposed, but not demonstrated. Last, larvaceans appear negatively affected,

probably due to lower predigestion activity.

Overall, animal physiology could play an influential role in shaping individual and community responses to OAE. Much like with ocean acidification, we
found that the impact of decreased [H*] or increased pH on animal fitness depends on their physiological characteristics, and that their tolerance thresholds
vary, even among closely related taxa and across development. For example, fish larval survival and feeding are affected, but the pH increments at which
responses are observed differs by up to 1 pH unit among species (corresponding to decreases in proton levels that differ by up to a degree of magnitude). Such
variability complicates predictions and calls for understanding of how the physiological pathways identified as vulnerable function under OAE.

perturbations tested in our mesocosms (42, 43). Our study also sug-
gests few impacts of OAE on the quantity and quality of their poten-
tial food. Still, dedicated experiments including fish will be needed
to comprehensively assess food web productivity under OAE.

We did find a short-term decrease in zooplankton production
and reproduction, which could have been indirectly mediated by
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the decrease in organic nitrogen availability observed with alkalini-
zation. The nutritional imbalance seemed to propagate up to zoo-
plankton, based on their increased carbon-to-nitrogen stoichiometry
(C:N). Zooplankton are vulnerable to such imbalances because they
commonly have stable body compositions enriched in nitrogen and
phosphorus (44, 45). When the nutrient gap between zooplankton
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and their prey increases, functions like growth and reproduction
have been observed to decrease (44, 46-48). Other studies have also
shown that enhanced alkalinity could change nutritional properties
of the food for zooplankton (25, 26), further indicating that trophic
regulation may be important in shaping consumer responses to al-
kalinization. Bottom-up control in relation to a decrease in food
quality has also been described under ocean acidification, where
zooplankton were hindered through changes in nitrogen availabili-
ty, fatty acids, and even enhanced toxicity (33, 35, 36). We cannot
fully discard direct stress contributing to shape these few responses
observed, especially because of the prevalent, oligotrophy-mediated
food limitation. Ocean acidification research found that food limita-
tion can aggravate physiological stress (49). Our literature search
can only shed limited light on this regard, since only 7 of the 16
studies found maintained wild diets or food-limited conditions in
their experiments (50-56). Among these, five investigated calcifiers
and the remaining two consisted of assays that found evidence of
homeostatic stress on crabs, but without a connection to organism
fitness (50, 51). Further experiments will be needed to disentangle
the interaction between food limitation and OAE-driven physiolog-
ical responses.

Despite these few responses, no change in the availability and
quality of zooplankton as food for fish was observed under OAE. The
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Fig. 3. Metazoan zooplankton community and fatty acid composition under
OAE. Multidimensional analyses were performed on phase averages of zooplank-
ton biomass (A) and relative fatty acid content (B). Ninety-five percent confidence
ellipses (dashed circles) were computed for each response phase.

decrease in reproduction did not alter population dynamics and
biomass of any zooplankton groups, which developed irrespective of
alkalinization. In oligotrophic ecosystems, food limitation can be a
strong structural force and, in our experiment, it potentially buff-
ered the indirect impacts that OAE had on zooplankton. For exam-
ple, organic phosphorus remained low throughout the experiment
irrespective of OAE (<0.1 pM, on average). This possibly limited
zooplankton growth and development to some extent, as phospho-
rus is needed for growth, and can be especially important during
early life stages (57, 58). With acidification, mesocosm studies car-
ried out in nutrient-deplete systems also reported low impacts, and
zooplankton responses only emerged or were amplified after relief
from food limitation (31, 59). Thus, the role of trophic pathways in
mediating responses to OAE should be further investigated in food
webs where nutrients, and therefore food, are not limiting. More-
over, microalgae blooms can also modify seawater carbonate chem-
istry (decreasing pCO; and increasing pH), possibly aggravating
OAE perturbations in these ecosystems. Yet, bloom seasonality en-
tails that such environments naturally undergo carbonate chemistry
fluctuations (60), raising the question of whether they could be
more resilient to OAE compared to oligotrophic ones.

We further found that the responses by zooplankton dissi-
pated overtime. Throughout the experiment, we enclosed at least
three copepod cohorts, two of which entirely developed under
OAE. In theory, physiological adjustments made by individuals
to withstand a change in the environment can be transmitted to
their offspring. This has been observed, in as few as two genera-
tions, in relation to acidification (20, 61). It has also been de-
scribed with regards to dietary stress (62), which appeared to be
the path through which OAE affected zooplankton in our study.
The dissipation of effects could also have resulted from an in-
crease in background variability, meaning our power to detect
(weak) responses may have decreased. Communities progres-
sively diverge during mesocosm and laboratory experiments, a
pattern referred to as the “bottle effect” Although the duration
of the experiment was adjusted to the characteristics of the me-
socosms used and of the plankton community enclosed (63), we
could observe this phenomenon in some properties. For exam-
ple, zooplankton reproduction and trophic level become more
variable with time, which could have been facilitated by the un-
explained blooms observed in the long term. Despite the difficulties

Table 1. Responses at the base of the food web through different stages of adjustment to OAE. The effect of OAE was tested using linear regressions,
which were fitted to the averages of each phase. Equal signs indicate no effect of OAE; arrows indicate the direction of change in those parameters significantly

affected by OAE.
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Fig. 4. Effect sizes of significant responses to OAE across the food web. For every impact, we report all metazoan zooplankton groups that were sampled to assess the
consistency of the response. Effect sizes are linear regression slopes. Gray = no effect, orange = potentially adverse effect, and blank = no data.

associated to longer-term experiments, it should be noted that
these will be further needed to assess the welfare of larger, longer-
lived zooplankton and nekton, also key players in natural plank-
ton food webs.

Our study provides evidence of a safe implementation of OAE in an
oligotrophic, close-to-natural plankton food web, making a first promis-
ing step toward defining a framework of environmentally responsible
deployments. The food web was resistant, and zooplankton physiologi-
cally tolerant, to the moderate chemical perturbations that come with
CO,-equilibrated OAE. In parallel, we also identified potential vulnera-
bilities that warrant further research. Subtropical plankton communities
like the one we investigated only have small contributions of calcifiers,
the only group in our literature review that was sensitive to [H*] pertur-
bations within the range tested. Calcifiers can play key roles in other ma-
rine ecosystems (64, 65), and studies need to investigate those food webs
under OAE. The literature review also showed that greater decreases in
proton levels can be detrimental to marine animals, including fish. This
may not be relevant for a CO,-equilibrated approach, but unequilibrated
deployments could reach those thresholds. In unequilibrated OAE, the
particulate and/or dissolved alkalinity that is released into the environ-
ment causes the pCO; in the seawater to decrease, leading to more se-
vere seawater chemistry perturbations (37) that need to be specifically
evaluated. In this context, the role that food limitation can play in ag-
gravating physiological stress makes further investigations in oligotro-
phic food webs of particular importance. Likewise, the interaction
between OAE perturbations and the trophic propagation of its impacts
makes investigating environments with wider nutrient availability and
higher productivity, like upwelling areas or temperate seas, essential.
Overall, it is unlikely that a single OAE approach will be safely applied
everywhere. To continue building the framework of responsible OAE
application, community-level experiments are needed to investigate the
vulnerability of different ocean food webs to this and other OAE deploy-
ment options.
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Fig. 5. Direct responses of marine animals to decreased [H*1. On the basis of
the literature review, we show the normalized responses, across taxa and physio-
logical functions, to decreased [H*] or increased pH. Non-significant impacts are
assigned a value of zero, whereas significant effects are reported as the percent
change with respect to the ambient (gradient-design experiments) or the control
(replicated-design) values. Open circles highlight the effects of low [H*] on calcifi-
cation, while closed circles represent all other physiological functions investigated.
The blue bars indicate the range of proton perturbations that were tested in the
mesocosm study. The right hand panel zooms in to the responses that ranged be-
tween —50 and 100%.

MATERIALS AND METHODS

Study system

Gran Canaria is an offshore island belonging to the Canary archipela-
go, on the edge of the North Atlantic subtropical gyre. It is surrounded
by open ocean with mostly year-round stratified, nutrient-poor sur-
face waters. The experiment took place from September to October
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Table 2. Direct responses of marine animals to decreased [H'], or increased pH. Shown are the results from the literature review, summarized by taxon and
physiological function. The direction of the responses to increasing pH is indicated by the symbols: = means no effect, 1 represents a significant increase, and {
implies a significant decrease. The last three rows, in bold, report the total count of responses evaluated.

Taxon Response AIH*]e mol kg™ ApH Direction Study
Development =
Growth 9
Copepod T —5.53x 10 0.19
Respiration
CN
meostasis 0.22-0.7
Survival 0.55-1.42
Feeding —1.22t0-151 %1078 0.57-1
Survival
Appendicularia Growth —6.3810 —6.35 X 107° 04
Reproduction
Calcification —3.02t0-9.75x 10~° 0.21-0.69
Foraminifera 9
: -3.02% 10 0.21
Photosynthesis
Gene Expression —2.16x 1077 0.12
Calcification
—1.66 to —3.05 x 1077 0.11-0.22
Pteropoda
e “Feedi'rig';“ww PR —255><10’9 S
Respiration
—2.63x10°to
Z183%10°8 0.12-1.25
e B T
-1.19% 1078
e Resp|rat|on JORN 9
e -1.27x107% )
et I —252%107° RO (58
Photosynthesis

Total # noeffects

Total # increases

Total # decreases

2021 in Taliarte harbor, on its northeastern coast. Here, we deployed
8-m’ mesocosms, enclosing a natural plankton community formed by
microalgae, heterotrophic protists, and zooplankton, for 33 days. The
community was truncated at 3 mm, excluding larger organisms from
the enclosures.

Experimental design

We tested CO;-equilibrated OAE ranging from no alkalinity en-
hancement up to a doubling of natural alkalinity. Using nine meso-
cosm units, we established an alkalinity gradient with intervals of
300 pmol kg™' (Table 3). We achieved this on day 4 by dissolving
precise weights of sodium carbonate and bicarbonate and evenly
distributing the alkaline solutions into the correspondent meso-
cosms to reach target alkalinity values. The upper alkalinity thresh-
old tested in our experimental design was defined on the basis of the
saturation state of calcium carbonate. Beyond the omega reached in
our highest alkalinity level, one can expect spontaneous carbonate

Sanchezetal., Sci. Adv. 10, eado0264 (2024) 6 December 2024

28
25

precipitation and associated alkalinity loss (66). As this would im-
pair the CDR efficiency of the technology, a real-world deployment
beyond the precipitation point would not be advisable (67).

Metazoan zooplankton measurements

In our study, metazoan zooplankton, from hereon simply zooplankton,
were defined to include all drifting animals larger than 55 pm (and
smaller than 3 mm). We sampled them regularly using Apstein nets (o
17 cm; mesh size of 55 pm; and 62 liters per net). One net was taken for
abundances approximately every 2 days, a second net was taken for car-
bon (C) and nitrogen (N) mass (not to be confused with zooplankton
biomass discussed later on, which is derived from abundances) and *C
and "N isotopes every 4 days, and a third net was taken for fatty acids
roughly every 8 days (see fig. S3). Zooplankton were then fractioned
into three size classes, and further processed therein: 55 to 200 pm
(small), 200 to 500 pm (medium), and 500 pm to 3 mm (large). The
only exception were zooplankton sampled for fatty acids.
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Table 3. Experimental design to simulate CO,-equilibrated OAE. Shown are total alkalinity (TA) and dissolved inorganic carbon (DIC) measured on day 7
following Dickson et al. (86). Other carbonate system parameters were calculated with TA and DIC as input values using CO2SYS version 2.5 Excel sheet as
detailed in Pierrot et al. (87). Free protons ([H*]f) are computed from calculated total pH (79), at a salinity of 36.4 and a temperature of 24°C.

OAE [ATA (Eq 0 300 600 900 1200 1500 1800 2100 2400
liter™)]
TA (Eq liter™") 2690 2968 3272 3576 3838 4107 4418 4689

M)

P

Qcalcite

Zooplankton sampled for fatty acids were incubated live for an
hour in filtered seawater (0.7 pm) at 4° to 7°C to empty their guts.
Afterward, all organisms larger than 200 pm were picked into a
cryotube (>100 pg C) and immediately frozen at —80°C until ex-
traction and measurement via gas chromatography (68). Given the
high C mass requirements of this measurement, one replicate per
treatment was taken at each sampling time.

Zooplankton sampled for C and N mass, and stable isotopes,
were also incubated for gut clearance, after which they were picked
in groups (>2.5 pg N for the small and medium size classes, and
>15 pg N for the large) into tin capsules, oven dried at 60°C, and
measured in an elemental analyzer coupled to a mass spectrometer.
Functional groups investigated were bulk zooplankton, copepod
zooplankton, and copepod nauplii. Bulk zooplankton consisted of a
random mix across all zooplankton taxa, and it was taken in each
size fraction. Copepod zooplankton consisted of a random mix
across all copepod taxa and developmental stages (excluding nau-
plii), and it was measured in the medium and large sizes. Copepod
nauplii targeted this developmental stage across all copepod taxa,
and it was only measured in the small size fraction. Replicates were
taken for each functional group in accordance to zooplankton avail-
ability (ideally duplicates, but toward the end of the experiment, we
were mostly restricted to one replicate). Before being transferred
into the tin capsules, samples from the medium and large size class-
es were photographed to measure individual sizes and derive per
capita biovolumes and C mass with high taxonomic resolution
(table S$3-1).

For abundances, zooplankton were preserved in 70% EtOH and
all organisms were counted and identified to the lowest possible
taxonomic level and developmental stage. These data were then
combined with the most appropriate C mass conversion factors
available, largely derived from our elemental analyzer and image-
based measurements, to calculate zooplankton biomass (table S4).

We assessed food web stability and trophic structure under OAE
based on four zooplankton responses (see fig. S4 for information on
which samples were taken for each response). (i) Shannon diversity
informed about functional redundancy within the zooplankton com-
munity and was calculated from the relative biomass contribution of
each taxon (table $3-2). (ii) To calculate community composition, we

Sanchezetal., Sci. Adv. 10, eado0264 (2024) 6 December 2024

further distinguished zooplankton based on size and development.
We excluded taxa found on less than two time points and that contrib-
uted on average less than 0.1% to the total biomass for both diversity
and community composition calculations. (iii) Food web length was
estimated from the trophic level of zooplankton, which we calculated
from their delta'>N stable isotope values and that of their potential
food (table $3-3). Bulk °N isotopes carry limitations (69). For one, the
isotopic signal of particulate matter is not purely autotrophic (it in-
cludes bacteria, mixoplankton and protozooplankton) and is also in-
formed by taxa that zooplankton may not feed on. With bulk "°N, we
cannot disentangle the various contributions, and changes in particu-
late matter composition may hide or fabricate shifts in zooplankton
trophic level. These limitations become particularly apparent when
assessing food webs with different community structures or varying
nutrient conditions (70). While this did not apply to our study, fo-
cused on one plankton community under persistent oligotrophy, we
would recommend future studies focused on trophic structure to use
compound specific stable isotopes (69). (iv) Last, three fatty acid tro-
phic markers were selected to track the sources of food for zooplank-
ton: 22:603/20:503 [docosahexaenoic acid (DHA)/eicosapentaenoic
acid (EPA), a flagellate versus diatom marker], the ratio of polyunsatu-
rated to saturated fatty acids (PUFA/SFA, a carnivory marker), and
18:1w7 (a bacterial marker) (71, 72). These markers were calculated
from percent fatty acid data.

We addressed the availability of zooplankton as food for fish
based on three responses (fig. S4). (i) Biomass was studied in each
zooplankton taxa, size class and stage of development, with a focus
on copepods. (ii) Copepod nauplii biomass in particular was ap-
proached as a proxy for their reproductive potential. (iii) Secondary
production was assessed by tracking ">C through the food web as
described in de Kluijver et al. (73) and calculating its incorporation
in zooplankton (table $3-4). To do so, we added 10 g of C-
bicarbonate on day 11, enriching the isotopic signature of the inor-
ganic carbon pool by 100%o (fig. S3).

We also evaluated the nutritional quality of zooplankton as prey
based on six responses (fig. S4). (i) Three fatty acid nutritional in-
dexes were quantified in zooplankton: total fatty acids, PUFAs, and
DHA/EPA (68,72). Indexes were calculated from fatty acid concen-
trations. (ii) Fatty acid composition was also investigated, in this
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case based on percent fatty acid data and excluding rare fatty acids
(<0.1% of total) (table S5). (iii) In terms of zooplankton composi-
tion, we explored the copepod to gelatinous zooplankton ratio,
which assumes that copepods are more nutritious than gelatinous
prey (14). We calculated the ratio based on the biomass of the perti-
nent zooplankton groups. For this metric, we assessed and included
all gelatinous taxa found, but we would like to highlight that larva-
ceans were the only abundant group in our mesocosm plankton
communities (see fig. S2). Size also is a measure of nutritional qual-
ity, and larger preys have been associated with more efficient energy
transfer and higher potential fish yield (74). (iv) On the basis of this,
we measured copepod community size structure by comparing the
biomass of the large copepod population to the medium one. (v) We
also assessed the per capita size of copepods from image-based mea-
surements. Temora and Labidocera were assessed separately from
other copepods in the medium and large size classes, respectively, as
they were larger than the average copepod. (vi) Last, we calculated
the carbon-to-nitrogen stoichiometry (C:N) of bulk zooplankton
and copepod zooplankton, and in the medium and the large size
classes, as an indication of protein availability. This was calculated
from the C and N mass obtained by mass spectrometry.

Phyto-, mixo-, and protist zooplankton measurements

We assessed the potential for indirect, trophic-mediated OAE im-
pacts by studying its effects at the base of the food web. To do so,
integrated water samples were taken every 2 days throughout the
experiment (fig. S3). From these, duplicate subsamples (1 to 1.5 li-
ters) were filtered (>0.7 pm) for particulate matter C, N, and stable
isotopes. One replicate set was acidified to isolate the organic frac-
tion, but since inorganic C contributed little to total particulate C,
values for particulate organic C (POC), N (PON), B¢, and "°N were
averaged across acidified and nonacidified filters. Although acidifi-
cation is known to affect the '°N signal, we did not find a consistent
offset and averaged across acidified and nonacidified samples to
calculate zooplankton trophic level. All filters were oven dried at
60°C for 24 hours and measured in an elemental analyzer coupled
to a mass spectrometer. We also took one replicate set of filters (1 to
1.5 liters, >0.7 pm) for particulate matter fatty acids. Because of low
C mass filtered, and the high C mass demands for fatty acid mea-
surements, we pooled samples on selected time points (fig. S3).
Fatty acid filters were immediately frozen at —80°C and further
processed as indicated for zooplankton fatty acids. Fatty acid mass
was normalized by POC to calculate the fatty acid concentration in
suspended particulate matter.

We also took integrated water samples every 4 days for primary
production measurements. Triplicates (70 ml) were taken and pre-
filtered through 280 pm to exclude some zooplankton (trade-off be-
tween excluding grazers while keeping larger microphytoplankton).
Then, primary production was measured via *C uptake in 24-hour
incubations (38).

Last, integrated water samples were taken every 4 days to assess
the abundances of protist zooplankton comprised between 10 and
200 pm, mainly ciliates and dinoflagellates. Because of their large
size and low abundances, foraminifera and radiolarians were as-
sessed with Apstein nets, together with metazoan zooplankton,
despite operationally belonging to protozooplankton. On each
sampling point, one 50-ml subsample was sedimented, and all
protozooplankton were counted and identified by Utermohl light
microscopy (75).
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Experimental phases

We analyzed zooplankton responses to OAE across three phases after
treatment implementation (on day 4): immediate (days 5 to 10),
shorter term (days 11 to 22), and longer term (days 23 to 33). To do so,
we averaged measurements taken throughout each phase. During the
immediate phase, measurements were taken only at one time point,
day 7, and they were restricted to biomass-based parameters. This
phase aimed to assess any potential direct stress of OAE, based on the
assumption that not enough time had passed for indirect responses to
emerge. We defined the shorter- and longer-term phases to assess the
potential for acclimation to OAE or, on the contrary, the aggravation
of its impacts. Throughout the study, we observed three “peaks” in
copepod nauplii biomass (fig. S1C): The first occurred before treat-
ment and was possibly a result of release from grazing (due to the ex-
clusion of larger predators), the second took place halfway through
the shorter-term phase, and the third was observed toward the end of
the longer-term phase. Given the approximate 2-week developmental
times from egg to mature copepod at these temperatures (76), we can
assume that the longer-term copepod community will be composed
to a greater extent of individuals born into OAE conditions, compared
to the shorter-term community, which possibly has more individuals
that experienced OAE perturbations in their lifetime. Lower trophic
level parameters, informing about the potential for bottom-up media-
tion in OAE effects on zooplankton, were consequently analyzed
across two phases after treatment: shorter term (days 6 to 20) and lon-
ger term (days 21 to 33).

Statistical analyses

We tested all food web responses in linear regressions with OAE as
the continuous explanatory variable. We used normal Q-Q plots to
check the normality of residuals, and residual versus fitted plots to
check the homogeneity of variance.

Multivariate zooplankton community and fatty acid composi-
tion were also assessed based on phase average values. Community
composition was transformed to account for different scales of bio-
mass across size classes and zooplankton groups (tables S4 and S5).
First, we visually explored whether OAE influenced zooplankton
community and/or fatty acid composition by performing nondi-
mensional multivariate scaling. Next, we tested these same ques-
tions quantitatively with linear regression models based on the
ecological distances (the composition data transformed based on
Bray-Curtis dissimilarity) and environmental distances (the OAE
gradient transformed using Euclidean distances). We also correlated
the ecological and environmental distances by performing Mantel
tests. Analyses were carried out at o = 0.05 with R version 4.0.4 and
multivariate analyses with the vegan package (77).

Literature review
To complement our experiment on ecosystem impacts of OAE, we re-
vised the literature for direct, physiological responses of marine ani-
mals to decreased [H'], and the consequent increase in pH. This
research question has received limited attention thus far, so we explored
different fields including ocean acidification, where studies occasion-
ally test for pre-industrial conditions. In total, we reviewed 16 studies.
Using Web of Science, we carried out three searches between
March and June 2021:
(1)TS = (“high alkalinity” OR “enhance* alkalinity” OR “increase*
alkalinity” OR “high pH” OR “enhance* pH” OR “increase* pH”) AND
TS = (“zooplankton” OR “copepod*” OR “calcifi*” OR “radiolaria*”

90f12



SCIENCE ADVANCES | RESEARCH ARTICLE

OR “foram*” OR “fish*” OR “gelatinous zooplankton” OR “jell*”
OR “tunicat*” OR “thaliacea” OR “salp*” OR “doliolid*” OR
“appendicuria*” OR “hydro*”) AND TS = (“marine” OR “seawater”
OR “ocean*”) AND TS = (“direct effect*” OR “physiolog*” OR
“fitness” OR “response”) NOT TI = (“phytoplankton” OR “diatom*”
OR “dinoflagellate*” OR “coccolithophore*” OR “alga*”)

(ii)TS = (“ocean acidification”) AND TS = (“copepod*”) AND
TS = (“marine” OR “sea” OR “seawater” OR “ocean*”) AND TS =
(“physiology*” OR “fitness” OR “metaboli*”)

(iii) TS = (“ocean acidification”) AND TS = (“foraminifer*”) AND
TS = (“marine” OR “sea” OR “seawater” OR “ocean*”) AND TS = (“cal-
cification” OR “physiology*” OR “fitness” OR “metaboli*”)

For every search, we selected papers based on whether they tested
in any of their treatments for increased pH (which is the reason why
the largest portion of OA literature could not be used). We selected
seven studies from search (i), two from (ii) and one from (iii). Search-
es (ii) and (iii) were done because we found that copepods and Fora-
minifera were underrepresented in search (i). Six additional studies
were further found cited in the selected publications. We also includ-
ed one study that we did not come across through any of the previ-
ously described ways, but knew to fit the criteria of the review.

In each selected study, we first checked the significance of the
response to elevated pH and assigned a 0 to nonsignificant respons-
es. When significant, we compared treatment and control averages,
for replicated experiments, and the model output at the highest and
ambient pH levels, for gradient experiments. Responses were then
normalized by ambient values and transformed to percentages.
When the experimental design included independent variables oth-
er than pH, we checked for the significance of each driver indepen-
dently and their interaction, and assessed pH accordingly. If the
other drivers and/or the interaction had a significant impact, the
effect of pH was analyzed within each level of the other manipulated
variables, as if these were separate experiments.

Last, we show physiological responses to decreased free [H'],
which we calculated from the reported treatment and ambient pH
(78, 79). Conversions were specific to the pH scale used in each
study, as well as to temperature and salinity. In the three studies
where the pH scale was not specified, and authors were not respon-
sive, we assumed the NBS scale, which was found to be more com-
monly used.

Supplementary Materials
This PDF file includes:

Figs. S1to S4

Tables S1to S5
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