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SUMMARY

By virtue of their size and mobility, large animals can play important roles in Earth’s carbon cycle. This has led
to suggestions that restoring their populations can contribute to mitigating the climate crisis through removal
and storage of atmospheric carbon. However, as animals can affect both release and sequestration of car-
bon, understanding when, where and how much they impact climate-relevant carbon is critical for evaluating
their potential to become a trustworthy climate nature-based solution. Here, we review scientific evidence for
the carbon impacts of elephants and great whales — two well-studied animal groups commonly cited for
climate mitigation and suggested for carbon monetization. We identify six lessons to guide future research,
policy and practice: first, large animal carbon impacts vary considerably by individual, species, ecosystem
and biospheric conditions, making predictions of future impacts hard and wildlife-based carbon investments
high-risk; second, meaningful carbon impacts will likely take longer to manifest than the Paris Agreement’s
mid-century net-zero target, but wildlife restoration should nonetheless begin now to realize immediate co-
benefits and potentially support longer-term climate recovery; third, current conservation remains highest
priority, as loss of animals may exacerbate climate breakdown; fourth, caution is needed when incorporating
wildlife into climate policy to prevent false confidence in mitigation potential or perverse outcomes; fifth, po-
tential wildlife carbon benefits should be communicated transparently and cautiously to manage expecta-
tions; sixth, robust monitoring and validation are essential to ensure carbon sequestration is real and durable.
With these lessons in mind, conservation and restoration of large animals may realize their potential to aid
long-term climate recovery as well as ecological resilience and adaptation under ongoing global change.

Introduction

As the climate crisis intensifies, restoring lost capacity of the
biosphere to store carbon is essential for preventing global
warming beyond 2°C’. This challenge coincides with the urgent
need to reverse global biodiversity loss, generating support for
nature-based solutions to climate change that address both cri-
ses simultaneously®. Until recently, natural climate solutions
have predominantly focused on the management of photosyn-
thetic organisms, soils and sediments, which function as Earth’s
main stores and sinks of carbon®“. New research, however, has
highlighted the important roles of large animals or megafauna
(here defined as animals larger than 45 kg) in mediating carbon
stores through their natural ecological functions®’, further
incentivizing their inclusion in natural climate solutions® ", Me-
dia coverage and carbon investment schemes have amplified

these ideas, promoting the ‘carbonization’ of megafauna as
climate solutions.

As interest in large animal restoration for climate mitigation
grows and early implementation efforts begin®®'2'% it is imper-
ative that the mechanisms by which large animals might affect
carbon sequestration are robustly assessed for their potential
as trustworthy climate solutions and to guide effective carbon
finance, policy and wildlife management decisions. Importantly,
for such strategies to be considered meaningful, they must either
be consistent with the Paris Agreement’s mission of achieving
net-zero by mid-century’, or provide additional long-term bene-
fits by helping restore disrupted carbon-cycle processes and
supporting post-peak temperature recovery. Yet, comprehen-
sive syntheses and comparison of taxa-specific impacts on car-
bon balance across time and space remain scarce, limiting our
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ability to evaluate when, where, and to what extent large animal
conservation and restoration can be a reliable part of the greater
portfolio of climate mitigation schemes.

In this review, we first provide a broad overview of the current
integration of large animals into climate mitigation strategies with
respect to the latest scientific evidence, media promotion, and
early carbon finance and wildlife management efforts. We then
synthesize and compare the specific carbon sequestration po-
tential of elephants and great whales — the largest animals on
land and in the ocean today — two groups frequently suggested
for carbon monetization schemes, and among the most severely
depleted animals. We highlight instances in which the conclu-
sions for elephants and whales are likely to be relevant across
other, less well-studied large animals. Our synthesis is intended
to inform both scientists studying the role of large animals in car-
bon cycling and practitioners considering how to integrate such
insights into climate policy and conservation strategies.

The current state of large animal restoration for climate
mitigation

A scientific consensus on wildlife and climate

In June 2026, a Scientific Consensus on Wildlife and Climate was
released at a session of the United Nations Framework Conven-
tion on Climate Change Subsidiary Bodies in Bonn. Signed by
>350 post-PhD scientists from >40 countries, this consensus ar-
gues that animals play a key role in shaping ecosystem carbon
balance and can in many cases help to mitigate and adapt to
the current climate crisis. They should, thus, be explicitly
included in climate policies and frameworks. This consensus is
supported by numerous scientific studies showing that many an-
imal species affect carbon through their roles in food webs and
ecosystem functioning®®'®'“. For example, a meta-study'®
found increased ecosystem carbon storage in 38 studies but
also decreased storage in 26 others. Likewise, a modelling exer-
cise estimates that protecting and restoring just nine animal
groups could sequester 6.41 + 4.84 billion tonnes (Gt) CO, per
year; a value that, if realized, would meet >64% of the current
global natural climate solution target®.

With this growing recognition, the next challenge for scientists
is to determine when and where large animal restoration might
credibly contribute to climate mitigation (Figure 1). To date, esti-
mates of large animal impacts on carbon balance have generally
relied on upscaling limited field data and a new generation of
models that explicitly incorporate animal carbon dynamics®'>~"°
and Earth’s energy balance (e.g., through changes to albedo®).
While these data and models have been instrumental in high-
lighting the important role of animals in carbon cycling, they inte-
grate many complex parameters such as animal abundance,
demography, space use, human influence, diet, ecological mod-
ifications and interactions with other species and biogeochem-
ical processes'®. Compounding uncertainties make quantifying
and predicting animal roles in carbon cycles and long-term car-
bon sequestration extremely difficult®'®. Even robust and well-
funded projects show high uncertainty and sensitivity to model-
ling assumptions®’. This raises several fundamental questions:
Can we robustly predict when, where, and how different animal
groups will sequester or release carbon under different environ-
mental, biological and anthropogenic circumstances over the
coming century? How should animal roles in carbon cycling be
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valued and at what scale? Can this be done without compro-
mising their intrinsic value or creating ‘good’ (carbon seques-
tering) and ‘bad’ (carbon releasing) populations or species? Is
large animal restoration and rewilding a trustworthy solution for
either short-term climate mitigation or longer-term post-peak
temperature recovery?

Previous studies have touched on these questions (e.g., the
lack of mechanistic understanding of many important pro-
cesses”” and the context-dependent roles of animals in carbon
balance®), yet there remains a need for comprehensive, in-
depth syntheses that robustly examine all known mechanisms
of animal carbon impacts in different contexts. Integrating this
evidence can reveal which mechanisms are most important,
when they operate and where uncertainty remains. Such
detailed syntheses are essential for moving from an understand-
ing that animals are important for carbon cycling'®, to deter-
mining whether and how their restoration may be a viable climate
mitigation strategy.

The role of media in promoting large animal restoration
as a climate solution

Recently, media have promoted the ‘carbonization’ of mega-
fauna as climate solutions through headlines such as
Wildebeest and wolves: The secret weapons against climate
change (BBC) and Animals Can Save Us—If We Let Them
(Time Magazine). Social media posts, podcasts and public talks,
such as TED talks or Instagram posts by famous celebrities, also
have received substantial attention. Such promotion is
commonly linked to fundraising initiatives for chronically under-
funded conservation efforts®. This growing media attention high-
lights the importance of accurately identifying the details of
animal restoration as a climate mitigation strategy. While the nu-
ances are often carefully described in scientific papers (e.g.,
regarding timescales and level of uncertainty'®'%?%), they are
rarely reported in the media®®. In addition, simple analogies
can mislead: for example, translating animal reintroduction into
car emissions (e.g., 170 bison could help sequester CO, equiv-
alent to the emissions from 43,000 cars) suggests that animal
restoration can offset present-day actions®® rather than seques-
tering historical carbon emissions and recovering ecological
baselines®®?”. Such communication may even hamper climate
mitigation efforts if it leads to inaction or detraction from urgent
climate action®®.

Early implementation of large animal restoration as a
climate solution

Large animal restoration for climate is beginning to shape con-
servation policy, ecosystem management and carbon invest-
ment schemes®?°. For example, Tswalu Kalahari Reserve,
a ~1,200 km? private wildlife reserve in South Africa, recently
began operating carbon credits based on a modelling framework
that attempts to optimize large herbivore densities and grazing
impacts for increased soil organic carbon stocks®’. Similarly,
Meta, Netflix, British Airways and other multinational corpora-
tions have purchased >6 million carbon credits (total sales value
>$90 million) from the Northern Kenyan Rangelands Carbon
Project — the world’s largest land-based wildlife management
project that aims to sequester 50 million tonnes (Mt) of CO,
over the next thirty years through changes in pastoral farming
practices. In the marine realm, whales are being promoted as
“Nature’s solution to climate change” by the International
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Figure 1. The current state of large animal

restoration as a climate mitigation strategy.
(A) Field and modelling studies of diverse animal
groups on ecosystem carbon balance have helped
demonstrate the potential climate benefits of large
animal wildlife and expand natural climate solu-
tions to include these animals. Media and carbon
investment schemes have amplified these roles in
recent years, leading to conservation finance and
ecosystem management practices that are
increasingly optimized for animal carbon func-
tions. (B) Many scientists agree that animals play
a role in shaping ecosystem carbon balance;
however, understanding and predicting impor-
tant nuances with respect to the magnitude,
direction, durability and timescales of these im-
pacts is extremely challenging across diverse
environmental, biological and anthropogenic gra-
dients. It is important that integration of animal
carbon functions into policy and wildlife manage-
ment does not outstrip underlying ecological
knowledge. (Images: whales by KBelka/iStock;

Wildlife finance, policy and
management are being
optimized for carbon

High confidence

Ability to predict animal

ig carbon impacts across

i "= diverse contexts

Implementing animal
restoration as an effective
climate mitigation strategy _
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Monetary Fund, which has estimated the carbon value of great
whales at over $1 trillion. Such carbon monetization schemes
have been promoted by groups as diverse as the Te Ao Maori
in their He Whakaputanga Moana (Whale Protection and Legal
Personhood Declaration), released in February 2026, and the
International Whaling Commission in its Conservation and Scien-
tific committee reports. Similar integration of carbon roles have
been included in efforts to finance bison restoration in North
America®'. Even de-extinction programs are promoting animal-
mediated climate mitigation in their narrative to attract public
support and funding. For example, Colossal’s landmark woolly
mammoth de-extinction program highlights carbon sequestra-
tion and high-latitude energy balance as the first of five goals
for reviving this species®.

Given recent efforts to finance and manage large wildlife
populations for climate mitigation, it is imperative that the asso-
ciated uncertainties and timelines are understood, communi-
cated and appropriately incorporated into risk management. If
expected carbon outcomes fail to materialize, occur too slowly
or even convert ecosystems from sinks to short- or long-term
sources, these projects risk blowback for themselves and the
underlying science that supports them?®. For example, the
Northern Kenya Ranglelands Carbon Project has already faced
widespread criticism for overestimating the negative carbon
impacts of traditional grazing, restricting pastoral mobility
(especially during periods of drought) and delaying climate ac-
tion from multinational companies in the Global North®®. These
lessons parallel ongoing sagas surrounding tree planting for
climate mitigation, including disrupted ecosystems, low perma-
nence and greenwashing, reminding us of the complexities of
biosphere-based climate mitigation strategies®*°. It is thus
essential that implementation in policy or practice does not
outstrip the underlying ecological knowledge informing such
activities?®*’.
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Mechanisms by which large animals impact carbon
balance
We focus on elephants and whales as two animal groups that
have been promoted for their potential role in nature-based
climate solutions®'?'®8 Their charisma®® and body size —
and thus outsized ecological roles’® — make them ideal models
for how large animals can influence ecosystem carbon cycling
across different environmental, biological and anthropogenic
contexts (Figure 2). Lessons learned from these well-studied
groups can provide a timely gauge on the general state of our
mechanistic understanding and predictive capacity of animal
carbon roles under diverse conditions and ultimately the poten-
tial for large animals to contribute meaningfully to climate mitiga-
tion efforts globally. We review the latest evidence regarding all
suggested mechanisms of carbon capture and release by ele-
phants and whales (see Supplemental information for details
on the methodology of our systematic review) and contextualize
animal roles in carbon cycling by comparing them to the annual
CO,e emissions (a standardized metric that expresses the com-
bined climate warming impacts of different greenhouse gases in
units of carbon dioxide) from the UK in 2022 (417 Mt COe)*" for
national-level relevance and globally (57.4 Gt CO.e)** for
climate-mitigation impact.
African elephants
Elephants have received substantial attention because of their
roles in modulating terrestrial carbon cycles as ‘ecosystem engi-
neers’®“3. Elephants influence ecosystems through a variety of
unique ecological functions (e.g., tree toppling and long-dis-
tance seed dispersal) that cannot be replicated by higher
numbers of smaller animals’®** (Table 1 and Figure 3A).
Estimating animal impacts on ecosystem carbon balance re-
lies first on understanding their abundance. African elephant
populations have declined by an estimated 98% since 1500
due to numerous anthropogenic pressures (e.g., poaching,
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Figure 2. Elephants and whales are flagship megafauna species often promoted for their climate-mitigation roles.

The restoration of forest elephant (Loxodonta cyclotis) and humpback whale (Megaptera novaeangliae) populations has recently been promoted as a solution for
climate change mitigation and the subject of carbon monetization efforts. Despite the clear importance of these species for mediating carbon cycling in eco-
systems, there remains a high degree of uncertainty and context-dependency regarding the direction, magnitude, timescale and durability of their carbon im-
pacts. (Photos: forest elephant by Roger de la Harpe under standard commercial licence from iStock, ID 2183869405; humpback whales by Lars Bejder, NMFS
Permit #20311-01.)

habitat loss)*®. Of the remaining ~415,000 African elephants*®,
the majority are savanna elephants (Loxodonta africana).
Savanna elephants can be accurately counted using aerial sur-
veys?"*8 although such methods may be subject to errors*®.
Nevertheless, it was estimated that ~93% of savanna elephants
(n = 352,271) were counted in 18 countries as part of the Great
Elephant Census in 2014-2015C. In contrast, forest elephants
(Loxodonta cyclotis) are elusive and occur in dense tropical for-
ests leading to greater uncertainty in their abundance. Recent ef-
forts in Gabon, the primary refuge for forest elephants, highlight
the challenges associated with monitoring forest elephant pop-
ulations. Using dung counts, a total of ~52,000 individuals
have been estimated®’. However, this method was highly sensi-
tive to the rate of dung decay, which varies considerably under
different environmental conditions®'. A more recent parameteri-
zation®® suggests there may be ~103,000 forest elephants,
while alternative strategies (e.g., DNA-based assessments)
provide wide 95% confidence intervals (58,872-131,349)2.

Estimating the amount of carbon stored in an elephant’s body
is straightforward. An elephant is ~24% carbon by wet weight®.
Assuming an average elephant individual mass of 1,725 kg°°, Af-
rican elephants collectively store ~170,000 tonnes (t) of carbon
in their bodies. Uncertainty in overall carbon storage arises
from uncertainty in population abundance and demographics.
Nevertheless, carbon stored in elephant bodies is negligible
compared to their impacts on ecosystem processes and has
minimal influence on atmospheric CO,>*. Even a doubling of
elephant abundance would only sequester carbon equivalent
to 0.04% of equivalent fossil fuel emissions in the UK during
2022, or 0.0000003% of global emissions in 2022.

Elephants release carbon directly into the atmosphere as CO,
via respiration and as methane via enteric emissions (though
methane generally breaks down into CO, after roughly a

decade®). A large 4,750 kg savanna elephant is estimated to
respire ~21 t CO, per year®, a flux approximately two orders
of magnitude higher than the stock of CO.e captured in its
elephant body. However, carbon consumed by elephants would
otherwise be decomposed by microbes and other organisms®®,
meaning their metabolism and respiration largely accelerate
rather than add to carbon efflux. Elephants do, however, also
produce methane via the bacteria in their guts. According to
one estimate, a savanna elephant releases ~0.026 t methane,
or ~0.728 t CO.e, per year, after accounting for methane’s
higher heat trapping capacity®’, while another estimate®® sug-
gests approximately 0.12 t methane per year, or 3.36 t CO.e
for Asian elephants. Even applying the higher estimates®® to
415,000 elephants across Africa would only equate to ~1.39
Mt CO.e per year, or ~0.3% of the UK’s fossil fuel emissions
in 2022 and ~0.000002% of global emissions in 2022. These
emissions are also negligible in the context of other elephant im-
pacts on carbon balance (see below).

Elephants can instead impact aboveground carbon stored in
vegetation in a variety of ways. These processes can be direct,
such as herbivory and tree toppling, or indirect, such as seed
dispersal, plant germination and altered fire regimes**°°7,
These impacts have been quantified with various degrees of cer-
tainty and demonstrate high levels of context-dependency
based on abiotic and biotic factors (Table 1)°*%”_ For example,
by dispersing seeds of carbon-dense tree species®®, reducing
seed predation through protection in dung®® and preferential
browsing on soft-wood species, forest elephants have been
modelled to modify forest structure to increase aboveground
carbon stores in African rainforests by 6-9%*°. Importantly,
the accumulation of carbon through such processes is mediated
by the slow pace of plant demographics, which can take de-
cades to centuries to grow, especially for carbon-rich fruiting
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although there remains much uncertainty and
context-dependency in this knowledge. Notably,
however, many of the key mechanisms through
which these animal groups enhance carbon
sequestration operate on timescales that are not
relevant for urgent climate mitigation but may
be important for long-term (50+ years) climate
recovery. (Whale silhouettes by KBelka/iStock.)
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contrast to these effects by savanna el-
ephants, forest elephants can alter fire
regimes by repeatedly feeding on forest
edges where fruit availability is highest,
thereby creating natural fire breaks
through the removal and trampling of
vegetation fuel at the forest-savanna
boundary. This has been shown to help
stabilize the forest-savanna mosaic in

in the deep ocean

Whale falls

trees®. This observation suggests that the loss of current forest
elephant populations due to poaching may contribute to the
release of currently stored carbon, although more empirical vali-
dation of the exact mechanisms by which this occurs is required.
By contrast, the reintroduction of forest elephants into new hab-
itats may result in short-term (10-100+ years) losses in above-
ground carbon through increased herbivory and tree toppling,
before longer-term sequestration benefits manifest®®°°°, Un-
like forest elephants, savanna elephants generally reduce
aboveground carbon stocks through herbivory, trampling and
physical tree toppling®*®>¢""""3, For example, elephants on
average knock down 5.4% (IQR: 3.0-8.3%) of trees in savanna
ecosystems per year’>. In Kruger National Park, the presence
of elephants resulted in a decrease of 3.5-4.5 t of carbon per
hectare over a six-year period®”. However, these effects varied
spatially, and aboveground carbon losses were only significant
where bull density exceeded 0.5 bulls/km?. In Namibia, above-
ground carbon stocks were similarly reduced by around 6 t of
carbon per hectare where elephant densities were highest’".
Elephants can also indirectly influence aboveground carbon
dynamics by altering fuel availability and fire regimes’> ",
Repeat monitoring of tall trees that contribute substantially to
aboveground carbon storage in Kruger National Park revealed
that trees affected by savanna elephant damage became
more vulnerable to mortality from fire damage’. However, at
the same site, elephant-induced reductions in aboveground
woody biomass exceeded losses from fire in high productivity
areas and were equivalent in low-productivity areas®. In

P ——

c Lope National Park, Gabon’®. Because
differences in fire regime can substan-
tially alter whole ecosystem carbon stor-
age (e.g., >30% in Kruger National
Park’’), and fire risk and frequency
might increase with climate change’®,
more research is needed to further understand how long-term
carbon storage and fluxes are influenced by elephant-fire inter-
actions across contexts. Thus, predictions of the impact of el-
ephants on aboveground carbon stores must account for envi-
ronmental variability (e.g., existing carbon stocks, plant
demographics) and the context-dependency of elephant-medi-
ated processes (Table 1)7%7°.

Belowground pools of carbon (i.e., soil carbon) may serve
as more long-term, climate-resilient carbon stocks with
increased persistence under global change®. However, only
two studies”"®° have examined elephant roles in mediating
belowground carbon pools. Sandhage-Hofmann et al. demon-
strated that, despite savanna elephants in Namibia decreasing
aboveground carbon stocks by 6.4 + 5.0 t carbon per hectare,
belowground carbon stocks concurrently increased by 4.7 +
4.0 t carbon per hectare. These findings align closely with esti-
mates by Sitters et al. from Kenya, indicating ~4 t per hectare
higher soil carbon where savanna elephants were present
compared to where they had been excluded for over 20 years
(Table 1). Elephants directly accelerate the transfer of carbon
from aboveground to belowground stores via herbivory, dung
deposition and transfer of organic material to soils through tree
toppling and branch breakage. Indeed, in Tsavo National Park,
Kenya, savanna elephants were estimated to consume 22% of
the available aboveground net primary production, and return
154 kg of dung/km?/day to the soil pool®’. During the wet sea-
son, coprophagous dung beetles rapidly remove and bury a pro-
portion of the dung carbon in the soil, increasing below-ground
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carbon stores®’. No research has yet examined the impacts of
forest elephants on belowground carbon, and this is not
currently included in estimates of net-carbon impacts in tropical
forests®”.

Elephants can also indirectly mediate soil carbon storage by
stimulating plant root exudation, which provides carbon to mi-
crobial decomposer communities and can alter rates of organic
matter turnover®®. Additionally, elephants may influence the rate
of microbial decomposition and release of carbon at the soil-
atmosphere interface through modifications to soil structure,
moisture and nutrient availability®®®*. For example, soil compac-
tion by trampling may reduce rates of soil carbon accumulation,
but also reduce microbial decomposition of organic matter” ',
Release of nutrients (e.g., nitrogen, phosphorus, sodium) into
soils via urine and dung may also enhance microbial and inverte-
brate decomposition of organic matter®®®’. Altered fire regimes
through herbivory effects may further influence the magnitude
and temporality of carbon transfer from aboveground to
belowground stores. For example, in Kruger National Park,
South Africa, fire led to temporary increases in soil carbon
stocks but long-term reductions®®. Ultimately, however, all
these pathways must be weighed against natural rates of plant
root exudation and litter decomposition in the absence of ele-
phants, which further complicates estimates of the net-carbon
balance®.

Despite the recognized importance of elephants on soil car-
bon, the underlying mechanisms remain poorly understood
and indicate a high degree of context dependency across envi-
ronments. For example, microbial respiration of CO, from
elephant dung and other organic material increases in warmer
and wetter environments®'*®°. Consequently, specific environ-
mental and biotic conditions might influence whether the carbon
flux from animal waste is a net carbon source or sink. For
example, elephant dung in Chobe National Park, Botswana, de-
composed faster during the wet season and in areas of higher
arthropod abundance, while lower dung quality (e.g., higher
carbon-nitrogen ratio) increased rates of CO, and CH,4 emis-
sions®®9, Similarly, while litter decomposition by termites was
reduced by the presence of large animals in a wet South African
savanna, it was stimulated by their presence in dry savannas®"'.
Resolving these knowledge gaps is critical for better estimating
the net effects of elephants on ecosystem carbon balances.

Ultimately, elephants have little direct influence on atmo-
spheric carbon through their own biomass, respiration or
methane emissions. Instead, their major effects on carbon bal-
ance arise from how herbivory, tree damage, seed dispersal,
dung deposition and altered fire regimes indirectly redistribute
carbon. These effects vary strongly across species, densities,
environments and biospheric conditions, highlighting the need
to consider elephants as dynamic engineers in carbon cycling
rather than simply as carbon sinks or sources.

Great whales

The great whales — i.e., the sperm whale (Physeter macroce-
phalus), and baleen whales” — are the largest animals to have
ever existed on Earth. Through their extreme biomass, whales
can exert a strong influence on primary and secondary produc-
tivity and thus carbon storage in the ocean®*®. As a result,
restoring great whale populations has been promoted — most
prominently by the International Monetary Fund'**® — as a

R1190 Current Biology 36, R1184-R1201, October 19, 2026

Current Biology

potential strategy for increasing carbon sequestration in the
ocean”*. We summarize key processes and outcomes in a
similar format as above for elephants to aide comparison
(Table 1 and Figure 3B).

Because of industrial whaling, almost all populations of the
great whales became significantly diminished®*°°. For example,
blue whales (Balaenoptera musculus) in the Southern Ocean
were reduced to <1% of their historical abundance®’. However,
since 1986, when commercial whaling was banned in most
countries, many populations have increased®®°®, Confidence
in estimates of historic and current whale population abundance
varies between species and populations®. For example, the
demographics of some populations, such as North Pacific
humpback whales (Megaptera novaeangliae), are relatively
well-known'%, whereas those of other species are less under-
stood, especially for highly pelagic populations'®’. While ad-
vances in counting whales from satellite and aerial images may
help refine population estimates in coming years'%, current un-
certainty in abundance is one of the largest sources of error in
quantifying the ecological functions of whales %%,

Nevertheless, estimating the amount of carbon stored in whale
bodies is perhaps the most straightforward whale-carbon
pathway’. For example, the largest and most abundant eight
baleen whale species (Minke (Balaenoptera acutorostrata), Ant-
arctic minke (Balaenoptera bonaerensis), sei (Balaenoptera bor-
ealis), Bryde’s (Balaenoptera brydei), blue, fin (Balaenoptera
physalus), bowhead (Balaena mysticetus), gray (Eschrichtius ro-
bustus), right (Eubalaena spp.), and humpback whales) are esti-
mated to contain ~2.0 Mt of carbon across the global ocean’.
Prior to industrial whaling, this value was around five-and-a-
half times larger’°°. Yet, despite their size, great whale biomass,
as mammalian biomass in general, is trivial in terms of global car-
bon pools®'®. Restoring these populations to their pre-industrial
baselines would only sequester carbon in their bodies equal to
9.7% of fossil fuel emissions in the UK during 2022, or
0.00007% of global emissions in 2022.

Whales release carbon through respiration and digestive pro-
cesses, but only few studies have included such estimates of
carbon release’. Consequently, published carbon storage esti-
mates often refer to gross impacts only. Yet, including these
release processes is important. For example, a population of
12,000 sperm whales was crudely estimated to respire
~160,000 t carbon per year; a magnitude which reduces the
net effect of whale-stimulated carbon sequestration (see below)
by 40% '°. An alternative, but more resource-intensive, method
to estimate respiration emissions could be to use unmanned
aerial systems imagery for obtaining information on body size,
tidal lung volume, and respiration rate to calculate volume of car-
bon respired with each breath'®® and then scale this up to the
population level. To our knowledge, no peer-reviewed study
has examined CH, release from whales via gut emissions,
although this could be important given the artiodactyl ancestry
of cetaceans'®®, which includes a four-chambered stomach
with foregut fermentation'%”-'%8,

Great whale carcasses, or ‘whale falls’, can provide large
pulses of carbon to the deep ocean. Once carbon is exported
to the deep sea (below 1,000 m), it is typically considered to
be sequestered, remaining out of contact with the atmosphere
for more than 100 years'?®, though there is a great deal of
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variation in the persistence of deep carbon across the oceans''°.
A high proportion of whale deaths are likely to occur during
migration over the deep, pelagic ocean based on the evidence
that even for coastal species with a robust monitoring network
(e.g., North Atlantic right whale, Eubalaena glacialis), the esti-
mated number of whale deaths is much higher than the number
of carcasses observed''". Some carcasses, however, drift onto
beaches or decompose in shallow ocean basins''?, returning
carbon to the biosphere or the atmosphere. Based on population
modelling and the estimate that 90% of rorqual (minke, Antarctic
minke, blue, fin, sei, humpback; Balaenopteridae) and gray
whale (Eschrichtius robustus) carcasses and 50% of right and
bowhead whale (Balaenidae) carcasses are exported to the
deep sea®, whale fall is conservatively estimated to sequester
~ 62,000 t of carbon per year in the present day and
~360,000 t prior to industrial whaling’. Other modelling studies,
however, have suggested that carbon export could be much
larger; for example, just five baleen species in the southern
ocean (fin, blue, humpback, minke and right whales) may have
historically sequestered as much as ~400,000 t carbon per
year through whale fall, but only ~60,000 t in 1972'%. These esti-
mated fluxes are, however, tiny in the context of global carbon
cycling (e.g., 0.3% and 0.05% of UK 2022 fossil fuel emissions,
or 0.000003% and 0.0000004% of global 2022 fossil fuel emis-
sions, respectively) and subject to considerable uncertainty
due to a weak understanding of whale fall abundance, whale
fall locations and carbon persistence.

Whales can, however, have outsized impacts on marine car-
bon cycles by modulating ocean primary productivity through
the so-called ‘whale pump’''®. Many whales feed at depth
and then return to the surface to respire, rest, and digest,
often releasing buoyant, nutrient-rich fecal plumes in the
euphotic zone and increasing nutrient availability for phyto-
plankton''®. Moreover, through the “great whale conveyor
belt”""* whales also transport nutrients from high-latitude
feeding grounds to low-latitude breeding grounds by releasing
nutrient-rich byproducts (e.g., urine, sloughed skin, placentas).
In this manner, whales recycle and distribute nitrogen, phos-
phorus, iron and other elements in the ocean, both vertically
and horizontally'®:9%103.104.113=115 " | the Northern Hemi-
sphere, whale pump research has focused on cycling of
nitrogen, the main limiting nutrient for primary productivity in
many coastal systems'>'%>"13116 \whereas in the Southern
Ocean 04115117119 the focus has generally been on the avail-
ability of iron, which limits primary productivity in otherwise
nutrient-rich waters'#°.

Estimating the impact of whales on primary production and
carbon sequestration requires assumptions about the bioavail-
ability of nutrients in whale excreta, as well as phytoplankton
nutrient limitation'®', both of which are still quite uncer-
tain'0"103.122.123 For example, there are many chemical and
physical properties known to affect iron bioavailability to phyto-
plankton that have been overlooked in current studies'?"'?*
(e.g., assuming all iron released in whale feces is available for
phytoplankton assimilation’®* "', which is instead constrained
by multiple biogeochemical parameters'®'?°). Moreover,
much of the nitrogen and iron released by relatively shallow-div-
ing baleen whales in surface waters is likely to be recycled within
the upper mixed layer and thus is unlikely to increase overall
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carbon uptake — assumptions that are at the heart of most
monetization schemes'?. In contrast, limiting nutrients released
by sperm whales and other whales foraging beneath the thermo-
cline are likely to be external nutrient inputs to surface waters,
causing new primary production and potential carbon export
and sequestration in the deep sea’" '

In general, the carbon held in whale-stimulated phytoplankton
persists on timescales of several weeks or months, before con-
sumption, decomposition and respiration by upper trophic levels
(e.g., zooplankton) returns it back to the atmosphere’. For any
carbon held in phytoplankton or upper trophic levels to meaning-
fully impact longer-term (>100 years) carbon cycles, it must be
transported into the deep ocean''’. It is usually assumed that
10% of net primary production is exported from the surface
layer, of which only 10% of that is sequestered below 1,000 m,
but export and sequestration efficiencies can vary regionally by
over an order of magnitude”''%'25'27 " Unfortunately, some
studies in the Southern Hemisphere have made crude assump-
tions about export efficiency from the whale pump that most
likely result in overestimates, such as an assumed export effi-
ciency of almost 100% '%“. Accurately quantifying the differences
in the fate of whale-stimulated carbon held in phytoplankton and
upper trophic levels across regions holds the key for understand-
ing the true impact of whale recovery as a climate mitigation
strategy.

In short, carbon sequestered in whale bodies transports an
important flux to the deep ocean, where it promotes biodiversity
and sustains whale fall ecosystems®>'?®, but this does not pro-
vide a meaningful climate mitigation function. Instead, through
the whale pump, whales might have outsized impacts on ocean
productivity and carbon sequestration. However, current claims
that whales can promote 1% of global productivity in the ocean,
resulting in the capture of 100 Mt of carbon'?, are unsupported
by empirical evidence and likely vastly overestimated. More
research is needed before we can robustly quantify the impacts
of whales on carbon cycling in the oceans’°"'?%"3°  For
example, despite using state-of-the-art empirical validation of
baleen whale feeding ecology, tracking carbon fixation via the
whale pump resulted in uncertainty that spans two orders of
magnitude due to fundamental challenges in measuring whale
fecal nutrient content, phytoplankton responses, and the portion
of carbon exported to the deep ocean'®'. Any quantification of
carbon sequestration associated with whale-induced nutrient
fertilization should, therefore, be considered preliminary at this
stage.

Direction, magnitude and context-dependency of large
animal carbon effects

Elephants and whales have become flagship cases in discus-
sions of megafauna-based climate solutions. As discussed
above, these and many other large animals can play important
roles in local carbon cycling and ecosystem functioning® """,
Yet, there is considerable uncertainty and context-dependency
regarding the direction, magnitude, timescale and durability of
their carbon impacts.

In general, most direct mechanisms of large animals on carbon
cycling, including consumption, assimilation and respiration,
can be reliably quantified using allometric and bioenergetic
models that translate body stoichiometry and daily energetic
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requirements into rates of carbon flux and storage'®°°. Howev-
er, while these estimates are relatively stable and predictable
across populations and ecosystems, they are also trivial in
magnitude with respect to changing atmospheric CO, concen-
trations. For example, carbon stored in the bodies of all African
elephants is equivalent to just the carbon emissions of a small
English town in a single year*".

In contrast, the indirect influence of large animals on
ecosystem productivity and storage of carbon in sediments, wa-
ter, and plants can be orders of magnitude larger (Table 1)'%2,
Yet, large animal impacts on ecosystem carbon sources or sinks
vary substantially across populations and are considerably more
difficult to quantify and predict, as they depend on complex in-
teractions among multiple ecological variables and pools of car-
bon that vary across space and time. Scaling predictions of large
animal indirect impacts on carbon cycling across broad areas
adds another challenge. Animals do not use landscapes or the
seas homogeneously, precluding simple extrapolations. For
example, some areas may only be used by animals for short pe-
riods during seasonal migrations'', while hotspot areas may
accumulate substantial impacts, including carbon gains or dis-
rupted ecological integrity'®. Ecosystems often respond non-
linearly to animal impacts, alternating between multiple stable
states. As a result, current broad-scale generalizations often
fail to capture important variation among species, functional
groups and ecosystems.

Resolving these interrelationships and uncertainties has
appreciable implications for improving our understanding of
when, where, and how large animals can influence ecosystem
carbon storage across their present-day range and expected
benefits during future restoration efforts. However, we note
that even the upper estimates of elephant and whale impacts
on carbon sequestration are small compared to current anthro-
pogenic emissions®®'**, with optimistic population recoveries
and carbon benefits for African forest elephants and baleen
whales®* equivalent to 0.024% of global fossil fuel emissions in
2022. While elephants and great whales are not expected to in-
fluence global carbon cycling alone, these groups make up ~8%
and >75% of terrestrial and marine wild mammal biomass'*°,
respectively. Future, more accurate assessments of large animal
contributions to carbon cycling at larger scales require more
detailed knowledge of mechanisms and the ecological and
abiotic contexts within which they play out.

Carbon persistence and novel biospheric conditions

For large animal restoration to be a durable climate solution,
sequestered carbon must be reliably stored for long periods.
However, the persistence of the carbon that large animals
help sequester can vary considerably by ecosystem and mech-
anism. Notably, in both marine and terrestrial ecosystems, car-
bon sequestered by animals into more permanent stores are
generally less well-understood. For example, the long-term
fate of carbon influenced by whales depends on factors like
ocean depth and geographic location; carbon is recycled
much more quickly in shallow coastal waters — where many
whale species feed and defecate — than in deeper regions
where carbon can be sequestered for centuries or longer'?°.
On land, the influence of large herbivores on soil carbon is often
considered more durable than their effects on aboveground
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biomass'*, as soil carbon can remain stored for decades or cen-
turies®. However, soil carbon processes in many areas (e.g.,
tropical rainforests)'*® and interactions with animals remain crit-
ically understudied® ',

Accelerating global change affects all ecosystems on Earth
such that they face novel biospheric conditions in coming de-
cades'®’, making any long-term predictions highly uncertain®®.
Under novel biospheric conditions, the mechanisms by which
large animals impact carbon cycles may also shift, potentially
reducing or even reversing sequestration®®'*®, For example,
altered elephant interactions with climate-changing fire and
drought regimes may release previously stored carbon®®7"83°,
In addition, animal restoration projects also face uncertainty
due to climate change and shifting local anthropogenic pres-
sures, including poaching, habitat loss, land abandonment,
human-wildlife conflict, vessel strikes, and fisheries entangle-
ment®® 407145 Forest elephants and pelagic whale populations
are particularly at risk due to their slower reproductive rates
and greater difficulties in population monitoring for conserva-
tion®2140:146 By the end of this century, models predict declines
and even extinctions due to climate-induced changes in food
availability for several large whale species™ as well as forest
elephants'“?. If carbon sequestration requires continuous animal
impact (e.g., grazing, nutrient recycling), any carbon gains
realized during earlier periods of restoration efforts may become
lost.

In the same way, the loss of current large animal populations
(defaunation) may also jeopardize large carbon stores that
have accumulated over time. For example, the loss of existing
forest elephants is predicted to reduce aboveground carbon in
protected areas by 6-9% over a 30 year period through reduced
seed dispersal of carbon-rich fruiting trees**. Importantly, such
defaunation may result in the release of carbon on decadal time-
scales, and thus contribute to exacerbating climate change®'*’
(Figure 3). This observation reflects an important asymmetry in
ecosystem recovery: rebuilding large animal populations and
the ecological processes they support typically requires de-
cades to centuries, whereas the disruption of these processes
begins immediately following rapid population declines and
can occur quickly. A recent analysis across the Congo basin
found that as much as 14.7-26.3 Gt of carbon may be released
over the next 250 years as a result of large-scale defaunation,
including forest elephants and other vertebrate species'*’.
Thus, while there remains a high degree of uncertainty surround-
ing the magnitude and durability of animal roles in the carbon
cycle, itis clearly prudent to avoid the potential for additional car-
bon release through defaunation.

Temporal and spatial scales of restoration

For large animal restoration to meaningfully contribute within the
portfolio of climate mitigation strategies, it must either be aligned
with the Paris Agreement’s mission of achieving net-zero by mid-
century' or provide additional long-term benefits by helping
restore disrupted carbon-cycle processes and supporting tem-
perature decline beyond net-zero. However, the most significant
effects of large animals on carbon sequestration often require
higher animal population densities and depend on ecosystem
modifications that take decades or even centuries to accumulate
(Figure 3).
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Figure 4. The potential contribution of

resilient and recovering ecosystems

towards achieving long-term climate
usin recovery.
Historical anthropogenic carbon emissions before
2025 prelude either a “business-as-usual” emis-
sions scenario (orange line) or a net emissions
reduction trajectory required to prevent global
warming from exceeding 2°C (green line). The
green shaded area shows the potential contribu-
tion of nature-based solutions, including large
animal restoration initiated now, with benefits
accruing through to 2150. The carbon sequestra-
tion potential of large animal restoration is funda-
mentally constrained by slow reproductive cycles
and the delayed mechanisms of carbon seques-
tration (e.g., those mediated by slow plant de-
mographics). As a result, large animal restoration
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Long interbirth intervals set fundamental constraints on
large animal population growth'“®. For example, humpback
whales may in principle increase by 5-9% annually under ideal
conditions'*°, but resource limitation, disease, predation and
human-wildlife conflict often prevent populations from reaching
these levels. Furthermore, the relationship between animal
restoration and carbon outcomes is not always linear through
time. For instance, the restoration of forest elephants into a land-
scape that has been missing elephants would likely reduce
aboveground carbon storage in the short term (e.g., through
grazing or trampling®®'°%), before long-term carbon sequestra-
tion processes (e.g., seeding carbon-rich fruiting trees) generate
net carbon gains®®. By contrast, the magnitude of carbon
sequestration via the whale pump may be directly proportional
to the population size, though variation among species and
ecosystem are considerable''®"'*, Nevertheless, in general,
we identify that the most significant processes by which large
animals increase the accumulation of carbon in ecosystems —
especially processes mediated by the slow demographics of
population recovery for megafauna species, mature trees or
soil formation®“® — fall outside the relevant timeline for urgent
climate mitigation (Figure 3).

Beyond demographic constraints, the climate relevance of
long-term large animal restoration also depends on achieving
recovery over wide areas sufficient to influence regional or
global carbon budgets. While restoration potential in the vast
ocean is substantial, large animal population recovery on land
inevitably clashes with human land-use, limiting the potential
spatial scale of restoration outside of sparsely populated
areas'“®. In southern Africa, for example, despite considerable
efforts, savanna elephants have, on average, experienced an
annual population growth of only 0.16% for the past quarter
century'®'. Moreover, increased use of population regulation
procedures (e.g., contraceptives, hunting) suggests space for
further elephant population restoration may already be limited
given the projected number and distribution of humans across

change, which must instead focus on rapidly
transitioning from fossil fuels and other green-
house gas emissions. Once anthropogenic emis-
sions have been curbed, functionally intact, resil-
ient ecosystems — including large animals — may
play a meaningful role in global carbon budgets,
including contributing to a post-peak temperature

2150 cooling of the Earth.
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Africa’®?. Thus, the space required for large animal restoration
to generate substantial climate benefits is currently limited in
many parts of the world.

Finally, it remains critical to clarify the potential of carbon stor-
age anticipated from large animal population restoration.
Removing fossil-fuel-derived carbon from the atmosphere re-
quires sequestration that is reliable over long periods (thousands
of years) to prevent re-release”®. By contrast, ecological restora-
tion aims to recover degraded ecosystems’ natural carbon car-
rying capacity, effectively returning carbon stocks to historical
baselines. While such restoration may enhance carbon storage
relative to the degraded state, it does not necessarily achieve
net removal of fossil carbon beyond natural ecosystem cycling.
Realistic climate mitigation expectations require differentiating
between restoring natural carbon baselines and achieving addi-
tional, long-term fossil carbon sequestration”®?’.

While large animal restoration may not be realistic for rapid
climate change mitigation, such contributions could potentially,
if started now, become significant over decadal-century time-
scales, provided emissions are substantially reduced; a central
factor in all long-term nature-based climate mitigation strate-
gies®* 3% (Figure 4). Restoring ecosystem processes driven by
large animals enhances ecosystem recovery and resilience,
helping to maintain and rebuild carbon stocks in the face of
increasing climate variability. By promoting functions such as
nutrient cycling, vegetation regeneration and soil formation, an-
imals can help ecosystems regain their historical carbon-car-
rying capacity and biosphere-atmosphere feedbacks®*'%?,
Such feedbacks are especially important in the post-peak emis-
sions era, when active ecosystem recovery will be needed to
gradually draw down excess atmospheric CO, and contribute
to long-term planetary cooling®®'**'>3, In this context, large-
animal conservation and restoration efforts as a way to restore
functionally intact ecosystems represents a critical investment
in the long-term climate stability of Earth and an important com-
plement to immediate emissions reductions.

Current Biology 36, R1184-R1201, October 19, 2026 R1193




¢? CellPress

Financing and implementing large animal restoration as
a climate solution

Both elephants and whales have been suggested as ideal candi-
dates for inclusion in carbon markets as carbon offsets® 1235154,
Such efforts follow a trend for the monetization of ecosystem
services, which has long been debated’®>. On one hand, eco-
nomics can play a role in halting and reversing biodiversity loss
by enhancing the rigor of analyses and providing a quantitative
tool for policy decision making'*®'®’. On the other, such
schemes can also induce perverse outcomes (e.g., “bad” car-
bon species), can be practically challenging to implement, and
overlook the most important value systems, including inherent
values of nature in itself°®'2%'%%1%8 Sych values have been
essential in effective legislation such as the Endangered Species
Act and the Marine Mammal Protection Act and international
agreements, such as the moratorium on commercial whaling un-
der the International Whaling Commission. In each of these
cases, monetization would likely result in the reduction of pro-
tection.

Ideas to monetize the role of elephants in the carbon cycle
have solely focused on African forest elephants® 2% and attri-
bute 99% of their carbon-based value to the predicted impact
of forest elephant populations on aboveground carbon gains in
tree biomass. Under this modelling framework, a single forest
elephant has been valued by economists at the International
Monetary Fund at $1.75 million'?. Similarly, whales have been
promoted for carbon tradeoff schemes, with values across
populations exceeding US $1 trillion, based on arbitrary assump-
tions about the carbon stored by the whale pump in widely pub-
licized reports'>*%'>*, Ultimately, the evidence reviewed above
indicates that these valuations are premature, unsupported by
empirical evidence, and do not satisfy the level of scientific rigor
required for implementation under leading carbon credit stan-
dards (e.g., Verra). There are three general considerations with
proposed monetization efforts.

First, comprehensive assessments of the net effects of large
animal populations on carbon across ecosystems are
currently lacking. This absence has significant implications
for understanding the true carbon impact. Individual mecha-
nisms are often poorly constrained across contexts and
simplified in ecological modelling frameworks. Field validation
and rigorous assessment of baseline carbon stocks are
essential to resolve these issues but represent a formidable
challenge. New technologies offer opportunities (e.g., airborne
and space-based lidar for evaluating elephant impacts on
aboveground carbon in tropical forests'*®); however, such
methods currently remain limited in their application. Missing,
but potentially important, mechanisms further preclude
comprehensive assessments of large animal impacts across
all ecosystem pools (e.g., above and belowground). This
may even have implications for whether large animal popula-
tions are considered a source or sink of carbon. For instance,
research on savanna elephants has demonstrated that they
consistently reduce aboveground carbon stores through
tree-toppling and vegetation destruction, especially when
they aggregate in large numbers or stay in one place for longer
periods of time®*°”"", However, more recent appraisals found
that losses aboveground can translate into increases in
belowground soil carbon, resulting in a much smaller net
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carbon effect than would be inferred from aboveground im-
pacts alone’".

Second, net evaluations must ensure there is no carbon
leakage through activities associated with large animal conser-
vation or restoration programs'®’. For example, although the
methods are unclear, whale economic valuations'>*®'** include
boosts to global fisheries as a result of whale activity; an industry
that is responsible for 150-250 Mt of carbon emissions per year
through benthic trawling, biomass extraction and fossil fuel con-
sumption'®""'%?, Additional release of carbon may also occur
from activities associated with boosted ecotourism following
large animal restoration, such as international air travel, local
fuel consumption and accommodation. Globally, tourism ac-
counted for 8.8% of global greenhouse gas emissions in
2019'%%, and with hundreds of millions of people participating
in nature-based tourism each year, the potential for additional
carbon release is high'®*. Boosts to the whale-watching indus-
try, for example, are included in whale valuations'®. With
>3,300 operators offering trips around the world'®®, however,
this would certainly be a source of carbon, not a sink.

Lastly, for large animals to contribute to carbon-market frame-
works, the money generated by selling carbon credits must be
linked to a conservation or restoration activity that would not
have otherwise happened — the so-called ‘additionality’ require-
ment. A fundamental prerequisite is to be able to show that car-
bon storage actually increases from a baseline scenario without
carbon credits. This is already a challenge for many projects
relying on natural ecosystem dynamics due to the uncertain tra-
jectory of existing ecosystem carbon pools in plants and soils.
For example, ‘passive’ carbon uptake in plant biomass due to
anthropogenic CO, fertilization must be accounted for in all na-
ture-based carbon budgets?®. Adding the link from the changes
in carbon pools to animal conservation efforts would, at the very
least, require accurate baselines and predictions of animal abun-
dances. Even for the world’s largest species, this challenge
remains one of the primary sources of error in quantifying
ecological functions'%1%,

Given these shortfalls and uncertainties, we suggest that ef-
forts to place a carbon market or monetary value on elephants
or whales based on their carbon cycling roles are premature.
Moreover, such efforts could be detrimental to urgent climate
change mitigation if they were to divert climate funding away
from verified mitigation and emission reduction®®'>°. Conserva-
tion initiatives incorporating carbon objectives should therefore
explicitly acknowledge uncertainties in magnitude, direction,
durability and timescales of animal-mediated carbon impacts,
while prioritizing rigorous monitoring and empirical validation.
This will help ensure that carbon-based conservation strategies
are grounded in sound ecological understanding, support effec-
tive climate mitigation and complement — rather than distract
from — direct emissions reductions.

Six key lessons for leveraging large animal conservation
and restoration as a long-term climate solution

Our understanding of elephant and whale conservation and
restoration as a natural climate solution can help guide direc-
tions for other, less well-studied animal groups that have
also been suggested to play important climate roles, such
as Arctic herbivores, dugongs, wolves, bison, wildebeest or



Current Biology

Wildlife carbon impacts
are highgl uncertain and
context-dependent;
animal restoration is a
risky climate mitigation
strategy.

Carbon benefits take time,
limiting contributions to
net-zero by mid-century;
restoration should still
start now to realize many
co-benefits and potentially
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Figure 5. Six lessons for leveraging wildlife
conservation and restoration as along-term
climate solution.

Based on the latest scientific understanding of
elephant and great whale roles in Earth’s carbon
cycle and climate mitigation potential, we have
identified six key lessons for effectively incorpo-
rating large animal conservation and restoration
within the broader portfolio of climate mitigation
strategies. These lessons are pertinent to other,
less well-studied large animal groups that have
also been suggested to play important climate
mitigation roles and more general ecosystem
management approaches that attempt to optimize
animal-carbon mechanisms across diverse large
animal communities.

potential for quick carbon
losses if wildlife are
removed.

tigers'®67'%°, These also apply to more general wildlife and
ecosystem management approaches that attempt to optimize
across diverse large animal communities for increased carbon
sequestration. Below we identify six key lessons for communi-
cators, policymakers, managers and conservation practi-
tioners (Figure 5).

Lesson 1: Predicting wildlife carbon impacts is hard, and
animal restoration is a high-risk climate strategy

Large uncertainties in the magnitude, timescale, and durability of
animal-carbon effects mean that wildlife restoration should
currently be considered a high-risk climate mitigation pathway.
Near-term investments should instead be justified primarily by
robust side-benefits, including biodiversity conservation,
ecosystem recovery and resilience to climate change, rather
than only uncertain carbon returns.

Lesson 2: Restoration for long-term benefits should
begin now

Wildlife population recovery, ecological responses and reaching
meaningful scales will require many decades to develop. Initi-
ating restoration now is nevertheless essential to realize potential
long-term climate recovery benefits while delivering broader co-
benefits in the near term (Figure 4).

Lesson 3: Conservation should remain the highest
priority

Despite uncertainties surrounding animal-carbon roles, prevent-
ing further defaunation remains a prudent strategy to avoid addi-
tional carbon emissions. Large animal restoration and carbon
accumulation can take centuries, but losses can occur rapidly.
Therefore, protecting intact ecosystems and wildlife commu-
nities is critical, particularly in carbon-rich ecosystems, such as
the Congo basin or Arctic permafrost'®'°¢,

Lesson 4: Animals must be carefully integrated into
climate policy

Itis essential that animals are explicitly recognized in climate pol-
icy frameworks, as carbon assessments without animals criti-
cally overlook their role as important and dynamic regulators of
ecosystem carbon storage. However, caution is needed when
incorporating animal effects into carbon assessments, mitiga-
tion targets, or climate finance mechanisms due to substantial
variability in animal-carbon processes across species, systems,
and timescales. Overestimating carbon impacts could misdirect
climate investments, create false confidence in mitigation

are essential to ensure
expected carbon
sequestration is real and

durable.
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potential and lead to unintended management outcomes (e.g.,
“bad” carbon species or populations).

Lesson 5: Potential carbon benefits of wildlife should be
communicated transparently

To align climate mitigation expectations with current evidence, it is
critical that animal carbon roles are communicated transparently
with respect to magnitude, direction, timescales, durability and
associated uncertainties. This includes clearly distinguishing be-
tween carbon recovered through ecosystem restoration following
historical degradation and carbon emissions from ongoing fossil
fuel use, which wildlife restoration cannot directly offset.
Lesson 6: Monitoring and validating animal restoration
programs is essential

Even for well-studied species, such as elephants and whales,
confident estimates of net carbon outcomes are challenging.
The most valuable research will come from integrated (e.g.,
above- and belowground carbon pools) long-term monitoring
programs implemented alongside animal restoration efforts, al-
lowing carbon stocks, fluxes and ecosystem responses to be
measured as populations recover. Such assessments should
also include other climate-relevant pathways, such as changes
in local energy budgets.

In summary, wildlife conservation and restoration are essential
for many reasons, including their roles in carbon cycling that
remain challenging to accurately predict and generalize. By
continuing to investigate, critically evaluate and transparently
communicate these roles, we can build responsible pathways
for addressing the interconnected biodiversity and climate
crises.
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