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Future food farming technology faces challenges that must integrate the core goal of
keeping the global temperature increase within 1.5 °C without reducing food security
and nutrition. Here, we show that boosting the production of insects and earthworms
based on food waste and livestock manure to provide food and feed in China will
greatly contribute to meeting the country’s food security and carbon neutrality pledges.
By substituting domestic products with mini-livestock (defined as earthworms and
insects produced for food or feed) protein and utilizing the recovered land for bioenergy
production plus carbon capture and storage, China’s agricultural sector could become
carbon-neutral and reduce feed protein imports to near zero. This structural change
may lead to reducing greenhouse gas emissions by 2,350 Tg CO,eq per year globally
when both domestic and imported products are substituted. Overall, the success of
mini-livestock protein production in achieving carbon neutrality and food security for
China and its major trading partners depends on how the substitution strategies will be
implemented and how the recovered agricultural land will be managed, e.g., free use for
afforestation and bioenergy or by restricting this land to food crop use. Using China as
an example, this study also demonstrates the potential of mini-livestock for decreasing
the environmental burden of food production in general.

insect | greenhouse gas emission | protein | food security | mitigation

Agriculture, including crops and livestock production, faces the huge challenge of pro-
ducing enough food while reducing its contribution to climate change (1). The sector has
dramatic impacts on several planetary boundaries, including cropland use (2), greenhouse
gas (GHG) emissions (3-5), and nitrogen (N) use (6, 7).

Livestock production provides quality food but requires substantial amounts of land
and other resources such as synthetic N fertilizer to produce feed (8, 9); additionally, the
associated GHG emissions and reactive N losses are high (10, 11). In many cases, a sig-
nificant proportion of feed production occurs abroad, and large livestock producers such
as Europe and China, depend on a significant net importation of feed (12, 13). This
external dependency leads to food security risks, which is becoming an increasing global
concern (14).

Reducing animal-sourced food consumption and using alternative feed sources, such
as swill, have been recognized as efficient strategies for reducing both fertilizer demand
and environmental impacts (15, 16). The benefits include a reduction both of the land
needed to produce livestock feed and reduction of soybean and cereal imports, increasing
the N-use efficiency of the agrifood systems (10). The recovered land could be used for
afforestation, bioenergy production, and carbon capture and storage (BECCS), thus reduc-
ing GHG emissions (11).

Future food farming technology, such as the mini-livestock production, including
insects and earthworms, is an efficient way to produce protein, and reduce the environ-
mental impacts of agricultural output while boosting regional self-sufficiency without
reducing food quality (17, 18). Mini-livestock protein for human consumption can be
produced by food waste, decreasing the demand for conventional animal-sourced products
(19). Mini-livestock can also be raised on manure and used as feed for conventional
livestock such as swine and poultry, diminishing the external dependency on imported
feed (20-22).

In this paper, we systematically quantify the effects of mini-livestock production in
China on improving food self-sufficiency, while reducing the use of land and synthetic N
fertilizer use and GHG emissions (Fig. 1). China’s food supply increasingly relies on
imports (total food imports rose to a record level of 160 Tg in 2021) (23) and the country
recently highlighted that food security and carbon neutrality are its leading priorities
(24, 25). Nevertheless, the impacts of adopting mini-livestock production technology in
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China on reducing GHG emissions for the country’s major agri-
cultural product trading partners have not been identified (Fig. 1).
The present study aims to identify the spillover effects of agricul-
tural trade on the mitigation of GHG emissions by reducing the
import of agricultural products through adopting mini-livestock
production (26).

Results and Discussion

Mini-Livestock Protein Production Capacity. In China, an
abundance of food waste and livestock manure are available that
could be used as feed for mini-livestock (27, 28), indicative of
the ample opportunities to produce mini-livestock as a protein
source. Here, we focus on food waste as feed for house crickets,
mealworms, and black soldier flies, to convert products unsuitable
for human consumption into mini-livestock protein for human
consumption after proper sanitation and drying treatments. The
total potential production of mini-livestock protein for food is 4
to 7 Tg (Fig. 2B), based on an input of 102 + 14 Tg fresh food
waste for their production in 2018 (87 Appendix, Tables S1 and
S2). Approximately 17 to 24 Tg of mini-livestock protein for feed
can be produced (Fig. 2C), via fully collecting and feeding 1,661
+ 174 Tg solid livestock manure to black soldier flies, houseflies
and earthworms, as these mini-livestock species are well adapted
to use this substrate as feed (S Appendix, Tables S1 and S2). The
relatively lower efficiency of producing mini-livestock protein on
manure compared to the current commercial insect production
(SI Appendix, Table S2) is mainly due to the poor feed quality.
After proper sanitation and defatting treatments, these mini-
livestock proteins can be used as feed for livestock, especially
poultry and swine (20).

Reaching the full potential of mini-livestock protein production
is possible in China because the mini-livestock production indus-
try is well developed and expanding (Fig. 2). Currently, there are
9,500 earthworm, 3,500 mealworm, 480 black soldier fly, 320

housefly, and 120 cricket production plants in operation across
different climatic and agricultural ecological zones (Fig. 2 D-F).
The current reinforced policies on municipal solid waste separation
and collection (29), and mandatory solid and liquid manure sep-
aration of industrial livestock farms (30), have ensured the supply
of feed for mini-livestock. In addition, these mini-livestock pro-
duction plants geographically overlap with the distribution of
municipal food waste collection plants and industrial livestock
farms (Fig. 2 D—F), which further ensures the success of the uptake
of mini-livestock protein production. However, the upscaling of
mini-livestock production will need various investments and pol-
icies to support the construction of insect production plants (31),
to effectively collect and redistribute food waste and solid manure
(32), for sanitation and processing (33), and to package and sell
the final products (33).

Mini-Livestock Protein Substitution Strategies. Different
strategies of using mini-livestock protein to substitute conventional
protein sources result in contrasting effects on protein self-
sufficiency and environmental impacts for China and its major
trading partners (Fig. 3). Here, we designate mini-livestock
protein as food to substitute five different animal-sourced foods
and mini-livestock protein as feed to substitute three different
plant-sourced feeds (Methods). This substitution is feasible due to
their similar roles in the diets of humans and livestock and, in part,
to the larger environmental footprints and greater dependence
on the importation of traditional livestock and feed products
(SI Appendix, Fig. S1 and ref. 34).

The impacts of different substitution priorities, namely substi-
tution of imported products only (SIP), substitution of domestic
products only (SDP), and substitution of domestic and imported
products in hybrid form (SDIH), have been quantified to identify
the best-performing strategies for China and its major trading
partners due to recent geopolitical concerns. Substitution of
animal-sourced food or feed was carried out proportionally for
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Fig.1. Therole of mini-livestock production in improving food security and mitigating GHG emissions from the agricultural sector in China and its major trading

partners under a business-as-usual scenario (BAU) (A), a recovered land used for afforestation scenario (B), and a BECCS, (C) at the highest GHG mitigation rate

with no land use restriction.
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Fig.2. Food and feed protein production and imports (A), mini-livestock protein production capacity as food by black soldier fly larvae or mealworms or crickets

(B), and mini-livestock protein production capacity as feed by house fly larvae, black soldier fly larvae or earthworms (C) in China in 2018. Number and the size
of registered food waste collection and mini-livestock production plants (D), distribution of registered food waste collection plants and mini-livestock production
plants in different agroecological area (£), and the contribution of different agroecological areas to total registered capital of different plants in China (F). Note:
Error bars represent the SD for protein produced by the different insect species under various rearing conditions.

the selected conventional animal-sourced food or feed in all strat-
egies to avoid significant disturbances of the diet structure. The
imported products with larger GHG emission rates per unit of
protein production were set with a high substitution priority to
maximize GHG reduction in the context of mitigating climate
change (SI Appendix, Figs. S2 and S3).

Recovered agricultural land via a decrease in the demand for
agricultural products within and outside of China is designated
for afforestation or BECCS to reduce carbon emissions (Fig. 1).
These two different land use scenarios have been developed sepa-
rately, due to their significant differences in the reduction of GHG
emissions and N fertilizer use. The highest mini-livestock protein
production capacity by different types of insects or earthworms
has been used for each scenario and substitution strategy (See
SI Appendix, Figs. S4-S7 for more information on other species,
and SI Appendix, Table S3 for the selection of best-performing

mini-livestock of each situation).

Effects on Food Security and Environmental Performance.

Improvement of protein self-sufficiency. The SIP strategy could
reduce China’s demand for protein by 25 Tg which accounted
for 75% of total imports in 2018 (Fig. 3 A and B), although it
had a negligible reduction in the conventional animal-sourced
food protein consumption rate (S Appendix, Fig. S8). This was
because the direct import of animal-sourced food is relatively low
in China (Fig. 24), except for dairy products (35). Targeting only
the SDP strategy yields a 29% higher replacement of conventional
livestock protein than the SIP strategy (Fig. 3A4). Together with
directly substituting imported feed, SDP strategy may reduce
feed protein demand by 25 Tg, which equaled to 78% of total

PNAS 2023 Vol.120 No.43 e2304826120

feed protein import in China in 2018 (Fig. 24). Deploying the
SDP strategy requires replacing 48% of Chinas domestically
produced conventional animal-sourced food with mini-livestock
protein (87 Appendix, Fig. S8). The strategy of SDIH, which aims
to replace products with higher GHG emission intensity beyond
geopolitical priorities or concerns, leads to twice the replacement
of conventionally sourced protein compared with the SIP strategy
(Fig. 3 A and B).

Relying on feed protein imports could be substantially reduced
via different levels of mini-livestock protein production without
reducing the nutritional protein intake level per capita, especially
under the SDIH strategy. The total replacement of conventionally
sourced animal protein in the SDIH strategy was 25% higher than
China’s total feed protein import in 2018 (Figs. 24 and 3 A and B).
This indicates that the SDIH strategy not only makes China’s
protein feed consumption fully self-sufficient but also that it
replaces some domestically produced feed crops, releasing more
agricultural land for nature conservation and/or bioenergy
production.

Land use reduction. Land use reduction ranges from 86 to 214
Mha for all substitution strategies at the global level, considering
the different requirements of grassland and cropland areas for
the different substitution products, and crop indexes of different
countries (Fig. 3 Cand D). The highest land use reduction is under
the SDIH strategy, followed by SDP and SIP. Approximately 92%
of the saved land area occurred China in the SDP strategy, and
64% for SDIH and 0% for SIP, respectively (Fig. 3 Cand D). Most
of the agricultural land saving comes from grassland reduction,
due to the lower consumption of beef and mutton (57 Appendix,
Fig. §9). The freed-up agricultural land is used for afforestation or
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Fig.3. The estimated reduction in protein demand (A and B), land use change
(C and D), reduction in GHG emissions (£ and F), and nitrogen (N) fertilizer
use reduction (G and H) when adopting the strategies of substitution of
imported products only (SIP), substitution of domestic products only (SDP),
and substitution of domestic and imported products hybrid form (SDIH) in
the Afforestation (Left) and BECCS scenario (Right) at maximum (Max) mini-
livestock protein substitution rate and land use restriction scenario (Land-R).
All results show the contribution by China (blue) and its major trading partners
(red) in 2018. Note: Land-R represents a scenario that restricts recovered
agricultural land for afforestation and BECCS. For more details about the
contribution sources see S/ Appendix, Figs. S4-S7 and S9. All analyses are based
on the best performance of one specific mini-livestock species, i.e., the species
with the most significant reduction in GHG emissions (S/ Appendix, Fig. S4).
For information on the other insect or earthworm species, see S/ Appendix,
Figs. S4-57.

BECCS to remove CO, from the atmosphere, with the exception
of grassland in China, which experience a higher land degradation
rate and are mainly located in the arid regions with severe water
limitations (36).

Mitigation of GHG emissions. In the Afforestation scenario, the total
reduction in GHG emlssmns ranges from 231 to 632 Tg CO,

equivalents (CO,eq) y~ "at the global scale (Fig. 3E), including an
increase in GHG emissions from mini-livestock protein production
itself, a reduction in GHG emissions through improved food waste
and manure management in China, a reduction of livestock and
crop production, and carbon sequestration by afforestation on
the saved agricultural land within and outside China’s territory.
Up t0 2,350 Tg CO,eq y ' could be reduced when deploying the
SDIH strategy in the BECCS scenario, which is 3.7 times that
in the Afforestation scenario (Fig. 3F). This is in line with most
studies showing that BECCS has a higher CDR potential than
afforestation (Xu et al., 2022).

40f8 https://doi.org/10.1073/pnas.2304826120

In the Afforestation scenario, China benefits most from the
SDIH strategy, in Wthh domestic GHG emissions can be reduced
by 459 Tg CO,eqy . In the BECCS scenarlo, China can reduce
its GHG emissions by 657 Tg CO,eqy ' under the SDP strategy
(Fig. 3 E and F), which almost equals the total emissions from
China’s agricultural sector, i.e., 670 Tg CO,eq in 2018 (34). This
indicates that China’s agricultural sector can become carbon neu-
tral by fully and smartly empowering the production of
mini-livestock protein (25, 37).

Although contributing less to the reduction in GHG emissions
than BECCS, afforestation provides additional ecosystem values
such as water provisioning, soil erosion control, and biodiversity
protection in particular (38). Hence, the afforestation scenario
would assist China in achieving ambitious biodiversity protection
targets in addition to carbon neutrality (39). However, the recent
increase in the frequency and intensity of forest fires resulting from
extreme climate conditions threatens the effectiveness of affores-
tation (40, 41). For example, the 2019 to 2020 Australian forest
fires emitted around 806 + 70 Tg CO,eq into the atmosphere
(42), which could wipe out the entire GHG emission reduction
efforts in the Afforestation scenario (Fig. 3 E'and F).

Compared to afforestation, BECCS is more climate-risk resil-
ient in reducing GHG emissions, although it is more expensive
(43, 44, Xu et al., 2022). In addition, BECCS may also require
more synthetic N fertilizer and blue water input to support the
high productivity of primary biomass production (45), which may
promote exceeding of the safe and just operating space of these
two response variables of the Earth’s system (46).

Reduction of N fertilizer use. Up to 20 Tg of N fertilizer could be
reduced by adopting the SDIH strategy in afforestation (Fig. 3G).
More than 88% of this reduction is due to reducing animal-
sourced food and the related feed-crop reduction in China (Fig. 3
G and H) by using the most recently updated country-specific N
footprint data for different livestock products (10). The total N
fertilizer reduction will reach up to 50% of its 2018 usage (34).
N fertilizer reduction is lower in the BECCS scenario, especially
for the SIP strategy (Fig. 3 G and H), because it requires a large
amount of additional fertilizer input (47).

Other benefits. Mini-livestock is more nutritious than traditional
animal-sourced food (48). A high level of mini-livestock protein
may lead to a healthy nutritious complement to the human diet
in China, especially in terms of micronutrients such as zinc (49).
Approximately, 150 to 200 million people in China suffer from
zinc deficiency and related health problems (50). There is also
considerable production of fat during the processing of insect
larvae into protein-rich powder products; this fat can be used
to produce biodiesel for energy (51, 52), which is paramount in
the context of a worldwide energy shortage (53). The maximum
biodiesel production is 20 Tg in the SDIH strategy (S Appendix,
Fig. S10), which also reduces GHG emissions when used to replace
fossil fuels (54). Mini-livestock biotransformation of organic waste
produces a by-product consisting of undigested feed and feces,
commonly referred to as “frass,” which improves crop yield and
quality and, thus, may replace traditional fertilizers (55).
Spillover effects for the major trading partners. There are
contrasting spillover effects in terms of GHG emission mitigation
for the major trading partners under different substitution
priorities and land use scenarios (Fig. 4). Deploying SDP would
reduce GHG emissions by 21 Tg and 250 Tg CO,eq y ' for
the major trading partners in the Afforestation and BECCS
scenarios, respectively. Most reductions would occur in Brazil
due to a decline in soybean demand (Fig. 4 Band E). The SDIH
strategy leads to the greatest spillover effects of GHG emission
reduction in trading partners in both scenarios of 144 Tg CO,eq
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Fig.4. The spillover effects of strategies of SIP only (Left), SDP only (Middle), and SDIH (Right) on reduction in GHG emissions in the main trading partner countries
under the Afforestation (A-C) and BECCS (D-f) scenarios. The maps show the absolute reduction of GHG emissions from different countries; the green shaded
boxes show the dominant contributors to reduction in GHG emissions. Note: Here, we only show the data from countries that contribute >95% of the total
importation rate. The Tg values indicate reduction in GHG emissions. BRA, Brazil; CHN, China; URY, Uruguay; ARG, Argentina; NZL, New Zealand; CAN, Canada;

AUS, Australia.

y~" in the Afforestation scenario and up to 1,553 Tg CO,eqy ™'
in the BECCS scenario (Fig. 3 £ and F).

There are more diverse spillover effects on the reduction of
GHG emissions in the major trading partner countries in the SIP
strategy than in the SDP strategy, due to China’s diverse food and
feed import (Fig. 4). For example, there will be a considerable
reduction in emissions in New Zealand and Australia as a result
of the reduced import of milk and beef products (Fig. 4B). This
is due to the large grassland use footprints of ruminant production
in these countries (34, 56) and, hence, the significant potential to
convert these lands to produce biomass for BECCS. Information
on the spillover effects of land use and N fertilizer can be found
in ST Appendix, Figs. S11 and S12.

Barriers and Opportunities for Mini-Livestock Protein
Production. Social acceptance is an obstacle to mini-livestock
even with strict food quality assurance (48). This is especially
true in emerging economies such as China, where the history
of large amounts of animal-sourced food consumption is short
(34). Therefore, we also explored additional scenarios with a 20%
substitution, demonstrating that this reduced scenario can also
lead to substantial environmental benefits (S/ Appendix, Fig. S13).
The replacement of conventional livestock production by mini-
livestock production will reduce the amount of manure produced,
thus may reduce the production capacity of insect feed protein
in the next round. This will require a more sustainable design of
mini-livestock production and spatial distribution in the future.
Although a reduction in manure production will also reduce its
availability for fertilization of cropland, this is not expected to
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substantially impact crop yields in China, due to over-fertilization,
especially with synthetic fertilizers and because the transition will
make insect frass available for crop fertilization (55, 57, 58).
Cropland protection policy. Another obstacle to adopting mini-
livestock production is China’s strict cropland protection policy.
This policy established minimum cropland area of 120 million ha
(59) and does not allow afforestation of recovered agricultural land.
In addition, recent policies forbid converting cropland into the
usage for production of nonfood products (60), which limits the
opportunities to implement the BECCS scenario. Under these land
use restrictions in China, the total reduction of GHG emissions at
the global scale will decrease by 35% in the SDP and 14% in the
SDIH strategy in the BECCS scenario and by 23% in the SDP
strategy and 20% in the SDIH strategy in the Afforestation scenario,
compared to a no land-use restriction situation (Fig. 3 £-G). All
these reductions occur in China, especially for the SDIH strategy in
the BECCS scenario in which the reduction of GHG emissions will
decrease by 56% (338 Tg CO,eqy ') compared to a no-restriction
situation (Fig. 3 E'and F). This implies a significant compromise of
climate change control or carbon neutrality capabilities in China
under the strict cropland use protection policy. However, the
freed-up agricultural land may be used to produce food to meet
additional food demands (61). The estimated increase in protein
production will be 17 to 20 Tg for the SDP and SDIH strategies
compared to a situation without restrictions (Fig. 3 A and B),
ensuring China’s long-term food security.

Similar limitations may exist for turning grassland into forest or
cropland in Australia, due to concerns about grassland degradation.
If there are also land use restrictions, the mitigation potential of
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GHG emissions will decrease by 14% at the global level of the SDIH
strategy under the BECCS scenario; however, the impact will be
negligible under the Afforestation scenario (SI Appendix, Fig. S14).
In addition, there should be policies and incentives for exporting
countries to invest in afforestation and BECCS instead of looking
for new export markets, especially in biodiversity hotspot areas.
Economic competitiveness. To be accepted and implemented by
industry, mini-livestock protein production must be at least as
economically competitive as conventional food and feed proteins.
Although feed costs are lower compared to livestock production,
mini-livestock protein production requires large investments in
facilities to provide a high and stable temperature to produce
and grow the insect larvae, as well as for sanitation and drying
treatments, such as converting insect larvae into protein-rich
powder (20, 21). The production costs are higher in North China
than in South China, as the colder climate requires additional
natural gas and electricity to heat the mini-livestock production
facility. On average, the production cost is around 1,370 US$ per
ton of insect/earthworm dry matter in North China, three times
higher than that in the South (S5 Appendix, Fig. S15). However, the
production cost of mini-livestock protein is only 12 to 40% of the
total cost of conventional animal-sourced food and feed production
(32, 34), depending on the substitution strategies and locations
of mini-livestock protein production, except for the SIP strategy.
While the cost of producing mini-livestock protein in North China
is higher than the cost of soybean production in Latin America, the
total production cost in South China is still half of the traditional
food production cost of the SIP strategy (S Appendix, Fig. S15).

Conclusions

Our results show that investing in mini-livestock production in
China will contribute to achieving food security, meeting its car-
bon neutrality pledges, and reducing resource use. However, the
outcomes of the three proposed strategies vary greatly. A minimum
level of change in the Chinese diet, with a considerable reduction
in GHG emissions and N fertilizer use at the global level, is achiev-
able by replacing imported products; however, the reduction of
GHG emissions in China would be negligible. Setting domestic
products as the only substitution targets in combination with
BECCS could help China’s agricultural sector become carbon
neutral and able to meet feed protein shortage. However, this
would require a replacement of 48% of animal-sourced food with
mini-livestock protein and largely offsetting climate change con-
trol capability at the global scale. The import and domestic prod-
uct hybrid substitution strategy leads to balanced, high level of
food security and GHG emission reduction improvement for
China and its trading partners. Hence, achieving the full potential
of climate control effects depends on how the substitution strategy
is decided and how the recovered agricultural land is managed
(Fig. 1). While our study focuses on the benefits of mini-livestock
production in China as one of the world’s most important markets
for food and feed, it also sets an example for the potential adoption
of mini-livestock in the agricultural sector of other countries
resulting in a noteworthy global impact.

Methods

Mini-Livestock Protein Production Capability. We selected insects
and earthworms with the ability to recycle food waste and solid livestock
manure, such as black soldier fly (Hermetia illucens), mealworm (Tenebrio
molitor), house cricket (Aedes domesticus), housefly (Musca domestica),
and earthworm (Pheretima) (SI Appendix, Table S2). We divided these ani-
mals into two groups. The first group includes house crickets, black solider

6 of 8 https://doi.org/10.1073/pnas.2304826120

fly, and mealworms which can grow on organic source such as food waste.
The mini-livestock protein produced by this group can be used for human
consumption, after proper treatment, which entails drying, cleaning, and san-
itation. The second group includes black soldier fly, housefly, and earthworm
which can grow on organic waste such as livestock manure. Mini-livestock
protein produced by the second group based on manure can be used as feed
protein for livestock production, after proper treatment (20, 21). The yields
of each type of mini-livestock protein can be calculated according to Eq. 1

Pr="PrC XM x FCR x W, [1]

where Pris the yield of mini-livestock protein, PrC, M, and FCR are the protein
content (dry basis), dry matter, and feed conversion ratio of each insect, respec-
tively, and Wis the amount of food waste or livestock manure. The reported food
waste production rate and solid livestock manure production rate per year are
listed in S/ Appendix, Table S1.The reference year is 2018 due to the availability
of data and parameters.

Mini-Livestock Protein Substitution Strategies. We targeted the use of edible
protein from mini-livestock to substitute five different types of animal-sourced
food, namely pork, eggs, poultry meat, beef and mutton, and feed protein from
mini-livestock to substitute three different plant-sourced protein-rich feed
types—soybean, rapeseed, and peas. These products are replaced at the same
proportions, to minimize the disturbance of the diet composition. Three different
substitution strategies were developed concerning the priority of domestically
produced products or imported products, which will provide useful information
for scientists and policymakers.

sip. Products from China's trading partners with a higher GHG emission miti-
gation potential have been given a higher priority for substitution, until all the
produced mini-livestock protein has been used or all targeted products have
been replaced.

spp. Only the five domestically produced animal-sourced products and three
plant-sourced feed products are reduced, until all the produced mini-livestock
protein has been used or all targeted products have been replaced.

SDIH. Products from either China or its major trader partners were replaced. The
trading partners with the highest GHG emission mitigation potential were given
a higher priority for substitution, without considering the location of agricultural
production. Substitution of animal-sourced food or feed was carried out propor-
tionally for the selected conventional animal-sourced food or feed in all strategies,
to avoid large disturbances of diet structure.

Impacts on Protein Consumption. The related reduction of feed requirements
due to the reduction of livestock production by the major trading partners has
been tracked, to estimate the impacts on environmental performances. The impact
of a reduction in China's livestock production on feed supply from the domes-
tic and international markets has also been modeled using the NUFER-animal
model, which distinguishes the feed requirement from domestic production and
the international market (13).

Impacts on Land Savings. The arable land savings were calculated as the
difference between the land use footprint of producing mini-livestock protein
and that of conventional protein production. We divided the land use foot-
printinto grassland and cropland. The land use footprints of different food and
feed products of major trading partners were derived from previous studies
(S Appendix, Table S2). The land use footprints of the different insects are
presented in S/ Appendix, Table S2. Land use reduction was corrected by the
multiple cropping index of different countries, defined as the total harvest area
divided by the total cropland area in 2018 (34). Two different scenarios have
been developed to use the recovered agricultural land, given their different
roles in carbon emission reduction, sequestration, biodiversity protection, and
N fertilizer use requirement.

Afforestation scenario. All recovered land will be used for afforestation, except
forthe recovered grassland in China, due to the serious degradation rate and lack
of sufficient water supply for most grassland in China (36).

BECCS scenario. All recovered land will be used for bioenergy production, includ-
ing carbon capture and storage technology, except for the recovered grassland
in China (36). Five main lignocellulosic bioenergy crops were selected, namely
eucalypt, Miscanthus, switchgrass, poplar, and willow, which have a wide range
of possibilities to be used at the global scale (47).
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Impacts on GHG Emission Reductions. Here, the integrated effects on changes
in GHG emissions have been considered, including increases from the production
of mini-livestock protein reduction in GHG emissions through improved food waste
and manure managementin China, reduced production of livestock and crops, and
carbon sequestration by afforestation of saved agricultural land within and outside
of China's territory border. Life cycle assessment has been applied, for example, con-
sidering the energy consumption related to indirect GHG emissions and the direct
GHG emissions of N fertilizer manufacture and application (62). The CO, emissions
from food waste disposal and manure were calculated based on a previous study
(63)and the FAOSTAT database. Greenhouse gas emissions reduced by afforestation
were calculated by multiplying the area of cultivated land saved by the amount of
CO, removed by a unit area of forest. The amount of CO, removed per unit area of
forest is the ratio of the total forest carbon removal to the total forest area of each
country. The GHG emissions of net forest conversion in each country were derived
from the FAOSTAT database. Net CO, sequestration from carbon capture and storage
(SeqCCS) was calculated following the method by ref. (64).

Impact on N Fertilizer Use. N fertilizer use of different animal-sourced products
of China's major trading partners, resulting from feed production, was estimated
by using the most recently updated country-specific N footprint data for different
livestock products (10). Synthetic N fertilizer use of different feed products was
estimated following the methodology described in ref. 62 and applied to the
main trading partners of China. The N fertilizer requirement of bioenergy crop
production was derived from ref. 47.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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