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energy level per inhabitant above any other European country – and also to the highest urbaniza-
tion level in Europe (Centre for Global Economic History, 2013; De Zeeuw, 1978; Livi-Bacci, 
2003). Next in line is the case of coal in the UK. According to recent estimates, by 1550 coal 
amounted to 3% of its primary energy supply. While the Netherlands gradually ran out of peat in 
the next century, the UK could steadily increase its use of coal, export coal to other European coun-
tries and move along a learning track towards industrial technologies while substantially increasing 
its urban population.

Based upon these forerunners, it makes sense to date the onset of the human use of fossil 
fuels rather precisely at the beginning of the modern era; from a sociometabolic perspective we 
would argue that the control of a new energy source with an hitherto unknown power (Smil, 
2003) that allows expanding social energy use much beyond previous levels is highly relevant 

Figure 2. Global population dynamics 10,000 BC–AD 2000 by modes of subsistence. (a) Hunter gatherers 
and agrarian population (AD 0–1500). (b) Rise of the industrial population (AD 1500–2000). (c) Global 
shares and transitions, 10,000 BC–AD 2000. 
Note: Time axis is not to scale for different periods: 10,000 BC to AD 0: 1000 year intervals; AD 0–1900: 
100 year intervals; AD 1950–2010: 10 year intervals. See Table S3 (available online) for data and sources.
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into saturation and the industrial population, at least by endogenous biological growth, is running 
into decline. While environmental impacts therefore might be expected to decline eventually (even 
without assuming any external constraints), this reversal in trend may occur too late to prevent 
climate change seriously damaging human civilization.

Overall, our findings clearly point to a dividing line in the scale and dynamics of human impact 
upon Earth with the onset of fossil fuel use, which coincides with what the cultural historians 
regard as modernity. The virtue of this solution would lie in the temporal coincidence between 
using a new geological resource (fossil fuels) with a discontinuity observed in cultural history. 
While there was a period of latency in which only rising urbanism and so-called proto-industry in 
some countries benefited from the increasing energy availability, the breakthrough of major tech-
nologies was being gradually established that would then reshape the world.

But is incorporating the complexities of modes of subsistence and sociometabolic rates in the 
calculation of human pressure on Earth actually warranted? Don’t they just more or less replicate 
what is known from the dynamics of human population numbers? Here we arrive at the limitations 
of Ehrlich’s IPAT model. It cannot be assumed that the three components – population, affluence and 
technology – are independent from one another. On the contrary: they are functionally deeply inter-
linked, but in ways that differ between sociometabolic regimes. In the hunter gatherer regime, popu-
lation numbers basically are constrained by available food energy, and the availability of food from 
ecosystems can hardly be controlled by humans. In the agrarian regime, the relation between food 
and population becomes more complex: While food energy still constrains population numbers, 
population growth allows investing more labour and drives technological progress increasing the 
overall amount of food energy available from agro-ecosystems. Thus we have not only a ‘Malthusian’ 
(Malthus, 1803), but also a ‘Boserupian’ (Boserup, 1965, 1981) relation; this generates a rebound 
effect on fertility. In the industrial regime, the link between land and energy availability is largely 
disrupted, as well as the link between available energy and population dynamics. But still, the indus-
trial regime, while reducing its own fertility below reproduction rates, subsidizes population growth 
in the remaining agrarian population segments by reducing mortality. Furthermore, the new energy 

Figure 7. Change in human pressure/impact in terms of global carbon emissions during the past two 
millennia, resulting from population numbers, affluence (energy use) and technological emission intensity.
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INTRODUCTION: There is an urgent need for
a new paradigm that integrates the continued
development of human societies and the main-
tenance of the Earth system (ES) in a resilient
andaccommodating state. Theplanetarybound-
ary (PB) framework contributes to such a
paradigm by providing a science-based analysis
of the risk that human perturbations will de-
stabilize the ES at the planetary scale. Here, the
scientific underpinnings of the PB framework
are updated and strengthened.

RATIONALE: The relatively stable, 11,700-year-
longHolocene epoch is the only state of the ES

that we know for certain can support contem-
porary human societies. There is increasing evi-
dence that human activities are affecting ES
functioning to a degree that threatens the re-
silience of the ES—its ability to persist in a
Holocene-like state in the face of increasing
human pressures and shocks. The PB frame-
work is based on critical processes that reg-
ulate ES functioning. By combining improved
scientific understanding of ES functioningwith
the precautionary principle, the PB framework
identifies levels of anthropogenic perturbations
below which the risk of destabilization of the
ES is likely to remain low—a “safe operating

space” for global societal development. A zone
of uncertainty for each PB highlights the area
of increasing risk. The current level of anthro-
pogenic impact on the ES, and thus the risk to
the stability of the ES, is assessed by compar-
ison with the proposed PB (see the figure).

RESULTS: Three of the PBs (climate change,
stratospheric ozone depletion, and ocean acid-
ification) remain essentially unchanged from
the earlier analysis. Regional-level boundaries
as well as globally aggregated PBs have now
been developed for biosphere integrity (earlier
“biodiversity loss”), biogeochemical flows, land-
system change, and freshwater use. At present,
only one regional boundary (south Asian mon-
soon) can be established for atmospheric aerosol
loading. Althoughwe cannot identify a single PB

for novel entities (here de-
fined as new substances,
new forms of existing sub-
stances, and modified life
forms that have the po-
tential for unwanted geo-
physical and/or biological

effects), they are included in the PB framework,
given their potential to change the state of the
ES. Two of the PBs—climate change and bio-
sphere integrity—are recognized as “core” PBs
based on their fundamental importance for the
ES. The climate system is a manifestation of the
amount, distribution, and net balance of energy
at Earth’s surface; the biosphere regulates ma-
terial and energy flows in the ES and increases
its resilience to abrupt and gradual change.
Anthropogenic perturbation levels of four of
the ES processes/features (climate change, bio-
sphere integrity, biogeochemical flows, and land-
system change) exceed the proposed PB (see the
figure).

CONCLUSIONS: PBs are scientifically based
levels of human perturbation of the ES beyond
which ES functioning may be substantially
altered. Transgression of the PBs thus creates
substantial risk of destabilizing the Holocene
state of the ES in which modern societies have
evolved. The PB framework does not dictate
how societies should develop. These are po-
litical decisions that must include considera-
tion of the human dimensions, including equity,
not incorporated in the PB framework. Never-
theless, by identifying a safe operating space
for humanity on Earth, the PB framework
can make a valuable contribution to decision-
makers in charting desirable courses for socie-
tal development. ▪
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Current status of the control variables for seven of the planetary boundaries.The green zone
is the safe operating space, the yellow represents the zone of uncertainty (increasing risk), and the
red is a high-risk zone.The planetary boundary itself lies at the intersection of the green and yellow
zones. The control variables have been normalized for the zone of uncertainty; the center of the
figure therefore does not represent values of 0 for the control variables.The control variable shown
for climate change is atmospheric CO2 concentration. Processes for which global-level boundaries
cannot yet be quantified are represented by gray wedges; these are atmospheric aerosol loading,
novel entities, and the functional role of biosphere integrity.
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Scenarios for achieving healthy diets from sustainable 
food systems
To analyse environmental effects of various measures on 
each boundary of food production, we use a global food 
systems model with country-level detail that converts 
consumption patterns, such as the healthy reference diet, 
into associated requirements of food production (table 4). 
The model considers existing and future projections of 
food demand, trade, requirements of livestock feed, 
processing of oilseeds and sugar crops, and non-food 
demands for agricultural products by industry. A full 
description of the model is provided in the appendix 
(pp 19–23) and by Springmann and colleagues.187 Here 
we extend the analysis by considering a broad set of 
dietary scenarios and sensitivity analyses.

To assess the environmental effects of food consumption, 
we paired the model’s projections for food consumption 
for 2050 with country-level environmental footprints that 
we obtained from various sources (appendix p 24).211,223–225 
Our results show that animal source foods have large 
environmental footprints per serving for greenhouse-gas 
emissions, cropland use, water use, and nitrogen and 
phosphorus application, which supports study findings.32 
Total environmental effects are determined by combining 
region-specific environmental footprints per unit of food 
with estimates of food demand.

Future demand of food in this model is affected by 
changes in population size and income (ie, GDP). 
Population size changes the absolute quantity of food 
produced and income affects the types of foods produced. 
With increasing income, consumption of animal source 
foods, such as meat and dairy, and fruits and vegetables is 
expected to increase.226 Our baseline (business-as-usual) 

projections follow a moderate socioeconomic develop ment 
pathway (appendix p 1), whereby global population is 
projected to grow by a third and income is projected to 
triple.211 For the business-as-usual scenario, we project that 
food production could increase greenhouse-gas emissions, 
cropland use, freshwater use, and nitrogen and phosphorus 
application by 50–90% from 2010 to 2050 in absence of 
dedicated mitigation measures.187 This increase would 
push key biophysical processes that regulate the state of 
the Earth system beyond the boundaries and safe operating 
space for food production (figure 5). Different food groups 
affect the environment to different extents: animal source 
foods are responsible for about three-quarters of climate 
change effects, whereas staple crops, such as wheat, rice, 
and other cereals, are responsible for a third to a half of 
pressures on other environmental domains.

Several measures reduce environmental effects of food 
production. For our analysis, we grouped these measures 
into three categories: dietary changes towards healthy 
diets, technological and management-related changes in 
food production, and reductions in food loss and waste 
that involve technical changes (related to food loss 
during production) and behavioural changes (related to 
food waste at the point of consumption). The measures 
we considered (table 4) have been proposed in research 
literature and some have been declared as global or 
national goals (eg, reductions in food loss and waste).27 
We focused on measures that are feasible with existing 
technologies but have not been widely implemented.

Our analysis shows that to stay within the safe operating 
space for food systems, a combination of dietary changes 
and production and management-related measures are 
required (figure 6). Although implementation of some 

Figure 4: Environmental effects per serving of food produced
Bars are mean (SD).5,216 Some results are missing for fish due to lack of data for some impact categories (eg, land use stemming from plant-based feeds in aquaculture). 
This was, however, accounted for in the global food systems modeling framework used in Section 3. CO2=carbon dioxide. Eq=equivalent. PO4=phosphate. 
SO2=sulphur dioxide.
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measures are sufficient to stay within particular 
boundaries, no single intervention is enough to stay 
within all boundaries simultaneously.

Climate change
Several studies have analysed measures to reduce 
greenhouse-gas emissions associated with food production. 
Although food production practices have an important 
role,213,220,227 many studies highlight that a dietary change 
towards increased adoption of plant-based diets has high 
mitigation potential, which is probably needed to limit 
global warming to a less than 2°C increase.5,6,228 Improved 
production practices to reduce greenhouse-gas emissions 
include changes in irrigation, cropping, and fertilisation, 
which can reduce methane and nitrous oxide emissions 
from rice and other crops, as well as changes in manure 
management, feed conversion, and feed additives, which 
can reduce enteric fermentation in livestock.213 We esti-
mated that changes in food production practices could 
reduce agricultural greenhouse-gas emissions in 2050 by 
about 10%, whereas increased consumption of plant-based 
diets could reduce emissions by up to 80%.187 A further 5% 
reduction could be achieved by halving food loss and waste.

Staying within the boundary for climate change can be 
achieved by consuming plant-based diets. Improved 
production practices are less effective than a shift to healthy 
diets in abating food-related greenhouse-gas emissions 
because most emissions are associated with production of 
animal source foods whose characteristics, such as enteric 

fermentation in ruminants, have little potential for change. 
Increasing shift toward more plant-based diets will enable 
food production to stay within the climate change boundary.

Land-system change
Future land-use changes depend greatly on agricultural 
yields (ie, the output of food production per area) and 
the composition of crops that are demanded and 
produced,140,144,184,226 which in turn are influenced by dietary 
choices and changes in technologies and crop manage-
ment. It has been estimated that current yield trends are 
insufficient to meet global demand for wheat, maize, rice, 
and soybean if trends continue towards diets that are high 
in animal source foods.229 Currently, almost two thirds of 
all soybeans, maize, barley, and about a third of all grains 
are used as feed for animals, so reductions in the portion 
of animal products in our diets would make the cropland 
associated with feed production available for other uses.144 
However, whether changing dietary preferences would 
result in a net decrease in the use of cropland depends 
also on the yields of the replacing crops, and those 
Differences in yield might not be as favourable as one 
might expect, considering that invest ments in high-
yielding varieties have been primarily directed towards 
major grains over the last half century.230,231 Our dietary 
scenarios include large amounts of nutritionally important 
but lower yielding crops, such as legumes and nuts.144

Our results indeed portray a complex picture.187 The 
impacts of dietary changes resulted in small reductions in 
cropland use of 0–2%. The reason that we did not observe 
greater reductions from dietary change alone was that the 
reductions in cropland demand by countries with high 
portions of animal source foods were compensated by 
increases in cropland demand by countries that consume 
poor quality diets high in grains. By food group, the 
reductions in cropland use for feed crops was, to a large 
extent, compensated by large increases in cropland 
use for legumes and nuts which are relatively low-yielding. 
Redirecting investments towards higher-yielding varieties 
of those crops could be an effective strategy for reducing 
cropland use in the context of changes towards healthier 
diets which contain larger amounts of legumes and nuts. 
Our estimates of projected yield trends, and of changes in 
food loss and waste are more straight-forward. Based on 
data on yield trends and potential yield improvements 
across regions, we estimated that no cropland expansion 
will be needed if current yield gaps (ie, the difference 
between current and attainable yields) were closed to about 
75% and food loss and waste was halved. Adopting even 
more ambitious levels of production improvements in 
combination with dietary shifts and reductions in food loss 
and waste would result in a net contraction of cropland use 
(panel 5).

Freshwater use
Previous studies have highlighted the potential of 
increasing water-use efficiency by improving water 

Figure 5: Environmental effects in 2010 and 2050 by food groups on various Earth systems based on 
business-as-usual projections for consumption and production
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Nahrungsmittelsysteme können menschliche Gesundheit 
fördern und ökologische Nachhaltigkeit unterstützen; 
derzeit bedrohen sie jedoch beides.

Die Transition zu ungesunder Ernährung erhöht nicht nur 
die Krankheitslast durch Fettleibigkeit und 
ernährungsbedingte nicht übertragbare Krankheiten, 
sondern trägt auch zur Umweltzerstörung bei. 
Lebensmittel im Anthropozän stellen eine der größten 
gesundheitlichen und ökologischen Herausforderungen 
des 21. Jahrhunderts dar.
Wille%, W., Rockström, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., … Murray, C. J. L. (2019). Food in the Anthropocene: the
EAT–Lancet Commission on healthy diets from sustainable food systems. The Lancet, 393(10170), 447–492. 
h%ps://doi.org/10.1016/S0140-6736(18)31788-4

https://doi.org/10.1016/S0140-6736(18)31788-4
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Eine weitere online verfügbare Ressource:
h7ps://ifmsa.org/2016/04/01/ifmsa-
launches-training-manual-climate-health/

https://ifmsa.org/2016/04/01/ifmsa-launches-training-manual-climate-health/

