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Abstract

The biological carbon pump plays a central role in regulating atmospheric CO:2 by
transporting carbon from the surface ocean to depth. Although diel vertical migration
and the Active Migrant Pump (AMP) are increasingly recognized as important compo-
nents of carbon sequestration, previous reviews have focused primarily on carbon fluxes
and individual migrant groups, with less attention to how taxonomic and functional bi-
odiversity, community composition, biomass, and environmental forcing interact to
shape active carbon transport. Here, we synthesize current knowledge on the biodiver-
sity underlying the AMP and evaluate how organismal identity, functional traits, be-
havior, life history, and biomass influence the magnitude, pathways, and efficiency of
active carbon export. We further examine major mechanisms of active carbon transport
and their links to biodiversity across ocean basins, and assess how climate-driven
changes in species composition, migratory behavior, and ecosystem structure may alter
the AMP. The review identifies three major knowledge gaps: substantial uncertainty in
the biomass of migrating organisms, insufficient taxonomic resolution of key migrant
groups, and limited incorporation of biodiversity and functional traits into carbon-flux
models. Active carbon transport is determined by interactions between biodiversity,
biomass, organismal traits, migration behavior, and environmental factors. Explicit inte-
gration of these dimensions into biogeochemical models is therefore essential for im-
proving estimates of the AMP and predicting its response to ocean change.

Keywords: active migrant pump; biological carbon pump; biodiversity; taxonomic
diversity; functional diversity; diel vertical migration; zooplankton; mesopelagic fishes;
gelatinous zooplankton; carbon sequestration; ocean carbon cycle; climate change;
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1. The Vertical Pulse of the Global Carbon Cycle

Marine phytoplankton form a phylogenetically and functionally diverse group of
primary producers that generate organic matter and sustain marine food webs. Global
net marine primary production is estimated at ~50 Gt C yr!, comparable to that of ter-
restrial ecosystems [1]. Although a large fraction is rapidly remineralized in surface wa-
ters, primary production underpins the oceanic Biological Carbon Pump (BCP), which
transfers carbon from the euphotic zone to the deep ocean and sediments, contributing
to long-term sequestration and lowering atmospheric CO2 concentrations [2].

The ocean is therefore a major biogeochemical sink for atmospheric carbon dioxide,
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including anthropogenic emissions accumulated since the industrial era [3]. This func-
tion is mediated by the BCP, a coupled set of ecological, biogeochemical, and physical
processes that export carbon from surface waters and store it in the ocean interior and
sediments over geological timescales [4].

BCP strength depends not only on the amount of primary production but also on
the composition, abundance, biomass, and functional attributes of the organisms that
process and transport organic carbon. Early sediment-trap studies estimated particulate
organic carbon (POC) export at ~6 Gt C yr! [5]. Subsequent work has shown that export
is not a single-particle flux but a combination of processes, with global estimates ranging
from ~4 to 12 Gt C yr™, and some model-based approaches reaching ~9 x 1015 g C yr' [2].
These revisions emphasize that carbon export efficiency depends on interacting biologi-
cal and physical pathways shaped by ecosystem structure.

The BCP is now commonly described as comprising three partially decoupled but
co-occurring pathways: the gravitational pump (sinking particles), the mixing pump
(physical transport of dissolved and suspended material), and the active migrant pump
(transport by vertically migrating organisms) [6,7]. Although mechanistically distinct, all
three are ultimately constrained by surface production, trophic interactions, community
composition, organismal abundance and biomass, and functional traits that determine
how carbon is produced, transformed, transported, and remineralized [8].

Throughout this review, I distinguish between carbon export, transport, injection,
and sequestration. Carbon export refers to the removal of carbon from the surface ocean
or euphotic zone. Carbon transport denotes its subsequent movement to greater depths
or between ecosystem compartments. Carbon injection specifically refers to the delivery
of biologically processed carbon below a defined depth horizon. None of these processes,
however, necessarily equate to long-term carbon sequestration. Sequestration requires
that exported carbon remain isolated from the atmosphere over sufficiently long time-
scales through transfer to the deep ocean or sediments. Ultimately, it depends on where
and in what form the carbon is remineralized or stored.

The gravitational pump is the most intensively studied component. It is driven by
sinking particulate organic matter, including fecal pellets, aggregates, phytoplankton
cells, and detritus [6]. Particle properties, such as size, density, composition, and shape,
regulate sinking velocity and degradation. Large, silicified diatoms often form
fast-sinking aggregates that can bypass surface remineralization, whereas smaller flag-
ellates tend to form fragile, slow-sinking particles that are efficiently recycled in the up-
per ocean [3]. Bacterial community composition further modulates aggregate break-
down and remineralization rates [9]. Thus, carbon export via sinking particles is a result
of interactions among phyto-, zoo-, and bacterioplankton communities rather than
purely physical settling.

The mixing pump transfers dissolved organic carbon and suspended particles from
surface waters into depth through physical processes such as winter convection,
mixed-layer deepening, eddy subduction, and turbulent diffusion [10]. These processes
operate across seasonal to submesoscale ranges, moving surface-derived organic matter
into the mesopelagic, where it is processed by microbial communities [7,9]. While phys-
ically driven, this pathway depends indirectly on biological diversity through its control
on the quantity and composition of organic substrates produced in surface waters.

The active migrant pump (AMP) is driven by vertically migrating organisms and
their metabolism at depth [10]. Its magnitude and efficiency depend on the taxonomic
composition, abundance and biomass of migrant communities, as well as on functional
traits, body size, life history, feeding strategy, and migration behavior. The AMP there-
fore provides a particularly useful framework for examining how variation in biological
communities translates into differences in active carbon transport and injection. This bi-
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odiversity—biogeochemistry interface is the primary focus of this review. The dominant
mechanism considered in current AMP estimates is diel vertical migration (DVM), the
largest synchronized biomass movement on Earth, involving zooplankton and micron-
ekton that ascend to surface waters at night and descend during daylight to mesopelagic
and upper bathypelagic depths to avoid visual predators [11-16]. The organisms per-
forming these migrations differ strongly in taxonomic identity, biomass, body size,
life-history strategy, feeding mode, and migration depth, potentially generating mark-
edly different carbon fluxes even when their vertical displacement is similar. Reverse
migrations occur but appear limited in magnitude and are not considered a major car-
bon export pathway [17].

Carbon export via the AMP results from feeding in surface waters and subsequent
respiration, excretion, egestion, and mortality at depth, effectively bypassing slower
gravitational transport [18-20]. Estimates suggest that the AMP may sometimes contrib-
ute roughly 15-50% of total carbon export, with higher values in oligotrophic gyres and
upwelling systems where it can match or exceed particle sinking fluxes [12,21,22]. These
estimates, however, remain uncertain and method-dependent.

Active vertical transport includes multiple migratory modes, not only DVM (Figure
1). Ontogenetic vertical migration, where life stages occupy different depths, is wide-
spread but underrepresented in global budgets. Fishes are particularly relevant owing to
their biomass and large-scale depth movements, making them important vectors of car-
bon transfer [23]. Copepods contribute notably through seasonal ontogenetic descent,
especially in high latitudes, where lipid-rich individuals descend and metabolize carbon
at depth, forming the so-called “lipid pump” [24]. The lipid pump flux (3.5-6.0 gC m2
yr') at depths between 1000 and 3000 m is comparable to the flux of detrital organic
carbon at equivalent depths [24]. Because these processes are seasonal, they represent a
distinct but often under-quantified component of active export.
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Figure 1. Basic types of vertical migrations shaping the active migrant pump (AMP).

Ontogenetic migration is also common among benthic taxa with planktonic larval
stages. In coastal regions and around seamounts, meroplankton can contribute substan-
tially to plankton biomass [25,26]. These organisms may influence carbon pathways
through pelagic feeding, followed by settlement and burial, although their net contribu-
tion to basin-scale carbon export remains poorly constrained.

Benthopelagic organisms, which span benthic and pelagic habitats [27], may also
contribute to vertical carbon transport. Some crustaceans (notably shrimps and lopho-
gastrids) and fishes form aggregations above slopes and seamounts, feeding in surface
waters at night and returning to depth during the day for respiration and egestion.
These 200-500 m migrations [27] can facilitate efficient carbon transfer between surface
and benthic systems. Despite their abundance and occasional fishery relevance [28], their
contribution to the AMP has not been quantified at regional or global scales.

In some cases, net transport may occur in the opposite direction, particularly when
organisms feed on benthic resources and migrate upward for reproduction. This in-
cludes harpacticoid and cumacean crustaceans [29,30] and polychaetes [31], including
famous palolo worms [32], which release gametes into the water column during syn-
chronized spawning. Although their vertical displacements are small (meters to tens of
meters), their high local abundance may make them relevant for nearshore carbon redis-
tribution.

Overall, current quantitative frameworks for the AMP are heavily biased toward
pelagic DVM, while seasonal, ontogenetic, meroplanktonic, and benthopelagic pathways
remain insufficiently incorporated into global carbon export estimates. More fundamen-
tally, existing assessments rarely resolve how taxonomic diversity, community composi-
tion, biomass, and functional traits translate into differences in carbon transport among
migrant assemblages. Major uncertainties therefore remain in estimating migratory bi-
omass, resolving the taxonomic identity of migrating organisms, quantifying the contri-
bution of less-studied migration modes, and incorporating biological diversity and func-
tional traits into carbon-flux models.

This review addresses a gap in previous syntheses of DVM and the AMP by exam-
ining active carbon transport not simply as a consequence of vertical migration, but as a
process generated by the composition, biomass, diversity, and functional traits of mi-
grant communities. Specifically, we ask (1) which taxonomic and functional groups con-
tribute to active carbon transport; (2) how migration mode, life history, body size, feed-
ing strategy, and migration depth influence the magnitude and pathway of carbon
transport; (3) how active transport varies among oceanic regions and ecosystem types; (4)
what uncertainties in migrant biomass, taxonomic resolution, and carbon-flux estimates
currently limit global assessments; and (5) how biodiversity and functional traits can be
incorporated into models of active carbon transport and its potential contribution to
long-term carbon sequestration. We distinguish carbon export and transport from car-
bon sequestration throughout, recognizing that active transport below the euphotic zone
does not necessarily result in long-term atmospheric carbon removal.

2. Small Creatures, Big Commutes: The Biodiversity Underlying the
AMP

Current research on the AMP largely focuses on quantifying carbon fluxes from the
surface ocean to depth and sediments [33]. Yet this flux is ultimately produced by indi-
vidual organisms, whose physiology and behavior determine when, where, and how
carbon is transported. The AMP is therefore not only a biogeochemical pathway but also
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a biological one, generated by the taxonomic and functional diversity of migrating or-
ganisms and modulated by their abundance, biomass, body size, physiology, and be-
havioral strategies. These dimensions of biodiversity are not interchangeable: taxonomic
diversity likely shapes which organismal pathways are available, while community
composition can influence which taxa dominate local transport. Furthermore, functional
diversity appears to modulate the mechanisms and efficiency of carbon transfer, and
abundance and biomass largely regulate the magnitude of transport generated by these
traits [34-36]. Consequently, variation in the taxonomic and functional composition of
migrant communities can alter the magnitude, depth, and direction of active carbon

transport.
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Figure 2. Major taxonomic groups participating in the active migrant pump (AMP).

Very small zooplankton (<0.2 mm, often grouped as microzooplankton [37]) do
show vertical movements, but these are generally weak in amplitude and contribute
little to net vertical carbon transfer [38]. Their role is more relevant to grazing and parti-
cle transformation in the upper ocean than to active export, and they are, therefore, not
considered further here.

2.1. Crustacean Migrants: Abundance, Diversity, and Active Carbon Transport

Crustaceans are central to the AMP. They dominate meso- and macroplankton
communities in both abundance and diversity, spanning a wide range of sizes, feeding
modes, and metabolic and migratory strategies [39]. Many species undertake DVM from
surface waters to depths of tens to hundreds of meters, effectively linking surface feed-
ing with deep respiration and excretion. Crustacean contributions to the AMP differ
markedly among taxa because their migration strategies, body sizes, trophic modes, and
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life histories largely regulate both the amount of carbon transported and the mechanism
by which it is transferred. Diel migrants primarily transport carbon through respiration,
excretion, and egestion at depth, whereas seasonal and ontogenetic migrants can deliver
carbon to depth over much longer timescales. Thus, high taxonomic diversity translates
into multiple functionally distinct pathways of active carbon transport.

Copepods (Figure 2, Table 1) are the most abundant metazoans in the ocean and
occur across all major basins. Although they are classically associated with the gravita-
tional pump through grazing and fecal pellet production, they also contribute substan-
tially to active transport via DVM [40]. In addition, many species undertake seasonal
and ontogenetic vertical migrations. This is especially pronounced at high latitudes and
in subtropical and tropical upwellings; for example, in high latitudes, Calanus, Calanoides,
and Neocalanus spp. underpin the so-called “lipid pump” [24]. In winter, lipid-rich indi-
viduals descend to depth and enter diapause, slowly metabolizing wax esters and re-
leasing respired carbon in the deep ocean [41]. Additional export occurs through mortal-
ity during diapause, predation, or failure to return to surface waters after reproduction
[41,42]. Copepod contribution to the AMP therefore depends not simply on their excep-
tional abundance, but on the combination of high biomass, pronounced vertical dis-
placement, lipid storage, and prolonged residence at depth. DVM primarily promotes
active transport through respiration, excretion, and egestion, whereas ontogenetic de-
scent additionally transfers carbon stored in body tissues to depth.

Some harpacticoid copepods are benthopelagic, feeding near the seafloor and mi-
grating into the water column for reproduction [43,44]. These movements can reverse
the typical directionality of carbon transport locally, depending on whether feeding or
reproductive phases dominate. This diversity of migration modes makes copepods a
functionally heterogeneous component of the AMP: closely related taxa can contribute
through fundamentally different pathways, and community composition can therefore
modulate which form of active transport dominates locally.

Euphausiids (krill) are another major vector of active carbon transport. Their fecal
pellets and molted exoskeletons contribute strongly to particulate export [45]. Their
large body size, high biomass, and extensive diel migrations allow krill to couple surface
feeding with respiration and egestion at depth, while their rapid seasonal population
growth can produce strong temporal pulses in active transport. They are particularly
important in Polar Regions and upwelling systems, where high biomass and large body
size amplify fluxes, especially during spring and summer blooms [46]. In the Southern
Ocean, krill-driven sequestration has been likened, in carbon terms, to emissions associ-
ated with tens of millions of cars annually [45], underscoring their climatic relevance.

Krill also contribute directly through respiration at depth. Because they migrate
daily over large vertical ranges, a significant fraction of their metabolic activity occurs in
mesopelagic waters, where CO: is directly released [47]. Most assessments, however,
focus on sinking pellets and underestimate this active component, despite its tight cou-
pling to migration intensity [48]. Thus, krill illustrate how functional traits, such as par-
ticularly body size, biomass, feeding mode, and migration amplitude, jointly modulate
the magnitude and pathway of active carbon transport.

Pelagic decapod shrimps are poorly represented in global AMP budgets. Their
large migration amplitudes and substantial biomass suggest a potentially important role,
but evidence for their contribution to carbon export remains indirect. Families such as
Sergestidae, Acanthephyridae, and Oplophoridae migrate several hundred meters daily,
connecting epipelagic feeding zones with deeper mesopelagic and upper bathypelagic
layers [49]. Many are omnivorous or carnivorous, feeding on smaller zooplankton and
micronekton. This feeding strategy short-circuits parts of the food web, moving carbon
rapidly across trophic levels before export. Recent estimates suggest that deep-pelagic
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shrimp biomass is an order of magnitude greater than previously assumed: the standing
stock (wet weight) in the Atlantic is documented at 1.6 x 10% across both subtropical
gyres combined and 0.8 x 108 in the intervening equatorial mesotrophic waters [15].
These observations provide evidence for substantial migrant biomass, but biomass alone
does not demonstrate a quantitatively important carbon flux. Direct measurements
linking shrimp migration to respiration, egestion, excretion, or mortality at depth are
still lacking. If the reported biomass is representative of other oceanic regions, however,
the potential contribution of decapods to active carbon transport warrants substantially
greater attention.

Benthopelagic shrimps, including genera such as Challengerosergia, Lucensosergia,
Pasiphaea, Janicella, and some Acanthephyra, form dense aggregations over slopes and
seamounts. These aggregations can be locally abundant and even commercially exploit-
ed [28,50], indicating substantial local biomass. However, neither their standing stock
nor their commercial importance provides direct evidence of their contribution to the
AMP, and their quantitative role in regional or global carbon transport remains unquan-
tified.

2.2. Gelatinous Migrants: Episodic Biomass and the “Gelatinous Pump”

Gelatinous zooplankton include cnidarians, ctenophores, and pelagic tunicates.
Despite their ecological importance, they are often underrepresented in carbon budgets
due to low carbon density, fragile bodies, and episodic occurrence. Many taxa respond
rapidly to prey availability and can shift between scarcity and bloom conditions over
short timescales [51,52]. Their potential contribution to the AMP is linked to a distinctive
set of functional traits, including high feeding rates, rapid population responses, gelati-
nous body composition, and, in some taxa, substantial vertical mobility. These traits
generate carbon-transfer pathways that differ from those of crustacean migrants, partic-
ularly through rapid grazing, respiration, production of sinking carcasses, and episodic
bloom-associated export.

Salps and doliolids are among the most efficient pelagic filter feeders, capable of
ingesting particles from bacteria to large phytoplankton [53]. During blooms, tunicates
can dominate grazing and generate substantial carbon export, with estimates of 1.6-5.2
Gt C yr?! and up to ~40% of global particulate export [54]. This makes their contribution
highly dependent on community composition and episodic biomass accumulation.
These events are spatially patchy and temporally brief, but can strongly restructure car-
bon flux during bloom phases [55,56]. Thus, the AMP contribution of gelatinous taxa
may be disproportionately important during short-lived biomass peaks despite their
relatively small contribution to average standing biomass.

Cnidarians and ctenophores contribute primarily through sinking carcasses and
aggregates (“jelly-falls”), which transfer relatively unprocessed organic matter directly
to the seafloor [54]. This pathway bypasses much of the microbial degradation typical of
smaller particles.

Evidence for their role in the AMP is still limited. Some taxa, including ctenophores,
medusae, and tunicates, show low-amplitude vertical movements [57-60], while sipho-
nophores may migrate several hundred meters (~350 m [61]). The available evidence
therefore supports a potential AMP role for gelatinous organisms, but the contribution
remains poorly quantified because observations of vertical migration are sparse and
highly heterogeneous among taxa [57-61]. Their importance may be episodic rather than
persistent, highlighting the need to incorporate taxon-specific behavior and bloom dy-
namics into AMP estimates.

2.3. Nektonic Contributors: Fishes and Cephalopods as High-Mobility Carbon Vectors
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Nekton represents both a potentially major and one of the most uncertain compo-
nents of the AMP. Mesopelagic fishes and cephalopods differ strongly in body size, bi-
omass, trophic position, metabolic rate, migration amplitude, and life history, generating
several distinct pathways of active carbon transport. Mesopelagic fish biomass alone
spans roughly 1-15 Gt [62-64], whereas global cephalopod biomass remains poorly con-
strained. These uncertainties in biomass and community composition propagate directly
into estimates of AMP magnitude. Their contribution to the AMP is shaped by the com-
bination of high biomass, large migration amplitude, active feeding in surface waters,
and high metabolic rates. These traits allow fish to transfer carbon through respiration
and excretion at depth, while egestion and mortality provide particulate pathways.

Mesopelagic fishes, including myctophids, gonostomatids, and sternoptychids, un-
dertake diel vertical migrations over hundreds of meters [64]. This movement couples
surface feeding with deep metabolic processing, rapidly transferring both organic and
inorganic carbon to depth [65]. In some regions, fish-mediated export may be compara-
ble to zooplankton-mediated fluxes; in oligotrophic gyres it can exceed 40% of total ex-
port, while in more productive systems it is typically much lower (<10%) [65].

Multiple mechanisms contribute to fish-mediated export. Respiration at depth di-
rectly injects CO:z into mesopelagic waters, while fecal pellets provide a fast-sinking par-
ticulate pathway, sometimes exceeding thousands of meters per day [66]. Predation fur-
ther redistributes carbon across trophic levels, integrating multiple sources into deeper
layers [67]. Consequently, fish-mediated transport depends not only on total biomass
but also on the taxonomic composition of migrant communities, because species differ
substantially in migration depth, diet, metabolic rate, and body size. Despite this, most
carbon budgets still emphasize passive sinking flux and only partially incorporate active
transport.

Cephalopods, particularly squids, are highly mobile predators with vertical migra-
tion ranges of hundreds of meters [68]. Their combination of large body size, high met-
abolic rates, predatory feeding, and rapid growth gives them the potential to transfer
substantial amounts of carbon across trophic levels and depths. Biomass estimates re-
main uncertain due to sampling limitations [69]. Their high metabolic rates and rapid
growth intensify carbon turnover at depth, while their short life cycles (~1-2 years) often
end in mass mortality events that rapidly transfer biomass to the seafloor [70-72]. Com-
pared with fishes, their faster life history may enhance episodic carbon export, although
this pathway remains poorly quantified.

Across these taxonomic groups, the contribution to the AMP emerges from the in-
teraction of biodiversity, biomass, and behavior rather than from taxonomy alone. Tax-
onomic diversity provides the pool of potential migrant strategies, whereas community
composition, abundance, and biomass largely regulate which strategies dominate locally.
Functional traits such as body size, feeding mode, metabolic rate, lipid storage, migration
amplitude, and life-history strategy, then shape how carbon is transported and trans-
formed at depth. Evidence for AMP contributions is strongest for groups with
well-characterized biomass and migration behavior, whereas for several poorly sampled
taxa, particularly pelagic and benthopelagic decapods and gelatinous organisms, high
biomass or large migration amplitudes indicate potential rather than demonstrated car-
bon export. This distinction is essential when extrapolating organism-level observations
to basin-scale AMP estimates.

Table 1. Major taxonomic groups contributing to the Active Migrant Pump.

Group

Dominant Migra- Typical Migra-

Principal Car- Evidence for AMP

Major Functional Trait
ajor tunchional 1rats | n-Transfer Pathways  Contribution

tion Depth, m

Copepods DVM; ontogenetic; Tens— High abundance; lipid Respiration, excretion, Strong for selected
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DVM, benthope- biomass; Respiration, egestion,
Decapods lagic Hundreds slope/seamount aggre- excretion, trophic rela portant; poorly
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Rapid population Respiration, egestion, L
Sal St d
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ctenophores dation sinking

Large biomass; high

] . metabolic rate; active
Mesopelagic DVM; ontogenetic;

Respirati ti
espiration, excretion, Strong but highly

fishes benthopelagic Hundreds predation; egestlon,.mortahty, uncertain globally
slope/seamount aggre- trophic relay
gation
Large size; high meta- Respiration, excretion Potentially im-
Cephalopods DVM; ontogenetic; Hundreds g -8 . p . L " portant; poorly
bolic rate; predation = mortality, trophic relay quantified

3. Methodological Frontiers

The diversity of organisms contributing to the AMP, together with their behavioral

plasticity, creates substantial challenges for quantifying active carbon transport. Migra-

tion amplitude, timing, metabolic rates, trophic interactions, and participation in migra-

tion vary among species, populations, life stages, and environmental settings [73-75].

These differences directly influence carbon transport, but no single observational meth-

od can simultaneously resolve taxonomic identity, abundance or biomass, migration

behavior, and metabolic activity. Migratory communities are also patchily distributed

[76], show varying degrees of net avoidance [77], and respond dynamically to environ-

mental variability. Consequently, reliable estimates of AMP require complementary

methods that resolve different components of biodiversity and organismal function at

appropriate spatial and temporal scales.

Traditional sampling methods have provided the basement of our understanding of

DVM, yet they offer only spatiotemporally discrete snapshots of highly dynamic com-

munities. Progress in AMP research, therefore, increasingly depends on integrated ob-

servational frameworks capable of simultaneously resolving biodiversity, organism

traits, metabolic rates, and biogeochemical processes across multiple spatial and tem-

poral scales.

Recent methodological developments have substantially improved our ability to

characterize the composition, abundance, physiology, and behavior of migratory organ-

isms. These advances together refine estimates of carbon export and reveal how biodi-

versity and ecosystem functioning interact to regulate the AMP.
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Figure 3. Observational frontiers for quantifying the active migrant pump (AMP).

3.1. From Nets to Imaging: Resolving Biodiversity in the Water Column

Traditional small [78,79] and big [80,81] nets, trawls [82,83], and multinet systems
[84] have formed the backbone of zooplankton ecology and biomass assessments for
more than a century(Figure 3). Their major strength is high taxonomic resolution, al-
lowing direct identification, enumeration, measurement, and biomass estimation of col-
lected organisms. These datasets remain essential for evaluating biodiversity, commu-
nity composition, size structure, and vertical distribution across ocean basins. However,
nets provide spatially and temporally discrete observations and are subject to substan-
tial sampling biases. Fast-swimming organisms may actively avoid sampling gear,
whereas fragile taxa are frequently damaged or destroyed during collection [85]. Thus,
although nets remain indispensable for taxonomic and biomass calibration, they cannot
alone resolve the continuous dynamics of migratory communities.

Despite these limitations, net-based observations continue to provide valuable in-
formation on the abundance and biomass of dominant zooplankton groups and remain
indispensable for taxonomic validation and calibration of emerging technologies [86].
Their greatest value increasingly lies in their integration with complementary observa-
tional approaches.

Direct visual observations from manned submersibles represented an important
advance by allowing in situ assessments of plankton abundance and distribution
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throughout the water column while simultaneously documenting fragile gelatinous taxa
that are poorly represented in net samples [87]. Because such observations are expensive
and logistically demanding, they have largely been replaced by modern optical imaging
systems.

Contemporary optical platforms can image and size organisms and particles con-
tinuously at high spatial and temporal resolution [88]. Their principal advantage is
therefore the combination of broad temporal coverage with quantitative information on
organism size and particle abundance, although taxonomic identification is generally
less precise than in collected material. Instruments such as the Underwater Vision Pro-
filer (UVP) have generated extensive datasets describing particle abundance, size spectra,
and vertical distributions across diverse oceanic environments [89]. When coupled with
sediment-trap systems, these observations also provide in situ estimates of particle
sinking velocities and facilitate direct incorporation of particle fluxes into carbon export
assessments [90].

Optical imaging has been particularly important for documenting fragile and pre-
viously underrepresented groups, including appendicularians [91], siphonophores,
ctenophores, medusae, and pelagic tunicates [92]. Many of these organisms play signifi-
cant roles in carbon export through the production of rapidly sinking particles (tuni-
cates), jelly-falls (medusae) or large-scale DVM (siphonophores) but have historically
been underestimated because of methodological limitations. Improved observations of
these taxa have therefore expanded current understanding of biodiversity contributions
to the BCP. Importantly, optical platforms like UVP detect particles and zooplankton
within a size range of 100 um to several centimeters. While these systems reliably quan-
tify small, abundant organisms such as copepods, they suffer from a detection gap re-
garding larger nekton. Because of small sample volumes and avoidance behaviors by
fast-swimming organisms, larger nekton are not quantitatively captured. Consequently,
optical profiling must be combined with acoustic methods and net sampling to provide
an unbiased overview of the entire pelagic size spectrum.

Overall, nets, trawls, visual observations, and optical imaging provide complemen-
tary rather than interchangeable information. Nets maximize taxonomic resolution and
biomass calibration but provide limited spatial and temporal coverage; optical systems
provide much greater coverage and preserve fragile organisms but offer more limited
taxonomic resolution and incomplete detection of large nekton; direct visual observa-
tions provide valuable in situ information but remain logistically restricted. Their inte-
gration is therefore essential for linking taxonomic and functional diversity with abun-
dance, biomass, migration behavior, and carbon transport in the AMP.

3.2. Molecular and Biochemical Tools: Revealing Hidden Diversity and Function

Traditional microscopy remains fundamental to plankton ecology but is
time-consuming and often unable to distinguish cryptic or morphologically similar spe-
cies. Molecular approaches have therefore become increasingly important for resolving
taxonomic and genetic diversity within migratory communities. High-throughput se-
quencing technologies, including next-generation sequencing (NGS), metabarcoding,
and environmental DNA (eDNA) analyses, enable the simultaneous detection of multi-
ple taxa from a single environmental sample [93]. Initially developed for studies of pro-
karyotes and unicellular organisms [94-96], these approaches are now widely used to
characterize zooplankton communities across broad spatial scales [97]. Beyond species
identification, molecular markers can reveal genetic diversity, population differentiation,
and cryptic evolutionary structure that cannot be assessed reliably from morphology
alone [98]. Such information is particularly relevant to the AMP because geographically
separated populations or genetically distinct lineages may differ in migration behavior,
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phenology, body size, or metabolic characteristics despite similar morphology [99].
However, molecular approaches have important limitations for AMP applications. Tax-
onomic resolution depends strongly on the molecular marker and the completeness of
reference databases, while primer choice can introduce taxonomic bias and PCR ampli-
fication can distort the relative representation of taxa. DNA degradation may further
reduce detection probability, particularly in environmental samples. Most importantly,
sequence read abundance from eDNA or metabarcoding cannot generally be converted
directly into organism abundance or biomass because DNA shedding, degradation, ex-
traction, amplification, and sequencing efficiencies differ among taxa [97]. Consequently,
molecular data provide powerful information on taxonomic and genetic diversity but
cannot by themselves provide the quantitative biomass estimates required to calculate
carbon flux.

Molecular methods are particularly valuable for revealing hidden diversity and
identifying taxa that cannot be reliably distinguished morphologically. When applied to
vertically stratified samples, they provide detailed insights into changes in community
composition associated with DVM, environmental gradients, and habitat partitioning
[100]. Molecular approaches may therefore reveal substantially greater biodiversity than
traditional microscopy-based assessments. However, this additional taxonomic resolu-
tion must be combined with quantitative observations of abundance, biomass, and mi-
gration if it is to be translated into estimates of AMP strength.

The integration of molecular methods with transcriptomics and metatranscriptom-
ics has further expanded their ecological relevance. These approaches enable the charac-
terization of physiological processes occurring in situ and can thus reveal how organ-
isms respond to changing environmental conditions during migration. Such information
improves estimates of species-specific contributions to the AMP by identifying ecologi-
cal niches, optimal habitats, adaptive capacity, and phenological responses to environ-
mental change [101]. Unlike metabarcoding, however, these approaches are primarily
informative about physiological function rather than providing direct estimates of mi-
gratory biomass.

Stable isotope analyses of carbon and nitrogen provide complementary information
on trophic structure and carbon transfer pathways within pelagic food webs. By identi-
fying food sources and trophic positions of migratory organisms, isotope-based ap-
proaches help quantify the pathways through which carbon moves across trophic levels
and ultimately contributes to active export [102].

Lipidomics represents another promising avenue for understanding the functional
role of biodiversity in carbon sequestration. Marine organisms show remarkable diver-
sity in lipid composition and storage strategies [103], mirroring differences in life-history
traits and environmental adaptation. In particular, LC-MS-based lipidomic analyses
have improved estimates of the contribution of seasonal migrants to the lipid pump by
quantifying wax ester accumulation and utilization during diapause. Meanwhile, tri-
acylglycerols (TAGs) serve as the primary lipid class and biomarker for carbon storage
during this period [24,26].

Molecular and biochemical approaches thus connect biodiversity with BCP pro-
cesses by linking organismal identity and genetic diversity to physiology, trophic ecol-
ogy, and carbon-processing pathways. Their principal limitation for AMP quantification
is that taxonomic or genetic information is not equivalent to biomass or carbon flux. In-
tegration with net, imaging, acoustic, and biogeochemical observations is therefore re-
quired to translate molecular diversity into quantitative estimates of active carbon
transport.

3.3. Acoustic Oceanography: Monitoring Biomass Dynamics
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Acoustic methods provide a powerful complement to taxonomically resolved sam-
pling approaches because they enable continuous, non-invasive observations of migra-
tory biomass across broad spatial and temporal scales. Their principal advantage over
nets and imaging is the ability to quantify the dynamics of extensive scattering layers
continuously, whereas their principal limitation is that acoustic backscatter is not inher-
ently taxonomically resolved. Unlike nets and imaging systems, which typically provide
discrete observations, acoustics can resolve diel migration patterns continuously over
periods ranging from days to years, revealing the timing, amplitude, and vertical struc-
ture of migratory communities with exceptional spatiotemporal resolution [104].

Because acoustic backscatter depends on the abundance, size, and physical charac-
teristics of sound-scattering organisms, acoustic observations are particularly useful for
quantifying the biomass and distribution of migratory assemblages. Advances in acous-
tic technology have substantially improved the ability to resolve vertical movements of
zooplankton, micronekton, and fishes and to track changes in scattering layers through
time [105,106]. These developments including ADCP-equipped tools have greatly ex-
panded our understanding of how environmental variability influences migration be-
havior [107-109].

Acoustic observations have shown that DVM is strongly regulated by interactions
occurring across multiple trophic levels. For example, phytoplankton blooms can alter
migration behavior by increasing feeding opportunities in surface waters and reducing
the benefits of migration [110]. Likewise, predator—prey interactions influence migration
amplitude and timing, as vertically migrating zooplankton and micronekton respond to
predation risk from higher trophic levels [111]. Such observations highlight the im-
portance of biodiversity and trophic interactions in shaping active carbon transport.

Acoustics have also unveiled the sensitivity of migratory behavior to environmental
gradients and stressors. Studies of oxygen minimum zones have shown that many mi-
gratory organisms adjust their vertical distribution in response to hypoxia, while certain
species of krill, copepods, and fish routinely enter severely oxygen-depleted waters
during daytime refuge phases [112,113]. These findings emphasize that physiological
adaptations and species-specific tolerances can strongly influence migration strategies
and, consequently, the efficiency of the AMP.

The principal limitation of acoustic observations is their relatively low taxonomic
resolution. Acoustic signals alone cannot identify organisms that form observed scatter-
ing layers, and converting backscatter to biomass requires assumptions about organism
size, morphology, orientation, and target strength. Acoustic data are therefore most in-
formative when calibrated with optical, molecular, and net-based observations that pro-
vide taxonomic and size information.

3.4. Biologging: Individual Perspectives on Migration

Recent advances in animal-borne sensors have opened new opportunities for stud-
ying migration behavior at the level of individual organisms. Biologging technologies
were initially developed for large marine vertebrates such as whales, turtles, and sea-
birds [114,115], but ongoing miniaturization now permits their application to increas-
ingly smaller organisms, including some gelatinous zooplankton [116].

Modern biologgers can record not only movement trajectories but also environ-
mental conditions, activity patterns, and physiological responses [117]. They therefore
provide a unique individual-level perspective on migration that is largely unavailable
from nets, imaging, molecular sampling, or acoustics. Such observations can reveal en-
ergetic costs, behavioral variability, and environmental drivers of migration, including
differences among individuals of the same species associated with age, physiological
condition, food availability, or predation risk.
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Potentially, biologging directly links individual behavior with carbon transport
processes and refines estimates of metabolic carbon release at depth through quantifying
migration depth. Its major limitation is scale: observations are typically restricted to rel-
atively few individuals and species and therefore cannot directly provide population- or
basin-scale biomass estimates. Biologging is consequently best viewed as a mechanistic
complement to population-level observations rather than a stand-alone method for es-
timating AMP flux.

3.5. Toward an Integrated Biodiversity Observing System

No single observational technique can adequately resolve the diversity, behavior,
physiology, and ecological functions of organisms contributing to the AMP. Each meth-
od samples a different component of the system and operates at different spatial and
temporal scales. Consequently, future progress depends on the development of inte-
grated biodiversity observing systems capable of combining complementary sources of
information within a unified framework.

A major challenge is incorporating biodiversity data to carbon flux models. Here,
biodiversity should not be treated as a single variable: taxonomic diversity describes
which organisms are present, community composition describes their relative represen-
tation, and functional diversity captures variation in traits relevant to carbon transport,
whereas abundance and biomass greatly regulate the magnitude of the biological pool
available for migration. Species and populations may differ greatly in body size, migra-
tion amplitude, trophic position, metabolic demand, behavior, and life-history strategy,
resulting in large differences in their contributions to active carbon transport.
Trait-based approaches therefore represent a particularly promising framework for
connecting species identity and functional diversity with ecosystem-level carbon se-
questration. The growing availability of large biological datasets presents both opportu-
nities and challenges. Zooplankton observations are currently distributed across nu-
merous repositories, stored in different formats, and characterized by varying levels of
taxonomic and methodological consistency. Harmonization of these datasets is, there-
fore, essential for developing interoperable databases that can support large-scale eco-
logical analyses and global assessments of active carbon transport. Recent syntheses of
zooplankton trait data have already shown the potential of this approach for identifying
broad ecological patterns and improving parameterization of ecosystem models [118].

Contemporary models increasingly recognize the importance of active carbon
transport mediated by respiration, excretion, egestion, and mortality at depth. However,
model outputs remain highly sensitive to assumptions regarding migration behavior,
metabolic rates, community composition, and species interactions. Reliable parameteri-
zation, therefore, requires integration of field observations, remote sensing products,
molecular analyses, acoustic observations, and ecosystem models [22,40,119]. In particu-
lar, molecular observations can improve taxonomic and genetic resolution, acoustics can
constrain migratory biomass and its temporal dynamics, imaging and nets can provide
organism size and taxonomic calibration, and biologging can constrain individual mi-
gration behavior and energetic expenditure.

The future of AMP research therefore lies not in any single methodological advance
but in the effective integration of multiple approaches. By combining imaging systems,
molecular ecology, acoustics, biologging technologies, autonomous observing platforms,
and ecosystem modeling, researchers are beginning to move beyond biomass estimates
toward a mechanistic understanding of how biodiversity regulates active carbon se-
questration in the ocean.

3.6. Remaining Uncertainties in Biodiversity-Mediated Carbon Export
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The principal methodological trade-offs are therefore between taxonomic resolution,
spatial and temporal coverage, and quantitative estimation of biomass and carbon flux
(Table 2). Net sampling provides the highest taxonomic resolution and remains essential
for species-level identification and biomass calibration, but offers limited spatial and
temporal coverage. Optical imaging provides continuous observations of organisms and
particles and improves detection of fragile taxa, but its taxonomic resolution is generally
lower and its quantitative coverage decreases for large, fast-moving nekton. Molecular
approaches greatly expand taxonomic and genetic resolution but provide limited direct
information on biomass and migration behavior. Acoustic methods offer broad spatial
and temporal coverage of migratory biomass but generally lack taxonomic resolution.
Biologging provides detailed individual-level behavioral and environmental infor-
mation but is currently restricted to relatively few organisms and observations. Inte-
grating these complementary approaches is therefore essential for linking biodiversity
with the magnitude and efficiency of active carbon transport.

Despite substantial methodological advances, several major uncertainties continue
to limit estimates of AMP strength and our ability to attribute active carbon transport to
particular taxa, functional groups, and migratory strategies.

One of the most significant challenges remains uncertainty in the biomass of major
migratory groups. Global biomass estimates for mesopelagic fishes and pelagic deca-
pods vary by more than an order of magnitude, while reliable global assessments of
cephalopod biomass remain unavailable. Furthermore, many global zooplankton da-
tasets are restricted to the upper 500 m of the water column [120], excluding a substan-
tial portion of the migratory habitat used by many species. These biomass uncertainties
directly propagate into estimates of AMP strength because biomass influences the quan-
tity of organisms available to transport and transform carbon.

Another source of uncertainty arises from partial migration. In many populations,
only a fraction of individuals participates in diel, seasonal, or ontogenetic migrations,
whereas the remaining individuals remain within resident habitats [121]. Such behav-
ioral polymorphism has been documented in both zooplankton and fishes [122] and may
be driven by resource competition, predation risk, reproductive strategies, and individ-
ual physiological condition. As a result, estimates based solely on migrant biomass may
fail to capture the true complexity of population-level carbon transport.

Seasonal diapause represents another underappreciated component of active export.
Most AMP models focus primarily on diel migrations, despite evidence that overwin-
tering copepods and monsoon- or upwelling-driven diapause can contribute signifi-
cantly to long-term carbon sequestration [41]. Because available estimates are based on
relatively few species, the global importance of diapause-driven export remains uncer-
tain.

Additional uncertainty stems from benthopelagic and demersal coupling. Extensive
vertical migrations linking the water column and seafloor can bypass the pelagic food
web and facilitate direct carbon transfer between pelagic and benthic ecosystems. De-
spite their potential importance, such pathways are never incorporated into current
AMP assessments.

Similarly, reverse vertical migrations remain poorly quantified. In ecosystems
where benthic and benthopelagic organisms ascend into the water column to reproduce,
the upward transport of organic matter and reproductive products may partially offset
downward carbon fluxes. Although these processes are unlikely to dominate global
carbon budgets, they may be locally important and remain largely absent from existing
models.

Overall, future progress in gaining deeper insights into active carbon transport and
estimating AMP depends on both improved observations and a better representation of
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biodiversity within BCP frameworks. Current models greatly simplify migratory assem-

blages into a limited number of functional groups, despite substantial differences among

taxa, and even individuals, in behavior and metabolic rates. Therefore, incorporating

species traits, functional diversity, and ecological interactions into an interoperable ob-

servational framework merits the utmost attention An interoperable observing frame-

work that combines taxonomic and genetic information, biomass measurements, func-

tional traits, migration behavior, and biogeochemical rates is essential for translating

biodiversity patterns into quantitative estimates of AMP carbon transport and, ulti-

mately, sequestration.

Table 2. Comparative strengths and limitations of methods used to quantify biodiversity and

AMP.
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4. The Mechanics of Active Carbon Transport: Biodiversity Pathways of
Deep Carbon Injection

For clarity, we use “carbon transport” for the physical relocation of carbon by mi-
grating organisms, “carbon export” for transfer below a specified reference depth, and
“carbon injection” for the release of transported carbon at depth through respiration,

excretion, egestion, mortality, or subsequent trophic processing. Neither export nor in-

jection necessarily represents long-term sequestration: sequestration requires sufficiently
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prolonged isolation of carbon from atmospheric exchange and depends on subsequent
remineralization and ocean circulation.

Vertical migrations transfer carbon from the surface ocean to depth through the
daily or seasonal movement of organisms rather than by gravitational settling of parti-
cles. The magnitude of this active transport depends not only on migratory biomass but
also on the taxonomic composition. Four principal direct pathways of carbon transfer by
migrating organisms are recognized (Figure 4): (1) respiration, (2) excretion, (3) egestion,
and (4) mortality. These pathways describe the immediate fate of carbon carried by mi-
grants below the euphotic zone. Trophic relay represents a complementary, indirect
mechanism rather than a fifth flux pathway: carbon transferred by migrants can subse-
quently be passed to resident or deeper-living predators and then processed through
respiration, excretion, egestion, mortality, or biomass transfer. The pathways operate
simultaneously, and their relative importance varies among ecosystems according to
species composition, migration behavior, food-web structure, and environmental condi-

tions.
Krill Decapod shrimps Gelatinous Mesopelagic fishes
; , zooplankton & cephalopods
Potentially major %p‘ ‘ &
Large biomass yet poorly
and deep quantified Episodic but Transport carbon
migrations; contributors, massive export through respiration,
efficient pellet especially in via blooms and predation, and
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CARBON
TRANSPORT
PATHWAYS
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(DOC, NH,')
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Mortality
(sinking biomass)

Trophic relay
(predation)

ACTIVE CARBON SEQUESTRATION

Depth, magnitude, and efficiency depend on who migrates, how far,
and how carbon is released.

Figure 4. The mechanics of active carbon transport: biodiversity pathways of deep carbon injection.

4.1. Respiration: Metabolic Carbon Injection at Depth

Respiration is generally considered the largest component of the AMP because it
converts recently assimilated organic carbon into dissolved inorganic carbon below the
euphotic zone [12]. During daytime residence in the mesopelagic and upper bathype-
lagic, vertically migrating organisms respire carbon acquired while feeding near the
surface during the previous night. Respiration at depth therefore represents carbon in-
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jection into the ocean interior rather than direct evidence of long-term sequestration. The
fraction of respired carbon that ultimately remains isolated from the atmosphere de-
pends on the depth and duration of residence, subsequent transport and remineraliza-
tion, and circulation pathways.

Estimated global, full-ocean-depth-integrated mesozooplankton respiration has
been estimated at approximately 13 Gt C yr, equivalent to 17-32% of global primary
production [12]. This estimate, however, represents total respiratory carbon processing
across the ocean rather than AMP export specifically; only the fraction of respiration oc-
curring below the defined reference depth and attributable to vertically migrating bio-
mass represents active carbon injection associated with the AMP. Roughly half of the
carbon assimilated by zooplankton is ultimately respired, although this proportion var-
ies among taxa according to body size, metabolic strategy, and environmental tempera-
ture [123].

The magnitude of respiratory export is largely controlled by biological traits.
Mass-specific respiration decreases with increasing body size but increases with temper-
ature, producing pronounced geographic patterns [124]. Consequently, warm subtropi-
cal and tropical ecosystems dominated by small-bodied zooplankton generally have
higher respiration per unit biomass than polar systems dominated by larger species [75].
In oligotrophic subtropical gyres, respiratory export may equal or exceed passive partic-
ulate organic carbon (POC) flux [18,21].

Respiratory flux also varies over time because metabolic activity closely follows
food availability. During phytoplankton blooms, enhanced feeding promotes rapid bi-
omass accumulation and elevated metabolic rates, resulting in pulses of respiratory car-
bon export [39,125]. Seasonal changes in community composition further modify these
patterns as different migratory taxa dominate at different stages of the annual produc-
tion cycle.

Respiration is commonly estimated from oxygen consumption, which is converted
to carbon production using respiratory quotients and elemental stoichiometry. However,
recent studies indicate that respiratory stoichiometry varies with temperature and
physiological condition rather than remaining constant, introducing additional uncer-
tainty into biogeochemical estimates [126]. Direct measurements of respiration under in
situ pressure and temperature conditions remain technically challenging, particularly for
fragile or deep-living species.

The respiratory carbon injection associated with migrating biomass below a refer-
ence depth can be approximated as

Fresp = Bmig X Rsp X tdepth

where Fresp is respiratory carbon injection below the reference depth (mg C m=2 d-!), Bmig
is migratory biomass (mg C m2), Rsp is the mass-specific respiration rate at depth (mg C
mg C h), and tdaepwn is the duration of residence below the reference depth per daily cy-
cle (h d).

Although conceptually straightforward, each parameter remains uncertain. Migra-
tory biomass is difficult to estimate accurately because many species avoid nets or oc-
cupy depth ranges that are inadequately sampled. Respiration rates vary among species,
body sizes, and physiological states, while residence time changes with migration am-
plitude, latitude, season, and local light conditions. These uncertainties propagate di-
rectly into estimates of respiratory carbon export.

4.2. Excretion: Dissolved Carbon Transfer to the Mesopelagic Microbial Loop

Excretion transfers dissolved organic and inorganic compounds such as dissolved
organic carbon (DOC), ammonium, and urea, from migrating organisms to the sur-
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rounding water. Although less conspicuous than particulate export, this pathway sup-
plies labile substrates that sustain microbial production and nutrient recycling in the
mesopelagic zone [127,128].

DOC originates from several biological processes. It is released during sloppy
feeding, when prey is mechanically fragmented before ingestion, through metabolic ex-
cretion, leakage of digestive products from guts and food vacuoles, and dissolution of
fecal pellets [129]. Collectively, these processes release approximately 10-30% of previ-
ously ingested particulate carbon as dissolved organic matter [127]. In crustacean zoo-
plankton, excretion and sloppy feeding dominate DOC production [130], whereas gelat-
inous taxa additionally release large quantities of carbon-rich mucus [131]. In copepods
alone, sloppy feeding may convert between 7% and 70% of ingested carbon into DOC,
depending on prey characteristics [129]. Because these pathways are difficult to separate
experimentally, they are usually treated together when estimating excretory carbon flux
[12].

Species traits strongly influence DOC production. Prey size is particularly im-
portant because large prey items are more likely to be fragmented during capture and
handling, increasing DOC release, whereas very small prey is ingested intact [129].
Feeding strategy also affects excretion rates. Carnivores often release more DOC than
omnivores despite similar ingestion rates [132], while gelatinous zooplankton contribute
additional dissolved carbon through continuous mucus production [131]. Community
composition therefore largely regulates both the quantity and chemical composition of
dissolved organic matter injected below the euphotic zone.

Environmental conditions further modify excretory flux. High food concentrations
increase feeding activity and consequently DOC production, whereas food quality in-
fluences the chemical composition and subsequent degradation of dissolved organic
matter. The composition of phytoplankton prey also affects DOC release. For example,
fecal pellets produced by copepods feeding on cryptophytes or dinoflagellates release
dissolved organic carbon more rapidly than pellets derived from diatom diets [133].
Pellet fragmentation through coprophagy and microbial degradation further enhances
DOC release after excretion [127].

Compared with respiration, excretory export contributes a smaller fraction of total
active carbon transport. Nevertheless, because dissolved compounds are immediately
available for microbial uptake, excretion provides a continuous source of carbon and
nutrients that fuels mesopelagic microbial communities and links vertical migration di-
rectly to microbial carbon cycling. Quantifying this pathway remains challenging be-
cause DOC production depends simultaneously on species composition, feeding behav-
ior, prey characteristics, and environmental conditions, all of which vary across ecosys-
tems and seasons.

4.3. Egestion: Fecal Pellet Production and Deep Particulate Carbon Export

Egestive flux results from the production of fecal pellets at depth after migrants
have fed in surface waters. By transporting ingested carbon below the euphotic zone
before pellet production, vertically migrating organisms bypass much of the intense re-
mineralization that occurs in surface waters. Fecal pellets released below the euphotic
zone therefore have a greater probability of contributing to particulate carbon export to
depth than pellets produced in the epipelagic[6].

The magnitude of egestive flux is largely regulated by species-specific feeding and
pellet production. Zooplankton differ markedly in ingestion rates, gut passage time,
pellet size, density, and composition, producing pellets that vary greatly in sinking ve-
locity and degradation. Large crustaceans and euphausiids generally produce larger,
denser pellets than small copepods, whereas gelatinous zooplankton, particularly salps,
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generate exceptionally large carbon-rich pellets that sink rapidly and transport organic
matter efficiently to depth [134]. Consequently, changes in community composition can
substantially alter the efficiency of particulate carbon export even when total zooplank-
ton biomass remains similar.

Food availability strongly regulates pellet production. High phytoplankton concen-
trations stimulate feeding and increase pellet production, while blooms dominated by
large phytoplankton cells promote the formation of large, rapidly sinking pellets [135].
Food quality also influences pellet characteristics. Under low-food conditions, slower
gut passage may produce dense pellets with relatively high sinking rates, whereas rapid
processing of abundant food often produces less compact pellets that sink more slowly
[136]. Seasonal changes in phytoplankton communities therefore modify egestive flux by
altering both feeding rates and pellet properties. For example, replacement of diatom
blooms by Phaeocystis reduces copepod feeding efficiency, pellet production, pellet den-
sity, and sinking velocity [137].

Pellets continue to change after their release. Microbial colonization accelerates re-
mineralization, whereas zooplankton modify pellets through coprophagy, fragmenta-
tion (coprorhexy), and loosening (coprochaly), all of which increase surface area availa-
ble for microbial decomposition and reduce vertical carbon transport [138,139]. Cope-
pods frequently fragment large pellets produced by other organisms, preventing rapid
sinking and generating smaller particles that remain suspended longer in the water
column [140]. Some of these fragments are subsequently consumed by appendicularians
and repackaged into new pellets, further modifying particle size distributions and car-
bon flux [140]. Pellets may be further augmented by DVM of zooplankton in response to
feeding and survival cues [141]. These biological transformations make pellet export
considerably more dynamic than simple sinking models suggest.

Temperature also influences egestive flux by regulating microbial activity. Higher
temperatures accelerate microbial degradation and heterotrophic respiration, increasing
remineralization of particulate organic carbon in the upper ocean and reducing the effi-
ciency of export to depth [142]. The balance between pellet production, sinking, frag-
mentation, and remineralization therefore modulates the net contribution of egestive
flux to the biological carbon pump.

Although egestive export is highly variable, it can represent a substantial fraction of
active carbon transport in ecosystems dominated by large crustaceans or gelatinous filter
feeders. Salp blooms are highly effective at transferring carbon because their fecal pellets
typically sink at rates exceeding 500-1000 m d-, delivering organic matter to the deep
ocean within days; by contrast, pellets from other dominant taxa (copepods, krill) typi-
cally sink at only 50-100 m d-' [143]. Rapid sinking, however, indicates efficient particle
transport rather than necessarily long-term sequestration, which depends on the depth
reached and subsequent remineralization and circulation.

4.4. Mortality: Carcass Flux and Carbon Transfer Through the Ghost Pump

Mortality transfers carbon to depth through two complementary pathways: preda-
tion on migrating organisms by resident deep-sea consumers and the sinking of carcass-
es. Both processes retain surface-derived carbon below the euphotic zone and contribute
to BCP [20,65]. Unlike respiration or excretion, mortality transfers carbon as biomass,
making trophic interactions an integral component of the active biological carbon pump.

Predatory mortality occurs when resident mesopelagic fishes and other
non-migrating predators consume vertically migrating prey during their daytime resi-
dence at depth. Carbon assimilated near the surface is thereby incorporated directly into
deep food webs, where it is subsequently respired, excreted, or transferred to higher
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trophic levels [16]. The strength of this pathway depends on predator abundance, prey
availability, and food-web structure, linking biodiversity to BCP.

Non-predatory mortality, often referred to as the “ghost carbon pump,” represents
an additional source of particulate carbon export. Carcasses produced by senescence,
starvation, disease, parasitism, or environmental stress sink through the water column
as discrete organic particles [20]. In marine copepods, carcasses typically represent 5-30%
of total abundance [144] and non-predatory processes therefore account for approxi-
mately one-quarter to one-third of total mortality in epipelagic populations [145]. Gelat-
inous zooplankton also experience episodic mass mortality during blooms of salps, py-
rosomes, and scyphozoans, generating “jelly-falls” that deliver large quantities of or-
ganic carbon to the deep sea [146]. Appendicularians contribute through the frequent
abandonment of rapidly sinking mucous houses, providing another important source of
particulate organic matter [147].

Mortality rates vary among ecosystems because they are controlled by both biolog-
ical and environmental factors. Senescence produces predictable increases in mortality
after reproduction [148], whereas starvation becomes important during periods of low
primary production or in oligotrophic waters [149]. Disease and parasitism can cause
substantial episodic mortality, although their contribution remains poorly quantified
[150]. Environmental stress further modifies mortality patterns. Hypoxia associated with
expanding oxygen minimum zones increases mortality in many taxa [151], while ele-
vated temperatures and marine heatwaves reduce physiological tolerance and increase
mortality rates [152,153]. Global analyses indicate that copepod mortality increases ex-
ponentially with temperature, suggesting that climate warming may increase carcass
production [145].

The contribution of carcasses to carbon export depends not only on mortality rates
but also on their fate after death. Zooplankton carcasses generally sink rapidly because
their physical properties differ from those of fecal pellets and marine snow. Small cope-
pod carcasses sink at rates ranging from several tens to more than 100 m day! [154],
whereas larger organisms such as krill may exceed 1500-3000 m day~' [155]. Actual
sinking rates vary with turbulence, stratification, microbial degradation, fragmentation,
and scavenging [156,157]. Carcasses may also be intercepted by pelagic consumers be-
fore reaching the deep ocean, reducing export while simultaneously supporting meso-
pelagic food webs [20].

Mortality remains one of the least quantified pathways because estimates of carcass
production, predation rates, and degradation vary widely among ecosystems, and direct
observations remain scarce. Improved field observations and mechanistic models are
therefore needed to quantify the role of mortality in the active biological carbon pump.

Importantly, mortalities transfer carbon from migrating organisms to depth via
predatory and non-predatory pathways. Predation converts migrant biomass into
deep-resident consumer biomass, while non-predatory mortality produces sinking car-
casses and particulate matter. These mechanisms differ from the trophic relay discussed
below: predatory mortality is the initial removal of migrant biomass by a predator,
whereas trophic relay is the subsequent carbon redistribution through the food web.
Therefore, trophic relay must not be treated as an independent flux alongside predatory
mortality in AMP carbon budgets.

4.5. Trophic Relay: Extending Carbon Transfer Beyond Vertical Migration

Trophic relay is best viewed as an indirect extension of AMP carbon transfer rather
than as a fifth independent pathway. It begins when vertically migrating organisms are
consumed by resident or deeper-living predators during or after their descent. The re-
sulting carbon is subsequently redistributed through predator respiration, excretion,
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egestion, mortality, and further trophic interactions. Thus, trophic relay can increase the
depth and residence time of carbon initially transported by migrants, but its contribution
should not be summed independently with the predatory mortality flux from which it
originates. Carbon acquired by migrants in surface waters is transferred to resident
mesopelagic predators, which permanently inhabit deeper layers. By consuming verti-
cally migrating prey during their daytime residence, these predators retain sur-
face-derived carbon within deep food webs, where it is subsequently respired, excreted,
incorporated into biomass, or transferred to higher trophic levels.

The efficiency of the trophic relay depends on predator diversity, prey availability,
and the structure of mesopelagic food webs. Ecosystems with abundant resident preda-
tors may therefore retain a larger fraction of actively transported carbon at depth than
ecosystems in which migrants complete most trophic processing after returning to the
deep layers.

Carbon transfer may be further enhanced through predator—predator interactions.
Deep migrators descending from the lower mesopelagic can prey upon shallower mi-
grants returning from the epipelagic, a mechanism described as the “migratory ladder”
[158]. Because these predators subsequently return to greater depths, potentially in-
creasing the depth and residence time of carbon in the ocean interior beyond that
achieved by a single migration. This process may therefore enhance the probability of
long-term sequestration, but the magnitude of this effect remains poorly constrained.

Despite its potential importance, trophic relay is likely the least understood of the
AMP. Quantifying its contribution requires detailed information on predator diets,
trophic interactions, and migration behaviour, which can be obtained through stable
isotope analyses, molecular dietary techniques, gut-content analyses, and ecosystem
modelling. Incorporating these interactions into carbon export models remains a major
challenge.

4.6. From Individual Pathways to the Active Biological Carbon Pump

Respiration, excretion, egestion, and mortality represent the principal direct path-
ways determining the immediate fate of carbon transported by vertically migrating or-
ganisms. Trophic relay operates across these pathways by transferring migrant-derived
carbon to resident or deeper-living consumers, where it may subsequently undergo res-
piration, excretion, egestion, mortality, or further trophic transfer. These processes
therefore form an interconnected network rather than five independent fluxes. Although
each pathway is often considered independently, they operate simultaneously within
the same individuals and populations. Carbon assimilated during surface feeding may
be respired at depth, released as dissolved organic matter, packaged into fecal pellets,
transferred to predators, or exported through carcass sinking. The relative importance of
each pathway depends on the biological characteristics of the migrating and resident
communities and the environmental conditions under which migration occurs.

Biodiversity is therefore central to the functioning of the AMP. Taxonomic diversity
underlies the availability of organismal pathways, community composition guides
which taxa dominate local transport, functional diversity regulates the mechanisms and
efficiency of carbon transfer, and abundance and biomass govern the magnitude of
transport generated by these traits. Community composition integrates these taxonomic
and functional differences and therefore influences the relative contributions of respira-
tion, excretion, egestion, mortality, and trophic relay. Consequently, changes in commu-
nity composition may alter active carbon transport even when total biomass remains
unchanged.

Environmental factors further regulate the balance among pathways. Temperature
influences metabolism, oxygen availability constrains migration depth and survival,
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food availability controls feeding intensity and pellet production, and seasonal changes
restructure pelagic communities. These interacting drivers produce substantial spatial
and temporal variability in active carbon export, explaining why estimates differ among
ecosystems and observational approaches.

Despite considerable progress, quantifying the integrated contribution of these
pathways remains challenging. Current estimates are limited by uncertainties in migra-
tory biomass, species composition, migration behaviour, metabolic rates, trophic inter-
actions, and mortality. Most global models still simplify these biological processes and
consequently are likely to underestimate the contribution of active transport to the BCP
[7].

Future progress will depend on combining the methodological advances discussed
in Section 3 with mechanistic ecosystem models that explicitly incorporate biodiversity.
Integrating optical observations, acoustics, molecular tools, biochemical tracers, auton-
omous platforms, and trait-based modelling will provide more realistic estimates of ac-
tive carbon transport and carbon export across ecosystems, while allowing the fraction
of exported carbon that is ultimately retained in the ocean interior to be evaluated sepa-
rately as long-term sequestration. Such integration will improve predictions of how
changing marine biodiversity may alter both the magnitude of active carbon transport
and the efficiency with which transported carbon is retained at depth.

5. Geographic Patterns of the Active Migrant Pump

The efficiency of the AMP varies markedly among oceanic regions because it de-
pends on both the diversity of migrating organisms and the environmental conditions
that shape their metabolism and behavior (Figure 5). At the basin scale, distinct physical
and biological settings favor different mechanisms of active carbon transport. These re-
gional comparisons should, however, be interpreted cautiously because published AMP
estimates differ in sampling strategy, depth horizon, temporal coverage, and definitions
of active carbon export. Consequently, the percentages reported below provide an over-
view of regional patterns rather than strictly comparable estimates of AMP efficiency.
The principal environmental and biological characteristics of these regions are summa-

rized in Table 3.
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Figure 5. Geographic patterns of the active migrant pump.

Table 3. Geographic variation in the active migrant pump.

Region

Major environmental charac- Dominant Migra- Dominant AMP  Estimated AMP Contribu-
teristics tory Taxa Mechanism tion

Polar oceans

Strong seasonality; intense Seasonal/ontogenetic

~12-15% of total ti
seasonal production; pro- Calanoid copepods, migration; lipid o OF fotal exportin

North Atlantic/North Pacific

longed winter; deep seasonal krill, salps pump; respiration budgets [10]

mixing and egestion

Subtropical
gyres

Strong stratification; perma- Copepods, micro-
nent nutrient limitation; low zooplankton, pe- DVM; predominantly
primary production; high lagic decapods, respiratory transport

~2% in available global re-
gional budget [10] but high-

temperature fishes ly likely underestimated [15]

Oxygen mini-
mum zones

Deep daytime resi-

Severe hypoxia; compressed Hypoxia-tolerant ..
yP p yp dence; respiration

oxygenated habitat; reduced zooplankton and Not sufficiently constrained

and egestion; altered

aerobic respiration micronekton ) .

particle processing
DVM and seasonal

High nutrient supply; high

Upwelling sys- '8 PPY; g Copepods, krill,  migration; respira-  ~11% in available region-
primary production; strong . . . .
tems ) micronekton, fishes tion, egestion, mor- al/global budget [10]
physical export tality

5.1. Polar Oceans: Seasonality and the Lipid Pump

The Arctic and Southern Oceans are defined by extreme seasonality in primary
production. Short, intense phytoplankton blooms during summer are followed by pro-
longed winters with little or no photosynthetic activity. These seasonal cycles support a
characteristic mode of active carbon transport dominated by large, lipid-rich zooplank-
ton that rapidly exploit brief periods of high productivity before transporting carbon to
depth during seasonal migrations [159].

The most efficient mechanism in these regions, and arguably one of the most effi-
cient within the global ocean, is the lipid pump. Calanoid copepods accumulate large li-
pid reserves during the productive season and subsequently descend to depths of 600-
1000 m or more to overwinter in diapause [24,159]. Because lipids contain abundant
carbon but relatively little nitrogen or phosphorus, respiration during diapause exports
carbon while leaving most nutrients in surface waters, thereby enhancing the efficiency
of the BCP and supporting future phytoplankton production [159]. Respiration during
deep diapause transfers carbon from migrant biomass into the ocean interior and may
increase its residence time away from the atmosphere. However, respiratory carbon re-
lease at depth represents carbon injection rather than direct evidence of long-term se-
questration; the duration of isolation ultimately depends on subsequent remineralization,
mixing, and circulation [2].

The Antarctic krill forms dense swarms that perform extensive vertical migrations
linking surface phytoplankton production with deep-ocean carbon cycling [44,45]. In
addition to respiratory transport, krill contribute substantially through the production of
large, compact fecal pellets that sink rapidly and efficiently export particulate carbon to
depth.

Gelatinous zooplankton, particularly salps, represent a third important component
of high-latitude export. Their episodic blooms generate large quantities of rapidly sink-
ing fecal pellets and introduce considerable temporal variability into carbon export
[56,143].
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The North Atlantic and North Pacific show among the highest carbon export rates
in the global ocean (approximately 3842 g C m=2 yr). Export is dominated by the grav-
itational pump (59-75%), followed by the mixing pump (12-26%) and the AMP (12-15%)
[10]. These proportions, however, should be interpreted as study-specific estimates ra-
ther than standardized basin-wide AMP efficiencies, because the underlying estimates
may differ in sampling period, depth horizon, and operational definition of active export.

5.2. Subtropical Gyres: The Metabolic Pump

Subtropical gyres occupy vast regions of the open ocean characterized by persistent
nutrient limitation, strong stratification, and low primary production. Nevertheless, ac-
tive carbon transport remains significant because elevated temperatures enhance meta-
bolic activity. Marine communities in these oligotrophic systems have adapted to chron-
ic resource limitation through altered turnover rates, complex ecological interactions
[160], and efficient use of available metabolic substrates [161].

Temperature strongly regulates metabolic rates [124], making respiratory export the
dominant component of the AMP in subtropical waters. The magnitude of this respira-
tory pathway depends not only on temperature but also on the taxonomic and function-
al composition of the migrant community. Specifically, body size, biomass, metabolic
rate, migration amplitude, and residence time at depth jointly underly the amount of
carbon transferred and the location of its release. Long-term observations indicate that
respiration by vertically migrating zooplankton can equal or even exceed passive partic-
ulate carbon export [162,163]. At the same time, the energetic costs of diel vertical migra-
tion increase in warm waters, forcing organisms to balance predator avoidance against
metabolic expenditure.

The structure of oligotrophic food webs further influences carbon export. Small
phytoplankton support communities dominated by copepods and microzooplankton
[164]. This food web produces small fecal pellets that sink slowly and are readily de-
graded by microbes or reprocessed by zooplankton. Consequently, a greater proportion
of organic carbon is recycled within the upper ocean, reducing the efficiency of passive
export.

Despite these constraints, the AMP remains an important export pathway in sub-
tropical gyres. Recent studies also indicate that processes traditionally overlooked in
BCP models such as viral infection, parasitism, and predation, may substantially influ-
ence carbon export. Viral lysis can either retain fixed carbon in surface waters [165] or
promote aggregate formation and enhance sinking [166]. Likewise, radiolarians and al-
veolates have emerged as potentially important contributors to carbon export in nutri-
ent-poor subtropical oceans [167].

Subtropical gyres show the lowest carbon export rates among the major ocean bi-
omes (approximately 21 g C m?2 yr). Export is dominated by the gravitational pump
(approximately 75%), followed by the mixing pump (23%) and the AMP (2%) [10]. The
relatively small contribution attributed to the AMP may be underestimated if conven-
tional sampling poorly captures strongly migrating decapods. The substantially higher
deep-pelagic shrimp biomass reported recently [15] provides a basis for this hypothesis,
but high biomass alone does not demonstrate a proportionally high contribution to ac-
tive carbon export. Direct measurements linking decapod biomass, migration amplitude,
metabolic rates, and carbon release at depth are therefore needed to test whether their
contribution to the AMP is systematically underestimated [15].

5.3. Oxygen Minimum Zones: Hypoxic Carbon Vaults

Oxygen minimum zones (OMZs), defined by oxygen concentrations below 20 uM
and reaching as little as 1 uM in their cores, occupy approximately 8% of the global
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ocean. Permanent OMZs occur in the Pacific Ocean (Eastern South Pacific, Eastern Trop-
ical North Pacific, Eastern Subtropical North Pacific (25-52°N), the western Bering Sea,
and the Gulf of Alaska) and the Indian Ocean (the Arabian Sea and the Bay of Bengal)
[168]. These hypoxic layers profoundly modify pelagic ecosystems and thereby alter
both the composition and vertical behavior of migrating communities, with conse-
quences for active carbon transport [169].

For many organisms, OMZs compress the vertical habitat by imposing physiologi-
cal constraints that limit migration depth [170]. In contrast, hypoxia-tolerant species can
exploit these waters as refuges from visual predators, allowing deeper daytime resi-
dence and potentially increasing active carbon transport and carbon injection below the
euphotic zone [111,112]. Whether this enhanced transport translates into long-term se-
questration depends on the subsequent fate of the released carbon [111,112].

The fate of sinking particulate organic matter is also altered within OMZs. In oxy-
genated waters, particles are degraded through bacterial respiration, abiotic disaggrega-
tion [171], and ingestion and fragmentation by mesozooplankton [19,172]. Zooplankton
typically fragments about half of the sinking particles before microbial degradation [19],
which results in both rapidly (not fragmented, >100 m d-') and slowly (fragmented, <10
m d) sinking fractions [173,174]. Within OMZs, however, zooplankton abundance de-
clines markedly, reducing particle fragmentation and shifting remineralization toward
microbial pathways, which account for approximately 70% of particle degradation [175].

Low oxygen concentrations suppress aerobic microbial respiration and slow organ-
ic matter decomposition [176], increasing the probability that sinking particles reach the
deep ocean. In addition, stable hypoxic and anoxic environments favor the preservation
of organic matter through processes such as sulfurization [177]. Together, these mecha-
nisms can enhance the retention of organic carbon within OMZs and reduce its rapid
remineralization or return to surface waters. OMZs may therefore act as important re-
gional carbon reservoirs, although the extent to which this retention represents
long-term sequestration depends on the subsequent transformation and circulation of
both particulate and dissolved carbon.

5.4. Upwelling Systems

Upwelling systems rank among the most productive marine ecosystems because
nutrient-rich deep waters sustain high primary production [178,179]. Many are
iron-limited and maintained by cross-shore transport from coastal waters together with
wind-stress curl-driven upwelling [180,181]. Offshore, they grade into the oligotrophic
subtropical gyres [178,182], together encompassing much of the productivity gradient
observed across the global ocean.

These systems illustrate particularly well the interaction between biological and
physical pathways of carbon transport and export. Passive particle sinking, active
transport by vertically migrating organisms, and physical transport through subduction
and vertical mixing can all transfer carbon below the surface ocean, but these processes
do not necessarily represent equivalent contributions to long-term sequestration. The
most comprehensive observational budget indicates that passive sinking remains the
dominant pathway, whereas active transport represents the second largest contributor.
In the California Current, for example, regional passive sinking was estimated at ~1.9
kmol C m= yr!, compared with active transport of ~0.5 kmol C m2 and the physical
pump of ~0.4 kmol C m=. This budget, calculated from 100 m to the seafloorprovides an
estimate of carbon export across the specified depth horizon rather than a direct meas-
ure of the fraction undergoing long-term sequestration [183].

Globally, upwelling and adjacent mesotrophic tropical regions export approxi-
mately 30 g C m2 yr, exceeding subtropical gyres but remaining below the highly
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productive polar oceans. Carbon export is dominated by the gravitational pump (82%),
followed by the AMP (11%) and the mixing pump (7%) [10]. The larger contribution of
active transport compared with oligotrophic regions is likely a result of the greater bio-
mass of both plankton and vertically migrating consumers, together with enhanced
production of large, rapidly sinking pellets and corpses.

5.5. Global View on the Active Migrant Pump

The regional trends outlined above show that the efficiency of the AMP emerges
from interactions between environmental forcing and biological diversity. Importantly,
these controls operate through the characteristics of migrant communities rather than
independently: environmental forcing influences which taxa can migrate and to what
depth, while community composition, biomass, and functional traits shape how the
transported carbon is processed after migration. Across the global ocean, five major fac-
tors govern the magnitude of active carbon transport:

- Thermal structure, which regulates metabolic rates, energetic costs of migration,
and the depth and duration of residence.

- Oxygen availability, which explains vertical habitat boundaries, migration behav-
ior, and the depth at which carbon is released.

- Seasonality, which controls the timing and magnitude of diel and seasonal migra-
tions, including the lipid pump.

- Taxonomic and functional diversity, which shapes the identity of migratory taxa
and their feeding modes, body size, metabolic rates, migration amplitudes, and
carbon-processing pathways.

- Migratory biomass and community composition, which moderate the magnitude of
carbon transported and the relative contribution of respiration, excretion, egestion,
mortality, and subsequent trophic relay

The regional patterns therefore indicate that there is no single global “AMP”: its
magnitude and mechanism emerge from the interaction between environmental forcing,
migratory biomass, community composition, and functional traits. Polar systems em-
phasize seasonal and ontogenetic transport by lipid-rich migrants; subtropical gyres are
characterized by metabolically costly DVM and potentially important but poorly quan-
tified contributions from deep-pelagic taxa; OMZs modify migration depth and carbon
processing through oxygen limitation; and productive upwelling systems combine sub-
stantial biological transport with strong gravitational and physical export. Quantitative
comparisons among these regions remain constrained by differences in observation
methods, depth horizons, temporal coverage, and definitions of active export. Future
trait-based models [118] should therefore distinguish carbon transport and export from
subsequent carbon retention and sequestration through the representation of taxonomic
composition, biomass, functional traits, and migratory behavior.

6. Environmental Change Reshapes Biodiversity and the Active Migrant
Pump

The active migrant pump (AMP) is shaped by the interaction of physical forcing,
biogeochemical conditions, and biodiversity. Climate change can therefore influence the
AMP both directly, by altering stratification, circulation, oxygen availability, tempera-
ture, and sea-ice cover, and indirectly, by restructuring the diversity, abundance, physi-
ology, and behavior of migrating organisms. These interacting changes modify migra-
tion depth and timing, metabolic rates, trophic interactions, and the pathways through
which carbon is transported and released below the euphotic zone [12,36,184].
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The response of the AMP varies geographically because migrant communities differ
among ocean basins and because species differ in physiological tolerance, functional
traits, and behavioral plasticity. Environmental change acts as a selective filter [185], but
its effects on carbon transport depend on how physical forcing interacts with the result-
ing changes in community composition and ecosystem function. This section examines
how major climate-related drivers—deoxygenation, warming, acidification, and sea-ice
loss—alter migrating communities and the efficiency and depth of active carbon
transport, with particular attention to potential nonlinear responses and interactions
among multiple stressors (Figure 6).
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Figure 6. Changing environmental factors drive the active migrant pump (AMP) through their

impact on biodiversity.

6.1. Deoxygenation: Restructuring Vertical Biodiversity

Ocean deoxygenation is among the most pervasive consequences of climate change.
Reduced oxygen solubility in warmer waters, increasing stratification, and changes in
ocean circulation are expanding both the area and volume of oxygen minimum zones
(OMZs), where oxygen concentrations become too low to support many marine organ-
isms [186,187]. Together with other anthropogenic stressors, this expansion creates mul-
tiple interacting pressures to which many pelagic ecosystems have limited resilience
[188]. Model projections suggest that the global volume of OMZs may increase by more
than 50% by the end of this century [189]. For vertically migrating organisms, expanding
OMZs represent both a physiological constraint and a major ecological filter that re-
shapes migration patterns, community composition, and active carbon transport [190].
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Species differ greatly in their tolerance of hypoxia. Oxygen-sensitive taxa experi-
ence reduced growth, impaired reproduction, and increasing mortality as oxygen con-
centrations decline [191]. Many are forced to occur in shallower, better-oxygenated wa-
ters, producing habitat compression that alters predator—prey interactions and reorgan-
izes pelagic food webs [192]. For the AMP, this compression reduces the depth at which
respiratory and excretory carbon is released, decreasing the probability that transported
carbon remains isolated from the atmosphere for long periods.

OMZ expansion also modifies marine biogeochemistry. Oxygen-deficient waters
remove approximately 30-50% of the ocean’s fixed nitrogen [193] and alter coupled ni-
trogen, sulfur, iron, and phosphorus cycling, ultimately influencing primary production
and food-web structure [194]. These changes propagate upward through pelagic com-
munities and indirectly affect both migrant abundance and the efficiency of active car-
bon transport.

The response of hypoxia-tolerant migrants can be opposite. Crustaceans and mol-
lusks have evolved physiological adaptations that allow prolonged residence in oxy-
gen-poor waters [195-197]. By occupying hypoxic layers during daytime, these species
can exploit refuge from visually hunting predators such as tunas and billfishes [198].
Expansion of OMZs may thus permit some tolerant migrants to maintain or even deep-
en their daytime distributions, potentially increasing the depth of carbon injection.
However, metabolic suppression and reduced aerobic respiration under severe hypoxia
can simultaneously decrease the magnitude of respiratory carbon flux [8,197]. Thus,
deeper migration does not necessarily translate into greater carbon sequestration: the
AMP mirrors a trade-off between how much carbon is transported and how deeply it is
released. The net effect depends on the balance among migrant biomass, migration
depth, residence time, and species-specific metabolic rates.

Consequently, deoxygenation is expected to reorganize rather than simply increase
or decrease the AMP. Oxygen-sensitive species may contribute less by becoming re-
stricted to shallower habitats, whereas hypoxia-tolerant specialists may transfer carbon
deeper but at lower mass-specific metabolic rates. The resulting change in community
composition and functional traits may therefore be more important for the future AMP
than changes in total migrant biomass alone.

6.2. Warming Oceans: Smaller Organisms, Higher Metabolism

Ocean warming strengthens vertical stratification, suppresses nutrient supply to
surface waters, and fundamentally alters the structure and functioning of pelagic eco-
systems [199]. These physical changes influence the AMP primarily through changes in
stratification and productivity and indirectly through changes in species composition,
body-size distributions, metabolic rates, and migratory behavior.

Metabolic rates increase predictably with temperature [123]. Consequently, warm-
ing raises energetic demands both during nocturnal feeding in surface waters and dur-
ing daytime residence at depth [163]. The increased energetic cost of diel vertical migra-
tion reduces its net energetic benefit and may favor shallower migrations or lower par-
ticipation in migration by some populations, thereby decreasing active carbon transport.

Warming also accelerates microbial remineralization in surface waters, shortening
the residence time of sinking particles and reducing the efficiency of carbon transfer
through the mesopelagic zone [200]. At the same time, enhanced stratification reduces
nutrient inputs into the euphotic zone, lowering phytoplankton productivity and shift-
ing communities toward smaller cells, particularly pico- and nanophytoplankton [201-
203].

These responses may be especially important at low latitudes, where warming and
stratification are projected to intensify and where relatively small changes in the abun-
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dance and functional composition of migrant communities can alter the balance between
respiratory carbon release at depth and recycling in surface waters. These changes
propagate throughout the pelagic food web. Smaller phytoplankton favor microbial
pathways and support smaller zooplankton, reducing average body size across succes-
sive trophic levels. Because body size strongly influences migration amplitude, metabol-
ic scaling, and fecal pellet characteristics, this community-wide miniaturization weakens
several components of the BCP simultaneously. Smaller migrants generally have smaller
amplitude of the DVM, transport less carbon to depth, produce smaller and more slowly
sinking pellets, and recycle a larger proportion of organic matter within the upper ocean
[8].

The ecological consequences therefore extend beyond changes in metabolism alone.
Climate-driven warming selectively favors species adapted to oligotrophic conditions
while reducing populations of larger migratory taxa that dominate active carbon
transport in productive systems. Changes in species composition and functional diver-
sity are thus expected to become a major modulator of future AMP efficiency, particu-
larly in low-latitude oceans where warming and stratification are projected to intensify
most strongly.

6.3. Ocean Acidification: Changing Calcifiers, Changing Carbon Export

Ocean acidification is expected to alter the carbonate component of marine carbon
cycling, with model projections indicating substantial but highly model-dependent
changes in CaCOs export [204-208]. Ocean acidification can affect the AMP through
changes in the physiology, survival, calcification, and ecological functions of migrating
organisms. Its effects are particularly relevant where calcifying plankton contribute to
particle production or ballast and where acid-base regulation increases the energetic
costs of migration.

Acidification reduces calcification in several planktonic groups, including ptero-
pods and foraminifera [209,210], and can alter the functional composition of calcifying
communities [211]. Reduced production of CaCOs may weaken mineral ballasting of
organic particles, potentially slowing particle sinking and increasing remineralization in
the upper ocean [212]. Thus, acidification can modify active transport not only through
the physiology of migrants themselves but also through interactions between migrating
organisms and the particles they produce or modify.

The consequences may be particularly relevant for crustaceans, which constitute
major components of the AMP. Although many decapods tolerate reduced pH, acidifi-
cation can compromise growth, survival, and exoskeletal calcification. Maintaining acid—
base balance under acidified conditions requires additional metabolic expenditure, po-
tentially diverting energy from locomotion, growth, and diel vertical migration [213].
Similar energetic constraints may affect other crustacean migrants. Because these
trade-offs remain poorly quantified, the effects of acidification on the abundance, migra-
tion behavior, and carbon-transfer efficiency of crustacean-dominated AMP communi-
ties remain uncertain.

For the AMP, the key implication is that changes in calcifying plankton may modify
particle ballasting and sinking in addition to altering the physiology of migrating organ-
isms [212,213].

6.4. The Arctic as a Case Study: Rapid Biodiversity Reorganization in a Changing Polar Ocean

Polar oceans are experiencing some of the fastest environmental changes on Earth,
including rapid warming, sea-ice loss, freshening, and increasing water-column stratifi-
cation. These changes can influence the AMP through both physical and biological
pathways. Declining sea-ice cover increases light penetration into surface waters and
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may stimulate primary production, while warming and freshening alter stratification,
nutrient supply, and habitat structure. Increased food availability, along with stronger
light-driven migration and a longer annual period suitable for vertical migration, may
locally enhance active carbon transport in newly ice-free regions. Conversely, shifts in
species composition and phenology may reduce the abundance or seasonal performance
of the large migratory taxa that currently dominate polar active transport.

The biodiversity response is equally complex. Arctic pelagic ecosystems are domi-
nated by a relatively small number of large-bodied, lipid-rich zooplankton species
whose seasonal migrations underpin the exceptionally efficient polar lipid pump [159].
Changes in the abundance or phenology of these key species therefore have dispropor-
tionate consequences for carbon transport compared with equivalent biomass changes in
lower-latitude systems.

DVM in Polar Regions were traditionally assumed to cease during the Polar Night
because of the absence of a regular day-night light cycle. Recent observations have
overturned this assumption by demonstrating that zooplankton continue to migrate
throughout the year, using weak environmental cues such as moonlight [214] and even
auroral illumination [215]. These findings suggest that active carbon transport continues
year-round and that the ecological controls of migration are considerably more complex
than previously recognized.

Future changes in Arctic biodiversity will guide whether the AMP strengthens or
weakens under continued climate change. Increased primary production and prolonged
migration seasons enhance carbon export in some regions, whereas shifts in species
composition, phenology, and trophic interactions reduce the abundance of the large mi-
gratory copepods and euphausiids that currently dominate active transport. The balance
between these opposing processes remains one of the major uncertainties in predicting
the future role of polar oceans in global carbon sequestration.

6.5. Multiple Stressors: When Biodiversity Meets Climate Synergy

Warming, acidification, changing circulation, and altered seasonality can interact to
produce biological responses greater than those expected from individual stressors con-
sidered separately. Such interactions are particularly important when several environ-
mental changes simultaneously affect the physiology, phenology, and habitat of key mi-
grant taxa. The Arctic provides a well-resolved example: atlantification is reshaping pe-
lagic communities through the combined influence of warming, changing water masses,
and associated chemical and ecological changes.

Atlantification creates a potential winter bottleneck for Arctic copepods. Because
large lipid-rich Calanus species are principal drivers of the seasonal lipid pump, changes
in their survival and physiology can disproportionately affect one of the most efficient
components of polar active carbon transport [216]. During the Polar Night, these cope-
pods depend largely on stored lipids to survive, molt, and reproduce. First, warming
and acidification act synergistically to increase mortality. A 53-day incubation experi-
ment revealed that while warming alone has little effect and acidification alone may
even enhance survival, their combined effect approximately doubles mortality rates (25%
under the combined treatment compared to 13% under acidification alone) [216]. Second,
warming accelerates development, forcing premature transition from juvenile to adult
stages during winter and substantially increasing metabolic demand. Third, elevated
metabolism rapidly depletes lipid reserves, causing copepods to exhaust their stored
energy one to four months before the onset of the spring phytoplankton bloom. Finally,
transcriptomic analyses reveal increased DNA damage together with reduced invest-
ment in cellular repair and maintenance [216].
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Together, these responses generate pronounced phenological mismatches between
copepod life cycles and seasonal food availability. Subsequently, reduced overwinter
survival propagates through pelagic food webs and weakens the seasonal lipid pump,
illustrating how multiple environmental stressors can alter carbon transport through
changes in the abundance, physiology, and phenology of key migrant taxa.

6.6. Biodiversity at a Threshold: Nonlinear Responses of the Active Migrant Pump

The response of the AMP to climate change is inherently nonlinear because it
emerges from interactions among environmental forcing, species diversity, and ecologi-
cal processes. Roughly, ocean deoxygenation modifies vertical habitat structure, warm-
ing increases metabolic costs, stronger stratification reorganizes productivity and there-
fore food webs, and acidification alters metabolic rates, particle production and sinking
dynamics. These drivers do not operate independently: warming enhances stratification,
which further intensifies nutrient limitation and deoxygenation, warming and acidifica-
tion frequently interact synergistically, etc. As a result, even insignificant environmental
changes may trigger disproportionate shifts in community structure and, thereby, car-
bon export efficiency.

The future efficiency of the AMP will therefore depend less on total biomass than
on changes in taxonomic composition, functional diversity, body-size structure, migra-
tion amplitude, and the relative abundance of migrating versus resident organisms.
Communities dominated by large-bodied, deeply migrating organisms are expected to
sustain efficient active carbon transport, whereas increasing dominance of smaller, sur-
face-restricted taxa will reduce the depth and magnitude of active carbon transfer. Im-
portantly, these effects can operate in opposite directions: a shift toward hypox-
ia-tolerant taxa, for example, may increase migration depth while simultaneously re-
ducing respiratory carbon flux through metabolic suppression. Thus, environmental
change can alter not only the amount of carbon transported but also the pathway, depth,
and eventual fate of that carbon. These interactions highlight a central uncertainty for
future AMP projections. Current assessments often represent migrant communities us-
ing simplified functional groups, whereas environmental change is likely to reorganize
species composition and functional traits unevenly across regions. Predicting future
AMP therefore requires models that jointly represent environmental forcing, biodiversi-
ty, migration behavior, and the major mechanisms of active carbon transport.

Overall, despite substantial advances in understanding the AMP, major uncertain-
ties remain regarding how environmental change will alter the composition, biomass,
functional traits, and behavior of migrating communities and how these changes will
translate into carbon transport and sequestration. Uncertainties are particularly large for
deep-migrating taxa, migration depth and participation, species-specific metabolic re-
sponses, and interactions among multiple stressors. Most current estimates rely on sim-
plified representations of community structure and migration behavior and therefore
insufficiently capture the taxonomic and functional diversity of marine migrants. Future
AMP assessments should consequently integrate physical and biogeochemical forcing
with biodiversity and trait-based representations of migration, allowing changes in
community structure to be translated explicitly into changes in the magnitude, depth,
and fate of active carbon transport.

7. Conclusions

The AMP is an emergent property of interactions among environmental forcing and
the biological organization of migrating communities. Although commonly described as
a mechanism of carbon transport, the magnitude, depth, and efficiency of active carbon

transfer depend on which species are present, their relative abundance and biomass,
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their functional traits, and their migration behaviour, all operating within a given phys-
ical and biogeochemical environment. Species identity and community composition
shape the available biological strategies, whereas functional traits influence how these
strategies translate biomass into respiration, excretion, egestion, mortality, and trophic
transfer at depth. Thus, changes in biodiversity can alter the pathways and efficiency of
active carbon transport even when total migrant biomass remains unchanged. Every
component of the AMP, from carbon acquisition in surface waters to its release or stor-
age at depth, is mediated by species-specific physiological and ecological traits. Conse-
quently, changes in marine biodiversity translate into changes in the magnitude and
pathways of ocean carbon sequestration. Notably, this conceptual statement remains a
hypothesis that requires further empirical confirmation and supporting evidence.
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Figure 7. The pulse of the pelagic: biodiversity’s role in translating environmental forcing into the
AMP.

The different dimensions of biodiversity contribute to the AMP in distinct but in-
terconnected ways. Species richness influences the number of potentially available bio-
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logical strategies, but species identity and community composition are often more di-
rectly relevant to carbon transfer because taxa differ markedly in body size, migration
depth, metabolic rate, feeding mode, and life history. Copepods, krill, decapod shrimps,
gelatinous zooplankton, fishes, and cephalopods therefore contribute through different
combinations of respiratory, egestive, mortality, and trophic-relay pathways. Changes in
the relative abundance of these taxa can alter AMP efficiency without any corresponding
change in species richness. Conversely, loss of species may have relatively little effect if
functionally similar taxa compensate for their contribution, whereas the loss of a func-
tionally distinctive migrant may have disproportionately large consequences. Copepods
dominate global biomass and underpin respiratory export, fecal pellet production, and
the seasonal lipid pump. Krill amplify export through their large biomass and rapidly
sinking fecal pellets. Decapod shrimps may represent a much larger component of active
transport than currently recognized, particularly in the deep pelagic ocean where their
abundance remains poorly constrained. Gelatinous zooplankton generate episodic but
potentially enormous export events through salp blooms and jelly-falls, whereas meso-
pelagic fishes and cephalopods transport carbon across multiple trophic levels through
respiration, predation, and mortality. The efficiency of the AMP greatly depends on the
changing balance among these diverse biological vectors.

Functional diversity is expected to determine how the biological composition of a
migrant community is translated into carbon transport. Body size, metabolic rate, migra-
tion amplitude, feeding strategy, reproductive behavior, and life-history traits all regu-
late the partitioning of carbon among respiratory, excretory, egestive, mortality, and
trophic-relay pathways. Consequently, communities composed of organisms with simi-
lar biomass may differ substantially in their contribution to carbon transport if their
functional traits differ. Species-rich communities do not necessarily generate propor-
tionally greater active carbon transport if additional species contribute little biomass or
have similar functional roles. Functional redundancy may therefore buffer the AMP
against some losses of species, whereas changes in the abundance of functionally dis-
tinctive migrants may produce disproportionate effects.

Environmental forcing interacts with these biological dimensions to regulate the re-
gional expression of the AMP. High-latitude oceans are dominated by lipid-rich cope-
pods and krill that maximize seasonal carbon export through diapause and large fecal
pellets. Subtropical gyres rely primarily on metabolic transport by smaller migrators
adapted to nutrient-poor environments. Oxygen minimum zones favor hypoxia-tolerant
specialists capable of injecting carbon to greater depths, whereas productive upwelling
systems combine intense passive export with large migratory biomass. These examples
illustrate that regional AMP efficiency cannot be attributed to physical forcing or biodi-
versity alone; rather, it emerges from their interaction with community composition,
biomass, functional traits, and migration behaviour.

Climate change can modify the AMP through both direct physical and biogeo-
chemical effects and indirect effects mediated by biodiversity. Ocean warming, deoxy-
genation, acidification, altered stratification, and changing seasonality directly modify
the environmental conditions governing migration, metabolism, remineralization, and
carbon transfer, while simultaneously altering species distributions, community compo-
sition, body-size structure, trophic interactions, and migratory behaviour. The resulting
response, therefore, depends on the interaction between environmental forcing and bio-
logical reorganization. Changes in species identity and relative abundance can alter car-
bon-transfer pathways even when total migrant biomass remains stable, whereas
changes in biomass or migration depth can modify fluxes even without major changes in
species richness.
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Several major uncertainties in AMP assessments should be noted. First, biomass es-
timates for important migrants (pelagic shrimps, gelatinous zooplankton, cephalopods,
and mesopelagic fishes) are poorly constrained. Second, species identity and community
composition are often insufficiently resolved, making it difficult to determine whether
changes in biomass represent changes in the abundance of the same functional groups or
replacement by organisms with different ecological traits. Furthermore, respiratory, ex-
cretory, egestive, mortality, and trophic-relay fluxes are generally assessed separately in
spite of their biological coupling. Finally, global and basin-scale estimates of AMP in-
sufficiently represent species-specific traits, functional diversity, and behavioural varia-
bility, and rely on simplified assumptions regarding migration behavior, community
composition, and metabolic rates.

Several knowledge gaps deserve particular attention:

- Quantifying the biomass and migration behavior of poorly sampled taxa, especially
deep-pelagic decapods, gelatinous zooplankton, and cephalopods.

- Resolving species identity and community composition together with biomass, ra-
ther than treating migrant assemblages as homogeneous functional groups.

- Resolving species-specific metabolic rates under natural environmental conditions,
including interactive responses to warming, hypoxia, and acidification.

- Better constraining mortality pathways and trophic relay, which remain among the
least quantified components of the AMP.

- Incorporating seasonal, ontogenetic, benthopelagic, and reproductive migrations
into carbon budget estimates alongside DVM.

- Quantifying functional diversity and identifying functionally distinctive versus re-
dundant migrant taxa to determine when changes in species composition are likely
to alter AMP efficiency.

- Integrating biodiversity explicitly into Earth System Models using trait-based rather
than biomass-based approaches.

Ultimately, understanding and predicting the AMP requires moving beyond carbon
fluxes and total biomass toward a mechanistic representation of the biological commu-
nities that generate active carbon transfer. Our synthesis indicates a hierarchical but in-
teractive pathway in which taxonomic composition and species identity shape the pool
of available biological strategies; functional traits govern how organisms acquire, pro-
cess, and transport carbon; migratory biomass and behaviour influence the magnitude
and depth of transport; and respiration, excretion, egestion, mortality, and trophic relay
underly the ultimate fate of that carbon. Environmental forcing acts across all stages by
modifying species distributions, physiological performance, migration behaviour, and
the efficiency of carbon processing. Thus, AMP efficiency is best conceptualized as the
outcome of interactions among taxonomic composition — functional traits — migratory
biomass and behaviour — carbon-transfer pathways, all embedded within environmen-
tal forcing (Figure 7). This framework also explains why changes in species richness or
biomass alone may be poor predictors of AMP change: the biogeochemical consequences
of biodiversity or biomass loss or gain depend on which species are affected, what func-
tional roles they perform, and how their abundance and behaviour change. The author
synthesizes these insights by proposing that while confirming these multi-layered inter-
actions requires further empirical verification and extended analyses, integrating them
into observations and Earth System Models will provide a more mechanistic basis for
predicting how marine biodiversity and environmental change will reshape the biologi-
cal carbon pump.
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