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Anatomy and resilience of the global 
production ecosystem

M. Nyström1*, J.-B. Jouffray1,2, A. V. Norström1, B. Crona1,2, P. Søgaard Jørgensen1,2,  
S. R. Carpenter3, Ö. Bodin1, V. Galaz1,2 & C. Folke1,2,4

Much of the Earth’s biosphere has been appropriated for the production of 
harvestable biomass in the form of food, fuel and fibre. Here we show that the 
simplification and intensification of these systems and their growing connection to 
international markets has yielded a global production ecosystem that is homogenous, 
highly connected and characterized by weakened internal feedbacks. We argue that 
these features converge to yield high and predictable supplies of biomass in the short 
term, but create conditions for novel and pervasive risks to emerge and interact in  
the longer term. Steering the global production ecosystem towards a sustainable 
trajectory will require the redirection of finance, increased transparency and 
traceability in supply chains, and the participation of a multitude of players, including 
integrated ‘keystone actors’ such as multinational corporations.

The demand for harvestable biomass (food, fuel and fibre) by a grow-
ing, wealthier and increasingly urbanized global human population is 
placing relentless pressure on the Earth’s ecosystems. To a large extent, 
this demand has been met by converting ecosystems into production 
ecosystems—ecosystems modified for the production of one or a few 
harvestable species1,2. Although these alterations occur at local scales, 
their cumulative effect is causing global transformation of the Earth’s 
biosphere3,4. Humans have already altered more than 75% of the world’s 
terrestrial habitats5—nearly 40% of all productive land has been con-
verted into agricultural areas6 and two thirds of all boreal forests are 
under some form of management, mainly for wood production7. In the 
seas, around 90% of large industrial fisheries are either overexploited or 
fully exploited8, and a rapidly expanding aquaculture sector is occupy-
ing increasing areas of coastal and offshore space9.

As available productive land and abundant fish stocks become 
progressively scarce, the potential for further land conversion, land 
redistribution and exploitation of new wild stocks as options to meet 
projected global human demand is dwindling8,10. To increase efficiency, 
production ecosystems are intensified and simplified using human 
inputs such as fossil fuels, fertilizers, pesticides, antibiotics and tech-
nology2,6,11. In parallel, people, places, cultures and economies are 
increasingly linked across geographic locations and socioeconomic 
contexts12, making production ecosystems increasingly globally 

interconnected. Collectively, these changes are converting much of 
the biosphere into a GPE.

This new reality calls for approaches that recognize the biosphere sys-
tem as a complex and integrated social-ecological system3,13,14. Within 
this context, resilience—the capacity of a system to persist with and 
adapt to change, but also transform away from unsustainable social-
ecological trajectories—has been suggested as a conceptual framework 
that could assist in developing paths towards sustainability15. Whereas 
the aggregated transformation of Earth’s biomes is indisputable, its 
consequences for the dynamics and resilience of an expanding GPE 
remain poorly understood.

Here we describe the anatomy of the GPE through the lens of three 
key features underpinning resilience, namely connectivity, diversity 
and feedback16. We do this by considering a diverse set of socioeco-
nomic and biophysical elements that have previously been studied 
separately. We discuss how this anatomy influences the resilience of 
the GPE and creates novel conditions for risks to emerge and interact. 
We conclude by highlighting three avenues that can foster innovation 
and encourage new partnerships to motivate transformation towards 
a more sustainable GPE.

The anatomy of the GPE
The GPE is the result of three important and interacting trends: (1) the 
continued conversion of the Earth’s biosphere into simplified produc-
tion ecosystems, (2) the increased intensification and dependence of 
these production ecosystems on human inputs, and (3) their expand-
ing connectivity through global markets. The GPE integrates multiple 
sectors, broadly referred to here as forestry, agriculture (crops and 
livestock) and fishery (wild capture and aquaculture) (Fig. 1). We rec-
ognize that some production ecosystems, such as subsistence fishing 
and farming or diversified agricultural landscapes, may be subject to 
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little human input or export-mediated connectivity from international 
trade. Nevertheless, they will be increasingly shaped by a broader set of 
global drivers, such as policies, technologies and economic changes2,17.

Connectivity: the breakdown of isolation
A distinctive feature of the present day is the way in which human activi-
ties increase connectivity. Although the drivers of this connectivity are 
not new (for example, trade, transport, technology and consumption), 
the speed and scale at which it occurs are unprecedented18.

Connectivity within the GPE is underpinned by long-distance 
biophysical and socioeconomic teleconnections12,14. For example, 
irrigation and deforestation for agriculture in one location can redis-
tribute global evapotranspiration, thereby changing rainfall patterns 
and affecting terrestrial production ecosystems in other regions19. 
Increased CO2 emissions associated with deforestation20 also affect 
aquaculture and wild-capture fisheries through increased seawater 
temperatures and ocean acidification21. Thus, land transformation 
in one part of the world can have substantial effects on production 
ecosystems at distant locations, within and across sectors.

At the same time, trade that was once constrained by limitations 
in transport capacities and lack of trade agreements is increasingly 
contributing to match global supply and demand22,23. International 
trade has undergone huge expansion in the past few decades24, and 
now accounts for 24% of all agricultural land25, 23% of the freshwater 
resources used for food production26 and more than 35% of global sea-
food production8. The number of regional trade agreements in force has 
more than tripled27 since 2000, and nearly all cropland areas brought 
into production from 1986 to 2009 were used to grow export crops28. 
As a consequence, production ecosystems have been further simplified 
and intensified to produce products destined for global markets28–31.

The growth of international trade has also increased direct and indi-
rect connections between different production ecosystem sectors. 
For example, agricultural exports such as soybean and palm oil pro-
duced for the European Union, US and Chinese markets are a primary 
driver of deforestation across the tropics32. Sectors have also become 
intertwined through different output-as-input relationships. Increase 
in feed trade to satisfy global livestock production is occurring at an 
unprecedented rate33, and as the effects of intensification unfold, new 
connections are emerging. For instance, the aquaculture sector, which 
has traditionally relied heavily on capture fisheries as the main source 
for feed, is shifting towards agriculture for crop-based feed (for exam-
ple, soy, rapeseed and maize) in response to declining fish catches34.

The interconnections between sectors are further amplified by the 
emergence of large transnational corporations that link production 
ecosystems globally through their subsidiaries35. These vertically and 
horizontally integrated ‘keystone actors’35 rely on connectivity for their 
own growth and represent a critical feature of the GPE by operating 
across sectors, markets and geographies to source, store, trade, pro-
cess and distribute biomass. Such integration allows a few actors to 
dominate all segments of production, control the whole supply chain 
and have a disproportionate influence on decision-making36. Consolida-
tion of large industrial actors has been recorded across many sectors, 
including forestry, seafood, livestock and agri-food industries37,38. 
There are concerns that such consolidation reinforces global homog-
enization of species (including genes, varieties and crops), practice 
and knowledge39,40.

Diversity: more becomes less
The purposeful selection of particular harvestable products and the 
collateral effects of these choices are driving biotic homogenization 
in both terrestrial and aquatic ecosystems41,42. In many areas, boreal 
forests have been simplified as a consequence of intensive silviculture 
for timber production7, tropical forests have been replaced by spatially 
extensive monocultures (for example, soy and oil palm plantations)43, 
and native Mediterranean ecosystems have been simplified by exotic 
pine tree plantations44. In grasslands, moderate intensification has 
resulted in collateral biotic homogenization across microbial, plant 
and animal groups, both above and below ground45. In the Amazon, 
rainforest bacterial communities have become homogenized as a result 
of land conversion to cattle pasture46 and in marine systems, rising 
seawater temperatures have led to the rapid homogenization of fish 
assemblages47.

Homogenization is also evident from a food production perspective. 
More than 80% of the global fish and shellfish aquaculture production 
is sourced from 30 species, of which grass carp, silver carp, cupped 
oysters, common carp and manila clam account for more than 30% 
by volume8. The pattern is even more striking for the global livestock 
sector, in which the production of pigs and chicken amount to 40% 
and 34%, respectively, of global meat production48. In agriculture, 
national portfolios of food supplies have seen increased crop species 
diversity, whereas globally they have become more homogeneous in 
composition, illustrating a shift towards a globally standardized food 
supply based on a few crop types such as maize, wheat, rice and bar-
ley49. Homogenization of crop production is further promoted by the 
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Fig. 1 | The global production ecosystem. The GPE is characterized by tightly 
coupled relationships and reciprocal influence within and between 
harvestable biomass (green inner circle), multiple sectors (blue middle circle) 

and a broad set of distal drivers (grey outer circle). To the right are the three 
lenses (connectivity, diversity and feedback) and their key features through 
which the anatomy of the GPE is described in this paper.
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recent rise of ‘flex crops and commodities’50. These are commodities 
that are suited for multiple uses that can be flexibly interchanged (for 
example, soy as food for humans, feed for animals, or biofuel; or trees 
for timber, pulp, ethanol, or carbon sequestration purposes). Such 
commodities provide flexibility for producers and investors to allocate 
products depending on which market has the highest demand—for 
instance, in the face of changes in policy regulations, market prices 
or technological advances50.

Feedback: decoupling in a hyperconnected world
Paradoxically, increased connectivity within and among production 
ecosystems is weakening important feedback relationships within 
the GPE. First, there is broad evidence that intensification decouples 
production ecosystems from the natural processes needed to sus-
tain desired production outcomes (that is, regulating and supporting 
ecosystem services)2. Instead, human inputs are increasingly used 
to mimic natural processes and responses in the system. Examples 
include substituting the natural breakdown and uptake of nutrients 
(that is, nutrient recycling) with fertilizers to enhance crop productiv-
ity, relying on artificial feed inputs to increase aquaculture yield, and 
replacing natural pest control with pesticides and herbicides to avoid 
yield losses. This can potentially undermine the capacity of production 
ecosystems to sustain desired biomass in the long run. For instance, 
agricultural intensification has been reported to cause soil erosion, 
declines in fertility, loss of natural pollinators, downstream damage 
to water resources and degradation of coastal ecosystems38,51.

Decoupling also emerges as the geographical distance between the 
location of biomass production and where it is consumed increases. 
Approximately one quarter of all food produced for human con-
sumption is traded internationally24, and almost one billion people 
are consuming internationally traded products to cover their daily 
nutrition52. Estimates further suggest that 20% of global cropland is 
being allocated to the production of commodities that are consumed 
in another country31. This spatial decoupling, or ‘distancing’53, allows 
industries to substitute supplies from different species or production 
ecosystems so that global consumers remain relatively unaffected 
by, and unaware of, changes occurring at individual source areas54. 
Declining fish stocks, for example, are compensated for by substituting 
source areas55, shifting to new but similar species54 or replacing wild 
catch with supply from aquaculture30. Similarly, international trade 
enables countries to displace their land use (for example, deforesta-
tion) to other nations56. As long as consistent demand exists through 
globally distributed markets, implementation of policies to mitigate 
overexploitation in one place—such as protected areas or reduced 
quotas—may simply increase pressure elsewhere (leakage effects), 
with a global net decline as a result10,32.

The current global model of biomass production also spatially decou-
ples consumption from the environmental impacts that it entails57. 
These impacts extend beyond direct collateral damages, such as spread 
of infectious diseases, pollution, habitat degradation and loss of bio-
diversity. They include reallocation of natural resources (for exam-
ple, land and water) needed to produce traded commodities destined 
for direct human consumption or as input to produce biomass with 
higher protein and nutrient content6,30,38. The trade of these embodied 
resources (virtual trade) has been estimated to incorporate 24% and 
22% of the global land and water footprint58, respectively, and account 
for 11% of global groundwater depletion59.

More recently, attention has been given to the way in which decou-
pling may arise from the growing influence of finance and the emer-
gence of novel financial instruments (Box 1). New types of agricultural 
insurance have been developed whereby payouts are no longer based 
on direct measured loss of crops, but are instead triggered by an index, 
such as a predefined threshold in rainfall60. Although these index insur-
ance policies present benefits for both insurers (by resolving the prob-
lem of moral hazard and reducing the transaction costs of verifying 

Box 1  

Financialization of the biosphere
After decades of financial deregulation and innovation, the 
intensification of investments in natural assets has led to concerns 
about the role of an expanding global financial sector in shaping 
production ecosystems139,140. Financialization—defined as the 
increasing importance of financial markets, motives, institutions 
and elites in the operation of the economy and its governing 
institutions141—has been suggested as a rapidly emerging and 
powerful decoupling mechanism that abstracts biomass from 
its physical form53. For example, new financial practices and 
instruments, such as securitization and complex commodity 
derivatives, have led to a situation where only 2% of commodity 
futures contracts end with delivery of the physical good93. In 
environmental conservation, financialization is seen as a new 
frontier for capital investment, in which the responsibility for 
global environmental outcome is increasingly shifted towards 
the incentivizing control of investment finance142. The green bond 
market, which is designed to simultaneously achieve financial 
returns and environmental benefits, has witnessed huge growth 
over the past five years and is predicted to reach US$250 billion 
in 2019 (Box 1 Figure). Attention is also shifting towards the role 
of finance within the blue economy narrative143. Similar to green 
bonds, the Seychelles government has announced the world’s first 
blue bond, valued at US$20 million to fund sustainable fisheries144. 
However, studies have warned that the growing interest among 
financial institutions in investments in the seafood sector may 
lead to adverse effects on small-scale fisheries through increased 
privatization and ocean grabbing145. The use of fishing quotas 
as collateral in loans by Icelandic banks, and the resulting debt 
for the industry when the banking system collapsed, provides a 
compelling example146. If financial actors were to become aware 
of how ecological risks translate into financial risks, entry points 
for sustainability considerations into financial decisions might 
emerge with strong incentives to implement better standards and 
redirect capital towards more sustainable practices113. Regardless, 
financialization of the biosphere should be increasingly recognized 
and studied as an intrinsic process shaping the GPE.

Box 1 Figure | Rise of the global green bond market. Data are 
from the Climate Bond Initiative (https://www.climatebonds.net). 
The 2019 data are forecast (indicated by an asterisk). Note that 
while the growth of the green bond market is unquestionable, 
it represents only a tiny fraction of the overall bond market, 
estimated to exceed US$100 trillion.

http://www.climatebonds.net
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losses) and farmers (by improving access to credit and mitigating 
climate risk), they are often coupled to the adoption of commercial 
inputs and specific crops that reinforce the simplification of agricul-
tural landscapes and the homogenization of practices. This increases 
smallholders’ exposure to risks and erodes their ability to adapt to 
extreme environmental variability60. Because the actual agricultural 
performance is no longer relevant for the indemnity payment, farmers 
are also at risk of experiencing losses but not receiving a payment if the 
index threshold is not met.

Collectively, these different decoupling mechanisms have ramifica-
tions for how production ecosystems and the benefits they produce 
are perceived, valued and managed13,61.

Resilience in the GPE
Resilience is a concept that is widely used in science, management 
and policy. The concept has multiple meanings, which can have con-
sequences for evaluating, understanding, and managing systems, 

depending on which definition is used. Resilience can refer to the time 
it takes for a system to return to its original state after perturbation 
(recovery) or, as in this Perspective, it can describe the extent to which a 
system can develop with change by absorbing recurrent perturbations, 
deal with uncertainty and risk, and still sustain its key properties15, such 
as the capacity to feed humanity in the case of the GPE. Concerns have 
been raised that the profound human influence on the biosphere is 
eroding resilience and causing abrupt changes in social, ecological and 
social-ecological systems62,63. These ‘regime shifts’ may interact and 
cascade64, thereby producing change at very large scales with severe 
implications for the wellbeing of human societies65. Since the GPE has 
become a substantial part of the biosphere, investigation of what a 
hyperconnected, homogenized and decoupled anatomy means for 
its resilience is urgently needed.

The structure of fragility
Analysing systems as networks that consist of nodes and links has 
proved to be a fertile ground for exploring the relationship between 

Box 2  

A network of networks
The GPE is a worldwide social-ecological network of networks. It 
is composed of a large number of interacting networks that span 
sectoral, jurisdictional and geographical boundaries, connect 
various actors and institutions, and link human societies to the 
biosphere. Individual nodes in this global network can represent 
countries, actors, institutions, sectors, species or ecosystems. Links 
can capture collaboration, trade, policy overlap, environmental 
effects, species dispersals or trophic interactions147. A network-
modelling approach can help to uncover invaluable clues to the 
resilience of the GPE. For example, the degrees and patterns of 
connectivity across the many networks can have important  
shock-amplifying or shock-dampening implications70,75,77,94,96. 

Another promising, but nascent area of research is the investigation 
of how well social and ecological systems are aligned within a 
social-ecological network148 and empirical assessment of how this 
social-ecological fit affects outcomes in the system149. For example, 
early results suggest that high levels of social-ecological fit 
provide an important foundation for more sustainable and adaptive 
practices to emerge150 (Box 2 Figure). Future research should aim 
at exploring the nature and extent of social-ecological fit in the 
GPE, but also whether enhancing social-ecological fit could lead 
to mechanisms that unravel and expose different masking effects, 
such as land displacement, sequential overexploitation and virtual 
trade.

Box 2 Figure | Enhanciological fit in fisheries.  
a–c, The blue nodes represent interconnected fish stocks (for 
example, through dispersal and seasonal migration) being 
targeted at different locations by different fishing fleets (red 
nodes). For highly mobile fish species such as tuna, the distance 
between any two localized stocks can be very large and cross 
several jurisdictional borders. a, If actors (fishing fleets) are 
operating independently of each other, the ecological and 
social connectivities are not aligned. This makes it more difficult 
to respond collectively to changes and disturbances, and can 
incentivize actors to (knowingly or unknowingly) overharvest 
fish stocks. b, Overfishing in one location will negatively affect 
the status of the fish stock in the other location, and vice versa. 

c, Bringing the actors closer together (for example, through 
exchanging information or agreeing on common regulations) would 
increase the possibilities for tightening social-ecological feedback 
loops (recoupling), thus reducing incentives for overfishing149 and 
increasing the likelihood of the emergence of collective action147. 
Such increased social-ecological fit could be established either 
by connecting the different actors directly, or indirectly through 
a third-party mediator. Examples of direct connections include 
the emergence of fishing collectives151 or cooperation among 
global seafood companies132. An indirect connection could occur 
through a regional fishery management organization, in which the 
participating member states adhere to commonly devised fishery 
regulations for stocks over which no single state has full authority.
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structure and resilience in ecological66,67, financial68–70, technologi-
cal71,72 and climatic systems73. Depending on how nodes are organized, 
connectivity can increase or decrease the resilience in a network74. A 
recent empirical reconstruction of the global food trade network from 
1986 to 2013 showed that it displays characteristics of a heterogene-
ous network in which countries have many incoming (import) and few 
outgoing (export) connections, or vice versa74. The study also found 
that the food system has become progressively delocalized as a result 
of globalization (that is, modularity has been reduced). Combining 
these properties, the authors concluded that resilience in the global 
food network has declined over the past 20 years and that addition of 
new trade routes to this heterogeneity will further erode resilience74.

Another important line of research focuses on the interaction 
between connectivity and diversity in the network (that is, how nodes 
are different from each other)75. Studies suggest that, in systems in 
which the diversity of responses among nodes is high and connectivity 
between them is low, the systemic response to perturbation is gradual. 
By contrast, if nodes are homogeneous and highly connected, their 
responses become more synchronized70,75–77. The global financial crisis 
provides an illustrative example in which a small number of tightly 
connected banks deployed similar risk-management models, thus cul-
tivating homogeneity at the global scale and paving the way for shocks 
to propagate throughout the financial system68. Connectivity and diver-
sity therefore determine whether a system has a shock-dampening or 
a shock-amplifying effect when exposed to perturbations77. Linking 

networks together can help to reduce pressure in individual networks, 
but may occur at the expense of increasing fragility of the broader 
interconnected network71. Indeed, studies in power-communication72, 
financial68 and ecological64 systems have shown that a large intercon-
nected ‘network of networks’ can be intrinsically more fragile than 
each network in isolation.

In the GPE, intensification and globalization have produced strong 
interdependencies within and among sectors. In parallel, homogeniza-
tion has reduced the diversity of ways in which species, people, sectors 
and institutions can respond to change (loss of response diversity)78 
as well as their potential to functionally complement each other (loss 
of redundancy)16,79. This suggests that the GPE possesses features that 
could amplify shocks80. Understanding such potential shock-amplify-
ing behaviour will require a better evaluation of how ecological, social 
and social-ecological connectivity and diversity interact (Box 2).

Masking loss of resilience
Fluctuations in harvestable biomass outputs influence producer 
income and undermine the continued and stable supply to consum-
ers (Fig. 2a). Strategies that reduce this variation to improve efficiency 
and predictability are therefore frequently sought. However, enhanced 
short-term control can have implications for resilience in the long term.

Increasing variability (variance) can be a signal of declining resilience 
in complex systems, including ecosystems and social-ecological sys-
tems75 (but see ref. 81). Hence, intensification strategies that deliberately 
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Fig. 2 | Masking loss of resilience. a, The state of a local low-intensity 
production ecosystem (blue dot) is maintained by a suite of biophysical 
processes (red arrow). Variability in environmental conditions creates 
fluctuations in biomass output (blue bars). This variability may not be an 
acceptable solution as drops in the production may not sufficiently meet the 
needs of people depending on it. b, A local high-intensity production 
ecosystem is kept in a forced state by continuously adding anthropogenic 
inputs, such as increasing use of antibiotics to avoid diseases in aquaculture 
and livestock, and herbicides to prevent weeds in crop systems. Intensification 
increases productivity and suppresses fluctuations in harvestable biomass in 
the short term (blue bars). This occurs at the expense of eroding resilience in 

the long term (dashed line and black arrow), which increases the risk of 
surpassing a threshold beyond which the system may fall into a degraded state, 
precipitating a collapse of biomass. c, Similarly, the GPE (represented by the 
Earth) is kept in a forced state through intensification, trade and spatial 
displacement of activities (red arrow), to maintain a high and predictable 
global supply of biomass arriving from different stocks, species, geographic 
locations (multi-coloured bars). Loss of resilience (dashed line and black arrow) 
is masked at a global level, thus increasing the risk of shifting the GPE into an 
unknown state. To the right are systems within which examples of the 
illustrated dynamics can be found (see Supplementary Table 1).
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suppress variance may remove a useful warning of declining resilience 
in production ecosystems, sectors and the broader GPE82. Variance is 
often suppressed by controlling stress and stochastic perturbations 
such as grazing, fire and pest outbreaks. Such events have been pro-
posed to increase system resilience in the long term by selecting for 
particular tolerant genes, species traits or practices83,84. Therefore, pre-
venting these events may gradually erode resilience, making systems 
more vulnerable to disturbances that could previously be absorbed. 
Suppressing short-term variance can also lead to an accumulation of 
variance in the longer term82. As variance accumulates, more force 

(that is, human input) is required to maintain the system in a desired 
state (Fig. 2b). Resilience under such conditions has been described as 
‘coerced’2. In forest production ecosystems, for example, stochastic 
wildfires are often curbed to maintain high and stable yields of har-
vestable biomass. However, small-scale fires have an important role 
in reducing the accumulation of dead wood and creating a heteroge-
neity of patches with less-flammable species that reduces the risk of 
ignition and prevents fires from propagating85,86. This allows the sys-
tem to suffer fire without eminent risk of crossing a critical threshold 
whereby it becomes catastrophic and uncontrollable. By contrast, when 

Box 3  

Linking anatomy to resilience: empirical examples from food 
production
The resilience of a given system depends on the interplay between 
exogenous (external) forces and the endogenous (internal) 
properties of the system (Box 3 Figure). There is growing evidence 
that key external and internal dynamics of the GPE have been altered 
to the extent that they are compromising its resilience. Here we 
consider and empirically illustrate two examples of such dynamics.

Altered perturbations and increasing food-shock frequency
As connectivity and homogeneity increase, shocks within a 
geographic area or sector can become globally contagious and 
more prevalent97. Major drivers of these shocks include extreme 
weather events, spread of disease and geopolitical or economic 
conflicts, although their relative importance can differ across 
regions. For instance, droughts and floods have been particularly 
dominant forces of sudden declines in crop production over the 
past decades in South Asia, whereas geopolitical and economic 
crises are leading drivers of agricultural shocks in sub-Saharan 
Africa80. Furthermore, geopolitical and economic events—such 
as withdrawal of subsidies, reduced export markets and internal 
conflicts—tend to generate shocks that span multiple sectors across 
both land and sea80. Importantly, despite efforts to maintain high 
yields, food production shocks have become more frequent over 
the past 50 years (Box 3 Fig. a). These shocks pose a threat to food 

security and the resilience of the global food system through price 
volatilities and effects on trade80.

The looming threat of herbicide resistance
Homogenization towards pesticide-intensive production practices 
in agroecosystems has increased selection for pesticide resistance 
and reduced the resilience of the GPE to pests and pathogens137. 
For instance, according to The International Survey of Herbicide 
Resistant Weeds (www.weedscience.org), as of 2019, weeds have 
evolved resistance to 167 different herbicides and to 23 of the 26 
known herbicide sites of action. Glyphosate is currently the most 
commonly applied weedkiller, accounting for approximately two-
thirds of all herbicide use globally. First introduced in 1974, the 
application of glyphosate began to escalate in the mid-1990s with 
the rapid adoption of glyphosate-resistant transgenic crops, which 
enabled farmers to use glyphosate liberally as a strategy to maintain 
and enhance yields (Box 3 Fig. b). However, such short-term 
damping of variability can erode resilience in the long term82. The 
overreliance on glyphosate rapidly accelerated the evolution and 
spread of glyphosate-resistant weeds across all major economies 
(Box 3 Fig. b), ultimately creating conditions for a looming global 
failure of weed management138.

Box 3 Figure | Linking anatomy to resilience. a, b, The schematic 
of the stability landscape illustrates two ways by which exogenous 
forces (a) and changes in endogenous system properties (b) can  
lead to state shifts (dashed arrows) in food production systems.  
a, The annual increase in global food production shock frequency, 
including fisheries, aquaculture, crop and livestock sectors.  

The confidence interval (orange shaded region) represents the 
range of plausible shock frequencies under different model 
parameters used for shock detection80. b, The growing number of 
glyphosate-resistant weeds (black line) as global glyphosate use 
(blue bars) increases. See Supplementary Note 1 for methodology 
and data sources.
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small-scale wildfires are suppressed, homogeneity increases and the 
amount of wood fuel piles up. This creates a situation in which a single 
ignition could potentially set the whole forest on fire. If a catastrophic 
fire unfolds, it can start to interact with the atmosphere and generate 
convection-driven winds, which further increase its size, spread and 
speed, making the fire unstoppable85. Consequently, management 
aimed at controlling short-term variability breeds systemic vulner-
ability in the long run82 (Box 3).

The anatomy of the GPE provides for spatial suppression of and accu-
mulation of variance at a global level because components of the system 
(for example, sectors, places and stocks) are often viewed and governed 
in isolation (Fig. 2c). This global coercion of resilience is facilitated by 
sequential exploitation and displacement of activities. For example, 
countries transitioning from net deforestation to net reforestation 
may do so through geographic substitution87. In Vietnam, forest cover 
increase was achieved at the expense of deforestation in neighbouring 
countries such as Cambodia and Laos56. Similarly, following the collapse 
of the North Sea cod (Gadus morhua) population, UK imports shifted to 
Atlantic cod sourced from Iceland and the Faeroes, leaving UK consum-
ers relatively unaffected and unaware54. Such decoupling mechanisms 
could explain why national supply stability tends to increase as coun-
tries’ reliance on trade grows88, although it may contribute to global 
instability in the long term74.

Altered disturbance landscape and systemic risks
Resilience management has generally focused on local systems and 
their capacity to deal with a narrow range of well-known shocks89, such 
as drought, fire, pest outbreaks and, increasingly, climate change. 
However, perturbations that previously had only minor or no effects 
on a certain production ecosystem may suddenly become significant 
as sectors are progressively intensified and intertwined. For example, 
droughts or crop pest outbreaks may cause disruption in seafood pro-
duction, as the aquaculture sector is now dependent on agriculture 
for crop feeds30. Moreover, the GPE has become increasingly exposed 
to price fluctuation in inputs (for example, fossil fuels, fertilizers and 
technology)90, shifts in global consumer preferences (for example, 
diets)91, changes in policies (for example, regulations on energy and 
exports)92 and speculation on food commodities93. Concerns have also 
been raised about the vulnerability of the infrastructure network on 
which trade of biomass relies, such as choke points in maritime trans-
portation, which could generate significant instabilities if disrupted90,94.

As connectivity and homogeneity increase, shocks that were previ-
ously contained within a geographic area or a sector are becoming 
globally contagious and more prevalent (Box 3). For example, pro-
tectionist trade strategies, such as implementation of export bans 
following droughts to protect populations in producing countries, 
can affect nations that rely on trade to balance their food needs52,95. 
Interest in these types of interconnected risks has increased in recent 
years along with the terminology to describe them, including nested 
and teleconnected vulnerabilities12, hyper-risks76, femtorisks96, global 
systemic risks94 and Anthropocene risk97. They stem from interactions 
at the interface of multiple systems (for example, climatic, ecological, 
political, financial and technological), making causal links opaque and 
outcomes difficult to foresee76.

Despite the inherent uncertainties, this broad spectrum of perturba-
tions and interconnected shocks must be considered to adequately 
manage resilience in the GPE. It also suggests that the limits of the GPE 
in satisfying demands for harvestable biomass may be set by the poten-
tial consequences of these emergent risks, as opposed to hard upper 
limits to production per se. The future will require confronting risks 
that we know little about89,98, such as the consequences of an expand-
ing global financial sector (Box 1) and new technologies, including 
the growth of genetic engineering and synthetic biology42. It will also 
entail accounting for interactions with non-biomass producing sectors 
that, for instance, support critical infrastructure or energy supply. 

Competition between production sectors for land and resources (most 
importantly water) is indeed likely to intensify as demand continues 
to grow and effects of climate change unfold.

Towards a sustainable GPE
Providing a growing human population with food, fibre and fuel in a 
sustainable and fair way is one of the grand challenges facing humanity. 
Although the GPE has offered huge benefits by increasing the produc-
tion of certain desired species99, the intensification and simplification 
of production ecosystems have been criticized from ecological2,6,11, 
social17,39 and social-ecological perspectives100. Consequently, we argue 
that it should be substantially and deliberately transformed towards 
a sustainable trajectory, on which: (1) the demands for biomass are 
met in a fair and just way, without undermining the functioning of the 
biosphere, (2) connectivity is capitalized on to improve sustainabil-
ity, (3) biological and social diversity is enhanced to ensure building 
blocks for adaptability and transformation in the face of change, and 
(4) feedback loops are strengthened (recoupled) to avoid masking 
effects and coercion of resilience.

Determining the boundary conditions characterizing a sustainable 
GPE is a challenging task that will involve a mix of approaches. The 
planetary boundaries framework101 can be used to define global and 
regional limits in biophysical processes—the ‘safe operating environ-
mental space’—that must not be transgressed if humanity is to stay 
away from systemic and potentially irreversible shifts in the biosphere. 
For example, this framework was recently applied to quantitatively 
estimate how to keep the global food system within environmental 
limits102. Combined with the aspirational social goals framework (‘safe 
and just space for humanity’)103, this can provide a starting point for 
discussions around levels of acceptable risk and trade-offs between 
productivity, sustainability and equity104.

Steering the GPE towards a sustainable trajectory will also require a 
combination of more specific strategies and solutions, as well as careful 
consideration of their feasibility and the trade-offs involved. Although 
the polarized debate between the integration (land sharing) and separa-
tion (land sparing) of conservation and production fits into discussions 
around food production and land scarcity, it is ill-suited to address 
issues of scale (for example, temporal variation in agricultural land 
use patterns and total area for conservation) or effects of globalization 
(for example, displacement activities)105. The land-sparing versus land-
sharing debate is too often framed as a binary choice, ignoring possible 
middle ground and cross-fertilization. Within this context, sustainable 
intensification has gained momentum in discussions around global sus-
tainability and has become a policy goal for many institutions to deliver 
on global social and environmental commitments (for example, the UN 
Sustainable Development Goals and the Paris Agreement). However, it 
has also been criticized for having a narrow focus on efficiency gains 
and technological interventions106. More systemic forms of sustain-
able intensification have therefore begun to occur at large scales and 
across a wide range of agroecosystems, to redesign the composition 
and structure of production ecosystems and harness a broad range of 
ecological processes such as predation, parasitism, herbivory, nitrogen 
fixation and pollination107. Further efforts towards a sustainable GPE 
include approaches to ensure more stable food supplies by increasing 
national crop diversity108, broad-scale shifts in diets and strategies to 
reduce loss and waste of biomass102, and the integration of local realities 
and contexts, such as procedural justice and equitable distribution of 
benefits from multi-functional land and seascapes17,109.

Although these initiatives are contributing to sustainability in 
important ways, they are being challenged by an expanding GPE in 
which systemic, sectoral and jurisdictional boundaries are increasingly 
blurred. Acting on this new reality entails creating conditions that foster 
innovation, incentivize transformation and encourage new partner-
ships across different sectors and actor groups110. For this reason, we 
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propose three entry points towards a more sustainable GPE that have 
great transformative potential but are still in their infancy.

Redirecting finance for sustainability
Financial investments—public or private—are increasingly recognized 
as key leverage points for achieving sustainability111–113. Government 
subsidies channel large amounts of public capital into the different sec-
tors of the GPE, ultimately influencing practices and species production 
on the ground. Whereas subsidies have mostly been associated with 
unsustainable practices, such as fuelling over-capacity in the fishing 
industry114, they could also provide powerful incentives for improved 
sustainability if linked to the right criteria. In the European Union’s 
reformed Common Agricultural Policy, for example, a direct payment 
scheme is used to incentivize sustainable resource management, in 
which farmers who comply with greening measures (that is, address-
ing biodiversity loss, avoiding crop monoculture and securing car-
bon sequestration) benefit financially from payments (but see ref. 115). 
Another recent government-led action is the alliance of Central Banks 
and Supervisors Network for Greening the Financial System (NGFS), 
formed during the One Planet Summit in 2017 to explore the role of 
and possibilities for central banks to use their mandate to incentivize 
economies to transition to more sustainable pathways116.

Private financial actors such as asset managers and commercial banks 
channel the bulk of capital behind the expansion of the GPE by investing 
in or lending to companies in different production sectors. Although 
direct causality between financial flows and environmental change is 
often opaque112,117, such investments represent a potential source of 
influence over corporate practices. Shareholders of publicly listed 
companies have the ability to affect a firm’s sustainability performance 
by exercising their voting rights at shareholder meetings (shareholder 
activism). They can engage directly with the corporate leadership on 
governance and policy, or indirectly through chains of ownership and 
threats of divestment. For example, the world’s largest sovereign wealth 
fund—Norway’s Government Pension Fund—has divested from 32 com-
panies involved in unsustainable palm oil production since deforesta-
tion became an ethical criterion in 2012 (https://www.nbim.no). The 
insurance sector could also provide important leverage towards more 
sustainable practices—for instance, by refusing to insure fishing ves-
sels associated with illegal, unreported and unregulated fishing118. 
Similarly, loan covenants (that is, the specific conditions associated 
with credit lending) provide a powerful tool for banks to influence the 
behaviour of borrowing companies operating in the GPE by denying 
access to clients that do not comply with sustainability standards and 
providing incentives so that better sustainability performance results 
in reduced interest rates113. In this context, pressure from governments 
and finance ministries will be essential to promote new norms and 
regulations that can align banks, financial markets and other investors 
with sustainability goals113.

Radical transparency and traceability
Consumers can be influential in promoting sustainability by aligning 
their purchasing with sustainable thinking. They are also important 
as citizens whose perceptions and opinions drive the political will to 
address sustainability issues. Education and provision of information—
such as certification, labelling schemes and public campaigns—are 
therefore central instruments for consumers to make informed deci-
sions54. However, if as a society we do not know where, how, in what 
quantity and by whom a given commodity is produced, it is arguably 
difficult to tackle sustainability challenges119.

Whereas transparency is necessary to assess the environmental 
sustainability of corporate and financial activities, traceability rep-
resents a key mechanism by which corporations can ensure that their 
supply chains are devoid of unacceptable behaviour, ranging from 
illegal sourcing and forced labour to poor sanitation and mislabel-
ling120–122. Many of the operations of the corporate and financial world 

are still plagued by opaqueness119,123, including secrecy around finan-
cial transactions and corporate loans117, as well as poor disclosure on 
implementation of corporate policy and internal allocation of capital 
(see https://www.ifrs.org/).

Radical transparency and traceability require the disclosure of 
production volumes and practices. It also demands that corporate 
and governmental policies are put in place to ensure that social and 
environmental criteria are met in all supply chain segments, as well as 
mechanisms to monitor how such regulations are implemented and 
enforced124,125. To date, improved corporate disclosure has largely been 
driven by voluntary action125 under the scrutiny of non-governmental 
organizations (NGOs). Whereas the Global Reporting Initiative (https://
www.globalreporting.org) is a prominent example of widely adopted 
sustainability reporting standards, the more recent World Benchmark-
ing Alliance (https://www.worldbenchmarkingalliance.org/) encour-
ages companies to disclose information that allows evaluation of their 
operations in relation to industry benchmarks. Even though mandatory 
reporting is increasing globally, limited regulation contributes to poor 
transparency and sustainability-related corporate reporting remains 
voluntary in many jurisdictions (see https://www.carrotsandsticks.
net). More stringent and clearly articulated criteria for disclosure there-
fore represent an important step towards more transparent corporate 
practices.

Emerging digital technologies that deliver decentralized systems, 
such as blockchain126,127, could resolve some of these issues and improve 
traceability in the GPE. However, these technologies are energy-inten-
sive and interoperability remains a hurdle because seamless communi-
cation between digital platforms and agreed-on data for transmission 
are largely unrealized128. Thus, barriers to chain-wide traceability are not 
just technological but also organizational, and will require changes in 
legislation and the institutions that govern trade to stimulate coopera-
tion throughout supply chains124.

Keystone actors as global agents of change
A key facet of sustainability science is that the identification of chal-
lenges and their solutions requires collaboration between researchers 
and actors from outside academia129. Generally, these actors encompass 
local communities, indigenous groups, management agencies, NGOs and 
government actors. More recently, however, increasing attention has 
been directed towards large transnational corporations and their role 
as a threat to, or as an opportunity for, sustainable transformation37,130,131.

Private governance raises concerns associated with accountability, 
fair representation and global equity36. Nevertheless, transnational 
corporations have become a central feature of the GPE (that is, keystone 
actors), with a capacity to influence practices across supply chains 
and geographical locations35, and thus have the potential to become 
powerful agents of change for improved sustainability37. An increasing 
number of private sector initiatives is emerging with the intention to 
mobilize companies to take tangible actions, make investments and 
form partnerships to deliver on sustainability37.

Scientists have an important role to play in this context, acting as 
independent knowledge brokers to ensure that the agendas of keystone 
actors are based on scientific evidence and align with long-term sus-
tainability goals. Seafood Business for Ocean Stewardship (SeaBOS) 
provides an unconventional example of a co-production initiative in 
which scientists directly engaged with the world’s largest seafood com-
panies to stimulate transformative change towards improved ocean 
stewardship132. Drawing on an empirical identification of the largest 
companies involved in aquaculture and wild-capture fisheries35 this 
global science–business initiative emerged in 2016 with a number of 
task forces led by member companies in collaboration with and sup-
ported by scientists (https://www.keystonedialogues.earth). While 
the long-term outcome remains to be evaluated, the 10 companies 
engaged in SeaBOS can influence the strategic direction of more than 
600 subsidiaries with operations in at least 90 different countries132.

https://www.nbim.no
https://www.ifrs.org/
https://www.globalreporting.org
https://www.globalreporting.org
https://www.worldbenchmarkingalliance.org/
https://www.carrotsandsticks.net
https://www.carrotsandsticks.net
http://www.keystonedialogues.earth
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Although this presents a promising approach to be replicated in other 

sectors in the GPE, such engagements do not come without risk. For 
scientists, they may cause reputational damage and loss of credibility 
if companies use the initiative for greenwashing purposes or if they 
fall short on their promises. For the private sector, they may lead to 
competitive disadvantage and loss of profit in the short term if other 
companies do not participate. Nevertheless, with renewable biomass 
and global sustainability at stake, there are strong incentives for novel 
science–business partnerships to emerge in combination with effective 
public policies and improved governmental regulations37.

Conclusion
The rate of change of the Earth’s system is accelerating. Unless meaning-
ful actions are taken within the next decade, we will almost certainly 
face a changed and increasingly unstable climate regime65, with seri-
ous disruptions to the GPE as a consequence. The current GPE is itself 
a major driver of this change, accounting for nearly a quarter of all 
anthropogenic greenhouse gas emissions over the past decade133. As 
a result, agriculture, forestry and fishing are increasingly embedded in 
international efforts to tackle climate change. Government policies are 
essential to foster such transformations and align the global economy 
with sustainability goals. In the face of the urgency and complexity 
of this challenge, we also need to explore new spaces for innovation 
and transformation. Although the avenues proposed here are in their 
infancy, they provide potential entry points for transformative change 
and a complement to effective governmental regulations. Ultimately, 
moving towards a more sustainable GPE is likely to require radical shifts 
in deeply held values, education systems and social behaviour that 
underpin current economic paradigms, consumption patterns and 
power relationships134–136. Scientists have an important role to play 
in this process.
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