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Abstract

The biological carbon pump transports photosynthetically fixed carbon from surface waters to depths. It
removes carbon from the atmosphere and sequesters it in the deep ocean, playing an important role in global
climate regulation. As the biological carbon pump is directly related to biological processes, it is heavily
influenced by the biomass and trophic interactions between populations in the ecosystem. However, behavioral
responses and adaptations to predation risk change trophic interactions, potentially having larger impacts than
direct effects on trophic interactions and population abundances. Thus, predation risk may play an important
role in shaping the biological carbon pump’s strength (how much carbon leaves the euphotic zone) and effi-
ciency (what fraction of detritus reaches a certain depth without being degraded). Except in the case of active
carbon transport by vertically migrating organisms, this role of risk is not generally recognized. Here, we synthe-
size the existing knowledge on the consequences of anti-predation responses on the biological carbon pump.
First, we consider a generic anti-predation response and investigate the different direct, indirect, and cascading
effects that the response can induce. Then, we focus on pelagic anti-predation responses and detail how they
can specifically alter the different components of the pump. Finally, we discuss points to consider in biological
carbon pump studies and highlight directions for future research. In particular, there is a need for more quanti-
tative research to evaluate the importance of anti-predation responses in shaping the biological carbon pump.

The ocean exerts a strong control on global climate because of
its ability to sequester catbon away from the atmosphere (Boyd
et al. 2019). Biological processes play an important role in carbon
sequestration through the export of photosynthetically fixed car-
bon from surface waters to depths—a mechanism known as the
biological carbon pump (Volk and Hoffert 1985; Falkowski
et al. 1998; Boyd et al. 2019). It is estimated that atmospheric
pCO, would be approximately 200 ppm higher than the current
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400 ppm without the biological carbon pump (Maier-Reimer
et al. 1996). The biological carbon pump is composed of several
pathways (Boyd et al. 2019), chief of which are (i) the biological
gravitational pump, that is, the passive sinking of particulate
organic matter (POM; Boyd et al. 2019), and (ii) the migrant
pump, that is, the active transport of carbon by daily or seasonally
vertically migrating organisms (Bianchi et al. 2013; Jonasdottir
et al. 2015). It is becoming increasingly clear that passive sinking
of detrital particles is not the only component of the biological
pump, and that metazoans play a major role in setting both its
strength (how much carbon leaves the euphotic zone) and effi-
ciency (what depths carbon leaving the euphotic zone reaches)
(Davison et al. 2013; Henson et al. 2019; Cavan and Hill 2022;
Pinti et al. 2021b; Saba et al. 2021; Serra-Pompei et al. 2021).
Population dynamics and trophic interactions among primary
producers, predators, and bacteria are the main determinants of
how much carbon is exported or transferred to higher trophic
levels. However, trophic interactions and population dynamics
may be modified by anti-predation responses (Schmitz
et al. 2004, 2008; Wirsing et al. 2021; Pinti et al. 2021a), some-
times more than by direct predation (Peacor and Werner 2001;
Schmitz et al. 2004). Anti-predation responses refer here to
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behavioral responses adopted to deal with predation pressure—
for example, chain formation and toxin production in phyto-
plankton, or schooling and diel vertical migration (DVM) in fish
(see Fig. 1 for illustrations of anti-predation responses).

Behavioral responses to risk disrupt trophic interactions and
thereby alter the routes by which carbon is channeled into the
biological pump (Pinti et al. 2021a). Predation risk is inhomo-
genous in the environment, shaping a seascape of fear (analogous
to the terrestrial landscape of fear; Laundré et al. 2010) in which
organisms adjust to varying levels of risk with different defense
mechanisms (also called anti-predation responses). For example,
DVM of marine organisms, where organisms hide from visual
predation at depth during daytime while foraging at the surface
during nighttime, varies depending on the predator and prey in
the water column (Ohman 1990; Pinti et al. 2019), thus
impacting trophic transfer efficiency and carbon export (Pinti
et al. 2021a). Understanding and quantifying the ways in which
anti-predation behavior shapes the biological carbon pump under
different circumstances will support a more accurate mechanistic
description of carbon export and sequestration.

Here, we use simple trait-based mechanistic models to illus-
trate how anti-predation behaviors affect the biological carbon
pump. We review the possible consequences of defense mecha-
nisms for the biological pump by highlighting how they can
impact both carbon export and sequestration in the pelagic. Even
though they are important components of the biological carbon
pump, marine snow and phytoplankton aggregates are excluded
from this review, as they are not directly related to defense behav-
iors. We first consider the different mechanisms through which
anti-predation responses can alter carbon export without focusing
on any specific behavior. We illustrate this with a series of trait-
based toy models (i.e., simple conceptual models) of increasing
complexity considering successively individuals, populations,
and ecosystems. Second, we review different properties of the bio-
logical carbon pump (production of organic matter, efficiency of
the biological carbon pump, active transport, and spatiotemporal
aspects) and examine how they may be impacted by different
anti-predation responses. Third, we discuss various important
effects of anti-predation processes to consider in relation to the
biological carbon pump in the pelagic. Finally, we highlight direc-
tions and perspectives for further research.

The biological carbon pump from individual
to ecosystem

Predation risk has not only direct effects on prey, but also
indirect effects that cascade through food-webs. A conceptual
framework to approach the effect of predation risk on food webs
is illustrated in Fig. 2 (Peacor et al. 2020). Direct consumptive
effects decrease prey abundances, but prey trait responses
(i.e., anti-predation behavior) can also lead to changes in abun-
dances via nonconsumptive effects. For example, zooplankton
taking refuge at depths during the day will eat less phytoplank-
ton, thus lowering their growth rate and population size
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compared to a zooplankton population not subject to predation.
The intensity of an anti-predation response is adjusted to the
local seascape of fear to balance the level of risk an individual is
facing (Fig. 2). Different levels of predation risk elicit different
prey trait responses through anti-predation mechanisms. The
abundance of prey varies because of both consumptive and non-
consumptive effects. Prey have, in turn, an influence on other
species (resources, competitors, and sometimes also predators)
via density-mediated indirect effects, if the effect is driven by a
change in prey abundance, or via trait-mediated indirect effects,
if the effect is driven by a change in prey behavior or life-history
trait. For example, a response to both trait- and density-
mediated indirect effect is when a prey performs reverse DVM in
response to a large zooplankton that performs DVM, therefore
staying close to the surface during daytime where it is too dan-
gerous for their zooplankton predators (Ohman 1990). These
third species can also have further consequences on the food
web through cascading indirect effects (Fig. 2). As all trophic
levels contribute in their own way to carbon export, any change
in anti-predation response can modify carbon export.

Here, we demonstrate how anti-predation responses and their
cascading consequences for food web dynamics impact both the
strength and the efficiency of the biological carbon pump (see
Box 1 for a definition of both terms). We start with a very simple
toy model considering only prey abundance, and then succes-
sively add a number of effects due to predation risk to highlight
the consequences that they can have on food-webs and carbon
export. For simplicity, we focus on the gravitational pump, but
similar illustrations can be developed for the migrant pump.

Direct consumptive effects

In a hypothetical world where primary producers were per-
fectly defended (no grazing, Fig. 2 dashed box a) the vertical flux
of carbon would peak at the bottom of the euphotic zone and
then attenuate with depth as sinking material is degraded by
microbes (Fig. 3, blue line; see Supporting Information Appendix
S1 for equations and parameters for this and the following toy
models). However, phytoplankton defense is not perfect and
zooplankton consume phytoplankton. Zooplankton grazing
reduces the flux from phytoplankton but at the same time redi-
rects a fraction of it into fast sinking fecal pellet (Fig. 2 dashed
box b, Eppley and Peterson 1979; Turner 2002; Stamieszkin
et al. 2015). Large zooplankton and fish can create fecal pellets
that sink at speeds of several hundred m day ', reaching bathyal
depths in 2-5 d (Robison and Bailey 1981; Saba and
Steinberg 2012; Saba et al. 2021). Including zooplankton graz-
ing, because fecal pellets sink fast (see Supporting Information
Table S1), the attenuation of the flux with depth is much
slower in the presence than in the absence of zooplankton.
That is, the efficiency of the biological carbon pump increases.
These differences in strength and efficiency of the biological
carbon pump can be observed in the field, where zooplankton
fecal pellets usually account for less than 25% of the flux at
depths less than 200 m (Turner 2002) but can account for up
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lipid sac

Fig. 1. Anti-predation responses in the pelagic, observed at the individual, population, or ecosystem level. (a) Echogram in the East Pacific realized over

a daily cycle. Organisms remain close to the surface at night, migrate down at dawn, remain at depths during daytime (thus escaping visual predation)
before migrating up again at dusk. (b) A vial of bioluminescent algae Lingulodinium polyedra. Bioluminescence can deter predators. (c) A chain of diatoms
Thalassiosira nordenskioeldii. Diatom chains offer protection against small grazers that can handle single cells but not larger chains. (d) A school of black
jack Caranx lugubris in the water column. Schooling decreases per capita predation pressure. (e) A red tide, a bloom of Noctiluca scintillans in 1995 off
San Diego, California (USA). The floats on the line behind the boat are spaced 20 m apart. Toxic compounds released in the water column protect
against grazers. (F) A copepod Calanus glacialis with a visible lipid sac—a necessary energy reserve to undergo diapause. Diapause offers a defense against
visual surface predators when food resources are low. Figure credits: (a) Thor Klevjer CC BY 4.0, reproduced from Klevjer et al. (2016); (b,f) Erik Selander,
University of Gothenburg, Sweden; (c) Fredrik Ryderheim, Technical University of Denmark, Denmark; (d) Anna Varona, CC BY 4.0; (e) Peter Franks,
Scripps Institution of Oceanography, University of California San Diego, California, USA.

to 99% of the flux below 400 m (Bishop et al. 1977). Note that
phytodetritus also increase the efficiency of the biological
pump (Laurenceau-Cornec et al. 2015). However, since marine
snow is not a result of behavioral effects we do not include it in
this review (Laurenceau-Cornec et al. 2015).

Indirect effects on prey and predators

It appears that defense has a potential impact on the
counter-balanced metrics of export and sequestration. How-
ever, there is an additional dimension, namely that defense
comes at a cost (Litchman and Klausmeier 2008; Grgnning
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Fig. 2. Conceptual framework of the consequences of predation risk on the food web. Dashed boxes (a-d) refer to the different toy models presented
here. Predation pressure decreases prey abundance, through either direct consumptive effects or through indirect nonconsumptive effects. The conse-
guences in terms of both trait response and prey abundance can cascade through the entire food web. Each trophic level then contributes to carbon
export, and predation pressure can alter (positively or negatively) the strength of the carbon flux produced by all populations of the food web. See the

text for more details. Modified from Peacor et al. (2020).

and Kigrboe 2020), and the trade-offs along the defense
benefit-cost axis have consequences for population dynamics
(Pinti et al. 2021a).

We illustrate the importance of variable levels of defense
with a simple example where two populations interact with
different levels of prey defense and associated trade-offs (Fig. 2
dashed box c, equations are detailed in Supporting Informa-
tion Section A.3). For example, the system can consist of
populations of colony-forming diatoms and copepods, or of
toxic dinoflagellates and copepods. The prey defense level is
set by S, which can vary between 0 (prey not defended at all)
and 1 (prey perfectly defended). The trade-off is that with
increasing defense levels (and thus reducing predation) comes
a reduction in growth rate. Detritus (sinking organic material)
originate from prey and predators. Detritus refers to both fecal
pellets and deadfalls, that is, dead cells for phytoplankton and
carcasses for metazoans. Deadfall production rate is assumed
to be equal to natural nonpredation mortality rates. In the
particular case where phytoplankton are the prey, fecal pellet
production is replaced by leakage of surplus dissolved organic
material (DOM) that does not sink. A more complete model
would have to consider that leaked DOM can be taken up
again by primary producers, thus stimulating production. Var-
ious levels of defense for the prey lead to different equilibrium
population sizes (Fig. 4). In our example, the optimal defense
level for prey is around S = 0.6—this corresponds to the level
where the predator goes extinct and any further investment in
defense will not decrease predation risk further, but will still
diminish growth. Natural mortality losses are directly propor-
tional to population sizes, but fecal pellet production depends
on ingestion rate. Consequently, the maximum detritus

production rate does not necessarily correspond to the maxi-
mum population size. Furthermore, predators create bigger
and faster-sinking detritus than their prey, so as long as they
are present in the system they are responsible for the majority
of the flux below the euphotic zone—and this share increases
with depth (Fig. 5). Interestingly, the optimal defense level for
prey does not correspond to the defense level with the highest
carbon flux. This toy model shows that, except at highest
defense levels, detritus created by predators tend to dominate
the carbon flux. Thus, this model again suggests that high
levels of defense reduce the efficiency of the biological
carbon pump.

At high defense levels, detritus originating from prey domi-
nate the carbon flux (Fig. 5). An example of highly defended
prey that leads to high—not lower—carbon export is toxin pro-
duction, prevalent in many bloom-forming phytoplankton.
Ungrazed cells may sink and toxic material has been found in
sediment traps up to 800 m below the surface (Schnetzer
et al. 2007). Toxins may further affect the bacterial community,
decrease remineralization rate, and hence increase export effi-
ciency (Bach et al. 2019). Toxin production in phytoplankton
may also have cascading effects as toxins may accumulate in the
food web (Petitpas et al. 2014), all the way to marine mammals
(Schnetzer et al. 2007). Deadfalls of large animals may lead to
very high local fluxes (Smith et al. 2015). This suggests that cas-
cading effects in the food web can be important in determining
carbon flux and carbon export efficiency.

Cascading ecosystem effects
Defense behaviors that affect the trophic interactions
between a predator and its prey, as described above, may have
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Box 1. Strength and efficiency of the biological carbon pump.

The importance of the biological carbon pump can be assessed with two factors: its strength (how much carbon sinks out of
the euphotic zone) and its efficiency (what fraction of detritus reaches a certain depth without being degraded). A common
way to assess the strength of the biological carbon pump in a given ecosystem is through the EZ-ratio, defined as the fraction
of net primary production (NPP) that sinks below the euphotic zone (Buesseler and Boyd 2009):

Export below euphotic zone

EZ-ratio = NPP (1)
The efficiency of the carbon pump is linked to the remineralization length scale (RLS):
RLS — Degradation rate )

Sinking speed ’

sometimes also called the L-ratio (Feinberg and Dam 1998). The RLS (in m™Y) is the fraction of detritus that is remineralized
per meter sinking. The lower the RLS, the higher the fraction of carbon export that reaches a specific depth—and thus the
more efficient the biological carbon pump is. Both the strength and the efficiency of the biological carbon pump determine
how much carbon is exported at a certain depth, and ultimately how much carbon sequestration a system can mediate—even
though most studies tend to focus on the EZ-ratio or on the flux at a certain depth, typically 100 m (Henson et al. 2015, 2019;
Archibald et al. 2019).

A common misunderstanding of biological carbon pump studies is the difference between carbon export and sequestration.
“Carbon export” typically refers to the sinking flux (in, e.g., PgC yr') of carbon below a specific depth (e.g., the limit of the
euphotic zone), while “carbon sequestration” refers to the amount of carbon (in PgC) that is sequestered in the ocean’s interior
(DeVries and Holzer 2019; Holzer et al. 2021; Pinti et al. 2021b). The latter gives a different, albeit more complete, description
of the biological carbon pump, as it combines both the export flux and the remineralization efficiency. Organic carbon set-
tling out of the euphotic zone can remain stored in the ocean'’s interior for periods ranging from months to millenia before
returning to the surface. This sequestration time scale (that can be assessed by dividing carbon sequestration by export)
depends on the remineralization length scale of particles, but also on where the export occurs—for example, export in deep-
water formation zones will tend to sequester carbon on a much longer time scale than export in upwelling areas.

Co;,
[0} photosynthesis< ZOOpalﬂgkton
c . A
9 Phytoplaqkt%e hlgher/trophlc IeV_els/éj

N @ o

S x é'?‘/@\%’ orezing ?@ - Strength of the BCP:
9 ~Je i ¥ /‘D&&.\o Flux and EZ-ratio
S B A AGhE
L % 058 o “ ® . Flux
""""" h Ot SRR Sttt T S S\ EZ-ratio=%55

a8 X - NPP
1) Bacteria s ofc ‘ - ,( o
c % i % . <
o Shage ﬁ‘. h e .\. . o
N o o T
O Sinking dead cells == g Remineralization
> iy 8 \efficiency:
) %eo o i
o Aggregate : RLS= degradation rate
8 formation S sinking speed
Q and sinking
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be, in turn, preyed upon by higher trophic levels. As detritus sinks, bacteria degrade it into dissolved inorganic carbon (DIC),
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Landry (2017).

Box 1 Strength and efficiency of the biological carbon pump.—cont’d

but also dissolved organic carbon (DOC), nutrients, and other dissolved material. The strength of the biological carbon pump
is set in the euphotic zone, while its efficiency depends on processes mainly taking place below the euphotic zone (Buesseler
and Boyd 2009). For a representation of the biological carbon pump that includes the microbial loop, see Steinberg and
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cascading effects that impact the structure of the entire food
web (Fig. 2 dashed box d, Peacor and Werner 2001; Schmitz
et al. 2004). Food web structure is now recognized as impor-
tant for carbon export efficiency (Guidi et al. 2009; Henson
et al. 2019; Stukel et al. 2019), and anti-predation responses
consequently have the potential to control the biological car-
bon pump through indirect effects. How such indirect effects
translate precisely in terms of carbon flux is hard to estimate
due to the difficulty of separating the different effects from
each other. Theoretical models based on Lotka-Volterra equa-
tions of predator-prey interactions are appropriate tools to
explore such effects as they allow tracking carbon ingestion
and egestion by each population, and thus can help dis-
entangling the relative contributions of different populations
to carbon export.

We use a simple model to illustrate and explore these cas-
cading effects (Fig. 6). We consider a food web with an intra-
guild predation motif (i.e., a predator that can prey on another
predator with which it shares a resource; Polis et al. 1989),
casting a diatom as prey R, a ciliate C as consumer that can

T
Productive
layer

100

200

Depth (m)

o
o
o

400

Flux (gC m™2 day™!)

Fig. 3. POC flux as a function of depth if the flux originates entirely from
dead phytoplankton cells (blue) or entirely from zooplankton fecal pel-
lets (red).

500

change its defense level, and a copepod as the intra-guild
predator (Fig. 6a). Depending on the intensity of the defense
of the consumer and the shape of the competition-defense
trade-off, this system has different potential outcomes: (i) only
diatoms are present, (ii) only diatoms and ciliates are present,
(iii) only diatoms and copepods are present, or (iv) all three
species coexist (Holt and Polis 1997). Examples are provided
for different trade-off parameters in Fig. 6b. In particular, well-
defended ciliates go extinct (Fig. 6b, purple lines) because of
the competition-defense trade-off: investing in defense means
that resource acquisition decreases—up to a point where the
population can no longer be sustained.

Although the three different simulations have comparable
total equilibrium biomasses, the biomasses of each group and
the resulting biological carbon pump differs significantly
(Fig. 6¢), both in terms of strength (export below the euphotic
zone) and efficiency (attenuation as a function of depth). Sim-
ulations with surviving copepods yield much higher export
flux at depth, because of the fast sinking speed of both their
fecal pellets and carcasses. This highlights that changes in
community composition due to behavioral adaptations even
without changes in total biomass can have major conse-
quences for carbon export.

A real-world example that describes food web effects quali-
tatively is offered by the large-scale trait effects of copepod
predation pressure on planktonic food webs (Selander
et al. 2019). Many colony-forming phytoplankton modify col-
ony size in response to copepod chemical cues, and plasticity
of colony size helps adapt to the size of grazers (Long
et al. 2007; Bjaerke et al. 2015). Likewise, many phytoplankton
increase their toxicity in the presence of their predators
(Selander et al. 2006). Selander et al. (2019) showed that the
release of copepod cues in the natural environment was suffi-
cient to decrease chain formation in diatoms and to double
the production of domoic acid by toxic diatoms during
ca. 90% of the year. The decrease in colony size pushes carbon
flow toward small microzooplankton, ciliates and heterotro-
phic dinoflagellates rather than mesozooplankton. Without
quantifying carbon flux, Selander et al. (2019) argue that this
leads to an overall decreased carbon flux and carbon pump
strength compared to an idealized system without behavioral
responses to predation risk.

Modeling the effects of risk mitigation behaviors
These three models indicate how anti-predator responses
may significantly impact both the strength and the efficiency
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Fig. 4. Example of a predator—prey system for different levels of prey defense. Top: Equilibrium biomasses of prey (left) and predator (right). Bottom:
Ensuing detritus production rates as fecal pellets (orange) or deadfalls (blue) for prey (left) and predator (right).

of the biological carbon pump. Generally, defense responses
that change the plankton size spectrum toward smaller sizes
will reduce the efficiency of the pump, because smaller parti-
cles sink more slowly. Assessing the effect of any particular
system requires a more specific model, which may involve a
number of complications. First, for simplicity, our toy models
only considered the gravitational pump and ignored the
migration pump that may be quantitatively very significant,
as it directly transports carbon to depths, bypassing
remineralization during descent (Davison et al. 2013). Second,
we only considered steady state, whereas environmental forc-
ing lead to highly dynamic systems and temporal mismatch
between predators and prey. Furthermore, seasonal pulses in

surface productivity lead to time-delayed pulses in carbon flux
at depth (Henson et al. 2015, 2019; Laws and Maiti 2019).
Third, as is typically the case for NPZ-type models of pelagic
ecosystems, our models ignore life histories. However, mul-
ticellular organisms—which have a dominant role on the bio-
logical carbon pump—have ontogenetic development that
can have a major impact on the strength of the pump (Serra-
Pompei et al. 2021). Finally, we have considered only one-way
defensive responses of prey to the presence of predators, while
in reality, the predators may counter-respond. This may elicit
behavioral trait cascades, both up and down the food web
(Schmitz et al. 2004; Van Someren Gréve et al. 2019). That is,
organisms from multiple populations and trophic levels co-

Carbon flux

At 20 m At 100 m At 200 m
2 2
1.5 1.5
1 1
0.5 0.5
0 0
0 0.5 1 0.5 0 0.5 1

Prey defense level S (-)

Prey defense level S (-)

Prey defense level S (-)

Fig. 5. Carbon fluxes originating from detritus (both fecal pellets and deadfalls) for prey (blue) and predators (red) at 20, 100, and 200 m assuming a

productive layer of 20 m.
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tion dynamics under three levels of ciliate defense. Well-defended ciliates go extinct, because even if they do not suffer from predation their resource
acquisition ability is too low for their own survival (there is a trade-off between defense and competition abilities). (c) Carbon flux at equilibrium as a func-
tion of depth. For (b) and (c), purple lines are for simulations with well-defended ciliates (z,5) = (0.8, 0.8), orange lines with poorly-defended ciliates (z,
$) = (0.4, 0.6), and black lines with intermediate defense (z,S) = (0.5, 0.5). S and r are parameters related to the competition-defense trade-off (level of
defense and shape of the defense-competition trade-off, respectively), detailed in Supporting Information.

adapt, all trying to simultaneously optimize their fitness.
Resolving such co-adaptation requires game theory. Game the-
ory has been applied to examine DVM involving several tro-
phic levels, where all players optimize their vertical behavior
relative to what their predators, competitors, and prey do
(Iwasa 1982; Hugie and Dill 1994; Pinti and Visser 2019).
Because game theoretical approaches have had success in
predicting the diverse vertical migration behaviors observed in
nature (Pinti et al. 2019, 2021b), they have the potential to
also predict the effects of risk on different behaviors.

Anti-predation responses in the pelagic

Until now, our discussion has focused on defense in a generic
and abstract sense. In nature, a considerable array of defense
mechanisms have evolved among pelagic organisms (Fig. 1), and
these may have different impacts on the biological carbon pump.
In this section, we review the ways in which the different com-
ponents of the biological pump are impacted by specific anti-
predation responses. Table 1 lists the anti-predation responses
among pelagic organisms that we find particularly important

and summarizes their potential consequences for the biological
carbon pump, while Table 2 breaks down the components of the
pump and how they are affected directly, or indirectly, by vari-
ous anti-predation behaviors. In the following, we discuss how
anti-predation responses may affect four components of the bio-
logical carbon pump: the production of organic matter, the effi-
ciency of the carbon pump (that depends on the detritus sinking
speed and the degradation rate in the water column), the active
transport of carbon (the migrant pump), and the spatiotemporal
aspect of the pump.

Production of POM

The amount of detritus that sinks out of the euphotic zone
(the strength of the pump) depends directly on the quantity
and the type of organic matter produced as deadfalls, fecal pel-
lets, or other kind of detritus. Anti-predation responses can
modify the production of particulate matter by releasing
organic material directly in the water column, or by inducing
population size variations resulting in changes in detritus pro-
duction. The direct release of material is likely of limited
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Table 1. Summary of pelagic anti-predation responses. We list possible direct effects on carbon flux, trait-mediated indirect interac-
tions and their cascading effects on carbon flux. We do not list biomass changes and density-dependent indirect effects, as they are
mostly similar for all behaviors: Better protected organisms will have higher population sizes, sustaining higher flux, but the decrease in
predation success will decrease predator sizes and hence carbon flux originating from higher trophic levels. References relate to the
trait-mediated indirect effect, or, when we could not find previous study investigating it directly, to the description of the response

itself.

Anti-predation
response

Trophic level

Direct effect for
carbon flux

Trait-mediated
indirect effect

Indirect effect for
carbon flux

Reference

Chain formation
or dislocation

Frustule
thickening

Swarming

Schooling

Toxin production

Bioluminescence

Molting

Daily horizontal
migrations

Seasonal
horizontal
migrations

Phytoplankton,
diatoms

Phytoplankton
(diatoms)

Zooplankton,
krill

Fish

Phytoplankton
and
mixotrophs

All

Zooplankton,
krill

Nekton

Nekton

Formation: 1 sinking
speed

Dislocation: | sinking
speed

1 Flux locally

1 Flux locally

1 Increases flux locally

1 Flux during toxic
blooms

1 Sinking speed in case
of released organic
material and mucus in
the water column

1 Flux with the release of
bioluminescent
material and sacrificial
tag

1 Flux of fast-sinking
molts

Redistributes flux locally

1| Redistributes flux
seasonally

Breaking diatom chains
favors
microzooplankton
predator and disfavors
large predators

Reduces predation

Attracts piscivorous
predators

Overwhelms bacterial
community locally

Overwhelms bacterial
community locally

Toxins affect bacterial
community

Toxins increase
background mortality
of higher trophic levels

Attracts higher order
predators with the
“burglar alarm
mechanism”

Bioluminescent shunt:
bioluminescent
detritus is more
consumed

Fertilizes places that
would have slower
growth rates otherwise

Some prey and predator
may migrate in
response to variable
predation pressure

| Sinking speed from
predator fecal pellets

| Flux from predators

1 Sinking speed of
predator fecal pellets
through ballasting
(1 efficiency)

1 Flux from fast-sinking
fish fecal pellets

| Local bacterial
degradation rate

| Local bacterial
degradation rate

| Bacterial degradation
rate
1 Flux of carcasses

1 Detritus production at
depth

1 Flux in case of
repackaging, | flux in
case of sloppy feeding/
coprohexy

T Flux

11 Redistributes the flux
even more

Selander et al. (2019)

Grenning and
Kigrboe (2020)

Kaartvedt et al. (2005),
Atkinson et al. (2012),
Belcher et al. (2019),
Cavan et al. (2019)

Pavlov and
Kasumyan (2000)

Bach et al. (2019),
Schnetzer et al. (2007)

Childress (1995), Tanet
et al. (2020)

Cavan et al. (2019)

Robinson et al. (1995)

(Continues)
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Table 1. Continued

Fear and loathing in the pelagic

Anti-predation Direct effect for

Trait-mediated

Indirect effect for

response Trophic level carbon flux indirect effect carbon flux Reference
Diel vertical Plankton and 1 Increases active Triggers DVM in other 1 Increases active Vinogradov (1962)
migrations nekton transport to depths organisms, prey and transport and depths

predators, maybe to

of the active transport

even deeper depths

(Vinogradov’s ladder)

Seasonal vertical Zooplankton 1 Increases active

migrations and transport

diapause

Jonasdottir et al. (2015)

Table 2. Summary of behaviors that can impact the different
parts of the biological carbon pump, through direct or indirect
effects.

Quantity of organic matter produced
Direct e Krill and zooplankton molts

e Extra cellular toxins released in the environment

e TEP release

¢ Release of bioluminescent material and sacrificial tags
All behaviors as they modify trophic interactions and
ingestion rates

e Toxins kill more higher trophic level organisms

e Bioluminescent burglar alarms increase predation by

higher order predators

Detritus sinking speed
Direct ¢ Thickness of frustules and calcium carbonate shells

¢ Chain and aggregate formation

e TEP release
Faster sinking of ballasted fecal pellets (by frustules
and shells)
¢ Behavioral cascades, as changing the size of the

community changes
* The size spectrum of detritus produced and hence its
sinking rate

Detritus degradation rate

Indirect ®

Indirect ®

Direct e Toxic compounds can affect bacteria
¢ Bioluminescent shunt
Active transport
Direct ¢ Diel vertical migrations
* Seasonal vertical migrations
Indirect ® DVM induced by other organisms (reverse DVM, fish
following their prey, or also Vinogradov’s ladder)
Spatio-temporal changes
Direct  ® School and swarms
e Horizontal daily and seasonal migrations
Indirect ® Trophic-mediated changes in spatial distributions

quantitative importance. It includes, for example, discarded
exoskeletons from molting krill (Buchholz 1991; Cavan
et al. 2019) suggested to function as decoys to visual predators
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(Hamner et al. 1983), or bioluminescent material released by
crustaceans and squids to distract predators (Herring 1988;
Robison et al. 2003)—even in the form of glowing body parts
(sacrificial tags, Robison et al. 2003). If ingested by predators,
such sacrificial tags may continue to glow and attract preda-
tors and thus function as a “burglar alarm” attracting the pred-
ators of the predator (Childress 1995).

Sinking speed of POM

The efficiency of the biological carbon pump is in large part
determined by the sinking speed and remineralization rate of
detrital material. Thus, defense behaviors that affect these
attributes of detritus can significantly impact the pump
efficiency.

Sinking speeds, for instance, can be enhanced or reduced by
defense mechanisms. For example, mineralized defensive exo-
skeletons of phytoplankton such as the calcium carbonate plates
of coccolithophores or silica frustules of diatoms are well known
to act as ballast, enhancing the sinking speeds of their con-
sumers’ fecal pellets (Francois et al. 2002; Martin et al. 2011). Fur-
thermore, diatom frustules thickness can be increased under the
presence of grazers (Grgnning and Kierboe 2020), increasing
their contribution to mineral ballasting. Although live diatoms
regulate their buoyancy and avoid sinking (Gemmell et al. 2016),
the elevated density of their predators’ fecal pellets (Feinberg and
Dam 1998) or particle loaded discarded mucus feeding webs
result in faster sinking detritus. Similarly, the ballasting effects of
diatom frustules and coccoliths when incorporated into marine
snow may increase the sinking speed of the latter (Francois
et al. 2002; Engel et al. 2009; Bach et al. 2019).

The role of the silica frustule in carbon sequestration may be
more complex in some instances. Highly defended diatoms with
thick frustules, such as Fragilariopsis kerguelensis that dominate in
the Antarctic Circumpolar Current, efficiently resist grazing, but
sink mainly as empty-shelled frustules to the seafloor with most
of their organic carbon lost in the surface ocean (Assmy
et al. 2013). In contrast, other less defended thinner-shelled dia-
toms are either grazed and sink in the form of fecal pellets, or
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form rapidly sinking aggregates that transport organic carbon to
the ocean interior. In fact, there is evidence that aggregation can
be induced by grazers (Toullec et al. 2019) and thus be a means
by which diatoms may escape predation and survive in the sedi-
ments until growth conditions again become favorable. For these
diatom species, sinking is an integral part of their life history and
they thus play a major quantitative role in the biological carbon
pump (Smetacek 1999).

The breakup of colonies in response to grazers also affects
sinking speed. It is well documented that diatoms and dinoflagel-
lates may reduce colony size (chain length) in response to grazer
cues (Selander et al. 2011; Bjaerke et al. 2015). Other species, such
as colonial Phaeocystis sp. may increase or decrease colony size in
response to microzooplankton and mesozooplankton grazers,
respectively (Jakobsen and Tang 2002; Long et al. 2007;
Lundgren and Granéli 2011). To a first order, sinking speed scales
with the square of the linear dimension of the particle (ie., a
long chain will always sink faster than any of its sections in isola-
tion, although shape and buoyancy regulation may modify this).
Therefore, defensive colony-size regulation may impact sinking
speed and, thus, carbon sequestration.

The case with colonial dinoflagellates is different from that
of other colonial phytoplankton since dinoflagellates are
motile and, hence, do not sink. However, a reduced colony
size reduces swimming speed and the ability of dinoflagellates
to perform DVM (Selander et al. 2011). The diurnal migration
of dinoflagellates allows the flagellates to collect nutrients
below the pycnocline at night and photosynthesize in the
euphotic zone during day (Maclntyre et al. 1997; Fauchot
et al. 2005). Although it leads to a net downward flux of car-
bon due to night respiration, dinoflagellates rarely migrate
below the euphothic zone, so the total effect may be limited.
However, their migration leads to a net upward transport of
nutrients, thus increasing the production in the surface layer
and the amount of detritus that enters the gravitational pump
(cf. Discussion).

An increase in toxin production or shell thickness of a prey
can lead to prey-switching by a predator, hence modifying the
density and sinking rate of its fecal pellets. These behaviorally
mediated trophic cascades can be observed in the field under
particular conditions only (Ohman 1990; Romare and Hans-
son 2003; Selander et al. 2019) as they are often embedded
within complex food webs and depend on highly dynamic vari-
ables. They can also be exhibited in lab experiments (Peacor and
Werner 1997; Van Someren Gréve et al. 2019; Kvile et al. 2021)
or numerical models (Kfivan and Schmitz 2004). Coupling or
revisiting these models to include fecal pellet density, when rele-
vant, would help shed light on the consequences of these highly
nonlinear effects (Kfivan and Schmitz 2004) on carbon export.

Detritus degradation rate

The efficiency of the biological carbon pump is also deter-
mined by the rate at which detrital aggregates are
remineralized by bacteria (Grossart et al. 2003), together with
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the rate at which they are consumed by zooplankton and fish
(Miller et al. 2011; Moller et al. 2012). Microorganisms, both
bacteria and their protozoan predators, rapidly colonize sink-
ing detrital particles (Kigrboe et al. 2003), and attached
bacteria defend themselves against grazing by forming micro-
colonies and producing toxins (Matz and Kjelleberg 2005), all-
owing high bacterial densities and rapid remineralization. Net
remineralization rates also vary with temperature and oxygen,
which together with other temperature-dependent processes
results in temperature-dependence of the biological carbon
pump (Guidi et al. 2015; Marsay et al. 2015).

Bacteria may also be affected by toxic compounds (Bach
et al. 2019). Defensive phytoplankton toxins can be found in
detritus (Lehtiniemi et al. 2002; Petitpas et al. 2014) persisting
to depths down to 800 m below the surface (Sekula-Wood
et al. 2009). These toxins may slow bacterial degradation rate
and increase carbon export efficiency, but may on the other
hand also reduce grazing, thus reducing the biological carbon
pump efficiency.

Finally, bioluminescence presents an anti-predation mecha-
nism that can modify detritus degradation rates. Deep-sea
organisms such as fish and squids emit light via intrinsic or
symbiotic bioluminescence (Haddock et al. 2010). Biolumines-
cence can be used to hide via counter-illumination, to distract
predators with “smoke screens” and sacrificial body tags, or to
startle predators with light flashes. These can result in biolu-
minescent particulate organic carbon release, and luminous
bacteria growing on particulate matter may produce enough
light to be visible by other organisms, resulting in a higher
consumption of luminous particles. This process, termed the
“bioluminescent shunt” was recently reviewed by Tanet
et al. (2020). Whether the extra consumption would come
from lower trophic levels degrading the matter through sloppy
feeding and coprorhexy (fragmentation of pellets) or higher
trophic levels repackaging detritus, thus increasing their sink-
ing speed and the pump efficiency, is unknown. Describing
mechanistically the processes involved will help understand-
ing the importance of bioluminescence for deep-sea
remineralization (how does it impact bacterial degradation
rate? how does it vary with depth?), as well as implications for
the carbon pump. We can posit that larger organisms will con-
sume relatively more glowing particles than small organisms,
as the latter do not use vision to find food—resulting in an
increased sinking speed for glowing material at depth. Never-
theless, the mechanistic description of bioluminescent interac-
tions is an exciting avenue for future deep-sea research. Given
the slow metabolic rates typical at mesopelagic and bathype-
lagic depths (Drazen and Seibel 2007), even a minimal effect
on bacterial degradation rate is likely to contribute signifi-
cantly to carbon sequestration at a global scale.

Active transport: The migrant pump
Active transport refers to the downward transport of
organic material by vertically migrating organisms. DVM can
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Box 2. Seasonal vertical migration and carbon sequestration.

Every year, copepods from polar and subpolar latitudes fill up with lipid reserves before migrating to great depths to spend
winter. They can remain at depths of up to 1000-3000 m (Visser et al. 2017) for more than 60-80% of the year. While at
depth, they respire their lipid reserves, thus directly exporting carbon from the surface to great depths. Export flux is estimated
to vary between 0.6 and 6.0 gC m~2 yr~! (Kobari et al. 2003; Jonasdéttir et al. 2015; Visser et al. 2017). By coupling this respi-
ration term to a global ocean circulation model (DeVries and Holzer 2019; Holzer et al. 2021), we can compute the equilibrium
concentration of DIC in the oceans due to diapausing copepod respiration. Dividing the total sequestration (in, e.g., PgC) by
the respiration rate (in, e.g., PgC yr™") yields a sequestration time scale, an estimation of the efficiency of the process.

We compute these estimates for two population of copepods: C. finmarchicus in the North Atlantic, and Neocalanus spp. in the
Western North Pacific. We assume respiration rates of 2.3 gCm 2 yr ' (North Atlantic; Jénasdéttir et al. 2015) and
4.3 gCm 2 yr ! (North Pacific; Kobari et al. 2003), and a residency depth of 1000 m. Total sequestration (in PgC) is not very
informative because of the incomplete spatial and species coverage of our simulations, but sequestration time scales indicate
the efficiency of the process. Sequestration time scale is around 530 years in the North Pacific and 560 years in the North
Atlantic, suggesting that this process is extremely efficient at sequestering carbon away from the atmosphere (for comparison,
sinking fecal pellets of mesozooplankton are assumed to be sequestered for ~140 years on average; Pinti et al. 2021b).

Because of the structure of ocean currents, carbon respired in the North Atlantic is eventually advected all around the oceans,
while carbon respired in the North Pacific largely remains local (see figure below)—but the efficiency of the lipid pump in the
two areas is nevertheless similar.

Equilibrium DIC concentrations in gC m~2 due to copepod respiration during diapause in the North Pacific (a) and North
Atlantic (b). Red squares indicate where diapausing copepods are located in these illustrative illustrations, but their distribu-
tion is much wider in nature. We assume that copepods are normally distributed around 1000 m depth (with standard devia-
tion of 50 m) during their diapause. The resulting residence time of DIC produced by diapausing copepods is 560 and
528 years for the North Atlantic and North Pacific, respectively.

often be considered an anti-predation response, as conven-
tionally it allows phytoplankton grazers to forage in the sur-
face layer at night while seeking refuge from visual predators
at depth during day (Zaret and Suffern 1976). DVM may elicit
a trait-cascade of DVM behaviors because the predators of the
grazers, and their predators in turn, may follow their respec-
tive prey while at the same time minimizing their own preda-
tion risk (Ohman 1990; Pinti et al. 2019; Bandara et al. 2021;
Pinti et al. 2021b). Vertical migration also occurs on a seasonal
scale due to organisms diapausing at depth during wintertime
in a low-predation environment (Jénasdéttir et al. 2015).
Active transport by the migrant pump is very efficient as it
bypasses the degradation during descent that affects sinking
detritus.

The active transport on a seasonal time scale is linked to
the need for zooplankton, and especially copepods, to
undergo diapause during wintertime when there is not
enough food at the surface (Visser and Jonasdottir 1999). At
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higher latitudes in both hemispheres, overwintering copepods
migrate from the surface to depths of 1000-3000 m to enter
diapause (Visser et al. 2017). These copepods are filled with
carbon-rich lipids that constitute their energy reserve for their
diapause (Fig. 1f). Throughout the winter, they slowly respire
this carbon at depth. This process is called the “lipid pump”
(Jonasdottir et al. 2015) and releases between 0.6 and
6 gCm 2 yr ! at depth, depending on the species and loca-
tion considered (Jonasdéttir et al. 2015; Visser et al. 2017).
Because this dissolved inorganic carbon is produced at depths
and in down-welling areas (Schmitz 1996), it will likely be
stored on very long time scales. Box 2 details the calculation
of the carbon sequestration mediated by the seasonal vertical
migrations of two groups of copepods in the North Atlantic
and North Pacific.

DVM is one of the most conspicuous behaviors in the
oceans, as it is present in all ocean basins (Bianchi et al. 2013;
Klevjer et al. 2016) and involves many different taxa such as
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copepods, krill, mesopelagic fish, squids, and jellyfish. There
can be huge variations in realized DVM patterns, both spa-
tially (Klevjer et al. 2016) and temporally (Prihartato
et al. 2015), and are likely due to the different trade-offs faced
by migrants (Ohman 1990; Ohman and Romagnan 2016;
Pinti et al. 2019). The carbon draw-down mediated by actively
migrating organisms has been widely explored, especially for
zooplankton (Longhurst et al. 1990; Archibald et al. 2019;
Kelly et al. 2019), and more recently also for fish (Davison
et al. 2013; Pinti et al. 2021b) and jellyfish (Luo et al. 2020;
Pinti et al. 2021b). Climate-driven changes in the distribution
of copepods also impact the spatial patterns of copepod-
mediated carbon fluxes, but it remains unclear whether the
magnitudes have also changed (Brun et al. 2019). Some stud-
ies suggest an active transport of carbon equivalent to 14-18%
of the passive sinking flux at the base of the euphotic zone for
zooplankton (Archibald et al. 2019) and 14-16% for fish
(Davison et al. 2013; Saba et al. 2021; Pinti et al. 2021b),
although these values are known to vary spatially with the
structure of the food web (Kelly et al. 2019). Global carbon
sequestration mediated by metazoan DVM was recently esti-
mated to be between 400 and 1200 PgC (Pinti et al. 2021b).

Spatiotemporal considerations

Horizontal spatial movements can play a role similar to
DVM, to allow nighttime foraging in productive areas and
daytime residency in low productive but safe locations. With
large gradients in food availability perpendicular to the coast,
forage fish can exhibit large inshore-offshore movements,
migrating up and inshore during night time in rich but risky
places, and down and offshore at dawn (Robinson et al. 1995).
Similar to DVM, this may increase carbon sequestration as res-
idency offshore leads to the release of fecal pellets in deeper
areas than closer to shore. The global significance of daily hor-
izontal migrations is, to our knowledge, currently unknown.

The formation of dense swarms and schools of organisms
such as krill and fish are behaviors that decrease per capita
predation pressure (Pitcher and Parrish 1993). These forma-
tions can locally reach very high concentrations of
organisms—up to 660 ind m > for krill (Cresswell et al. 2009)
and several tens of individuals per m® for fish schools (Pavlov
and Kasumyan 2000). Some krill swarms can be very large,
extending over 100 km? and containing 2 million tonnes of
krill (Tarling and Fielding 2016). Such high concentrations of
organisms produce large amounts of detritus that may over-
whelm consumers and decrease the net degradation of sinking
material, and increase the export efficiency (Atkinson
et al. 2012; Belcher et al. 2019; Cavan et al. 2019). Specifically,
it has been estimated that flux attenuation rates are depen-
dent on the krill density in overlying waters (Belcher
et al. 2017). This spatiotemporal discrepancy may be impor-
tant at global scales as seasonal Kkrill-related export has been
found to account for ~ 35% (range 17-61%) of the total
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carbon export below 100 m in the Southern Ocean marginal
ice zone (Belcher et al. 2019). A failure to consider the patchi-
ness of organisms’ distributions can severely underestimate
export, impairing our ability to predict future changes in the
biological carbon pump (Belcher et al. 2019).

Discussion

The biological pump is of paramount importance to climate
regulation, as models predict that its absence would result in
atmospheric CO, concentrations being 200 ppm higher (Maier-
Reimer et al. 1996). It is estimated that the ocean presently con-
tains roughly 31% of anthropogenic carbon released during the
Anthropocene (Gruber et al. 2019), and it will eventually seques-
ter most of the released anthropogenic carbon (Montenegro
et al. 2007). As such, understanding the consequences of anti-
predation behavior on the biological carbon pump is an impor-
tant question not only for the ecology of the organisms
involved, but also for Earth system science.

We highlight here the different ways in which anti-predation
mechanisms can affect the biological carbon pump in the
pelagic. We stress that detritus production is not the only way in
which behavior and food web dynamics can modify the biologi-
cal carbon pump. Export flux (strength of the biological pump)
depends very much on the quantity of detritus produced, but a
complete description of the biological carbon pump must also
consider its efficiency. This is necessary to assess how much car-
bon is ultimately stored in the oceans via different mechanisms.
For example, mechanisms leading to few fast sinking particles
may yield a higher sequestration than many slowly sinking parti-
cles (Buesseler et al. 2020; Pinti et al. 2021b). For an exhaustive
description, biological carbon pump research must then strive to
assess the efficiency of the pump, and not just the export at the
base of the euphotic zone or at an artificially set depth.

One aspect not covered by our toy models is mass balance
and the stoichiometry of sinking detritus. The downward flux
of any limiting element cannot, in the long run, exceed the
input of this element to the euphotic zone, independently of
the composition of the pelagic community (i.e., export pro-
duction equals new production, Eppley and Peterson (1979)).
In addition, organisms that migrate vertically on a daily or a
seasonal basis and respire at depth typically preferentially
metabolize carbon-rich substances, for example, fat, rather
than nitrogen-rich substances, such as proteins, and therefore
enhance carbon sequestration (Jénasdéttir et al. 2015).

Despite the diversity of anti-predation responses that can arise
and the multitude of effects they can trigger, it appears that non-
consumptive and indirect effects can have important conse-
quences on food web dynamics (Peacor and Werner 2001;
Schmitz et al. 2004), and thus on carbon export. Traditionally,
effects of predation risk are seen as top-down effects, but they
can also spiral toward higher trophic levels. For example, DVM
of small organisms can force DVM in larger organisms who need
to follow their prey (Pinti and Visser 2019). Krill swarms are
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patrolled by piscivorous fish that prey on planktivorous fish
attracted to the krill (Kaartvedt et al. 2005). Bioluminescent fish
or squid releasing a sacrificial tag that is ingested by a predator
may attract their own predators’ predators through the burglar
alarm mechanism (Childress 1995). This vast array of indirect
effects can be cast in terms of game theory. Game theory con-
siders that all organisms in a food web behave optimally and
adjust their behaviors simultaneously and not iteratively. The
optimal distribution in the strategy space (i.e., the set of behav-
iors that organisms can adopt) is attained when a Nash equilib-
rium is reached (Nash 1951)—that is, when no organism can
increase its fitness by unilaterally changing its behavior. This
method has now been widely applied to DVMs (Iwasa 1982;
Hugie and Dill 1994; Pinti et al. 2019; Pinti and Visser 2019), but
to our knowledge, not to other anti-predation responses in
aquatic environments. Indeed, game theoretic approaches pro-
vide a framework to predict behaviors that propagate through
food webs as organisms trade off feeding opportunity with preda-
tion risk. Given proper mechanistic descriptions of the processes
involved, adjusting mathematical models developed for DVM to
other behaviors in the pelagic should be relatively
straightforward.

Anti-predation behavior and defense mechanisms rest on the
existence of trade-offs with competitive abilities (Vage
et al. 2014; Cadier et al. 2019). But there can also be a trade-off
within the defense mechanism itself: a defense cannot be effi-
cient against all types of predators, and organisms need to
choose what defense to adopt in response to the local risk sea-
scape. For example, nocturnal descent is a very efficient response
against visual predation, but it is virtually useless in response to
tactile predation. On the contrary, it can be beneficial to remain
at the surface in broad daylight and perform reverse vertical
migration in the presence of tactile predators that perform DVM
because of their own predators (Ohman 1990). Diatom chains
may offer an efficient defense strategy against micro zooplankton
grazers, but are useless against copepods that can “eat them like
spaghetti.” Consequently, there may not be such a thing as a
maximum defense level, and the level to adopt may depend on
the trophic assemblage in the water column, creating not only a
unique seascape of fear but a combination of different seascapes
that prey need to deal with. One-sided optimization methods
(considering predators’ behaviors fixed) and game theoretic
approaches (where both prey and predators adapt their response)
are particularly well-suited tools for answering these questions
related to the optimal behavior of marine organisms.

Although different species impose different types of risks,
organisms can respond to risk by varying not just a defense
level, but the kind (or number) of defense mechanism(s) that
they adopt. Anti-predation responses are (often) not mutually
exclusive, and can be coupled for increased efficiency. For
example, fish can couple diel vertical and horizontal migra-
tions (Robinson et al. 1995), fish and krill can perform DVM
and school during part of the day (Nilsson et al. 2003; Cavan
et al. 2019), and high-latitude copepods can couple diel and
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seasonal vertical migrations over a yearly cycle (Bandara
et al. 2018). Most studies to date focus on one behavior, but
do not consider the consequences that interacting behaviors
can have on the carbon cycle. In particular, fish often couple
schooling and DVM, and these behaviors may work in
synergy—by actively transporting carbon to depth and by
generating strong localized pulses of detritus that may over-
whelm the local bacterial community—thus multiplying car-
bon sequestration at depth.

In most population-based studies, all organisms of a popula-
tion are assumed to adopt uniformly the same anti-predator
behavior. This disregards the fact that within populations, organ-
isms can elicit different responses to the same stimulus. For
example, in a population of Baltic Sea copepods predominantly
performing DVM, some individuals exhibit the opposite behav-
ior and perform reverse vertical migration (Moller et al. 2020).
The diversity of behavioral responses can be due to individual
personalities (Carter et al. 2013), such as different boldness traits
(Christiansen et al. 2021), and to the plasticity in their response
to environmental variations (Dingemanse et al. 2010). Behavioral
states (e.g., energy and fat reserves, gut fullness) can also alter
anti-predator responses (Beltran et al. 2021). In a DVM context,
this is what is called the hunger-satiation hypothesis
(Pearre 2003), in which organisms would migrate to the surface
to eat when they are hungry and migrate down at depths once
satiated. A recent study of vertical migration of mesopelagic fish
and crustaceans highlighted the role of behavioral states (in that
case, gut fullness) in the vertical migrations of the mesopelagic
layer. By investigating the gut fullness level of both the migrat-
ing and the resident mesopelagic community, they showed that
gut fullness could partially explain the decision of individual
organisms from different mesopelagic species to migrate (Bos
et al. 2021). Finally, without considering individual variations in
populations, game theory approaches also predict mixed strate-
gies to arise (Pinti and Visser 2019). Considering individual varia-
tion in anti-predator response is important, as a few organisms
with responses different from the majority of the community
could contribute disproportionally to the biological carbon
pump. We acknowledge that it is currently a challenge to address
this issue for biological pump studies, as we are just beginning to
recognize and consider these individual effects in studies of food
web dynamics.

Finally, as anthropogenic impacts on marine ecosystems
become stronger, organisms need to adapt to the new condi-
tions that they are facing. At the ecosystem level, this means
that organisms may migrate to new areas, biomasses of differ-
ent species may increase or decrease, and trophic interactions
in general will likely be modified (Kwiatkowski et al. 2019;
Lotze et al. 2019). Individual organisms can try to cope with
these changes by adjusting their behavior, but only within the
bounds of their innate plasticity. The emerging picture of
pelagic food webs is that their function is controlled not only
by the abundance of its various players, but also by the com-
plex web of ever-changing behavioral strategies that they
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adopt (Pinti et al. 2021a). As is the nature of all complex sys-
tems, abrupt transitions and tipping points may occur. We
have here reviewed a wide variety of behaviors and explored
their impact on the biological carbon pump, and all behaviors
may react differently to global change. Consequently,
assessing the future of the behavioral impacts to the biological
pump depends on many different factors, and is also behavior
specific. How the biological carbon pump will respond to
future changes in organisms’ behavior, abundance, and distri-
bution is an important question for future Earth system
research.

Future directions

¢ Make direct, quantitative estimates of the importance of dif-
ferent anti-predator behaviors for the biological carbon
pump—both in terms of carbon export and carbon seques-
tration. To date, most discussions are qualitative. Except for
active transport (both diel and seasonal vertical migrations;
Jonasdottir et al. 2015; Visser et al. 2017; Aumont
et al. 2018; Archibald et al. 2019), the importance of behav-
ior to the biological pump is not quantified. Quantifying
these potential effects would help redirect efforts toward
the most important contributors, both for carbon export
and sequestration.

¢ Increase research effort on deep-sea processes. So far, most bio-
logical pump studies focused on carbon export at the base of
the euphotic zone, but deep-sea processes are of paramount
importance when it comes to carbon sequestration. Midwater
and deep-sea processes can dramatically affect the relative
importance of metazoan and bacterial oxidation rates. Consid-
ering the time scale on which carbon is sequestered when it
reaches depths deeper than ~1000 m, a precise mechanistic
description of deep-water processes rather than a constant (or,
in best cases, temperature dependent) bacterial degradation
rate would increase the confidence in estimations of carbon
sequestration in the ocean’s interior. For example, including
bioluminescence and its trade-offs in mechanistic models may
be of importance for the biological pump (Tanet et al. 2020).

e Is there a simple way to account for a behavioral response?
Nowadays, most models considering behavior rely on heuristic
principles (Aumont et al. 2018; Archibald et al. 2019) or on
optimization procedures that can be computationally inten-
sive (Pinti et al. 2021a). Incorporating behavior more consis-
tently in global biogeochemical models would be feasible only
if it does not substantially increase computing costs. Develop-
ing a framework to model it accurately, perhaps similar to the
formalization of ingestion rates as Holling’s functional
responses (Holling 1959) with appropriate prey refuges
(Chenillat et al. 2021), would certainly be a big step forward.

e How will anti-predator behavior and the biological carbon
pump evolve in the future? Anti-predator behavior is an
adaptation to other organisms of the ecosystem, but is also
modulated by local environmental conditions. As local
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conditions and trophic assemblages change because of
global change, will organisms be able to adjust their behav-
ior in response? To what degree are individual anti-
predation responses plastic, to both predation levels but
also to environmental changes? What will be the cascading
consequences for the biological pump? For example,
increased temperature and deoxygenation in the California
Current System will likely shallow the daytime residency
depth of the mesopelagic layer, decreasing the efficiency of
active transport (Netburn and Koslow 2015).

Data availability statement

The MATLAB codes necessary to run the models presented
in this article are deposited in the following repository:
https://gitlab.gbar.dtu.dk/jppi/Fear-loathing_ BCP
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A Description of mechanistic models

A.1 Only dead phytoplankton cells sinking

The concentration of detritus D, in the water column is governed by:

oD, _ S(z) —aD, ($1)

b
0z We

with o the degradation rate of detritus in the water column due to bacterial respiration, w,, the sinking
speed of dead phytoplankton cells, and S the source term of detritus (i.e. the natural mortality rate of

phytoplankton) taken constant at 1 gC / m3/d in the mixed layer:

S(z)=1-(2 < MLD), (S2)

with M LD the mixed layer depth. The carbon flux Fy, at any depth is:

Fo =w,D,. (S3)

A.2 All phytoplankton are consumed, flux comes only from zooplankton

fecal pellets and carcasses

With a set-up similar to eq. S1, we consider that zooplankton consume all phytoplankton (so cells end

up being ingested rather than sinking). The concentration of detritus in the water column Dp is then:

0Dp _ S(z) —aDp ($4)

0z wp ’
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with wp the sinking rate of zooplankton fecal pellets and S the detritus source term, equal to

S =(1—-¢€p)S, ep being the assimilation efficiency of zooplankton. The carbon flux is defined by

FPZ(.UPDP. (85)

A.3 Predator-prey interactions with different defense levels for the prey

Again, we illustrate this by a simple example, where two populations interact in a productive layers

following Lotka-Volterra equations:

637127 = 7AJ\/Y(]- - %)fcompet(sv 7—) - ﬁfgain(sa T)N£ - NJNNa

% =epBloan(S, N — npP,

(S6)

with N and P the prey and predator concentration respectively, r the maximum prey growth rate, K
the prey carrying capacity, 8 the predator clearance rate, wp the predator carbon mass, and py and pp
the prey and predator background mortality, respectively. We consider that prey can change its defense
level (e.g. toxicity, shell thickness). This provides them with a decrease in predation risk fyq:n, but also
a decrease in net growth rate feompe:. The shape of the trade-off, i.e. the relationship between fyq:, and
feomper 1s modulated by 7 (Vage et al., 2014; Cadier et al., 2019). S is the level of defense of
individuals: S = 0 is for populations not defended while S = 1 is for populations completely defended.
The cost to pay for any defense can either occur as an extra metabolic cost, or as a decrease in foraging
or nutrient acquisition capacity (Cadier et al., 2019; Chakraborty et al., 2019). Here, we assumed that

the cost only occurred as a decrease in resource acquisition capacity, and we have (Cadier et al., 2019):

foain(S:T) =1-57,
fcompet(Sa T) = (1 - S)T

(S7)

The relation between fyqin and feompe: is shown in figure S1.
Based on eq. S6, the creation rate of detritus, originating from carcasses and fecal pellets of prey and
predators are:

SrpN = 1;%7"(1 — BN feompet (S: T),

ScN = upnN,

Sepp = (1—ep)Bfgain(S,T)N L

wp’

Scp = uph,

)

with Spp y and Sc v the creation term originating from prey fecal pellets and carcasses (respectively),

and similarly for predators and Sgp p and Sc p.
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Figure S1: Shape of the defense-competition trade-off for different values of 7. S = 0 means that the
organism is not defended, whereas S = 1 means that the organism is perfectly defended. Adapted from
Cadier et al. (2019).

A.4 Food-web with intraguild predation

We consider a food-web with intra-guild predation, for example casting a diatom prey R, a copepod
predator P and a ciliate as the intra-guild consumer C (figure ?7?). If we allow ciliates to change their
defense strategies in a similar fashion as in the previous example, the system can be represented by the

following differential equations:

6871; :r(l_%)R_fCOmpet(SaT)ﬁcR%_BPRRﬁ—p,RR,
%7? = €Cfcompet(S, T)ﬁCR% — fgam(S, T)ﬂpccw—i — ,LLCC, (89)

92 = ep(BrrR+ fgain(S,7)BpcC) 2 — upP,

with B¢ the clearance rate of ciliates, Spr and Bpc the clearance rates of copepod foraging diatoms
and ciliates respectively, wo and wp the carbon mass of ciliates and copepods respectively, and pg, pe,

wp the background mortality rates of diatoms, ciliates and copepods respectively.



Table S1: Glossary of parameters used in the 4 toy models. Shaded cells means that the parameter
was not used in the corresponding model. N and P refer to prey and predators (e.g. phytoplankton and
copepods) in model A3. R, C, and P refer to diatoms, ciliates, and copepods (respectively) in model A4.
The sinking speed of fecal pellets created by the resource R wrp r in model A4 is present as not to lose
in generality, but is set to 0 as the resource in that model was selected to be diatoms.

Parameter | Signification Unit Al | A2 | A3 | A4

zZ Depth m 0 — 500

t Time

R Resource concentration

N Prey concentration

C Intraguild predator concentration

P Predator concentration

MLD Mixed layer depth

«a Bacterial degradation rate

Wy Detritus sinking rate in model Al

wp Detritus sinking rate in model A2

WFP,R R fecal pellets sinking rate

Wd,R R deadfall sinking rate

WFP,N N fecal pellets sinking rate

Wd,N N deadfall sinking rate

WFP,C C fecal pellets sinking rate

wd,c C deadfall sinking rate

WFp,P P fecal pellets sinking rate

Wa,p P deadfall sinking rate

S Detritus creation rate

S Detritus creation rate

D, Detritus concentration

Dp Detritus concentration

F, Flux of detritus

Fp Flux of detritus

r Resource growth rate

K Resource carrying capacity

S Defence level

T Shape parameter of the defence-
competition trade-off

feompet Cost in competitive ability

fgain Gain in defence ability

we Weight of an intraguild
predator individual

wp Weight of a predator

8 Predator clearance rate

Bc Intraguild predator clearance rate

BpPr Predator preying on resource
clearance rate

Bpc Predator preying on intraguild
predator clearance rate

UR Resource background mortality rate

LN Prey background mortality rate

we Intraguild predator background
mortality rate

wp Predator mortality rate

EN Prey assimilation efficiency

ec Intraguild predator assimilation
efficiency

Ep Predator assimilation efficiency

Srp,N N fecal pellets production rate

Sc.n N carcasses production rate

Srpp P fecal pellets production rate

Sc.p P carcasses production rate 4
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