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SUMMARY

Responding to the twin challenges of climate change and biodiversity loss is critical but so is avoiding any
unintended consequences of these responses for other sustainability goals such as food security. Here,
we explore synergies and trade-offs across the biodiversity-climate-food nexus through the recently devel-
oped Green Shoots framework. This approach highlights how different response options (dietary change,
sustainable food production and fisheries, afforestation/reforestation, and bioenergy) can have multiple
co-benefits, although some can also pose risks to biodiversity, climate change, or food security. Integrated
responses are needed, but ultimately, success depends on how effectively they are implemented, and not on
the type of response option per se. Society is at a critical juncture for the sustainability of most natural and
food systems with today’s choices affecting tomorrow’s outcomes, and the Green Shoots provide an

approach to inform these choices.

INTRODUCTION

Anthropogenic greenhouse gas emissions have resulted in
global mean warming of 1.2°C above the pre-industrial period,
with emissions increasing every year. Considering the remaining
carbon budget, the 1.5°C target put forward in the Paris Agree-
ment is likely no longer achievable." Humanity is thus on a path
to levels of warming considered to be dangerous anthropogenic
interference with the climate system,? nullifying the primary objec-
tive of the United Nations Framework Convention on Climate
Change (UNFCCC). Concurrently, more species than ever before
are threatened with extinction from anthropogenic causes, two-
thirds of the world’s ocean and three-quarters of the ice-free
land area are under direct anthropogenic use at different levels
of intensity, and between one and six billion ha of land may be
severely degraded.®® Degradation is also widely identified in
many marine ecosystems.®’ This direct use of land and seas is
dominated by the need to feed the world’s growing population.
However, there are more than 800 million people undernourished
today, with an increasing tendency,® making the supply of suffi-
cient and nutritious food one of the foremost societal challenges.
Clearly, humans are interfering dangerously not only with the
climate system but also with socio-ecological systems.

(™
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The evidence is overwhelming that intact biodiversity and
well-functioning ecosystems are required to mitigate (and
adapt to) climate change and to achieve many of the Sustain-
able Development Goals (SDGs) beyond “life on land” and
“life below water,” including “zero hunger.”*°'° But likewise,
biodiversity targets such as those of the Convention on Biolog-
ical Diversity’s (CBD’s) Kunming-Montréal Global Biodiversity
Framework can only be achieved if climate change is halted
and feeding the world’s population is decoupled from resource
over-exploitation.'®~'? International and national climate and
biodiversity policies increasingly acknowledge the close
interdependencies of climate change and biodiversity loss
and the need to closely align targets specified under the
UNFCCC and CBD. Nevertheless, the agreed targets, but
also the measures put in place to meet these targets, do not
fully acknowledge the complex, non-linear interactions that
exist in socio-ecological systems, thus risking failure because
of environmental or societal trade-offs.> "2

Successful implementation of policy measures requires an
integrated perspective that acknowledges the manifold direct
and indirect drivers operating within the biodiversity-climate-
food nexus.'®™'® We focus here on a range of widely discussed
response options that either aim to contribute to climate
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change mitigation (especially through measures taken in land
ecosystems) and/or underpin the supply of food. Response op-
tions include, for example, dietary change, sustainable food pro-
duction, afforestation/reforestation, and bioenergy. They have
been critically discussed previously regarding the co-benefits
and negative side effects for biodiversity and human well-being
(e.g.,'®"®"" and references therein). Here, we use the available
literature, and—where available—country statistics, to assess
these options within the “Green Shoots” framework.'® This
framework was previously used to visualize the synergies and
trade-offs arising from protected areas and their impacts on
biodiversity, climate change mitigation, and food production.'®
Our previous work showed that area coverage targets such as
protecting 30% of the marine and land surface, a core element
of the Kunming-Montréal Global Biodiversity Framework,
are meaningless unless accompanied by substantial improve-
ments in protected-area effectiveness. Moreover, important
differences in terrestrial and marine systems need to be
recognized when setting and implementing protected-area tar-
gets, regarding both synergies and trade-offs with climate
change mitigation and food production.'® Here, we apply the
Green Shoots visualization to a biodiversity-climate-food nexus
perspective and explore a wider set of response options (beyond
the initially investigated protected areas) that allow us to identify
the opportunities that exist for achieving synergies across the
nexus. The Green Shoots were inspired by the “burning embers”
diagrams'®?° of the Intergovernmental Panel on Climate Change
but rather than communicating climate-change related risks, the
Green Shoots emphasize options for solutions and contrast syn-
ergistic opportunities with actions that risk dangerous levels of
anthropogenic interference in socio-ecological systems.

METHODS

The Nature’s Green Shoots visualization with its solutions-ori-
ented analytical framework aims to identify possible sets of
actions toward achieving sustainability objectives in the use
of natural resources, as well as positive synergies but also
trade-offs that may be associated with these actions. The
Green Shoots are represented as a 2D surface that contrasts
a response option to address a sustainability challenge (here,
biodiversity loss, climate change, and hunger) with the effec-
tiveness with which that option is implemented. A detailed
description of the method is provided in Arneth et al.'® Briefly,
a color scale from gray (a delay of an action, or even the ac-
tion itself, is harmful) to green (action has clear benefits) iden-
tifies the solutions space. Responses of biodiversity, climate,
or food production to an intervention can be linear or non-
linear (for example, due to feedbacks in socio-ecological sys-
tems), and hence the color transitions from gray to green can
also be linear or non-linear. Each Green Shoot diagram was
developed in a separate worksheet (see the examples in
Data S1, which is provided in the supplemental information).
In each of the diagrams, the full color-range from dark gray
to dark green is used, i.e., the implemented actions result in
maximum unfavorable or favorable outcomes, which facili-
tates qualitative comparison between the Green Shoots. In
these worksheets, the darkest green and gray shades corre-
spond to values of —100 and +100, which enables subsequent
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re-drawing and smoothing of the surface of the Green Shoots
(see Arneth et al.'® for more details).

The assessment of the benefits or disadvantages arising from
an intervention and hence also the choice of where the color
transitions lie on the Shoots diagrams requires expert judgment,
based on a review and evaluation of the published scientific
literature. In some cases, the placement of the color transitions
can also be based on available statistical data. For instance, in
the analysis presented in this review, the impact of changes in
(agricultural) food consumption and production was assessed
with support from country-based data (see sub-sections “food
production on land” and “(agricultural) food consumption”
below). The vertical dimension (y axis) of the Green Shoots rep-
resents possible interventions that relate to policy targets and
related indicators. Its scale ranges from none (or a very small)
realization of an intervention to a maximum value, expressed in
%. The solutions perspective of the Green Shoots diagrams
also requires a second dimension (here plotted along the x
axes), which captures the effectiveness of implementation. The
level of uncertainty in color attribution increases with departure
from current levels. Figure 1 provides a “generic” example of a
Green Shoot as an illustration for how these should be read.
The arrows and numbers on each Shoot refer the reader to
concrete examples that we discuss in the respective sections
in the context of each response option; these examples tend
to be independent from one another.

We explore direct climate change mitigation measures
(growth of bioenergy crops, expansion of area under forest,
reduction of greenhouse gas emissions from agriculture), the
impacts of fisheries, and dietary changes on biodiversity,
climate, and food supply. These measures have been debated
for many years regarding how well they address current un-
sustainable land and sea use, in particular (for the land-based
measures) with respect to their potential to reduce the global
“land-squeeze.”?" They have featured prominently in assess-
ment reports by the IPCC (e.g., 2019° and 2022°%?%) and Inter-
governmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES; e.g., IPBES, 2019,* and McElwee
et al.?’) and a joint IPCC-IPBES workshop.®'”?>*® The main
outcomes of these reports and the literature that underpins
them, plus more recent literature and some country-level
statistices, are the basis for this paper, and the Green Shoots
visualizations (presented in Figures 2 and 3; see also
supplemental information, Tables S1.1-S1.5).

Figures 2 and 3 are based on the templates provided in Data
S1, which show the assumptions made for the transitions. The
surfaces created in these worksheets were replotted and
smoothed using R 4.3.1 packages sp, gstat, ggplot2, and auto-
map using the autokriege and kriege (for Figure 2D, climate, and
Figure 3B, climate) functions. The interpretation of the impact of
different solutions is done here implicitly for present-day condi-
tions (i.e., not considering future socio-economic changes) and
in the global context, while recognizing that synergies and
trade-offs arising from a response option will differ between re-
gions and geographic scales. In principle, the spreadsheet-
based approach also allows for a wider set of variables to be
explored, including those at the regional scale, or for multiple
socio-economic and climate change scenarios. Biodiversity is
intended to cover all facets of biodiversity, but most of the cited
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Figure 1. Green Shoots visualization

The green-to-gray color scale was chosen to illustrate overall favorable (green)
or unfavorable (gray) impact a response option would have for sustainability
challenges (here: biodiversity, climate change mitigation, or food supply). The
vertical dimension (y axis) represents the degree of implementation of the
proposed option, typically varying between a minimum of 0% to implementing
the intervention to a maximum of 100%. The horizontal dimension (x axis)
ranges from low to high level of effectiveness with which the intervention is
implemented, “low” and “high” corresponding typically to an index ranging
from zero to one. The current status is indicated by the encircled “c” in the x-y
space. Numbers (1, 2...) represent different possible futures (discussed in the
text) that illustrate the impact a change in the magnitude of the intervention
and/or its effectiveness would have (possible futures). The arrows are included
to guide the eye from the current status to each of the possible futures. The
location of color transitions (gray to green), i.e., the degree of intervention at
which the response becomes favorable or unfavorable, is uncertain, indicated
by the different shading of the arrows and background numbers. In this
example, strengthening the response option at unchanged effectiveness
would be favorable with low uncertainty. In contrast, a decline in both effec-
tiveness and the response option itself (possible future case 2) would be un-
favorable, but with medium uncertainty regarding the strength and speed with
which this would materialize. The Shoot example shown here can be com-
bined with different panels to create one figure. Redrawn from Arneth et al.'®

literature we used here refers to species diversity; climate
change mitigation through actions in land ecosystems refers
mainly to impacts on carbon pools and uptake, although for agri-
culture some of the cited studies refer also to other greenhouse
gas emissions; food relates to quantity of food produced or food
protein consumed. '®
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Food production on land

Food production can be increased in two ways: through intensi-
fication (including technology changes) and through cropland
area expansion.’” We focused on data for the cropland sector,
which integrates over food for direct human consumption and
animal feed; given the greater trade-off between expansion of
area and fertilizer use for cropland compared to pasture, inten-
sity of production on pastures was not considered.

Cropland production intensification was estimated from national
5-year averages in fertilizer application rates from FAOSTAT
for 2017-2021 (http://www.fao.org/faostat/en/#home). Fertilizer
application rates are expected to correlate with other yield-
enhancing factors such as pesticides and herbicides, irrigation,
and mechanized land management. After excluding outliers, we
normalized (0-1) for the y axis values between the minimum and
maximum values of all countries, such that unity (expressed as
100%) would be the country currently with the highest fertilizer
input rate.

National production efficiencies were used to define the
x axis, as the attainable yield (1) minus the yield gap.?® This
approach is often used for assessing opportunities to increase
the agricultural productivity or vice-versa to estimate the amount
of in-efficiencies in a production system.?®

Cropland area expansion as a percentage of the total national
area of a country was quantified for the period 2000-2021 (http://
www.fao.org/faostat/en/#home). Similar to the normalization of
intensification values, we normalized cropland expansion
between the minimum and maximum values of all countries to
improve comparability across countries and between area
expansion and intensification, with 0% expansion having a
normalized value of 0.5.

For details of these estimates see the additional information
provided in the supplemental information. The color scale set
in Figures 2A and 2B draws on these and is further refined based
on the literature review.

Fisheries

We focus here on marine capture fisheries, including both indus-
trial and small-scale fisheries, which extract wild fish and inver-
tebrate species from their natural environment. We chose to
address the sustainability of fisheries’ seafood production
through their impact on marine biodiversity (i.e., fish biomass)
and fishery yield (i.e., catch). The assessment is based on key
scientific reports and papers (see Table S1.2) that use fishery
data reconstruction, scientific survey data, meta-analyses as
well as single stock assessments. In the marine Green Shoots,
the vertical dimension represents the proportion of sustainably
exploited stocks, a common indicator (e.g., Shin et al.*%) calcu-
lated to track whether “the impacts of fisheries on stocks, spe-
cies, and ecosystems are within safe ecological limits” (Aichi
Target 6 of the CBD), and whether fish stocks are restored “at
least to levels that can produce maximum sustainable yield”
(SDG 14.4). A stock is considered sustainably fished when fish-
ing mortality (F) is kept below a level that produces the maximum
sustainable yield (Fusy). The vertical dimension is scaled be-
tween 0 (none of the fish stocks are sustainably exploited) to 1
(all stocks are sustainably exploited). The horizontal dimension
(x axis) provides a measure of the effectiveness of fisheries man-
agement. We chose to reflect the efficiency in combatting illegal,
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unreported, and unregulated (IUU) fisheries, as the high propor-
tion of IUU fishing is a main driver of overexploitation and stands
in the way of efforts to rebuild depleted stocks.®' Preventing, de-
terring, and eliminating IUU fishing is the main objective of the
FAO Agreement on Port State Measures, a target of the UN
SDG 14.4 and relates also to target 5 of the CBD GBF. The x
axis is scaled between 0 (minimum effectiveness, corresponding
to the upper estimate of IUU fishing risk index) and 1 (lower es-
timate of IUU fishing risk index).®” Details of the method are
provided in the supplemental information. The color scale set
in Figure 2C draws on these and is further refined based on
our literature review.

(Agricultural) food consumption

Food consumption was analyzed across a two-dimensional sur-
face representing the fraction of plant-based foods in the diet on
the y axis and a metric of consumer efficiency on the x axis (see
Figure S3). Points on this surface represent food consumption pat-
terns in terms of quantity and types of foods. Consumption effi-
ciency is calculated as a required average per capita intake of
52 g protein/day®*** divided by an average per capita food protein
supplied (comprising food eaten as well as discarded food waste),
using data from FAOSTAT®® for individual countries. The term
“effectiveness” is used across all Green Shoots’ horizontal dimen-
sions and was also applied in the context of food consumption
since efficient processes contribute significantly to effectiveness.
A consumption efficiency of 1 (100%) implies the food supply
exactly provides the required protein to meet nutritional require-
ments for the whole population if equitably distributed and with
no discarded food. A value of less than 100% indicates on average
an oversupply of food to the consumer, in comparison to nutritional
requirements. This could be either in the form of consumer food
losses or an individual’s over-consumption, given that overeating
is a form of food waste.***° Values of consumption efficiencies
above 1 (or 100%) indicate insufficient supply of protein, while a
value of 100% (or below) can also represent a case where food
is not equitably distributed, and potentially including undernourish-
ment for some. To address this, adjusted efficiencies were calcu-
lated based on FAQO data for the number of people undernourished
per country.®”

The vertical dimension represents the percentage of protein
from plant-based foods in a countries’ average diet. Commodity
protein contents were obtained from FAO food supply,*® with a
calculated range of 30% to >90% plotted as an index (0-1).
For details on these estimates see the additional information
provided in the supplemental information. The color scale set
in Figure 2D draws on these and is further refined based on the
literature review.

Afforestation/reforestation

The y axis was scaled between 0 (complete deforestation) and 1
(maximum natural forest area, 50-55 km? 27-*%). Effectiveness
was assessed based on the degree of naturalness of the forest,
with 0 (low) being monoculture plantation forests (which could be
native or non-native species) and 1 (high) being a natural species
and age-cohort mix without or with very little human intervention.
The assessment was done based on a review of the literature,
with additional information provided in Table S1.4 in the
supplemental information.
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Bioenergy

Bioenergy crops are typically classified as either 15t or 2™
generation, with 2"®-generation lignocellulosic crops such as
Miscanthus or short-rotation coppice. Second-generation bio-
energy is considered to be much higher yielding with fewer input
requirements,®*“? such that “low” at the x axis corresponds to
all bioenergy being 15-generation bioenergy (e.g., maize, but
also wood collected from forests) and “high” corresponds to
all bioenergy being provided as dedicated 2" generation. The
vertical dimension is related to the contribution of bioenergy to
the world’s global primary energy production (which is presently
ca. 640 EJ a~'*"). Given that most scenarios that explore the
impact of bioenergy on other sustainability considerations other
than climate change mitigation do not assume more than a
maximum of ca. 300 EJ to be provided by bioenergy, we capped
the y axis at 320 EJ a~' (100%). The assessment was done
based on a review of the literature, with additional information
provided in Table S1.5 in the supplemental information.

EXPLORING SOLUTION OUTCOMES ACROSS THE
BIODIVERSITY-CLIMATE-FOOD NEXUS

Food production on land

Since the early 1960s, global cropland area has expanded by
nearly 7% (ca. 1.02 mio. km? and production has more than
tripled to feed today’s ca. 8 billion people.*® In the recent two
decades, the mean annual cropland expansion rate was
0.37% p.a., at a normalized production efficiency value of ca.
0.56 (Figure 2A, “c”; see supplemental information for further
information). The supply of sufficient and nutritious food to all re-
mains one of the foremost societal challenges.® This goal could
in principle be achieved by further expanding agricultural land
(Figure 2A, “17), but the conversion of natural land into managed
land together with agricultural intensification have severely
reduced local biodiversity such that already now more than
70% of humans live in an environment in which the “planetary
boundary” for relative species abundance has already been
transgressed.*? Given that many cropping systems are mono-
cultures with a large degree of mechanization on homogeneous
landscapes, further expansion of agricultural area is expected
to add additional stress on biodiversity.**** In addition, crop-
lands typically have lower carbon content in vegetation and soils
compared to the natural system they replace. Conversion of nat-
ural into agricultural systems causes annual CO, emissions of
ca. 1.2 Gta ' “*® and has contributed 40% of the cumulative total
global CO, emissions since 1850.%° Cropland expansion without
further biodiversity and carbon loss is considered unattainable*®
and not directly modulated by effectiveness (Figure 2A, “1” and
“2”). Our visualization does not capture indirect effects, as effec-
tiveness impacts the rate of necessary cropland expansion
required to produce more food—and the negative effects on
biodiversity and emissions from agricultural area expansion
could be reduced by increasing production efficiency to
compensate for the need for additional expansion. Likewise,
while restoration of natural ecosystems at the expense of
managed land is seen as an important aspect of biodiversity
conservation, with co-benefits for climate change mitigation, '
negative consequences for food supply (Figure 2A, “3”) could
only be avoided if enacted in parallel with other measures such
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as reducing food wastage or dietary changes (see section “(Agri-
cultural) food consumption” and Figure 2D). Expanding cropland
in areas of high production efficiency, with sufficient but no over-
supply of e.g., agrochemical or irrigation-water use, could, how-
ever, come with rapid gains regarding global yields and food
supply.*’

Between 1985 and 2005, global yields rose by ca. 28%, of
which ca. 20% were attributed to fertilizer application.*®
Increasing production intensity could be a much more promising
route to reduce hunger and malnourishment than agricultural
expansion if measures taken to do so would not interfere with
other sustainability objectives in the biodiversity-food-climate
nexus. Yet, at present, the world’s food production system is
far from such a trajectory. Inefficiencies in fertilizer application
rates lead to over-fertilization, resulting in groundwater contam-
ination, eutrophication of freshwater, and estuarine ecosystems,
to the detriment of biodiversity within these ecosystems™
(Figure 2B, “c”). The global mean fertilizer application rate is
150 kg/ha p.a. (weighted by crop area) or ca. 0.3 when normal-
ized (see supplemental information). Pesticide use has increased
by >80% over approximately the last three decades (https://
www.fao.org/faostat/en/#home). Agriculture alone accounts for
approximately 70% of global freshwater withdrawals—in some
regions up to 95% (FAO 2017)—and is a major contributor to
climate change. Aside from CO, emissions from agricultural
expansion, management on existing croplands is a large
source of N,O and CH, emissions.®®®' An unknown quantity is
lost in addition as reactive N (such as NHsz or NO,), with
additional climate impact through their contribution to the
formation of tropospheric ozone or secondary organic aerosol.*°
Overall, agricultural production is responsible for 13%-31%
of annual anthropogenic greenhouse gas (GHG) emissions
(2010-2019;?%), the food system’s contribution as a whole
(including transport and fertilizer production) amount to >25%°
(Figure 2B, “c”).

Increasing production efficiency by minimizing yield gaps is
an important option to increase food supply without expanding
croplands. At high efficiencies, fertilizer application rates of
around 80-100 kg ha~' a™"' globally (ca. 20% on y axis and
assuming potash and phosphorus follow nitrogen fertilizer;
Figure 2B, “1”), seems a realistic target to meet future food de-
mands,”® while substantially reducing impacts on biodiversity
and GHG emissions. Over-fertilization is still prevalent in many
regions (Zhang et al.*’; Figure S1), with rates above 200 kg/ha/
year in western countries, which can result in high yields but
with associated biodiversity and climate consequences. In prac-
tice, very high fertilization rates can also be harmful to crops and
contribute to acidification of soils or long-term declines in soil
organic matter.°>>° National data on toxic fertilizer application
rates is lacking, but the FAOSTAT shows around the year
2000-2005, diminishing returns for yields, when application rates
exceeded 300 kg/ha (Figure 2B, “3”). Moreover, a recent study*
showed that some of the top crop-producing countries are still
able to increase their yields despite lowering their fertilizer appli-
cation rates, placing them among the countries with the highest
fertilizer use efficiency worldwide (e.g., Denmark, France, Ger-
many, and Austria; Figure 2B, “2”). This suggests that there is
further room to lower fertilizer application rates while maintaining
high outputs.
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The size of the yield gap is partially related to the availability
and efficient use of fertilizer but also reflects other factors such
as irrigation, pesticides, technology, crop varieties, machinery,
and knowledge.®® These are to a large degree correlated. In
order to close the yield gap, it is more important to apply inputs
efficiently, rather than simply applying more. Thus, we imply for
closing the yield gap an increase in intensity would not automat-
ically have further benefits, while a variety of approaches to
reduce overfertilization such as precision agriculture, adaptive
farming practices, alternative farming systems (e.g., indoor
farming), and crop breeding are powerful tools to reduce pres-
sures on cropland expansion and thus reduce biodiversity loss
and GHG emissions (Figure 2B, “1”).28:°6:57

Fisheries

Seafood is an important source of nutrients, not only for coastal
populations but also for people living inland supported by
increased transport, preservation, and refrigeration capac-
ities.>®*°° Since the 1960s, the annual increase in seafood
consumption (3.1% per year) has both exceeded that of human
population growth (1.6% per year) and that of land-animal pro-
tein consumption (2.1% per year).°’ Today, the per-capita
annual seafood consumption is on average 20.5 kg, providing
17% of the world population’s intake of animal proteins.® Wild
fisheries have provided the majority of food from the sea (70%
in 2020),°® even though recent data show that global aquaculture
production surpassed that of capture fisheries in 2022, repre-
senting 51% of the total aquatic animal production,®” in line
with scenarios of mariculture.*?

The latest FAO global assessment shows that the proportion of
overexploited marine stocks (37.7%) has reached a historical re-
cord,®” meaning that both marine biodiversity and fisheries’ sus-
tainability are threatened®*% (Figure 2C, “c”). Under current man-
agement effectiveness (IUU fishing risk index is 2.28 at global
scale®), the transition between green and gray for fish biomass
stands at about 75% of sustainably fished stocks, just below
the current situation in the US (81% of sustainable fished stocks;
NOAA®®; Figure 2C, “1”; see also Data S1 in the supplemental
information). This is still well below the situation in the 1970s
when the first collapses in major fish stocks happened with only
10% of the fish stocks being overexploited (FAO Fishstat, http://
www.fao.org/fishery/statistics/en)—at a time when the rate of in-
crease in global fishing effort began to take off sharply and the
decreasing catches per unit effort reached an inflexion point in
many parts of the world.°®%” In the Mediterranean Sea, for
instance, the proportion of sustainably fished stocks is far below
the global situation and very far from reaching the 75% transition
level (Figure 2C, “2”). However, changes in management and fish-
eries regulation in the region have led to a very rapid shift toward
more sustainable fishing, with the number of sustainably fished
stocks jumping from 25% in 2018% to 42% in 2021.°° A similar
rate of change in the future would ensure the recovery of fish
stocks in the region, which is currently one of the most overex-
ploited in the world. It is worth noting that sustainable fishing
can still negatively impact biodiversity: when stocks are exploited
at Fusy, their biomass is reduced to ca. 0.35-0.4 of their pristine
biomass.’® So the maximum biomass represented in the green
shoot as the greenest corner (100% sustainably fished stocks
and no IUU fishing; Figure 2C, “3”) is still far from the pristine
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Figure 2. Food production and consumption patterns

(A) Impacts of cropland area change as indicator for conversion of natural into managed land; expressed as % change globally in 2021 since the year 2000. The
red horizontal line highlights that in this case the vertical dimension changes from zero to positive (further cropland area expansion) and negative (illustrating
cropland area decrease).

(B) Impacts of N-fertilizer application on cropland as indicator for intensification of production, normalized by the global mean of national fertilizer applica-
tion rates.

For (A) and (B), national yield gap estimates are used as a measure of effectiveness plotted such that a value of 1 (high) corresponds to the case of zero yield gap (i.
e., (1-yield gap)).

(C) Impacts of the proportion of sustainably exploited wild marine populations as an indicator for fishing pressure (y axis) and of the proportion of illegal,
unreported, and unregulated fisheries as an indicator for management inefficiency (x axis). Impacts on fish biomass, as an important component of biodiversity
and fishery yield, which is an important food source. Changes in sustainably exploited stocks of fish do not have a direct climate-change mitigation impact;
therefore, this panel is missing in (C).

(D) Impacts of changes in consumer food and feed demand, indicated by animal protein in diet. Each metric was calculated across a two-dimensional surface of
percentage of plant-based foods in the diet on the y axis (in terms of mass of protein intake) and a metric of consumer efficiency on the x axis, based on country-
level information. Dietary changes do not directly impact food availability; therefore, this panel is missing in (D).

All panels: Labeling and color scale as in Figure 1. Further information: methods section, supplemental information, and Tables S1.1-51.3.

biomass of fish. On the other hand, when targeting the maximum  fish biomass is reduced less, to ca. 0.5-0.6 of their pristine
economic yield (MEY, which is sometimes adopted as the man-  biomass.”® The biodiversity status could improve when IUU fish-
agement target rather than the MSY, e.g., in Australia;’"), the ing decreases (management effectiveness increases; Figure 2C,
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“4”). Costello et al.”” estimate that applying Fusy to all stocks of
conservation concern would increase fish biomass at 994.4
million tons (current biomass is estimated at 840.3 million tons
in early 2010s). This represents an increase of 18.34%. Our calcu-
lations suggest that transitioning to all stocks sustainably fished
and halting IUU fishing could potentially increase fish biomass
by close to 37% (corresponding to maximum effectiveness and
100% stocks sustainably fished; Figure 2C, “3”).

Regarding fishery vyields, and hence the contribution to
global food supply, under current management effectiveness
(Figure 2C, “c”) the transition between green and gray corre-
sponds to the situation in the late 1980s (in 1987, total
catches reached 78 million tons with 75.7% stocks sustainably
fished [https://www.fao.org/fishery/en/resources]) where catches
started to level off. On either side of this transition, we find the cur-
rent situation of the United States with 81% of sustainably
exploited stocks®® Data S1 supplemental information and the
global fisheries situation in 2021 with 62% of the exploited stocks
within biologically sustainable levels (Figure 2C, “1”; see also Data
S1 in the supplemental information).?? IUU contributes to
overexploitation.>* Halting IUU (Figure 2C, “4”) would allow to
sustainably exploit more stocks and to increase yield. Costello
et al.”? show that reaching Fysy would increase catches by
17% (this consolidates an earlier study by Ye et al.”® estimating
a yield increase of 16.5%), compared to the current situation.
Our calculations estimate that we could then expect 36% more
catch if 100% stocks were sustainably exploited and IUU halted
(Figure 2C, “3”).

Depending on the scenario, the catch for marine seafood
may increase by between 36% and 74% by 2050 compared to
current yields.*® Target 6 of the CBD Strategic Plan for Biodiver-
sity, the FAO Code of Conduct for Responsible Fisheries, and
SDG 14.4 urge nations to stop overexploiting marine populations
and put in place rebuilding strategies (100% sustainably
exploited stocks). Such a strategy combined with halting IUU
fishing would allow a substantial increase in both fisheries pro-
duction and fish biomass in the sea (one estimate would be ca.
36%); this is particularly critical in the context of climate change
with projections of up to ca. 20% decrease in fish biomass under
high warming scenarios by the end of the century.”

(Agricultural) food consumption

Animal products, and especially ruminant meat, are more
resource intensive to produce than plant-based foods, requiring
more land and water, and are associated with higher rates of
greenhouse gas (GHG) emissions.”” Today’s crop and pasture
area together are approximately 50% of the ice-free land area,
around 50% of this global agricultural area is used for feed
production or grazing.”® Approximately 25%-30% (around 7
million km?) of the area used for grazing would also be suitable
for growing food crops.”” Country statistics rebased to the
0%-100% scale (see supplemental information) indicate that
as a population weighted average globally (2021) 41.2% of the
protein consumed is from plant-based foods (Figure 2D, “c”).
This is notably lower than a diet recommended for healthy and
sustainable consumption.®* In addition to the too high and
inequitable animal-protein consumption, a third (24%-40%) of
the food commodities produced globally are lost or wasted on
the way from the field to the consumer.®®’®"° Likewise,
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consuming food in excess of nutritional requirements
(i.e., over-eating) can be considered as a loss to the food
system.®® Using country statistics and rebasing to the 0-1 scale,
the present-day (Figure 2D, “c”) country-average efficiency
was 22.3%, after also accounting for undernourishment (see
supplemental information). Food waste and losses are thus
another important factor when assessing consumption impacts
in the food, climate, and biodiversity nexus.

An agricultural area of 25% of the ice-free land has been put
forward as an area under use for which global biodiversity would
not be affected negatively overall,**®" which is approximately
the area needed to feed the world’s population on a diet similar
to the average food consumption of India.®” Reduction in animal-
protein overconsumption (mostly the western world) has been
identified in numerous studies as a key factor in stopping biodi-
versity loss from further conversion of natural lands and making
room for protected area for biodiversity conservation (Figure 2D,
«q97) 18:83-87 This includes, for instance, reducing the export of
beef and of soy used as feed from Latin America and SE Asia
predominantly into Europe, China, Russia, and the Middle
East, which are a major driver of loss of tropical rainforests and
savannahs.®®

Halving animal-product intake through changes in animal-rich
“Western diets” in combination with avoiding meat from
producers with above-median GHG emissions was estimated
to make available 21 milion km? of agricultural land and
reduce GHG emissions by nearly 5 GtCO,-eq a~'.”® These
estimates increase to up to 10 GtCO,-eq a~ ', around a quarter
of today’s anthropogenic greenhouse gas emissions,®® when
vegetation carbon uptake is considered on converted
agricultural land.”® Here (following Alexander et al.®’; see
supplemental information) we calculated agricultural area to
require only 7% of the ice-free land in a hypothetical scenario
corresponding to a global vegan diet (and 100% consumer
efficiency), which could make large areas available for
ecosystem restoration and also other climate change mitigation
measures (see, e.g., sections “afforestation/reforestation” and
“bioenergy,” below). A dietary shift toward less meat would
also have large co-benefits for climate change mitigation'®*°
(Figure 2D, “1” and “2”).

Animal grazing can, however, also benefit biodiversity locally
by maintaining open landscapes. Especially at relatively low
stocking density, grazed pastures and silvopastoral systems
often are species rich’®°" and store substantial amounts of
carbon below ground.?*°® Overall, studies show diverse impacts
of low grazing intensity on biodiversity, depending on the cli-
matic environment, grazing species, and biodiversity indicator
assessed.”° In our assessment, we do not assume a lessening
of the positive impact on biodiversity in a completely vegan world
(Figure 2D, “2”) but note that this assumption comes with very
high uncertainty and may be too optimistic. Likewise, a notable
change in global animal protein consumption could have region-
ally diverse spill-over effects via food and land prices, declining
share of agriculture in countries’ GDP, changes in food commod-
ity trade, and economic consequences for non-food sectors that
could reduce some of the positive outcomes, including for biodi-
versity and greenhouse gas emissions.”” While a shift toward
plant-based diets has substantial benefits for biodiversity and
climate, the reduction in pressure on land is more rapid, as
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livestock production today is a higher percentage of agricultural
land in comparison with the proportion of GHG emissions from
the agricultural system. This gives rise, for example, to the differ-
ences in the slopes of lines of equal score between Figure 2D,
“1” and “2.”

More than 20% of the global crop area is used to produce food
that is not eaten,’® an area indicative for the detrimental impacts
food losses and wastage have on biodiversity and the large GHG
emissions associated with them. On-farm losses alone have
been estimated as 16% of global agricultural-related GHG
emissions.?® Others state that if total GHG emissions from
food waste—without accounting for emissions from land-use
change—were attributed to one country, it would be the third
largest emitter globally.°® A recent analysis attributed nearly
50% of the total food system’s GHG emissions to food loss
and waste.'” Food system losses from over-consumption of
food may be of a similar magnitude as the losses from food
thrown away by consumers.®® Reducing the losses of foods by
retailers and consumers (including over-consumption) jointly
with a more healthy and equitable distribution of animal protein
intake has the potential to provide a substantial reduction in
the demands placed on agriculture and hence improve global
sustainability (Figure 2D, “27).

Despite increasing public and media coverage on the health
and environmental benefits of low-meat diets, per-capita meat
consumption in countries such as the USA and Europe are rela-
tively static and globally continue to rise, with higher incomes
linked to greater total calorie and protein consumption and diets
containing more animal products.'®'~'% For meat over the com-
ing decade, a global increase of 2% has been projected, with
strong trends in middle-income countries.'%® Shifts toward con-
sumption of poultry might reduce pressures on land to some
degree, but projections also expect dairy production to be the
fastest growing agricultural commodity.’%*'°* Continuation of
these trends toward the global population consuming a diet
similar to today’s average “Western” diets (e.g., supplemental
information, Figure S3) would continue to drive land-use change
and agricultural intensification with high agrochemical use, and
hence GHG emissions and biodiversity loss, especially if such
a trend would also be accompanied by high levels of food waste
and over-consumption (Figure 2D, “3” and “4”).

Afforestation/reforestation

Forests cover a remaining 40 (32-43) mio. km? of an estimated
potential maximum natural cover of ca. 50-55 mio. km?
(Figure 3A, “c”).?”*® Avoiding further forest deforestation is
critical for climate regulation and for biodiversity.'%>'°” Recent
decades have seen the expansion of forest area in temperate
regions while tropical deforestation continues.””"'°® The global
vegetation carbon pool in forest biomass on today’s forested
land has been estimated as 68%-80% of its (non-harvested)
maximum,'® less than 40% of forest area contains forests older
than 140 years'®® (Figure 3A, “c”). Given that forests provide
habitat to a wide range of species, deforestation is a well-estab-
lished cause of biodiversity loss (Figure 3A, “1”). Forest degra-
dation (as a result of, e.g., replacing mixed-species forests by
even-aged monocultures, selective logging, removal of dead
wood) is an additional major driver, which is much less well
documented (Figure 3A, “27).""%""" | jkewise, carbon losses
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associated with deforestation are large, additional losses from
degradation (in regrowing but also in mature forests) are—as
for biodiversity—under-studied, but potentially also consider-
able."'>""® These effects are amplified by tree mortality in the
wake of extreme weather events and their interactions with in-
sects and fire."'* "%

Restoring natural forests beyond today’s areal coverage is ex-
pected to have a positive impact on biodiversity, in particular if
natural regrowth is facilitated or when a mix of native tree species
is planted (Figure 3A, “3”)."'5""° But afforestation in principle
can also take place in regions that naturally would have little
woody cover, such as savannas or drained wetlands, which
would destroy the local biodiversity in these ecosystems
(Figure 3A, “47).'2°7'22 |n addition, monoculture plantation
forests have considerably lower biodiversity value than primary
or secondary forests.”* They can even be detrimental to biodi-
versity if a planted species becomes invasive.'?

From a carbon cycle perspective, and even without consid-
ering area expansion, young forests typically have notable car-
bon uptake. Forests regrowing after clear-felling have been
found to contribute around one-third of the annual forest carbon
sink in 2001-2010,'°® while others studies imply that the sink in
regrowing forests may be even larger.'%% 24125 Afforestation
and reforestation are often considered cost-effective climate
change mitigation options."?® Projected future carbon uptake
rates in some scenarios reach up to an additional annual uptake
of around 3 Gt a~", a number would double today’s entire global
carbon sink on land. However, these projections are contingent
on assumptions about large-scale forest area expansion 25127
and do not consider the broader ecological roles of forest, risks
to forests from climate change, or socio-economic constraints
that could range from land ownership or availability of tree seed-
lings to short-comings in carbon markets."''>'?%'29 By contrast
to highly diverging impacts on biodiversity from natural vs.
non-natural forests area expansion, differences in net carbon
uptake and storage are smaller,"*° but intensive forest manage-
ment or forests expanding into other carbon-rich ecosystems
are much less efficient (or even negative) from a carbon cycle
perspective compared to naturally regenerating forests
(Figure 3A, “3” and “4”).""%"3" Monoculture tree plantations
are also particularly vulnerable to storms, fire, and pest out-
breaks.''? Grasslands store approximately 20% of the world’s
soil carbon, and contribute globally >20% to the total land car-
bon sink,'%%'%2 so replacement by forests carries large risks of
severely misjudging the intended benefit for climate change miti-
gation. Biophysical surface exchange processes can lead to
local cooling or warming, while forests’ biogenic volatile organic
carbon emissions interact with atmospheric chemistry in com-
plex ways, which adds large uncertainty to forest-related climate
change mitigation expectations.®% 13134

One of the most contentious issues of expanding forest area
(whether for climate change mitigation or restoration or both) is
related to competition with land used for food production. Hav-
ing too little forests would likely have negative implications
even though this would potentially provide more land for agricul-
ture, buffering increasing calorific demands of a growing human
population. But forests also provide habitat for pollinators'*>3¢
such that further loss of forest area would eventually be ex-
pected to affect food production negatively (Figure 3A, “1”
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Figure 3. Forest area and bioenergy supply
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(A) Impacts of climate-change mitigation through forest area expansion (expressed as % of potential forest cover); the degree of naturalness of forest
composition is used to indicate effectiveness. Some scenarios in the published literature assume extending forest area beyond its estimated potential

(i.e., afforesting savannahs). We do not include such a possibility in the graph.

(B) Impacts of climate-change mitigation through planting bioenergy crops. Impact is assessed here in relation to land carbon uptake and storage. Bioenergy is
related to today’s primary energy production. In most scenarios in the literature, the maximum bioenergy in the total energy mix explored is 300 EJ, which is nearly
ca. 50% of today’s global total. 100% therefore is equivalent to 320 EJ (see methods). Effectiveness is 15'- vs. 2"-generation bioenergy.

Labeling and color scale as in Figure 1. Further information: supplemental information and Tables S1.4 and S1.5.

and “2”). In practice, a world without forests would be uninhab-
itable due to climate feedbacks. Forest area expansion at large
scales will, however, compete with land for agricultural produc-
tion, with little difference arising from the forest type (Figure 3A,
“3” and “4”)."%"-'38 Such competition for land would reduce
crop production globally, unless compensated by further
management intensification on existing agricultural land to
enhance yields'®'?°—with associated GHG emissions—as
well as increasing food prices.'*®

Bioenergy

Increasing reliance on bioenergy, with carbon capture and stor-
age, is a fundamental characteristic of GHG emission trajec-
tories that require CO, removal from the atmosphere to limit
global warming to 2°C or below.'® 25139 At present, bioenergy
provides around 45 EJ a~ "' less than 10% of the total global
energy demand of ca. 640 EJ a~' (rescaled to 14% on our y
axis). Only around 3-5 EJ a~' is from dedicated energy
crops*!1%° (Figure 3B, “c”). Most of the global bioenergy is still
used in the form of traditional wood-fuel, of which up to one-third
is harvested unsustainably and also combusted ineffi-
ciently.*19%:140 The current situation is in stark contrast with
some projections of future bioenergy supply that increase to
well over 150 EJ a~" in only a few decades.'?® In some projec-
tions, the necessary land area required to grow bioenergy crops
is equivalent to up to 50% of today’s cropland, which is why
these projections are regarded as unsustainable from many
environmental and societal perspectives,'0:126:128.141.142

For strong climate change mitigation scenarios, the required
expansion of land area for bioenergy crops was found to have
similarly negative impacts on terrestrial biodiversity as with
unmitigated climate change,’**>'** even for 2"9-generation
bioenergy, due to a reduction in species’ ranges and pressure
on protected areas (Figure 3B, “1” and “2”). Agricultural intensi-
fication can reduce competition for land but is likely to be
accompanied by substantial increases in agricultural water
withdrawals, fertilizer use, organic soil C losses, nitrate leaching
and N,O emissions, with further ramifications for biodiversity and
climate change (see, e.g., Figure 2B).

Lignocellulosic crops have generally larger yields than 15'-gen-
eration bioenergy crops®® while requiring less fertilizer or irriga-
tion inputs.“® Moreover, perennial crops can also increase local
habitat diversity,'“>'“® which is why replacement of today’s still
mostly 15-generation bioenergy by similar energetic returns of
2"9_generation bioenergy is considered a relative gain—
although reducing the area used for bioenergy crops will overall
be beneficial for biodiversity (Figure 3B, “3” and “4”).

Policies that promote large-scale use of biomass for energy
production are problematic since they tend to assume that
biomass-based energy is per se carbon neutral.’*” In practice,
the impact of bioenergy cropland expansion on carbon storage
in ecosystems is highly uncertain. First-generation bioenergy
requires substantial energy input to convert the harvested
biomass into useable fuel, which greatly reduces its area-effec-
tiveness'?® and contributes to large carbon losses resulting from
land being converted into energy crops (or from indirect land-use
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changes associated with bioenergy cropland expansion;
Figure 3B, “17)."47714° But even for 2"%-generation bioenergy
crops, a number of process-based ecosystem models have
found that cumulative net carbon uptake rates over time were
considerably lower, compared to bioenergy carbon uptake
numbers calculated in integrated assessment models.'*%"'%?
While the reasons for this discrepancy are not yet fully resolved,
these studies raise doubt about how realistic some of the
postulated mitigation potentials from bioenergy (together with
carbon capture and storage) are in practice, given large area
requirements also in 2"%-generation scenarios and when full
ecosystem carbon cycling and legacy effects of land conver-
sions are considered (Figure 3B, “2”). Still, at moderate levels,
2"_generation bioenergy crops such as Miscanthus or
woody short-rotation coppice have substantially lower impact
compared with 15 generation bioenergy because of reduced
fertilizer needs and a larger proportion of the aboveground
biomass being used for energy production.’*>'>* In field studies
these crops have also been found to contribute to ecosystem
carbon restoration and/or enhance habitat diversity compared
to current bioenergy crops (Figure 3B, “3”).">* This is why com-
plete absence of 2"-generation bioenergy (if grown on cropland)
could be even less favorable for ecosystem carbon balances
(Figure 3B, “4”) compared, for example, with a complete
absence of 1'-generation bioenergy.'%¢:14%153.154

Given that today cropland and intensive permanent pastures
already cover nearly 20 mio. km? and extensive pastures on po-
tential forested sites take up an additional ca. 9 mio. km?, 7 the
further conversion of substantial natural land area for growth of
bioenergy crops must be regarded critical also from a food
perspective. Attribution of bioenergy impacts on food prices is
challenging and depends on the methodology applied, regions
and period investigated, and type of bioenergy crop.'“%"'*> How-
ever, already for the first decade of the 21' century, the
enhanced use of food crops for the production of bioenergy
(e.g., from grain, oilseeds, or vegetable oil) has been estimated
to contribute significantly (e.g., order 15%-30%) to observed
food price increases, such as for US corn.'“® In simulations
that include future expansion of bioenergy crops, food (and wa-
ter) prices have been shown to increase notably, caused by mul-
tiple factors, such as carbon prices, enhanced costs of intensifi-
cation (in studies that seek to restrict cropland expansion) or
competition for land'?""°%"%" (Figure 3B, “1” and “2”). Sec-
ond-generation bioenergy should in principle have lower impacts
because of higher yields and because lignocellulosic crops do
not directly compete with food production. Nevertheless,
enhanced use of non-food bioenergy crops will still compete
for cropland area and hence affect food prices (Figure 3B, “2”
and “3”).251%0 Both the price increases and impacts on human
societies depend strongly on the underlying socioeconomic
assumptions. Hasagewa et al.'*® pointed out that mitigation pol-
icies across a number of scenarios resulted in increases in food
prices and risk of hunger compared to scenarios without carbon
prices, even exceeding climate change impacts on food prices.

Overall, by applying EU renewable energy sustainability
criteria globally, a 2"-generation bioenergy potential of 88 EJ
a ' (28% on our x axis) has been estimated, with the authors
cautioning that this may well be reduced to annually ca. 50 EJ
a~' depending on uncertainties related to future crop-yield
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growth.®® Others have put forward around 60 EJ a ' as a con-
servative estimate based on studies that restrict bioenergy crops
to “marginal” land and exclude expansion into currently pro-
tected areas.'?® Relying on large amounts of bioenergy, which
still underpins many climate change mitigation scenarios, will
cause environmental and societal harm and interfere with the
achievement of several other sustainable development ob-
jectives.10,126,141,160

TOWARD SUSTAINABILITY IN LAND AND MARINE
SYSTEMS

Clearly, the loss of biodiversity, climate change, and feeding a
growing population are three critical and tightly interlinked chal-
lenges. While the magnitude of the problem at hand is well under-
stood, the scientific community is increasingly tasked with identi-
fying solutions to support international policies.'®'~'®* The Green
Shoots examples presented here bring to light a number of impor-
tant opportunities in avoiding dangerous levels of anthropogenic
interference in both the climate and socio-ecological systems.
Our visual assessment immediately highlights that we are currently
(as indicated by the placement of the “c”) on the edge of (or below)
“sustainability” across most of these indicators, hence the choices
made now will have a significant impact on nature and societies in
the future; these choices can tip the balance either positively or
negatively. Many options to intervene exist that could result in pos-
itive outcomes compared to the present day, and some of these
could even already be within reach with relatively little additional
effort. For instance, reducing fertilizer input (conjointly with other
agrochemicals, for which fertilizer is used here as a surrogate)
can lead to rapid improvements in biodiversity and climate change
without necessarily being detrimental to food production. Never-
theless, the indicators for which data are available for individual
countries (Figures S1-S3) provide a reminder of the large discrep-
ancy that exists between countries regarding their “distance” from
more sustainable levels on the Green Shoots’ surface. There is no
reason to believe that this picture would be different for other indi-
cators analyzed, for which we cannot underpin our literature-
based assessment with national statistics. Given that the causes
of biodiversity loss, climate change, and food insecurity often lie
outside of a country’s boundaries, and the existing between-coun-
try economic inequality, a globally coordinated effort toward sus-
tainability is expected to be much more substantive than uncoor-
dinated national-level interventions.

Due to the large number and variety of solutions discussed in
this paper, it is not possible to make a quantitative comparison
across different Green Shoots. Nevertheless, side-by-side they
provide qualitative evidence of the potential strength of reducing
human impacts when different actions are combined, with
multiple co-benefits arising for biodiversity, climate change, or
food provisioning. Co-benefits were identified already between
both extending and improving effectiveness of the protected
areas network, and provisioning and regulating ecosystem
services.'® Likewise, positive synergies are obvious between
adjusting diets toward an overall healthy and equitable animal pro-
tein intake, reducing food waste, and measures to reduce expan-
sion and/or over-intensification in agriculture and unsustainable
fisheries (Figure 2C). Large challenges can be expected, however,
in achieving these synergies. SDG 12 (responsible production and
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consumption), for instance, has been identified as the SDG with
the highest degree of trade-offs when pairs of SDGs were
compared—in this case, with e.g., SDG 10 (reduced inequalities),
SDG 1 (no poverty), SDG 6 (clean water and sanitation), and SDG
3 (good health and well-being).'®® Others have found that sub-
stantive efforts related to carbon prices and climate financing
and access to nutritious food and clean energy are needed to
enhance synergies between SDGs. "%

As things stand, however, many scenarios used in the climate
change or biodiversity literature expect future pressure on land
and sea use to increase substantially as demand for food in-
creases to feed a growing population with higher per-capita con-
sumption of calories and animal protein, and large land areas
dedicated to reforestation/afforestation or bioenergy to combat
global warming.'%®%'25 |t may be possible to meet these addi-
tional demands for land area, but these are accompanied by a
high risk of increasing food prices and regional inequity in food
supply.'®°1%¢ still, ambitious future targets in climate change or
biodiversity policies are attainable, conditional on our success in
increasing agricultural productivity in an environmentally favorable
manner and in achieving a globally more equitable diet, especially
for the consumption of animal protein.'®*"%® These results sup-
port the growing consensus of enhanced integration of CBD
and UNFCCC targets and related policies with the SDGs.

Critically, it is not only the intervention per se, but the effective-
ness of its implementation that is fundamental for success. With
very few exceptions, this is seen across all of the Green Shoots.
While individual studies have previously highlighted the impor-
tance of implementing response options “well” (including e.g.,
the effectiveness of fertilizer use,'®” the “carbon effectiveness”
of land use,’®® or effectiveness of protected areas'®'®%) we
demonstrate this here across the biodiversity-food-climate nexus.
Consequently, a combination of multiple levers is available toward
achieving sustainability objectives. Adjusting the analytical frame-
work that underpins the Green Shoots based on regional informa-
tion provides the opportunity for individual nations to identify their
placement on the colored surface. Countries could then decide
whether the largest gains for climate, biodiversity, and people
can be obtained both regionally and globally by increasing an in-
tervention’s effectiveness or increasing the degree of the interven-
tion itself, or both. This will support the adjustment of existing pol-
icies and associated investments.

Given the current international policy dynamics such as the
targets under the CBD’s post-2020 KMGB framework, measures
putin place to achieve climate change mitigation and adaptation
under the UNFCCC it seems important for the scientific commu-
nity to support these processes by evaluating and communi-
cating existing opportunities to act. The Green Shoots intend
to complement the risk assessment of the Burning Embers by
highlighting the solutions that exist to reduce risks—to the envi-
ronment and consequently also to people—including the poten-
tially large cumulative and synergistic effect of multiple solutions
applied simultaneously.

ACKNOWLEDGMENTS

The authors acknowledge the discussions and suggestions in an earlier draft
of the manuscript received by Dr. Joel Smith. Leonard Pfaff helped with draw-
ing Figures 1, 2, and 3. A.A., M.R., and R.F. acknowledge financial support
by the Helmholtz Association. J.C. received financial support from BiodivERsA

¢? CellPress

OPEN ACCESS

(MOVE), Fondation de France (MultiNet), and the EU (MARHAB; GES4SEAS).
P.A. acknowledges support by the UKRI (BB/W018152/1; 10075849;
10039590). M.C. acknowledges financial support from the European Union’s
Horizon 2020 research and innovation programme under grant agreement
no. 869300 (FutureMares project) and no. 101059877 (Ges4Seas project)
and the institutional support of the “Severo Ochoa Centre of Excellence”
accreditation (CEX2019-000928-S). P.L. acknowledges support from the
LabEx BASC (ANR-11-LABX-0034). Y.-J.S. acknowledges financial support
from the European Union’s Horizon 2020 research and innovation programme
under grant agreement no. 869300 (FutureMares project) and from the 2017-
2018 Belmont Forum and BiodivERsA joint call under the BiodivScen ERA-Net
COFUND program (Sombee project) and with the funding organization ANR
(ANR-18-EBI4-0003-01).

AUTHOR CONTRIBUTIONS

AA., P.L,andY.-J.S. had the original idea for the Green Shoots visualization,
which was subsequently elaborated further by all authors. A.A. wrote the first
draft and led the assessment that underpins Figures 3A and 3B; P.A. led
Figure 2D, R.F. Figures 2A and 2B, and Y.-J.S. Figure 2B. All authors contrib-
uted to the writing of the paper and finalizing the figures.

DECLARATION OF INTERESTS
The authors declare no competing interests.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
oneear.2025.101455.

REFERENCES

1. Diffenbaugh, N.S., and Barnes, E.A. (2023). Data-driven predictions of
the time remaining until critical global warming thresholds are reached.
Proc. Natl. Acad. Sci. USA 120, e2207183120. https://doi.org/10.1073/
pnas.2207183120.

2. Hoegh-Guldberg, O., Jacob, D., Taylor, M., Bolanos, T.G., Bindi, M.,
Brown, S., Camilloni, I.A., Diedhiou, A., Djalante, R., Ebi, K., et al. (2019).
The human imperative of stabilizing global climate change at 1.5 degrees
C. Science 365, 1263. https://doi.org/10.1126/science.aaw6974.

3. Gibbs, H.K., and Salmon, J.M. (2015). Mapping the world’s degraded
lands. Appl. Geogr. 57, 12-21. https://doi.org/10.1016/j.apgeog.2014.
11.024.

4. IPBES (2019). Global Assessment Report on Biodiversity and Ecosystem
Services of the Intergovernmental Science- Policy Platform on Biodiver-
sity and Ecosystem Services (IPBES secretariat).

5. IPCC (2019). Special Report Climate Change and Land - Summary for
Policy Makers (Intergovernmental Panel on Climate Change).

6. Tamburello, L., Chiarore, A., Fabbrizzi, E., Colletti, A., Franzitta, G.,
Grech, D., Rindi, F., Rizzo, L., Savinelli, B., and Fraschetti, S. (2022).
Can we preserve and restore overlooked macroalgal forests? Sci. Total
Environ. 806, 150855. https://doi.org/10.1016/j.scitotenv.2021.150855.

7. Abelson, A., Reed, D.C., Edgar, G.J., Smith, C.S., Kendrick, G.A., Orth,
R.J., Airoldi, L., Silliman, B., Beck, M.W., Krause, G., et al. (2020).
Challenges for Restoration of Coastal Marine Ecosystems in the
Anthropocene. Front. Mar. Sci. 7, 544105. https://doi.org/10.3389/
fmars.2020.544105.

8. FAO, IFAD, UNICEF, WFP, and WHO (2021). The State of Food Security
and Nutrition in the World 2021. Transforming Food Systems for Food
Security, Improved Nutrition and Affordable Healthy Diets for All. FAO.
https://www.fao.org/documents/card/en/c/cb4474en.

9. Portner, H.O., Scholes, R.J., Arneth, A., Barnes, D.K.A., Burrows, M.T.,
Diamond, S.E., Duarte, C.M., Kiessling, W., Leadley, P., Managi, S.,
et al. (2023). Overcoming the coupled climate and biodiversity crises
and their societal impacts. Science 380, eabl4881. https://doi.org/10.
1126/science.abl4881.

10. Smith, P., Calvin, K., Nkem, J., Campbell, D., Cherubini, F., Grassi, G.,
Korotkov, V., Le Hoang, A., Lwasa, S., McElwee, P., et al. (2020). Which
practices co-deliver food security, climate change mitigation and adap-
tation, and combat land degradation and desertification? Glob. Chang.
Biol. 26, 1532-1575. https://doi.org/10.1111/gcb.14878.

11. Arneth, A., Shin, Y.-J., Leadley, P., Rondinini, C., Bukvareva, E., Kolb, M.,
Midgley, G.F., Oberdorff, T., Palomo, |., and Saito, O. (2020). Post-2020

One Earth 8, November 21, 2025 11



https://doi.org/10.1016/j.oneear.2025.101455
https://doi.org/10.1016/j.oneear.2025.101455
https://doi.org/10.1073/pnas.2207183120
https://doi.org/10.1073/pnas.2207183120
https://doi.org/10.1126/science.aaw6974
https://doi.org/10.1016/j.apgeog.2014.11.024
https://doi.org/10.1016/j.apgeog.2014.11.024
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref4
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref4
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref4
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref5
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref5
https://doi.org/10.1016/j.scitotenv.2021.150855
https://doi.org/10.3389/fmars.2020.544105
https://doi.org/10.3389/fmars.2020.544105
https://www.fao.org/documents/card/en/c/cb4474en
https://doi.org/10.1126/science.abl4881
https://doi.org/10.1126/science.abl4881
https://doi.org/10.1111/gcb.14878

¢? CellPress

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

12

OPEN ACCESS

biodiversity targets need to embrace climate change. Proc. Natl. Acad.
Sci. USA 7117, 30882-30891. https://doi.org/10.1073/pnas.2009584117.

Leadley, P., Gonzalez, A., Obura, D., Krug, C.B., Londofio-Murcia, M.C.,
Millette, K.L., Radulovici, A., Rankovic, A., Shannon, L.J., Archer, E., et al.
(2022). Achieving global biodiversity goals by 2050 requires urgent and
integrated actions. One Earth 5, 597-603. https://doi.org/10.1016/.
oneear.2022.05.009.

Sietz, D., and Neudert, R. (2022). Taking stock of and advancing knowl-
edge on interaction archetypes at the nexus between land, biodiversity,
food and climate. Environ. Res. Lett. 77, 113004. https://doi.org/10.
1088/1748-9326/ac9a5c.

Gill, D.A., Blythe, J., Bennett, N., Evans, L., Brown, K., Turner, R.A., Bag-
gio, J.A., Baker, D., Ban, N.C., Brun, V., et al. (2023). Triple exposure:
Reducing negative impacts of climate change, blue growth, and conser-
vation on coastal communities. One Earth 6, 118-130. https://doi.org/10.
1016/j.oneear.2023.01.010.

Claudet, J., Blythe, J., Gill, D.A., Bennett, N.J., Gurney, G.G., Evans, L.,
Mahajan, S.L., Turner, R.A., Ahmadia, G.N., Ban, N.C., et al. (2024).
Advancing ocean equity at the nexus of development, climate and
conservation policy. Nat. Ecol. Evol. 8, 1205-1208. https://doi.org/10.
1038/s41559-024-02417-5.

Smith, P., Arneth, A., Barnes, D.K.A., Ichii, K., Marquet, P.A., Popp, A.,
Portner, H.O., Rogers, A.D., Scholes, R.J., Strassburg, B., et al. (2022).
How do we best synergize climate mitigation actions to co-benefit
biodiversity? Glob. Chang. Biol. 28, 2555-2577. https://doi.org/10.
1111/gcb.16056.

Shin, Y.J., Midgley, G.F., Archer, E.R.M., Arneth, A., Barnes, D.K.A.,
Chan, L., Hashimoto, S., Hoegh-Guldberg, O., Insarov, G., Leadley, P.,
et al. (2022). Actions to halt biodiversity loss generally benefit the climate.
Glob. Chang. Biol. 28, 2846-2874. https://doi.org/10.1111/gcb.16109.

Arneth, A., Leadley, P., Claudet, J., Coll, M., Rondinini, C., Rounsevell,
M.D.A., Shin, Y.J., Alexander, P., and Fuchs, R. (2023). Making protected
areas effective for biodiversity, climate and food. Glob. Chang. Biol. 29,
3883-3894. https://doi.org/10.1111/gcb.16664.

Smith, J.B., Schneider, S.H., Oppenheimer, M., Yohe, G.W., Hare, W.,
Mastrandrea, M.D., Patwardhan, A., Burton, |., Corfee-Morlot, J., Mag-
adza, C.H.D., et al. (2009). Assessing dangerous climate change through
an update of the Intergovernmental Panel on Climate Change (IPCC)
“reasons for concern”. Proc. Natl. Acad. Sci. USA 106, 4133-4137.
https://doi.org/10.1073/pnas.0812355106.

O’Neill, B.C., Oppenheimer, M., Warren, R., Hallegatte, S., Kopp, R.E.,
Pértner, H.O., Scholes, R., Birkmann, J., Foden, W., Licker, R., et al.
(2017). IPCC reasons for concern regarding climate change risks. Nat.
Clim. Chang. 7, 28-37. https://doi.org/10.1038/nclimate3179.

Erb, K.-H., Matej, S., Haberl, H., and Gingrich, S. (2024). Sustainable land
systems in the Anthropocene: Navigating the global land squeeze. One
Earth 7, 1170-1186. https://doi.org/10.1016/j.oneear.2024.06.011.
IPCC (2022). Summary for Policymakers. In Climate Change 2022: Miti-
gation of Climate Change. Contribution of Working Group Il to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change.
IPCC (2022). Summary for Policymakers. In Climate Change 2022:
Impacts, Adaptation and Vulnerability. Contribution of Working Group Il
to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change.

McElwee, P.D., Harrison, P.A., van Huysen, T.L., Alonso Roldan, V., Bar-
rios, E., Dasgupta, P., DeClerck, F., Harmackova, Z.V., Hayman, D.T.S.,
Herrero, M., et al. (2024). Summary for Policymakers of the Thematic
Assessment Report on the Interlinkages Among Biodiversity, Water,
Food and Health of the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES).

Pértner, H.O., Scholes, R.J., Agard, J., Archer, E., Arneth, A., Bai, X.,
Barnes, D., Burrows, M., Chan, L., Cheung, W.L., et al. (2021). IPBES-
IPCC co-sponsored workshop report on biodiversity and climate change
(IPBES and IPCC).

Portner, H.O., Scholes, R.J., Agard, J., Archer, E., Arneth, A., Bai, X.,
Barnes, D., Burrows, M., Chan, L., Cheung, W.L., et al. (2021). Scientific
Outcome of the IPBES-IPCC Co-sponsored Workshop on Biodiversity
and Climate Change (IPBES secretariat).

Arneth, A, F.,D., Agus, F., Elbehri, A., Erb, K., Elasha, B., Rahimi, M.,
Rounsevell, M., Spence, A., and Valentini, R. (2019). Chapter 1: Framing
and Context (IPCC).

Mueller, N.D., Gerber, J.S., Johnston, M., Ray, D.K., Ramankutty, N., and
Foley, J.A. (2012). Closing yield gaps through nutrient and water manage-
ment. Nature 490, 254-257. https://doi.org/10.1038/nature11420.

Gerber, J.S., Ray, D.K., Makowski, D., Butler, E.E., Mueller, N.D., West,
P.C., Johnson, J.A., Polasky, S., Samberg, L.H., Siebert, S., and Sloat, L.

One Earth 8, November 21, 2025

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

One Earth

(2024). Global spatially explicit yield gap time trends reveal regions at risk
of future crop yield stagnation. Nat. Food 5, 125-135. https://doi.org/10.
1038/s43016-023-00913-8.

Shin, Y.-J., Shannon, L.J., Bundy, A., Coll, M., Aydin, K., Bez, N., Blan-
chard, J.L., Borges, M.d.F., Diallo, I., Diaz, E., et al. (2010). Using
indicators for evaluating, comparing, and communicating the ecological
status of exploited marine ecosystems. 2. Setting the scene. ICES J. Mar.
Sci. 67, 692-716. https://doi.org/10.1093/icesjms/fsp294.

Agnew, D.J., Pearce, J., Pramod, G., Peatman, T., Watson, R., Bed-
dington, J.R., and Pitcher, T.J. (2009). Estimating the worldwide extent
of illegal fishing. PLoS One 4, e4570. https://doi.org/10.1371/journal.
pone.0004570.

Macfadyen, G., and Hosch, G. (2023). The IUU Fishing Risk Index:
2023 Update.

Alexander, P., Brown, C., Arneth, A., Finnigan, J., Moran, D., and Roun-
sevell, M.D.A. (2017). Losses, inefficiencies and waste in the global food
system. Agric. Syst. 153, 190-200.

Willett, W., Rockstrom, J., Loken, B., Springmann, M., Lang, T., Vermeu-
len, S., Garnett, T., Tilman, D., DeClerck, F., Wood, A., et al. (2019). Food
in the Anthropocene: the EAT-Lancet Commission on healthy diets from
sustainable food systems. Lancet 393, 447-492. https://doi.org/10.
1016/s0140-6736(18)31788-4.

FAOSTAT. (2024). Food Balances (2010-).

Blair, D., and Sobal, J. (2006). Luxus consumption: Wasting food re-
sources through overeating. Agric. Human Values 23, 63-74. https://
doi.org/10.1007/s10460-004-5869-4.

FAOSTAT. (2024). Suite of Food Security Indicators.

Meiyappan, P., and Jain, A.K. (2012). Three distinct global estimates of
historical land-cover change and land-use conversions for over 200
years. Front. Earth Sci. 6, 122-139. https://doi.org/10.1007/s11707-
012-0314-2.

Li, W., Ciais, P., Stehfest, E., van Vuuren, D., Popp, A., Arneth, A,
Di Fulvio, F., Doelman, J., Humpendder, F., Harper, A.B., et al. (2020).
Mapping the yields of lignocellulosic bioenergy crops from observations
at the global scale. Earth Syst. Sci. Data 12, 789-804. https://doi.org/10.
5194/essd-12-789-2020.

Cadoux, S., Riche, A.B., Yates, N.E., and Machet, J.M. (2012). Nutrient
requirements of Miscanthus x giganteus: Conclusions from a review of
published studies. Biomass Bioenergy 38, 14-22. https://doi.org/10.
1016/j.biombioe.2011.01.015.

World Bioenergy Association, W. (2023). WBA Global Bioenergy
Statistics. https://www.worldbioenergy.org/uploads/231219%20GBS
%20Report.pdf.

Newbold, T., Hudson, L.N., Arnell, A.P., Contu, S., De Palma, A., Ferrier,
S., Hill, S.L.L., Hoskins, A.J., Lysenko, I., Phillips, H.R.P., et al. (2016).
Has land use pushed terrestrial biodiversity beyond the planetary bound-
ary? A global assessment. Science 353, 288-291.

Nystrém, M., Jouffray, J.-B., Norstrém, A.V., Crona, B., Sggaard Jgrgen-
sen, P., Carpenter, S.R., Bodin, O., Galaz, V., and Folke, C. (2019).
Anatomy and resilience of the global production ecosystem. Nature
575, 98-108. https://doi.org/10.1038/s41586-019-1712-3.

Newbold, T., Hudson, L.N., Hill, S.L.L., Contu, S., Lysenko, I., Senior,
R.A., Borger, L., Bennett, D.J., Choimes, A., Collen, B., et al. (2015).
Global effects of land use on local terrestrial biodiversity. Nature 520,
45-50. https://doi.org/10.1038/nature14324.

Friedlingstein, P., O’Sullivan, M., Jones, M.W., Andrew, R.M., Bakker,
D.C.E., Hauck, J., Landschutzer, P., Le Quéré, C., Luijkx, I.T., Peters,
G.P., et al. (2023). Global Carbon Budget 2023. Earth Syst. Sci. Data
15, 5301-5369. https://doi.org/10.5194/essd-15-5301-2023.

World, R.I. (2019). Creating a Sustainable Food Future (World Resources
Institute). https://wrr-food.wri.org/.

Bayer, A.D., Lautenbach, S., and Arneth, A. (2023). Benefits and trade-
offs of optimizing global land use for food, water, and carbon. Proc.
Natl. Acad. Sci. USA 120, €2220371120. https://doi.org/10.1073/pnas.
2220371120.

Ray, D.K., Ramankutty, N., Mueller, N.D., West, P.C., and Foley, J.a.
(2012). Recent patterns of crop yield growth and stagnation. Nat.
Commun. 3, 1293. https://doi.org/10.1038/ncomms2296.

Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P.,
and Shen, Y. (2015). Managing nitrogen for sustainable development.
Nature 528, 51-59. https://doi.org/10.1038/nature15743.

Jia, G., Shevliakova, E., Artaxo, P., De Noblet-Ducoudre, N., Houghton,
R.A., House, J., Kitajima, K., Lennard, C., Popp, A., Sirin, A.A,, et al.
(2019). Chapter 2: Land-Climate Interactions (IPCC).


https://doi.org/10.1073/pnas.2009584117
https://doi.org/10.1016/j.oneear.2022.05.009
https://doi.org/10.1016/j.oneear.2022.05.009
https://doi.org/10.1088/1748-9326/ac9a5c
https://doi.org/10.1088/1748-9326/ac9a5c
https://doi.org/10.1016/j.oneear.2023.01.010
https://doi.org/10.1016/j.oneear.2023.01.010
https://doi.org/10.1038/s41559-024-02417-5
https://doi.org/10.1038/s41559-024-02417-5
https://doi.org/10.1111/gcb.16056
https://doi.org/10.1111/gcb.16056
https://doi.org/10.1111/gcb.16109
https://doi.org/10.1111/gcb.16664
https://doi.org/10.1073/pnas.0812355106
https://doi.org/10.1038/nclimate3179
https://doi.org/10.1016/j.oneear.2024.06.011
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref22
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref22
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref22
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref23
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref23
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref23
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref23
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref24
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref24
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref24
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref24
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref24
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref24
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref25
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref25
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref25
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref25
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref26
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref26
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref26
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref26
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref27
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref27
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref27
https://doi.org/10.1038/nature11420
https://doi.org/10.1038/s43016-023-00913-8
https://doi.org/10.1038/s43016-023-00913-8
https://doi.org/10.1093/icesjms/fsp294
https://doi.org/10.1371/journal.pone.0004570
https://doi.org/10.1371/journal.pone.0004570
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref33
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref33
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref33
https://doi.org/10.1016/s0140-6736(18)31788-4
https://doi.org/10.1016/s0140-6736(18)31788-4
https://doi.org/10.1007/s10460-004-5869-4
https://doi.org/10.1007/s10460-004-5869-4
https://doi.org/10.1007/s11707-012-0314-2
https://doi.org/10.1007/s11707-012-0314-2
https://doi.org/10.5194/essd-12-789-2020
https://doi.org/10.5194/essd-12-789-2020
https://doi.org/10.1016/j.biombioe.2011.01.015
https://doi.org/10.1016/j.biombioe.2011.01.015
https://www.worldbioenergy.org/uploads/231219%20GBS%20Report.pdf
https://www.worldbioenergy.org/uploads/231219%20GBS%20Report.pdf
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref42
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref42
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref42
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref42
https://doi.org/10.1038/s41586-019-1712-3
https://doi.org/10.1038/nature14324
https://doi.org/10.5194/essd-15-5301-2023
https://wrr-food.wri.org/
https://doi.org/10.1073/pnas.2220371120
https://doi.org/10.1073/pnas.2220371120
https://doi.org/10.1038/ncomms2296
https://doi.org/10.1038/nature15743
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref50
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref50
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref50

One Earth

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Tian, H., Xu, R., Canadell, J.G., Thompson, R.L., Winiwarter, W., Sunthar-
alingam, P., Davidson, E.A., Ciais, P., Jackson, R.B., Janssens-Maenh-
out, G., et al. (2020). A comprehensive quantification of global nitrous
oxide sources and sinks. Nature 586, 248-256. https://doi.org/10.
1038/s41586-020-2780-0.

Guo, J.H., Liu, X.J., Zhang, Y., Shen, J.L., Han, W.X., Zhang, W.F., Chris-
tie, P., Goulding, K.W.T., Vitousek, P.M., and Zhang, F.S. (2010). Signif-
icant Acidification in Major Chinese Croplands. Science (New York, N.Y.)
327, 1008-1010. https://doi.org/10.1126/science.1182570.

Miao, Y., Stewart, B.A., and Zhang, F. (2011). Long-term experiments for
sustainable nutrient management in China. Agron. Sustain. Dev. 31,
397-414. https://doi.org/10.1051/agro/2010034.

Chatzimpiros, P., and Harchaoui, S. (2023). Sevenfold variation in global
feeding capacity depends on diets, land use and nitrogen management.
Nat. Food 4, 372-383. https://doi.org/10.1038/s43016-023-00741-w.

Licker, R., Johnston, M., Foley, J.A., Barford, C., Kucharik, C.J., Mon-
freda, C., and Ramankutty, N. (2010). Mind the gap: how do climate
and agricultural management explain the ’yield gap’ of croplands around
the world? Global Ecol. Biogeogr. 19, 769-782. https://doi.org/10.1111/].
1466-8238.2010.00563.x.

Wu, W., Yu, Q., You, L., Chen, K., Tang, H., and Liu, J. (2018). Global
cropping intensity gaps : Increasing food production without cropland
expansion. Land Use Policy 76, 515-525. https://doi.org/10.1016/j.land-
usepol.2018.02.032.

Zaidi, S.S.-e.-A., Vanderschuren, H., Qaim, M., Mahfouz, M.M., Kohli, A.,
Mansoor, S., and Tester, M. (2019). New plant breeding technologies for
food security. Science 363, 1390-1391.

FAO (2022). The State of World Fisheries and Aquaculture: Towards Blue
Transformation (Food and Agricultural Organisation). https://www.fao.
org/3/cc0461en/online/cc0461en.html.

Costello, C., Cao, L., Gelcich, S., Cisneros-Mata, M.A., Free, C.M.,
Froehlich, H.E., Golden, C.D., Ishimura, G., Maier, J., Macadam-Somer,
l., et al. (2020). The future of food from the sea. Nature 588, 95-100.
https://doi.org/10.1038/s41586-020-2616-y.

Tigchelaar, M., Leape, J., Micheli, F., Allison, E.H., Basurto, X., Bennett,
A., Bush, S.R., Cao, L., Cheung, W.W.L., Crona, B., et al. (2022). The vital
roles of blue foods in the global food system. Global Food Secur. 33,
100637. https://doi.org/10.1016/j.gfs.2022.100637.

FAO (2020). The State of World Fisheries and Aquaculture (Food

and Agricultural Organisation). http://www.fao.org/publications/sofia/
2020/en/.

FAO (2024). The State of World Fisheries and Aquaculture 2024 - Blue
Transformation in action (Food and Agricultural Organisation). http://
www.fao.org/documents/card/en/c/ca9229en.

Ortufio Crespo, G., and Dunn, D.C. (2017). Areview of the impacts of fish-
eries on open-ocean ecosystems. ICES J. Mar. Sci. 74, 2283-2297.
https://doi.org/10.1093/icesjms/fsx084.

Mora, C., Myers, R.A., Coll, M., Libralato, S., Pitcher, T.J., Sumaila, R.U.,
Zeller, D., Watson, R., Gaston, K.J., and Worm, B. (2009). Management
Effectiveness of the World’s Marine Fisheries. PLoS Biol. 7, e1000131.
NOAA (2023). Status of Stocks 2022. Annual Report to Congress on the
Status of U.S. Fisheries (NOAA). https://www.fisheries.noaa.gov/s3/
2023-04/2022-Status-of-Stocks-RtC-041423-0.pdf.

Myers, R.A., and Worm, B. (2003). Rapid worldwide depletion of preda-
tory fish communities. Nature 423, 280-283. https://doi.org/10.1038/
nature01610.

Rousseau, Y., Watson, R.A., Blanchard, J.L., and Fulton, E.A. (2019).
Evolution of global marine fishing fleets and the response of fished re-
sources. Proc. Natl. Acad. Sci. USA 116, 12238-12243. https://doi.org/
10.1073/pnas.1820344116.

FAQ. (2020). The State of Mediterranean and Black Sea Fisheries 2020
(General Fisheries Commission for the Mediterranean).

FAQ. (2023). The State of Mediterranean and Black Sea Fisheries 2023 —
Special edition. General Fisheries Commission for the Mediterranean.
http://www.fao.org/documents/card/en/c/ca9229en.

Punt, A.E., Smith, A.D.M., Smith, D.C., Tuck, G.N., and Klaer, N.L. (2014).
Selecting relative abundance proxies for BMSY and BMEY. ICES J. Mar.
Sci. 71, 469-483.

Dichmont, C.M., Pascoe, S., Kompas, T., Punt, A.E., and Deng, R. (2010).
On implementing maximum economic yield in commercial fisheries.
Proc. Natl. Acad. Sci. USA 107, 16-21. https://doi.org/10.1073/pnas.
0912091107.

Costello, C., Ovando, D., Clavelle, T., Strauss, C.K., Hilborn, R., Melny-
chuk, M.C., Branch, T.A., Gaines, S.D., Szuwalski, C.S., Cabral, R.B.,
et al. (2016). Global fishery prospects under contrasting management re-

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

¢? CellPress

OPEN ACCESS

gimes. Proc. Natl. Acad. Sci. USA 113, 5125-5129. https://doi.org/10.
1073/pnas.1520420113.

Ye, Y., Cochrane, K., Bianchi, G., Willmann, R., Majkowski, J., Tandstad,
M., and Carocci, F. (2013). Rebuilding global fisheries: The World Summit
Goal, costs and benefits. Fish Fish. 74, 174-185. https://doi.org/10.1111/
j.1467-2979.2012.00460.x.

Tittensor, D.P., Novaglio, C., Harrison, C.S., Heneghan, R.F., Barrier, N.,
Bianchi, D., Bopp, L., Bryndum-Buchholz, A., Britten, G.L., Biichner, M.,
et al. (2021). Next-generation ensemble projections reveal higher climate
risks for marine ecosystems. Nat. Clim. Chang. 711, 973-981. https://doi.
org/10.1038/s41558-021-01173-9.

Poore, J., and Nemecek, T. (2018). Reducing food’s environmental im-
pacts through producers and consumers. Science 360, 987-992.
https://doi.org/10.1126/science.aaq0216.

Beal, T., Gardner, C.D., Herrero, M., lannotti, L.L., Merbold, L., Nordha-
gen, S., and Mottet, A. (2023). Friend or Foe? The Role of Animal-Source
Foods in Healthy and Environmentally Sustainable Diets. J. Nutr. 153,
409-425. https://doi.org/10.1016/j.tjnut.2022.10.016.

Mottet, A., de Haan, C., Falcucci, A., Tempio, G., Opio, C., and Gerber, P.
(2017). Livestock: On our plates or eating at our table? A new analysis of
the feed/food debate. Global Food Secur. 74, 1-8. https://doi.org/10.
1016/j.gfs.2017.01.001.

Gustavsson, J., Cederberg, C., Sonesson, U., van Otterdijk, R., and
Meybeck, A. (2011). Global Food Losses and Food Waste- Extent,
Causes and Prevention (Food and Agriculture Organization of the United
Nations (FAO)).

Kummu, M., de Moel, H., Porkka, M., Siebert, S., Varis, O., and Ward,
P.J. (2012). Lost food, wasted resources: Global food supply chain
losses and their impacts on freshwater, cropland, and fertiliser use.
Sci. Total Environ. 438, 477-489. https://doi.org/10.1016/].scitotenv.
2012.08.092.

Alexander, P., and Moran, D. (2017). Rethinking food waste for a healthier
planet. Lancet Planet. Health 7, e170-e171.

Steffen, W., Richardson, K., Rockstrém, J., Cornell, S.E., Fetzer, |., Ben-
nett, E.M., Biggs, R., Carpenter, S.R., de Vries, W., de Wit, C.A,, et al.
(2015). Planetary boundaries: Guiding human development on a chang-
ing planet. Science 347, 1259855. https://doi.org/10.1126/science.
1259855.

Alexander, P., Brown, C., Arneth, A., Finnigan, J., and Rounsevell, M.D.A.
(2016). Human appropriation of land for food: The role of diet. Glob.
Environ. Change 41, 88-98. https://doi.org/10.1016/j.gloenvcha.2016.
09.005.

Henry, R.C., Alexander, P., Rabin, S., Anthoni, P., Rounsevell, M.D.A.,
and Arneth, A. (2019). The role of global dietary transitions for safeguard-
ing biodiversity. Glob. Environ. Change 58, 101956. https://doi.org/10.
1016/j.gloenvcha.2019.101956.

Cué Rio, M., Bovenkerk, B., Castella, J.-C., Fischer, D., Fuchs, R., Ka-
nerva, M., Rounsevell, M.D.A., Salliou, N., Verger, E.O., and R&6s, E.
(2022). The elephant in the room is really a cow: using consumption cor-
ridors to define sustainable meat consumption in the European Union.
Sustain. Sci. https://doi.org/10.1007/s11625-022-01235-7.

Sun, Z., Behrens, P., Tukker, A., Bruckner, M., and Scherer, L. (2022).
Global Human Consumption Threatens Key Biodiversity Areas. Environ.
Sci. Technol. 56, 9003-9014. https://doi.org/10.1021/acs.est.2c00506.

Parlasca, M.C., and Qaim, M. (2022). Meat Consumption and Sustainabil-
ity. Annu. Rev. Resour. Economics 14, 17-41. https://doi.org/10.1146/an-
nurev-resource-111820-032340.

Jarmul, S., Dangour, A.D., Green, R., Liew, Z., Haines, A., and Scheel-
beek, P.F. (2020). Climate change mitigation through dietary change: A
systematic review of empirical and modelling studies on the environ-
mental footprints and health effects of 'sustainable diets. Environ. Res.
Lett. 15, 123014. https://doi.org/10.1088/1748-9326/abc2f7.

Kastner, T., Chaudhary, A., Gingrich, S., Marques, A., Persson, U.M.,
Bidoglio, G., Le Provost, G., and Schwarzmdiller, F. (2021). Global agri-
cultural trade and land system sustainability: Implications for ecosystem
carbon storage, biodiversity, and human nutrition. One Earth 4, 1425-
1443. https://doi.org/10.1016/j.oneear.2021.09.006.

Friedlingstein, P., Jones, M.W., O’Sullivan, M., Andrew, R.M., Bakker,
D.C.E., Hauck, J., Le Quéré, C., Peters, G.P., Peters, W., Pongratz, J.,
et al. (2022). Global Carbon Budget 2021. Earth Syst. Sci. Data 74,
1917-2005. https://doi.org/10.5194/essd-14-1917-2022.

Smith, P., Nkem, J.N., Calvin, K., Campbell, D., Cherubini, F., Grassi, G.,
Korotov, V., Hoang, A.L., Lwasa, S., McElwee, P., et al. (2019). Chapter
6: Interlinkages between Desertification, Land Degradation, Food Secu-
rity and GHG Fluxes: Synergies, Trade-Offs and Integrated Response
Options (IPCC).

One Earth 8, November 21, 2025 13



https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.1126/science.1182570
https://doi.org/10.1051/agro/2010034
https://doi.org/10.1038/s43016-023-00741-w
https://doi.org/10.1111/j.1466-8238.2010.00563.x
https://doi.org/10.1111/j.1466-8238.2010.00563.x
https://doi.org/10.1016/j.landusepol.2018.02.032
https://doi.org/10.1016/j.landusepol.2018.02.032
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref57
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref57
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref57
https://www.fao.org/3/cc0461en/online/cc0461en.html
https://www.fao.org/3/cc0461en/online/cc0461en.html
https://doi.org/10.1038/s41586-020-2616-y
https://doi.org/10.1016/j.gfs.2022.100637
http://www.fao.org/publications/sofia/2020/en/
http://www.fao.org/publications/sofia/2020/en/
http://www.fao.org/documents/card/en/c/ca9229en
http://www.fao.org/documents/card/en/c/ca9229en
https://doi.org/10.1093/icesjms/fsx084
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref64
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref64
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref64
https://www.fisheries.noaa.gov/s3/2023-04/2022-Status-of-Stocks-RtC-041423-0.pdf
https://www.fisheries.noaa.gov/s3/2023-04/2022-Status-of-Stocks-RtC-041423-0.pdf
https://doi.org/10.1038/nature01610
https://doi.org/10.1038/nature01610
https://doi.org/10.1073/pnas.1820344116
https://doi.org/10.1073/pnas.1820344116
http://www.fao.org/documents/card/en/c/ca9229en
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref70
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref70
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref70
https://doi.org/10.1073/pnas.0912091107
https://doi.org/10.1073/pnas.0912091107
https://doi.org/10.1073/pnas.1520420113
https://doi.org/10.1073/pnas.1520420113
https://doi.org/10.1111/j.1467-2979.2012.00460.x
https://doi.org/10.1111/j.1467-2979.2012.00460.x
https://doi.org/10.1038/s41558-021-01173-9
https://doi.org/10.1038/s41558-021-01173-9
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1016/j.tjnut.2022.10.016
https://doi.org/10.1016/j.gfs.2017.01.001
https://doi.org/10.1016/j.gfs.2017.01.001
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref78
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref78
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref78
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref78
https://doi.org/10.1016/j.scitotenv.2012.08.092
https://doi.org/10.1016/j.scitotenv.2012.08.092
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref80
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref80
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/science.1259855
https://doi.org/10.1016/j.gloenvcha.2016.09.005
https://doi.org/10.1016/j.gloenvcha.2016.09.005
https://doi.org/10.1016/j.gloenvcha.2019.101956
https://doi.org/10.1016/j.gloenvcha.2019.101956
https://doi.org/10.1007/s11625-022-01235-7
https://doi.org/10.1021/acs.est.2c00506
https://doi.org/10.1146/annurev-resource-111820-032340
https://doi.org/10.1146/annurev-resource-111820-032340
https://doi.org/10.1088/1748-9326/abc2f7
https://doi.org/10.1016/j.oneear.2021.09.006
https://doi.org/10.5194/essd-14-1917-2022
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref90
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref90
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref90
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref90
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref90

¢? CellPress

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

14

OPEN ACCESS

Broom, D.M., Galindo, F.A., and Murgueitio, E. (2013). Sustainable,
efficient livestock production with high biodiversity and good welfare
for animals. Proc. Biol. Sci. 280, 20132025. https://doi.org/10.1098/
rspb.2013.2025.

Bai, Y., and Cotrufo, M.F. (2022). Grassland soil carbon sequestration:
Current understanding, challenges, and solutions. Science 377,
603-608. https://doi.org/10.1126/science.abo2380.

Borer, E.T., and Risch, A.C. (2024). Planning for the future: Grasslands,
herbivores, and nature-based solutions. J. Ecol. 7112, 2442-2450.
https://doi.org/10.1111/1365-2745.14323.

Elliott, T., Thompson, A., Klein, A.-M., Albert, C., Eisenhauer, N., Jansen,
F., Schneider, A., Sommer, M., Straka, T., Settele, J., et al. (2023). Aban-
doning grassland management negatively influences plant but not bird or
insect biodiversity in Europe. Conserv. Sci. Pract. 5, e13008. https://doi.
org/10.1111/csp2.13008.

Huaranca, J.C., Novaro, A.J., and Valdivia, C.E. (2022). Effects of live-
stock grazing on biodiversity: A meta-analysis on three trophic levels.
J. Nat. Conserv. 66, 126126. https://doi.org/10.1016/j.jnc.2021.126126.

Zhang, R., Wang, J., and Niu, S. (2021). Toward a sustainable grazing
management based on biodiversity and ecosystem multifunctionality in
drylands. Curr. Opin. Environ. Sustain. 48, 36-43. https://doi.org/10.
1016/j.cosust.2020.09.005.

Gatto, A., Kuiper, M., and van Meijl, H. (2023). Economic, social and envi-
ronmental spillovers decrease the benefits of a global dietary shift. Nat.
Food 4, 496-507. https://doi.org/10.1038/s43016-023-00769-y.

QO’Connor, J., Skeaff, S., Bremer, P., Lucci, G., and Mirosa, M. (2023).
A critical review of on-farm food loss and waste: future research and pol-
icy recommendations. Renew. Agric. Food Syst. 38, e24. https://doi.org/
10.1017/81742170523000169.

FAO (2013). Food Wastage Footprint: Impacts on Natural Resources:
Summary Report. Food & Agriculture Organization of the UN (FAO),
pp. 9251077525. https://www.fao.org/3/i3347e/i3347e.pdf.

Zhu, J., Luo, Z., Sun, T., Li, W., Zhou, W., Wang, X., Fei, X., Tong, H., and
Yin, K. (2023). Cradle-to-grave emissions from food loss and waste
represent half of total greenhouse gas emissions from food systems.
Nat. Food 4, 247-256. https://doi.org/10.1038/s43016-023-00710-3.

Tilman, D., and Clark, M. (2014). Global diets link environmental sustain-
ability and human health. Nature 515, 518-522. https://doi.org/10.1038/
nature13959.

Mbow, C., Rosenzweig, C., Barioni, L.G., Benton, T.G., Herrero, M.,
Krishnapillai, M., Liwenga, E., Pradhan, P., Rivera-Ferre, M.G., Sapkota,
T., et al. (2019). Chapter 5: Food Security (IPCC.).

OECD; Food and Agriculture Organization of the United Nations (2023).
OECD-FAO Agricultural Outlook 2023-2032 (OECD Publishing, Paris).
https://doi.org/10.1787/08801ab7-en.

Alexander, P., Brown, C., Arneth, A., Dias, C., Finnigan, J., Moran, D., and
Rounsevell, M.D.A. (2017). Could consumption of insects, cultured meat
or imitation meat reduce global agricultural land use? Glob. Food Sec.
15, 22-32. https://doi.org/10.1016/j.gfs.2017.04.001.

Strassburg, B.B.N., Kelly, A., Baimford, A., Davies, R.G., Gibbs, H.K.,
Lovett, A., Miles, L., Orme, C.D.L., Price, J., Turner, R.K., and Rodrigues,
A.S.L. (2010). Global congruence of carbon storage and biodiversity
in terrestrial ecosystems. Conserv. Lett. 3, 98-105. https://doi.org/10.
1111/j.1755-263X.2009.00092.x.

Bailis, R., Drigo, R., Ghilardi, A., and Masera, O. (2015). The carbon foot-
print of traditional woodfuels. Nat. Clim. Chang. 5, 266-272. https://doi.
org/10.1038/nclimate2491.

Hill, S.L.L., Arnell, A., Maney, C., Butchart, S.H.M., Hilton-Taylor, C., Ci-
ciarelli, C., Davis, C., Dinerstein, E., Purvis, A., and Burgess, N.D. (2019).
Measuring Forest Biodiversity Status and Changes Globally. Front. For.
Glob. Change 2, 70. https://doi.org/10.3389/ffgc.2019.00070.

Pugh, T.A.M., Lindeskog, M., Smith, B., Poulter, B., Arneth, A., Haverd,
V., and Calle, L. (2019). Role of forest regrowth in global carbon sink
dynamics. Proc. Natl. Acad. Sci. USA 16, 4382-4387. https://doi.org/
10.1073/pnas.1810512116.

Erb, K.-H., Kastner, T., Plutzar, C., Bais, A.L.S., Carvalhais, N., Fetzel, T.,
Gingrich, S., Haberl, H., Lauk, C., Niedertscheider, M., et al. (2018).
Unexpectedly large impact of forest management and grazing on global
vegetation biomass. Nature 553, 73-76. https://doi.org/10.1038/
nature25138.

Betts, M.G., Yang, Z., Hadley, A.S., Smith, A.C., Rousseau, J.S.,
Northrup, J.M., Nocera, J.J., Gorelick, N., and Gerber, B.D. (2022). Forest
degradation drives widespread avian habitat and population declines.
Nat. Ecol. Evol. 6, 709-719. https://doi.org/10.1038/s41559-022-
01737-8.

One Earth 8, November 21, 2025

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

One Earth

. Ghazoul, J., and Chazdon, R. (2017). Degradation and Recovery in

Changing Forest Landscapes: A Multiscale Conceptual Framework.
Annu. Rev. Environ. Resour. 42, 161-188. https://doi.org/10.1146/an-
nurev-environ-102016-060736.

Maxwell, S.L., Evans, T., Watson, J.E.M., Morel, A., Grantham, H., Dun-
can, A., Harris, N., Potapov, P., Runting, R.K., Venter, O., et al. (2019).
Degradation and forgone removals increase the carbon impact of intact
forest loss by 626%. Sci. Adv. 5, eaax2546. https://doi.org/10.1126/
sciadv.aax2546.

Liang, J., Crowther, T.W., Picard, N., Wiser, S., Zhou, M., Alberti, G.,
Schulze, E.D., McGuire, A.D., Bozzato, F., Pretzsch, H., et al. (2016).
Positive biodiversity-productivity relationship predominant in global for-
ests. Science 354, aaf8957. https://doi.org/10.1126/science.aaf8957.

Senf, C., and Seidl, R. (2021). Persistent impacts of the 2018 drought on
forest disturbance regimes in Europe. Biogeosciences 18, 5223-5230.
https://doi.org/10.5194/bg-18-5223-2021.

Anderegg, W.R.L., Trugman, A.T., Badgley, G., Anderson, C.M., Bar-
tuska, A., Ciais, P., Cullenward, D., Field, C.B., Freeman, J., Goetz,
S.J., et al. (2020). Climate-driven risks to the climate mitigation potential
of forests. Science 368, eaaz7005. https://doi.org/10.1126/science.
aaz7005.

Crouzeilles, R., Curran, M., Ferreira, M.S., Lindenmayer, D.B., Grelle,
C.E.V., and Rey Benayas, J.M. (2016). A global meta-analysis on the
ecological drivers of forest restoration success. Nat. Commun. 7,
11666. https://doi.org/10.1038/ncomms11666.

Cunningham, S.C., Mac Nally, R., Baker, P.J., Cavagnaro, T.R., Be-
ringer, J., Thomson, J.R., and Thompson, R.M. (2015). Balancing
the environmental benefits of reforestation in agricultural regions.
Perspect. Plant Ecol. Evol. Systemat. 77, 301-317. https://doi.org/10.
1016/j.ppees.2015.06.001.

Meli, P., Holl, K.D., Rey Benayas, J.M., Jones, H.P., Jones, P.C., Mon-
toya, D., and Moreno Mateos, D. (2017). A global review of past land
use, climate, and active vs. passive restoration effects on forest recovery.
PLoS One 12, e0171368. https://doi.org/10.1371/journal.pone.0171368.

Wilson, S.J., Schelhas, J., Grau, R., Nanni, A.S., and Sloan, S. (2017).
Forest ecosystem-service transitions: the ecological dimensions of the
forest transition. Ecol. Soc. 22, 38. https://doi.org/10.5751/es-09615-
220438.

Veldman, J.W., Buisson, E., Durigan, G., Fernandes, G.W., Le Stradic, S.,
Mahy, G., Negreiros, D., Overbeck, G.E., Veldman, R.G., Zaloumis, N.P.,
et al. (2015). Toward an old-growth concept for grasslands, savannas,
and woodlands. Front. Ecol. Environ. 13, 154-162. https://doi.org/10.
1890/140270.

Parr, C.L., te Beest, M., and Stevens, N. (2024). Conflation of reforesta-
tion with restoration is widespread. Science 383, 698-701. https://doi.
org/10.1126/science.adj0899.

Abreu, R.C.R., Hoffmann, W.A., Vasconcelos, H.L., Pilon, N.A., Rossatto,
D.R., and Durigan, G. (2017). The biodiversity cost of carbon sequestra-
tion in tropical savanna. Sci. Adv. 3, e1701284. https://doi.org/10.1126/
sciadv.1701284.

Brundu, G., and Richardson, D.M. (2016). Planted forests and invasive
alien trees in Europe: A Code for managing existing and future plantings
to mitigate the risk of negative impacts from invasions. NeoBiota 30,
5-47. https://doi.org/10.3897/neobiota.30.7015.

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A.,
Phillips, O.L., Shvidenko, A., Lewis, S.L., Canadell, J.G., et al. (2011).
A Large and Persistent Carbon Sink in the World’s Forests. Science
333, 988-993. https://doi.org/10.1126/science.1201609.

Houghton, R.A., House, J.l., Pongratz, J., van der Werf, G.R., DeFries,
R.S., Hansen, M.C., Le Quéré, C., and Ramankutty, N. (2012). Carbon
emissions from land use and land-cover change. Biogeosciences 9,
5125-5142. https://doi.org/10.5194/bg-9-5125-2012.

Fuss, S., Lamb, W.F., Callaghan, M.W., Hilaire, J., Creutzig, F.,
Amann, T., Beringer, T., de Oliveira Garcia, W., Hartmann, J., Khanna,
T., et al. (2018). Negative emissions-Part 2: Costs, potentials and side
effects. Environ. Res. Lett. 13, 063002. https://doi.org/10.1088/1748-
9326/aabfof.

Popp, A., Calvin, K., Fujimori, S., Havlik, P., Humpendder, F., Stehf-
est, E., Bodirsky, B.L., Dietrich, J.P., Doelmann, J.C., Gusti, M.,
et al. (2017). Land-use futures in the shared socio-economic path-
ways. Glob. Environ. Change 42, 331-345. https://doi.org/10.1016/j.
gloenvcha.2016.10.002.

Perkins, O., Alexander, P., Arneth, A., Brown, C., Millington, J.D.A., and
Rounsevell, M. (2023). Toward quantification of the feasible potential of
land-based carbon dioxide removal. One Earth 6, 1638-1651. https://
doi.org/10.1016/j.oneear.2023.11.011.


https://doi.org/10.1098/rspb.2013.2025
https://doi.org/10.1098/rspb.2013.2025
https://doi.org/10.1126/science.abo2380
https://doi.org/10.1111/1365-2745.14323
https://doi.org/10.1111/csp2.13008
https://doi.org/10.1111/csp2.13008
https://doi.org/10.1016/j.jnc.2021.126126
https://doi.org/10.1016/j.cosust.2020.09.005
https://doi.org/10.1016/j.cosust.2020.09.005
https://doi.org/10.1038/s43016-023-00769-y
https://doi.org/10.1017/S1742170523000169
https://doi.org/10.1017/S1742170523000169
https://www.fao.org/3/i3347e/i3347e.pdf
https://doi.org/10.1038/s43016-023-00710-3
https://doi.org/10.1038/nature13959
https://doi.org/10.1038/nature13959
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref102
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref102
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref102
https://doi.org/10.1787/08801ab7-en
https://doi.org/10.1016/j.gfs.2017.04.001
https://doi.org/10.1111/j.1755-263X.2009.00092.x
https://doi.org/10.1111/j.1755-263X.2009.00092.x
https://doi.org/10.1038/nclimate2491
https://doi.org/10.1038/nclimate2491
https://doi.org/10.3389/ffgc.2019.00070
https://doi.org/10.1073/pnas.1810512116
https://doi.org/10.1073/pnas.1810512116
https://doi.org/10.1038/nature25138
https://doi.org/10.1038/nature25138
https://doi.org/10.1038/s41559-022-01737-8
https://doi.org/10.1038/s41559-022-01737-8
https://doi.org/10.1146/annurev-environ-102016-060736
https://doi.org/10.1146/annurev-environ-102016-060736
https://doi.org/10.1126/sciadv.aax2546
https://doi.org/10.1126/sciadv.aax2546
https://doi.org/10.1126/science.aaf8957
https://doi.org/10.5194/bg-18-5223-2021
https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1038/ncomms11666
https://doi.org/10.1016/j.ppees.2015.06.001
https://doi.org/10.1016/j.ppees.2015.06.001
https://doi.org/10.1371/journal.pone.0171368
https://doi.org/10.5751/es-09615-220438
https://doi.org/10.5751/es-09615-220438
https://doi.org/10.1890/140270
https://doi.org/10.1890/140270
https://doi.org/10.1126/science.adj0899
https://doi.org/10.1126/science.adj0899
https://doi.org/10.1126/sciadv.1701284
https://doi.org/10.1126/sciadv.1701284
https://doi.org/10.3897/neobiota.30.7015
https://doi.org/10.1126/science.1201609
https://doi.org/10.5194/bg-9-5125-2012
https://doi.org/10.1088/1748-9326/aabf9f
https://doi.org/10.1088/1748-9326/aabf9f
https://doi.org/10.1016/j.gloenvcha.2016.10.002
https://doi.org/10.1016/j.gloenvcha.2016.10.002
https://doi.org/10.1016/j.oneear.2023.11.011
https://doi.org/10.1016/j.oneear.2023.11.011

One Earth

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

West, T.A.P., Wunder, S., Sills, E.O., Borner, J., Rifai, S.W., Neidermeier,
A.N., Frey, G.P., and Kontoleon, A. (2023). Action needed to make carbon
offsets from forest conservation work for climate change mitigation.
Science 381, 873-877. https://doi.org/10.1126/science.ade3535.

Lamb, D. (2018). Undertaking large-scale forest restoration to generate
ecosystem services. Restor. Ecol. 26, 657-666. https://doi.org/10.
1111/rec.12706.

Bernal, B., Murray, L.T., and Pearson, T.R.H. (2018). Global carbon diox-
ide removal rates from forest landscape restoration activities. Carbon
Balance Manag. 13, 22. https://doi.org/10.1186/s13021-018-0110-8.

Conant, R.T. (2010). Challenges and oportunities for carbon
sequestration in grassland systems. A technical report on grassland
managment and climate change mitigation (Food and Agricultural
Organisation). https://pdfs.semanticscholar.org/9223/6427bd051d05
cb2e5f5da13e3d68723c86¢b.pdf.

Weber, J., King, J.A., Abraham, N.L., Grosvenor, D.P., Smith, C.J., Shin,
Y.M., Lawrence, P., Roe, S., Beerling, D.J., and Martin, M.V. (2024).
Chemistry-albedo feedbacks offset up to a third of forestation’s CO,
removal benefits. Science 383, 860-864. https://doi.org/10.1126/sci-
ence.adg6196.

Perugini, L., Caporaso, L., Marconi, S., Cescatti, A., Quesada, B., de
Noblet-Ducoudré, N., House, J.l., and Arneth, A. (2017). Biophysical
effects on temperature and precipitation due to land cover change.
Environ. Res. Lett. 72, 053002. https://doi.org/10.1088/1748-9326/
aabb3f.

May-Itz4, W.d.J., Martinez-Fortun, S., Zaragoza-Trello, C., and Ruiz, C.
(2022). Stingless bees in tropical dry forests: global context and chal-
lenges of an integrated conservation management. J. Apicult. Res. 61,
642-653. https://doi.org/10.1080/00218839.2022.2095709.

Ulyshen, M., Urban-Mead, K.R., Dorey, J.B., and Rivers, J.W. (2023).
Forests are critically important to global pollinator diversity and enhance
pollination in adjacent crops. Biol. Rev. 98, 1118-1141. https://doi.org/
10.1111/brv.12947.

Kreidenweis, U., Humpendder, F., Stevanovic, M., Bodirsky, B.L., Krie-
gler, E., Lotze-Campen, H., and Popp, A. (2016). Afforestation to
Mitigate Climate Change: Impacts on Food Prices under Consideration
of Albedo Effects. Environ. Res. Lett. 77, 085001. https://doi.org/10.
1088/1748-9326/11/8/085001.

Henry, R.C., Arneth, A., Jung, M., Rabin, S.S., Rounsevell, M.D., Warren,
F., and Alexander, P. (2022). Global and regional health and food security
under strict conservation scenarios. Nat. Sustain. 5, 303-310. https://doi.
org/10.1038/s41893-021-00844-x.

Smith, S.M., Geden, O., Gidden, M.J., Lamb, W.F., Nemet, G.F., Minx,
J.C., Buck, H., Burke, J., Cox, E., Edwards, M.R., et al. (2024). The State
of Carbon Dioxide Removal - 2nd Edition. In The State of Carbon Dioxide
Removal https://osf.io/f85qj/.

Persson, U.M. (2015). The impact of biofuel demand on agricultural
commodity prices: a systematic review. Wiley Interdiscip. Rev.: Energy
Environ. 4, 410-428. https://doi.org/10.1002/wene.155.

Creutzig, F. (2016). Economic and ecological views on climate change
mitigation with bioenergy and negative emissions. GCB Bioenergy 8,
4-10. https://doi.org/10.1111/gcbb.12235.

Deprez, A., Leadley, P., Dooley, K., Williamson, P., Cramer, W., Gattuso,
J.-P., Rankovic, A., Carlson, E.L., and Creutzig, F. (2024). Sustainability
limits needed for CO, removal. Science 383, 484-486. https://doi.org/
10.1126/science.adj6171.

Hof, C., Voskamp, A., Biber, M.F., Béhning-Gaese, K., Engelhardt, E.K.,
Niamir, A., Willis, S.G., and Hickler, T. (2018). Bioenergy cropland expan-
sion may offset positive effects of climate change mitigation for global
vertebrate diversity. Proc. Natl. Acad. Sci. USA 115, 13294-13299.
https://doi.org/10.1073/pnas.1807745115.

Schueler, V., Weddige, U., Beringer, T., Gamba, L., and Lamers, P.
(2013). Global biomass potentials under sustainability restrictions
defined by the European Renewable Energy Directive 2009/28/EC.
GCB Bioenergy 5, 652-663. https://doi.org/10.1111/gcbb.12036.

Immerzeel, D.J., Verweij, P.A., van der Hilst, F., and Faaij, A.P.C.
(2014). Biodiversity impacts of bioenergy crop production: A state-
of-the-art review. GCB Bioenergy 6, 183-209. https://doi.org/10.
1111/gcbb.12067.

Wiens, J., Fargione, J., and Hill, J. (2011). Biofuels and biodiversity. Ecol.
Appl. 21, 1085-1095. https://doi.org/10.1890/09-0673.1.

Searchinger, T., Heimlich, R., Houghton, R.A., Dong, F., Elobeid, A,
Fabiosa, J., Tokgoz, S., Hayes, D., and Yu, T.H. (2008). Use of US
croplands for biofuels increases greenhouse gases through emissions
from land-use change. Science 3719, 1238-1240. https://doi.org/10.
1126/science.1151861.

148.

149.

150.

152.

1563.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

¢? CellPress

OPEN ACCESS

Merfort, L., Bauer, N., Humpendder, F., Klein, D., Strefler, J., Popp, A.,
Luderer, G., and Kriegler, E. (2023). Bioenergy-induced land-use-change
emissions with sectorally fragmented policies. Nat. Clim. Chang. 13,
685-692. https://doi.org/10.1038/s41558-023-01697-2.

Vera, |., Wicke, B., Lamers, P., Cowie, A., Repo, A., Heukels, B., Zumpf,
C., Styles, D., Parish, E., Cherubini, F., et al. (2022). Land use for bio-
energy: Synergies and trade-offs between sustainable development
goals. Renew. Sustain. Energy Rev. 167, 112409. https://doi.org/10.
1016/j.rser.2022.112409.

Krause, A., Pugh, T.A.M., Bayer, A.D., Li, W., Leung, F., Bondeau, A.,
Doelman, J.C., Humpendder, F., Anthoni, P., Bodirsky, B.L., et al.
(2018). Large uncertainty in carbon uptake potential of land-based
climate-change mitigation efforts. Glob. Chang. Biol. 24, 3025-3038.
https://doi.org/10.1111/gcb.14144.

. Harper, A.B., Powell, T., Cox, P.M., House, J., Huntingford, C., Lenton,

T.M., Sitch, S., Burke, E., Chadburn, S.E., Collins, W.J., et al. (2018).
Land-use emissions play a critical role in landbased mitigation for
Paris climate targets. Nat. Commun. 9, 2938. https://doi.org/10.1038/
s$41467-018-05340-z.

Kato, E., and Yamagata, Y. (2014). BECCS capability of dedicated
bioenergy crops under a future land-use scenario targeting net negative
carbon emissions. Earths Future 2, 421-439. https://doi.org/10.1002/
2014ef000249.

Manning, P., Taylor, G., and Hanley, M.E. (2015). Bioenergy, Food Pro-
duction and Biodiversity - An Unlikely Alliance? GCB Bioenergy 7,
570-576. https://doi.org/10.1111/gcbb.12173.

Blanco-Canqui, H. (2016). Growing Dedicated Energy Crops on Marginal
Lands and Ecosystem Services. Soil Sci. Soc. Am. J. 80, 845-858.
https://doi.org/10.2136/sssaj2016.03.0080.

Hochman, G., and Zilberman, D. (2018). Corn Ethanol and US Biofuel Pol-
icy 10 Years Later: A Quantitative Assessment. Am. J. Agric. Econ. 700,
570-584. https://doi.org/10.1093/ajae/aax105.

Popp, A., Dietrich, J.P., Lotze-Campen, H., Klein, D., Bauer, N., Krause,
M., Beringer, T., Gerten, D., and Edenhofer, O. (2011). The economic
potential of bioenergy for climate change mitigation with special atten-
tion given to implications for the land system. Environ. Res. Lett. 6,
034017.

van Meijl, H., Havlik, P., Lotze-Campen, H., Stehfest, E., Witzke, P., Dom-
inguez, |.P., Bodirsky, B.L., van Dijk, M., Doelman, J., Fellmann, T., et al.
(2018). Comparing impacts of climate change and mitigation on global
agriculture by 2050. Environ. Res. Lett. 73, 064021. https://doi.org/10.
1088/1748-9326/aabdc4.

Hasegawa, T., Fujimori, S., Havlik, P., Valin, H., Bodirsky, B.L., Doelman,
J.C., Fellmann, T., Kyle, P., Koopman, J.F.L., Lotze-Campen, H., et al.
(2018). Risk of increased food insecurity under stringent global climate
change mitigation policy. Nat. Clim. Chang. 8, 699-703. https://doi.org/
10.1038/s41558-018-0230-x.

Schueler, V., Fuss, S., Steckel, J.C., Weddige, U., and Beringer, T. (2016).
Productivity ranges of sustainable biomass potentials from non-agricultural
land. Environ. Res. Lett. 77, 074026. https://doi.org/10.1088/1748-9326/
11/7/074026.

Stenzel, F., Greve, P., Lucht, W., Tramberend, S., Wada, Y., and Gerten,
D. (2021). Irrigation of biomass plantations may globally increase water
stress more than climate change. Nat. Commun. 72, 1512. https://doi.
org/10.1038/s41467-021-21640-3.

Minx, J.C., Callaghan, M., Lamb, W.F., Garard, J., and Edenhofer, O.
(2017). Learning about climate change solutions in the IPCC and beyond.
Environ. Sci. Pol. 77, 252-259. https://doi.org/10.1016/j.envsci.2017.
05.014.

Claudet, J., Bopp, L., Cheung, W.W.L., Devillers, R., Escobar-Briones,
E., Haugan, P., Heymans, J.J., Masson-Delmotte, V., Matz-Lick, N.,
Miloslavich, P., et al. (2020). A Roadmap for Using the UN Decade of
Ocean Science for Sustainable Development in Support of Science,
Policy, and Action. One Earth 2, 34-42. https://doi.org/10.1016/.
oneear.2019.10.012.

Pradhan, P., Costa, L., Rybski, D., Lucht, W., and Kropp, J.P. (2017). A
Systematic Study of Sustainable Development Goal (SDG) Interactions.
Earths Future 5, 1169-1179. https://doi.org/10.1002/2017EF000632.
Soergel, B., Kriegler, E., Weindl, I., Rauner, S., Dirnaichner, A., Ruhe, C.,
Hofmann, M., Bauer, N., Bertram, C., Bodirsky, B.L., et al. (2021).
A sustainable development pathway for climate action within the
UN 2030 Agenda. Nat. Clim. Chang. 11, 656-664. https://doi.org/10.
1038/s41558-021-01098-3.

Mehrabi, Z., Ellis, E.C., and Ramankutty, N. (2018). The challenge of
feeding the world while conserving half the planet. Nat. Sustain. 7,
409-412. https://doi.org/10.1038/s41893-018-0119-8.

One Earth 8, November 21, 2025 15



https://doi.org/10.1126/science.ade3535
https://doi.org/10.1111/rec.12706
https://doi.org/10.1111/rec.12706
https://doi.org/10.1186/s13021-018-0110-8
https://pdfs.semanticscholar.org/9223/6427bd051d05cb2e5f5da13e3d68723c86cb.pdf
https://pdfs.semanticscholar.org/9223/6427bd051d05cb2e5f5da13e3d68723c86cb.pdf
https://doi.org/10.1126/science.adg6196
https://doi.org/10.1126/science.adg6196
https://doi.org/10.1088/1748-9326/aa6b3f
https://doi.org/10.1088/1748-9326/aa6b3f
https://doi.org/10.1080/00218839.2022.2095709
https://doi.org/10.1111/brv.12947
https://doi.org/10.1111/brv.12947
https://doi.org/10.1088/1748-9326/11/8/085001
https://doi.org/10.1088/1748-9326/11/8/085001
https://doi.org/10.1038/s41893-021-00844-x
https://doi.org/10.1038/s41893-021-00844-x
https://osf.io/f85qj/
https://doi.org/10.1002/wene.155
https://doi.org/10.1111/gcbb.12235
https://doi.org/10.1126/science.adj6171
https://doi.org/10.1126/science.adj6171
https://doi.org/10.1073/pnas.1807745115
https://doi.org/10.1111/gcbb.12036
https://doi.org/10.1111/gcbb.12067
https://doi.org/10.1111/gcbb.12067
https://doi.org/10.1890/09-0673.1
https://doi.org/10.1126/science.1151861
https://doi.org/10.1126/science.1151861
https://doi.org/10.1038/s41558-023-01697-2
https://doi.org/10.1016/j.rser.2022.112409
https://doi.org/10.1016/j.rser.2022.112409
https://doi.org/10.1111/gcb.14144
https://doi.org/10.1038/s41467-018-05340-z
https://doi.org/10.1038/s41467-018-05340-z
https://doi.org/10.1002/2014ef000249
https://doi.org/10.1002/2014ef000249
https://doi.org/10.1111/gcbb.12173
https://doi.org/10.2136/sssaj2016.03.0080
https://doi.org/10.1093/ajae/aax105
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref156
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref156
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref156
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref156
http://refhub.elsevier.com/S2590-3322(25)00281-7/sref156
https://doi.org/10.1088/1748-9326/aabdc4
https://doi.org/10.1088/1748-9326/aabdc4
https://doi.org/10.1038/s41558-018-0230-x
https://doi.org/10.1038/s41558-018-0230-x
https://doi.org/10.1088/1748-9326/11/7/074026
https://doi.org/10.1088/1748-9326/11/7/074026
https://doi.org/10.1038/s41467-021-21640-3
https://doi.org/10.1038/s41467-021-21640-3
https://doi.org/10.1016/j.envsci.2017.05.014
https://doi.org/10.1016/j.envsci.2017.05.014
https://doi.org/10.1016/j.oneear.2019.10.012
https://doi.org/10.1016/j.oneear.2019.10.012
https://doi.org/10.1002/2017EF000632
https://doi.org/10.1038/s41558-021-01098-3
https://doi.org/10.1038/s41558-021-01098-3
https://doi.org/10.1038/s41893-018-0119-8

¢? CellPress

166.

167.

16

OPEN ACCESS

Leclére, D., Obersteiner, M., Barrett, M., Butchart, S.H.M., Chaudh-
ary, A., De Palma, A., DeClerck, F.A.J., Di Marco, M., Doelman, J.
C., Dirauer, M., et al. (2020). Bending the curve of terrestrial biodiver-
sity needs an integrated strategy. Nature 585, 551-556. https://doi.
org/10.1038/s41586-020-2705-y.

Liu, Q., Wu, K., Song, W., Zhong, N., Wu, Y., and Fu, X. (2022). Improving
Crop Nitrogen Use Efficiency Toward Sustainable Green Revolution.
Annu. Rev. Plant Biol. 73, 523-551. https://doi.org/10.1146/annurev-ar-
plant-070121-015752.

One Earth 8, November 21, 2025

168.

169.

One Earth

Searchinger, T.D., Wirsenius, S., Beringer, T., and Dumas, P. (2018).
Assessing the efficiency of changes in land use for mitigating climate
change. Nature 564, 249-253. https://doi.org/10.1038/s41586-018-
0757-z.

Geldmann, J., Coad, L., Barnes, M., Craigie, I.D., Hockings, M., Knights,
K., Leverington, F., Cuadros, I.C., Zamora, C., Woodley, S., and Burgess,
N.D. (2015). Changes in protected area management effectiveness over
time: A global analysis. Biol. Conserv. 197, 692-699. https://doi.org/10.
1016/j.biocon.2015.08.029.


https://doi.org/10.1038/s41586-020-2705-y
https://doi.org/10.1038/s41586-020-2705-y
https://doi.org/10.1146/annurev-arplant-070121-015752
https://doi.org/10.1146/annurev-arplant-070121-015752
https://doi.org/10.1038/s41586-018-0757-z
https://doi.org/10.1038/s41586-018-0757-z
https://doi.org/10.1016/j.biocon.2015.08.029
https://doi.org/10.1016/j.biocon.2015.08.029

	The biodiversity-climate-food nexus: Illustrating challenges and solutions using the Green Shoots framework
	Introduction
	Methods
	Food production on land
	Fisheries
	(Agricultural) food consumption
	Afforestation/reforestation
	Bioenergy

	Exploring solution outcomes across the biodiversity-climate-food nexus
	Food production on land
	Fisheries
	(Agricultural) food consumption
	Afforestation/reforestation
	Bioenergy

	Toward sustainability in land and marine systems
	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References


