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Global human-made mass exceeds all living 
biomass

Emily Elhacham1, Liad Ben-Uri1, Jonathan Grozovski1, Yinon M. Bar-On1 & Ron Milo1 ✉

Humanity has become a dominant force in shaping the face of Earth1–9. An emerging 
question is how the overall material output of human activities compares to the 
overall natural biomass. Here we quantify the human-made mass, referred to as 
‘anthropogenic mass’, and compare it to the overall living biomass on Earth, which 
currently equals approximately 1.1 teratonnes10,11. We find that Earth is exactly at the 
crossover point; in the year 2020 (± 6), the anthropogenic mass, which has recently 
doubled roughly every 20 years, will surpass all global living biomass. On average,  
for each person on the globe, anthropogenic mass equal to more than his or her 
bodyweight is produced every week. This quantification of the human enterprise 
gives a mass-based quantitative and symbolic characterization of the human-induced 
epoch of the Anthropocene.

The face of Earth in the twenty-first century is affected in an unprec-
edented manner by the activities of humanity and the production 
and accumulation of human-made objects. Given the limitations of 
human cognition in the face of the immensity of the globe and the 
seeming infinity of the natural world, it is desirable to provide a rigor-
ous and objective measure of the overall balance between the living 
and human-made. However, in spite of pioneering efforts1–8, we lack a 
holistic picture that quantifies and compares the composition of the 
world in terms of both biological and human-made mass.

A case in point is our planet’s biomass. While the mass of humans is 
only about 0.01% of global biomass, our civilization had already had 
a substantial and diverse impact on it by 3,000 years ago9. Since the 
first agricultural revolution, humanity has roughly halved the mass 
of plants, from approximately two teratonnes (Tt, units of 1012 tonne; 
where estimates are on a dry-mass basis) down to the current value10 of 
approximately 1 Tt. While modern agriculture utilizes an increasing land 
area for growing crops, the total mass of domesticated crops (about 
0.01 Tt)11 is vastly outweighed by the loss of plant mass resulting from 
deforestation, forest management and other land-use changes10. These 
trends in global biomass have affected the carbon cycle and human 
health12,13. Additional human actions, including livestock husbandry, 
hunting and overfishing, have also strongly affected the masses of 
various other taxa11,14,15. A recent survey of Earth’s remaining living 
biomass11 has found that, on a mass basis, plants constitute the vast 
majority (about 90%)16, followed by bacteria, fungi, archaea, protists, 
and animals.

Beyond biomass, as the global effect of humanity accelerates, it is 
becoming ever more imperative to quantitatively assess and monitor 
the material flows of our socioeconomic system, also known as the 
socioeconomic metabolism17,18. This quantification is at the heart of 
the economy-wide material flow analysis framework, under the field of 
industrial ecology, which is based on mass balance accounting19,20. This 
extensively developed framework enables researchers to investigate 
the material basis of society, on local and global scales. It includes the 
mass and composition of socioeconomic material stocks as well as 

input and output material flows. A recent study used and expanded the 
framework to quantify global values for the human-made mass flows 
and standing stocks21,22 (objects that have been built by humans and 
are still in use: buildings, roads, machines and so on).

These advances in the global quantification of both living biomass 
and human-made mass provide an opportunity to conduct an inte-
grated comparison of the two, which is the primary focus of this paper. 
Comparing biomass with human-made mass necessitates bringing 
together objects with different attributes, going beyond comparing 
apples and oranges to compare apples and mobile phones. However, 
we find that because living biomass surrounds and supports humanity, 
it is a natural logical reference point to give a quantitative perspective 
on the mass that humanity has produced. By contrasting human-made 
mass and biomass over time, we present an additional dimension to the 
ongoing assessment of the evolving human dominance on Earth and 
provide a visual and symbolic characterization of the Anthropocene.

We estimate the global biomass and human-made mass from 1900 
in units of teratonnes (which equal 1018 grams) of dry weight (that 
is, excluding water). Biomass represents the overall global mass of 
all living taxa11. Anthropogenic mass is defined as the mass embed-
ded in inanimate solid objects made by humans (that have not been 
demolished or taken out of service, which we define as ‘anthropogenic 
mass waste’). The mass of humans themselves (and their livestock) 
is naturally accounted for as part of the global biomass. In any case 
their mass contribution is negligible. Figure 1 shows changes in bio-
mass and anthropogenic mass over the studied period. It is clear that 
the two exhibit markedly different temporal dynamics. Over the past 
100 years, anthropogenic mass has increased rapidly—doubling in 
a Moore-law-like fashion approximately every 20 years—in contrast 
to total biomass, which has not changed as markedly (affected by a 
complex interplay of deforestation, afforestation and the rising CO2 
fertilization effect, among other things). The accumulation of anthro-
pogenic mass has now reached 30 Gt per year, based on the average for 
the past 5 years. This corresponds to each person on the globe produc-
ing more than his or her body weight in anthropogenic mass every 

https://doi.org/10.1038/s41586-020-3010-5

Received: 1 November 2019

Accepted: 9 October 2020

Published online: 9 December 2020

 Check for updates

1Department of Plant and Environmental Sciences, Weizmann Institute of Science, Rehovot, Israel. ✉e-mail: ron.milo@weizmann.ac.il

https://doi.org/10.1038/s41586-020-3010-5
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-020-3010-5&domain=pdf
mailto:ron.milo@weizmann.ac.il


Nature | Vol 588 | 17 December 2020 | 443

week. As a result, the gap between anthropogenic mass and overall 
biomass has quickly shrunk. We find that the two curves intersect in 
the year 2020 ± 6 years (1 s.d.), at which point anthropogenic mass will 
surpass biomass.

The anthropogenic mass is divided into sub-groups, which constitute 
human-made objects22 (Extended Data Table 1): concrete, aggregates, 
bricks, asphalt, metals and ‘other’ components (wood used for paper 
and industry, glass and plastic). As shown in Fig. 1, the anthropogenic 
mass is dominated by concrete and aggregates (such as gravel). The 
crossover year has an uncertainty that arises from an uncertainty 
of ±16% for overall biomass and ±6% for anthropogenic mass, with all 
uncertainties reported as ±1 s.d. The analysis shown in Fig. 1 presents 
biomass on a dry-weight basis. To provide a complementary point 
of view, Fig. 2 shows biomass on a wet-mass basis and compares it to 
anthropogenic mass and accumulated anthropogenic mass waste. 
Anthropogenic mass waste is anthropogenic mass that has been demol-
ished or taken out of service (time-integrated cumulative solid waste 
flow, subsequently referred to as simply ‘waste’. This does not include 
unused mass excavated through mining, landscape modification and so 
on). When we include the waste component, dry biomass is surpassed 
at 2013 (± 5 years). On a wet-weight basis, the current biomass stands at 
approximately 2.2 Tt and is expected to be exceeded by anthropogenic 
mass by the 2030s, with (2031 ± 9 years) or without (2037 ± 10 years) the 
inclusion of waste. A sensitivity analysis of the effect of the anthropo-
genic mass definition on the intersection year is presented in Extended 
Data Fig. 1 and detailed in Supplementary Information section 1.

Figure 3 shows some key relations between major human-made and 
biological entities. The two dominant mass categories in our analysis 
are buildings and infrastructure (composed of concrete, aggregates, 
bricks and asphalt) and trees and shrubs (the majority of plant mass 
and, therefore, of the overall biomass). We find that the former has 
recently outweighed the latter. Similarly, we show that the global mass 

of produced plastic is greater than the overall mass of all terrestrial and 
marine animals combined.

Discussion
At the beginning of the twentieth century, anthropogenic mass was 
equal to only 3% of global biomass, with a massive difference of about 1.1 
Tt on a dry-weight basis. About 120 years later, in 2020, anthropogenic 
mass is exceeding overall biomass in the world. As shown above, the 
exact timing of the point at which anthropogenic mass surpasses living 
biomass is sensitive to the definitions of biomass and anthropogenic 
mass; for example, whether they are defined on a wet- or dry-mass 
basis. However, we find that under a range of definitions, the point of 
transition is in either the past decade or the next two (Supplementary 
Information section 1, Extended Data Fig. 1).

The analysis of the changes in anthropogenic mass composition 
across the studied period highlights specific trends (Extended Data 
Fig. 2). For example, the gradual shift from construction dominated 
by bricks to concrete, which tilted in favour of concrete in the 
mid-1950s, is clear, as is the emergence of asphalt as a major road 
pavement material from the 1960s. Analysis of the rate of accumula-
tion of anthropogenic mass further provides a material-based view 
of humanity’s path since the beginning of the twentieth century, as 
shown in Extended Data Fig. 3. Shifts in total anthropogenic mass are 
tied to global events, such as world wars and major economic crises. 
Most notably, continuous increases in anthropogenic mass, peaking 
at over 5% per year, mark the period immediately following World 
War II. This period, frequently termed the ‘Great Acceleration’, is 
characterized by enhanced consumption and urban development23. 
If current trends continue, anthropogenic mass, including waste, 
is expected to exceed 3 Tt by 2040—almost triple the dry biomass 
on Earth.
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Fig. 1 | Biomass and anthropogenic mass estimates since the beginning of 
the twentieth century on a dry-mass basis. The green line shows the total 
weight of the biomass (dashed green lines, ±1 s.d.). Anthropogenic mass weight 
is plotted as an area chart, where the heights of the coloured areas represent 
the mass of the corresponding category accumulated until that year. The 
anthropogenic mass presented here is grouped into six major categories. The 
year 2020 ± 6 marks the time at which biomass is exceeded by anthropogenic 
mass. Anthropogenic mass data since 1900 were obtained from ref. 22, at a 
single-year resolution. The current biomass value is based on ref. 11, which for 
plants relies on the estimate of ref. 10, which updates earlier, mostly higher 
estimates. The uncertainty of the year of intersection was derived using a 
Monte Carlo simulation, with 10,000 repeats (see Methods). Data were 
extrapolated for the years 2015–2025 (lighter area; see Methods). For a detailed 
view of the stock accumulation for the ‘metals’ and ‘other’ groups, see 
Extended Data Figs. 4, 5.
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Fig. 2 | Biomass (dry and wet), anthropogenic mass and anthropogenic 
mass waste estimates since the beginning of the twentieth century. Green 
lines show the total weight of biomass (± 1 s.d.). Anthropogenic mass weight is 
plotted as an area chart. The wet-weight estimate is based on the results 
presented in Fig. 1 and the respective water content of major components 
(see Methods). The year 2013 ± 5 marks the time at which the dry biomass is 
exceeded by the anthropogenic mass, including waste. The years 2037 ± 10 and 
2031 ± 9 mark the times at which the wet biomass is exceeded by the 
anthropogenic mass and the total produced anthropogenic mass, respectively. 
The uncertainties of the years of intersection were derived using a Monte Carlo 
simulation, with 10,000 repeats (see Methods). Weights are extrapolated for 
the years 2015–2037 (lighter area; see Methods).
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Previous efforts, such as quantifying the human appropriation of net 
primary production24–26, have focused on the allocation of the biosphere 
productivity flow for human usage. The anthropogenic mass, the accu-
mulation of which is documented in this study, does not arise out of the 
biomass stock but from the transformation of the orders-of-magnitude 
higher stock of mostly rocks and minerals. In doing so, humanity is 
converting near-surface geological deposits into a socially useful form, 
with wide implications for natural habitats, biodiversity, and various 
climatic and biogeochemical cycles.

This study joins recent efforts to quantify and evaluate the scale 
and impact of human activities on our planet9,23,27,28. The impacts of 
these activities have been so abrupt and considerable that it has been 
proposed that the current geological epoch be renamed the Anthro-
pocene29–32. Our study rigorously and quantitatively substantiates this 
proposal. In parallel, it adds another dimension to this discussion—a 
symbolic quantitative demarcation of the transition to our epoch.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
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Fig. 3 | Contrasting key components of global biomass and anthropogenic 
mass in the year 2020 (dry-weight basis). The ratio between the circle areas 
within each pair represents the corresponding mass ratio of the two illustrated 
masses. For visual clarity, the two pairs use different scales. The plastic estimate  
includes plastic currently in use and plastic waste, taking into account recycling.  
Infrastructure includes the mass of constructed elements, such as roads.
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Methods

Anthropogenic mass definition
Our definition of human-made mass, termed here anthropogenic 
mass, is the mass embedded in inanimate solid objects made by 
humans (that have not yet been demolished or taken out of service). 
It originates from material flows from the natural environment to the 
socioeconomic system, accumulated into stocks of artefacts, also 
known as manufactured capital22. The anthropogenic mass is the 
visible inanimate component of what has been termed the physical 
technosphere6,7. As biological components of the physical techno-
sphere, including croplands (for example, rice and hay fields, which 
produce flows to the socioeconomic system33) and livestock (part of 
the socioeconomic system), are living natural biological entities, we 
classified them under biomass, even though they serve human pur-
poses. Conversely, industrial wood, used in construction, was classified 
under anthropogenic mass, because it is embedded in human-made 
artefacts. A similar approach for accounting human-made mass is pre-
sented in chapter 1 of ref. 5. A sensitivity analysis of the anthropogenic 
mass definition and its effect on the year of intersection is included 
in Supplementary Information section 1 and Extended Data Fig. 1, as 
well as at https://anthropomass.org/analysis/.

The anthropogenic mass was divided into six sub-groups: concrete, 
aggregates, bricks, asphalt, metals and an additional group of other 
components consisting of wood, glass and plastic. The aggregates 
group includes the gravel and sand that serve as bedding for roads 
and buildings. The mass of aggregates incorporated in concrete and 
asphalt is separately accounted for in the concrete and asphalt cat-
egories21,22,34. While for some material flows no data are available or 
could be estimated, overall, the categories of anthropogenic mass 
presented here give almost complete coverage of materials usage (more 
than 98% in terms of mass21). As customary in material-flow-analysis, 
the current estimates of flows22 do not include extracted material not 
designated for future utilization (for example, “soil and rock excavated 
during construction or overburden from mining and the unused parts 
of fellings in forestry”33). Sediment movements due to dredging were 
likewise not included in the estimate35.

To evaluate the anthropogenic mass waste, the mass flows of 
end-of-life waste were integrated over time. The waste is accounted 
from 1900 only, owing to data availability. The anthropogenic mass 
wood waste, originating from industrial wood and paper21, is not 
included in the waste estimate because wood decomposes relatively 
rapidly. Additional waste groups (representing output flows such as 
emissions, dissipative use and tailings) were not included in our calcula-
tion as they do not represent physical and visible elements and are not 
part of our definition of anthropogenic mass. Following ref. 22, we also 
treated controlled landfills as part of the output waste flow. Our waste 
mass estimates are after deduction of recycling processes. Incinera-
tion (that is, energy generation from the combustion of waste) was not 
included, which results in a small (approximately 2%) overestimation 
of the waste22. Infrastructure that is no longer in service, also known 
as ‘hibernating stocks’ (for example, abandoned buildings), was clas-
sified under waste.

Anthropogenic mass data since 1900 were obtained from ref. 22 at a 
single-year resolution. The anthropogenic mass weight was accounted 
without hydrated water following the standards defined in material 
flow analysis21. The anthropogenic mass starting value at the year 1900 
was estimated at about 35 Gt. This value was calculated according to 
material flow estimates obtained for the time period of 1820–1900 (as 
described in the Supplementary Information for ref. 21). We note that 
estimates from before 1820 are not included, and therefore we assume 
that the anthropogenic mass value starts from zero at that time. While 
this is clearly a simplification, accumulated anthropogenic mass until 
that time will result in a relatively small mass, which will have a negligible 
contribution to the overall figure for the twentieth century onward.

Biomass change over the years 1900–2017
There have been various previous efforts to quantify global biomass 
using different methodologies, including inventory assessments12,36, 
remote sensing37 and modelling38,39. In our estimate, we sought to 
synthesize estimates generated by these different approaches. We 
first estimated plant biomass, which represents about 90% of global 
biomass11. Note that soil carbon is not living biomass and thus is not 
included in this study.

Plant biomass estimate for the years 1990–2017. Our plant biomass 
value for 2010, about 0.45 Tt carbon, is based on ref. 11, which relies on 
the estimate by ref. 10, which consists of the mean of seven maps of 
global plant biomass that are based on inventories or remote sensing. 
The estimate of about 0.45 Tt carbon, which updates previous, mostly 
higher, estimates, has been substantiated as the current gold standard 
in ref. 10, which extensively surveyed and integrated different estimates 
and approaches.

To estimate the total plant biomass between 1990 and 2017, we relied 
on two approaches. The first approach is based on three main data 
sources, using inventory measurements12,36,40 or remote sensing37. The 
second is an ensemble of 15 dynamic global vegetation models. To 
generate our best estimate for total plant biomass, we first calculated a 
best estimate for each approach by taking the average of all the sources 
within the same approach and then taking the average of the best esti-
mates produced by each of the two approaches.

Within the period 1990–2017, we used plant biomass estimates at 
five time points (1990, 2000, 2010, 2012 and 2017), chosen according 
to data availability (for ref. 12 we used the 2007 estimate; for ref. 37 we 
used the 1993 estimate). We first normalized the estimates of the dif-
ferent sources in relation to our 2010 estimate, according to the plant 
biomass component each source includes (either all plants, or forests 
only, assuming the forest fraction remains constant). Next, for each 
time point, we took the mean of the normalized biomass estimates 
across the different sources, to obtain the biomass estimate for each 
of the time points, as shown in Extended Data Fig. 6.

Our second estimate was based on the normalized mean of 15 
state-of-the-art Dynamic Global Vegetation Models (DGVMs; see 
below). For each of the five selected time points, the obtained estimate 
was averaged with the inventory and remote sensing-based estimate 
to result in the plant biomass estimates used in this study.

Plant biomass estimate for the years 1900–1990. The 1900–1990 
estimates rely on the 15 DGVMs ensemble annual mean, which was nor-
malized according to our 1990 estimate, calculated as described above.

Non-plant biomass estimate. The non-plant estimate was derived 
according to a recent global census11, with new updates for the bio-
mass of bacteria and archaea kingdoms16,41. The updates included 
a decrease in the overall mass of bacteria and archaea, from about 
0.08 to about 0.03 Tt carbon. For lack of better information, the 
non-plant estimate was assumed to remain constant throughout 
the studied period. As it is an order of magnitude less than the plant 
biomass, any missing temporal changes in non-plant biomass are 
expected to have only minor quantitative overall effects on our 
analysis.

Overall biomass estimates. As a final step, the non-plant biomass 
was added to the plant biomass. The sums were multiplied by a 
carbon-weight-to-dry-weight factor (as discussed in the ‘Biomass C 
content estimation’ section), to obtain the biomass estimates presented 
in this study.

All the steps from raw data to end results are documented in a Jupyter 
notebook available at https://github.com/milo-lab/anthropogenic_
mass/tree/master/biomass_calculation/biomass_calculation.ipynb.

https://anthropomass.org/analysis/
https://github.com/milo-lab/anthropogenic_mass/tree/master/biomass_calculation/biomass_calculation.ipynb
https://github.com/milo-lab/anthropogenic_mass/tree/master/biomass_calculation/biomass_calculation.ipynb
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Dynamic global vegetation models
DGVM outputs were used in our plant biomass estimates throughout 
the studied period. For the years 1990–2017, the estimates were inte-
grated with non-model estimates, as described above. The simulation 
outputs are part of the TRENDY v.8 project38,39, and followed the same 
protocol, including both land-use and environmental (climate, CO2) 
time-varying effects (denoted as S3 in TRENDY; see ref. 39 and https://
sites.exeter.ac.uk/trendy for further details). The ensemble used here 
comprised the following 15 models: CABLE-POP42, CLASS-CTEM43, 
CLM5.044, DLEM45, ISAM46, JSBACH47, JULES-ES48, LPJ49, LPJ-GUESS50, 
LPX-Bern51, OCN52, ORCHIDEE53, ORCHIDEE-CNP54, SDGVM55 and VISIT56.

Anthropogenic mass and biomass extrapolation
Extrapolation was used to estimate the time of intersection in Fig. 2 
for the wet weight of biomass. To derive the future biomass change 
(2018–2037), we used the linear rate of change calculated for 2010–2017, 
and assumed that it would remain constant. The overall trend was found 
to be almost neutral given the uncertainty, as further discussed in Sup-
plementary Information section 2. Anthropogenic mass estimates 
for future years (2015–2037) were extrapolated under an exponential 
growth scenario. The exponent was derived on the basis of the most 
recent 5 years for which data were available22, under the simplified 
assumption that it would remain constant.

Biomass C content estimation
As part of the biomass calculation, we converted biomass on a 
carbon-weight basis to a dry-weight basis by multiplying by a conver-
sion factor (2.25 g/g), which was calculated from estimates of the C 
content of different plant compartments (leaves, stems and roots) dif-
ferentiated by biome57. For each biome, we calculated the average plant 
C content according to the mass fraction of each plant compartment58. 
Subsequently, the overall weighted plant C content was calculated on 
the basis of the corresponding mass fraction of each biome10.

The total biomass C content conversion factor was then derived by 
computing the weighted average of the plant and non-plant factors, 
assuming that non-plant biomass represents 10% of total biomass 
(based on ref. 11 and updates16,41). C content estimates for bacteria, which 
represent the major contributor to non-plant biomass, were obtained 
from refs. 59,60. All steps from raw data to end result are documented in 
a Jupyter notebook available at https://github.com/milo-lab/anthro-
pogenic_mass/tree/master/C_content/biomass_C_content_estimation.
ipynb.

Biomass wet-weight estimation
The biomass wet-weight was evaluated using a wet-to-dry-mass con-
version factor (Mwet/Mdry, the ratio between the wet and dry weights). 
The factor is composed of the corresponding factors of the main three 
tree compartments: roots, stems and leaves.

The roots’ conversion factor was calculated according to 30 
wet-to-dry root mass measurements of four tree species61. Our best 
estimate for the conversion factor, 2.1 g/g, was the geometric mean 
of all calculated conversion factors of all samples.

The stems’ conversion factor was computed using a dataset of the 
average green wood moisture content ((Mwet − Mdry)/Mdry) of 62 tree spe-
cies62. The dataset contains the moisture content values of sapwood and 
heartwood for each species. The best estimate of each species’ moisture 
content value was based on the mean of the respective sapwood and 
heartwood moisture content values (assuming a 1:1 mass ratio between 
heartwood and sapwood). We then converted all moisture content 
values to wet-to-dry-mass conversion factors. The geometric mean 
of the corresponding factors of all species was found to be 1.9 and was 
used as our best estimate.

The conversion factor of leaves was derived from dry matter con-
tent (Mdry/Mwet) datasets63–68, including 218 plant species, obtained 

via TryDB69. For each species, the geometric mean dry matter content 
value was calculated. Our best estimate of the leaves’ dry matter content 
was the geometric mean of all values. It was found to be 0.33 g/g, and 
thus the wet-to-dry-mass conversion factor we used was 1/0.33 = 3.0.

The three conversion factors were then multiplied by their corre-
sponding compartment global dry mass11 to yield the global compart-
ment wet mass. Those were summed together to obtain the overall 
global plant wet mass. We later combined the three factors to generate 
a single integrated conversion factor, by dividing the global plant 
wet mass by the dry mass. This integrated factor (2.0 g/g) was used 
throughout this study to derive the overall biomass wet mass according 
to the dry mass. All steps from raw data to end result are documented 
in a Jupyter notebook at https://github.com/milo-lab/anthropogenic_
mass/tree/master/wet_weight_calculation/wet_weight_calculation.
ipynb.

Uncertainty estimation
Error propagation was performed using the Python Uncertainties 
Package70. The carbon-to-dry-weight conversion factor was derived 
according to C content estimates obtained from different biomes (see 
‘Biomass C content estimation’ section). The overall uncertainty was 
found to be ±6%. The wet-to-dry conversion factor was calculated using 
values measured separately for roots, stems and leaves (see ‘Biomass 
wet-weight estimation’ section). We found the total uncertainty of the 
dry-to-wet-weight conversion factor to be ±15%.

The uncertainties of the years in which the anthropogenic mass 
and biomass intersect were estimated using Monte Carlo simu-
lations, with each parameter (for example, for dry biomass and 
wet-to-dry-conversion-factor) randomly drawn according to its 
uncertainty range. The process was repeated 10,000 times, with the 
resulting distribution dictating the overall uncertainty. All uncertain-
ties are reported as ±1 s.d. The anthropogenic mass uncertainties 
used were based on corresponding estimates from ref. 22, assuming 
a normal distribution. The uncertainties of the anthropogenic mass 
vary from ±2% to ±6% across the studied period. The waste uncertain-
ties range from ±4% in 1900 to ±7% in 2015. All calculation steps are 
documented in a Jupyter notebook at https://github.com/milo-lab/
anthropogenic_mass/tree/master/intersection_year_uncertainty/
intersection_year_uncertainty.ipynb.

Following the biomass calculation (as described in the ‘Biomass 
change over the years 1900–2017’ section), the total dry biomass 
uncertainty was found to be ±16% for the years after 1990, and ±29% 
for earlier years (±22% and ±33% for a wet-weight basis). The uncer-
tainty was derived using the Python Uncertainties Package for the 
plant component, Monte Carlo simulations for the non-plant com-
ponent, and propagation70. All calculation steps are documented 
in a Jupyter notebook at https://github.com/milo-lab/anthropo-
genic_mass/tree/master/biomass_calculation/biomass_uncertainty.
ipynb.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
All data used in this study are available on GitHub, at https://
github.com/milo-lab/anthropogenic_mass. Anthropogenic mass 
data are available from ref. 22 and at https://boku.ac.at/wiso/sec/
data-download. TRENDY Dynamic Global Vegetation Models outputs 
are available at https://sites.exeter.ac.uk/trendy. Leaves dry matter 
content measurements were obtained via TryDB, at https://www.
try-db.org/. Other datasets used in this study are available from the 
published literature, as detailed in the Methods and Supplementary 
Information.
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Code availability
All code used in this study is available on GitHub, at https://github.com/
milo-lab/anthropogenic_mass.
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Extended Data Fig. 1 | Sensitivity analysis of the anthropogenic mass 
definition. a–f, The effect of adding the following to the anthropogenic mass 
(dark purple): a, mass of the human population, b, mass of livestock, c, mass of 
crops and agroforestry, d, mass of earthworks, dredging and waste/
overburden from mineral and metal production, and f, mass of anthropogenic 
atmospheric CO2 stocks, as well as e, the exclusion of the mass of industrial 

roundwood. The total biomass weight is depicted by the green line. Black dot 
indicates the year of intersection based on the alternative anthropogenic mass 
definition. Violet area and light green-dashed line indicate extrapolated 
anthropogenic mass and biomass estimates, respectively. Full description of 
the sensitivity analysis is provided in Supplementary Information section 1.



Extended Data Fig. 2 | Anthropogenic mass composition since the year 1900, divided into material groups. Dataset is based on ref. 22.
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Extended Data Fig. 3 | Anthropogenic mass relative annual change, with 
highlights of notable global events. Relative annual change is calculated as 
the difference between two consecutive years divided by the earlier year 
anthropogenic mass value.



Extended Data Fig. 4 | Anthropogenic mass metal estimates since the 
beginning of the twentieth century, divided into material sub-groups. Data 
are taken from the comprehensive work of the Institute of Social Ecology, 
Vienna. We used a recent study71, which has some minor updates compared to 
the study used to achieve the main results22.
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Extended Data Fig. 5 | Anthropogenic mass estimates for (industrial round) 
wood, glass and plastic since the beginning of the twentieth century, 
divided into material sub-groups. Data are taken from the comprehensive 
work of the Institute of Social Ecology, Vienna. We used a recent study71, which 
has some minor updates compared to the study used to achieve the main 
results22.



Extended Data Fig. 6 | Calculation steps in plant biomass estimation for 1990–2017. As further detailed in the Methods section ‘Biomass change over the years 
1900–2017’.
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Extended Data Table 1 | The different anthropogenic mass groups and their mass estimates in selected years

The mass values are presented in gigatonnes (Gt; 1,000 Gt = 1 Tt). The 2020 estimate is partially extrapolated (since 2016). Overall, the categories of anthropogenic mass presented give almost 
complete coverage of materials usage (>98% in terms of mass based on ref. 21).
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