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Abstract 
The presence and action of humans on Earth has exerted a strong influence on the evolution of the planet over the past ≈                       
10,000 years, the consequences of which are now becoming broadly evident. Despite a deluge of tightly-focused and                 
necessarily technical studies exploring each facet of “human impacts” on the planet, their integration into a complete                 
picture of the human-Earth system lags far behind. Here, we quantify twelve dimensionless ratios which put the                 
magnitude of human impacts in context, comparing the magnitude of anthropogenic processes to their natural analogues.                
These ratios capture the extent to which humans alter the terrestrial surface, hydrosphere, biosphere, atmosphere, and                
biogeochemistry of Earth. In almost all twelve cases, the impact of human processes rivals or exceeds their natural                  
counterparts. The values and corresponding uncertainties for these impacts at global and regional resolution are drawn                
from the primary scientific literature, governmental and international databases, and industry reports. We present this               
synthesis of the current “state of affairs” as a graphical snapshot designed to be used as a reference. Furthermore, we                    
establish a searchable database termed the Human Impacts Database (www.anthroponumbers.org) which houses all             
quantities reported here and many others with extensive curation and annotation. While necessarily incomplete, this work                
collates and contextualizes a set of essential numbers summarizing the broad impacts of human activities on Earth’s                 
atmosphere, land, water, and biota. 

 
 

Introduction 
One of the most important scientific developments in modern history is the realization that the evolution of the Earth is                    
deeply intertwined with the evolution of life. Perhaps the most famous example of this intimate relationship is the                  
chemical transformation of Earths’ atmosphere following the emergence of photosynthesis, an event so important to               
Earth’s history that it has been colloquially termed the “Oxygen Holocaust” due to the massive extinction event that                  
followed1–3. Over the past ≈ 10,000 years, humans have become a similarly influential force of nature, directly influencing                  
the rise and fall of ecosystems4–12, the temperature and volume of the oceans13–19, the composition of terrestrial biomass20,                  
the planetary albedo and ice cover21–28, and the chemistry of the atmosphere29–34 to name just a few of many such                    
examples. The breadth of human impacts on the planet is so diverse that it penetrates nearly every scientific discipline.  
 

This penetration has resulted in a deluge of data, allowing us to describe the many facets of human impacts in                    
quantitative terms often with remarkable precision and high resolution. However, these works are typically highly technical                
and tightly-focused, meaning that they paint a fragmented picture of the sweeping global changes wrought by human                 
activities. Even seemingly simple questions such as “how much land or water do humans use?” can be difficult to answer                    
when searching the scientific literature yields an array of complicated analyses with inconsistent definitions, methods, and                
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assumptions, each reporting their findings in different units. This problem can lead to the perception that there is a                   
disagreement on the facts when in reality there is broad scientific consensus.  
 

We present a synthesis of these data, drawing heavily from scientific studies as well as industrial and governmental                  
databases to assemble a broad, quantitative view of human action on Earth in a set of consistent and intuitive units. Paul                     
Crutzen, who famously coined the term Anthropocene35 in 2002, captured the essence of human impacts by pointing out                  
that humans have transformed between 30-50% of the Earth’s land area and increased the atmospheric concentration of                 
CO2 by 30% over the years 1800-2000. In this same spirit, we formulate and calculate an array of dimensionless                   
quantities that compare the magnitude of the human impact (such as the biomass of livestock) to the natural analogue                   
(such as the biomass of wild terrestrial animals). To make the data on this broad array of impacts transparent and their                     
uncertainties clear, we have established a searchable online database which acts as a repository for the values presented                  
here as well as many others. This manually curated and continuously updated database, termed the Human Impacts                 
Database (www.anthroponumbers.org), contains a variety of quantities, each with a unique 5-digit identifier termed an               
HuID, which we reference throughout this work. 
 

We consider the act of assembling the facts and making them easily accessible a prerequisite to discussing the                  
actions that should be taken to manage the effects of human impacts. However, our work has led to a number of insights                      
not obvious when the impacts are considered in isolation. First, as will be seen throughout the paper, though human                   
activities impact a wide array of natural processes, these impacts are intimately intertwined in much the same way that the                    
biosphere is intertwined with the atmosphere, geosphere and hydrosphere. Over and over, we find that the scale of                  
human impacts is driven by a small number of crucial factors: the size of the human population and our demand for                     
power, water and food. Second, by comparing the scale of human impacts (such as total biomass of livestock) to their                    
corresponding natural counterparts (total biomass of wild animals) we see that human actions rival or exceed their natural                  
analogues in nearly all cases. 
 
Results 
Global Magnitudes 
 
In Figure 1, we present a gallery of critical human impacts at the global scale, categorized into five classes: land, water,                     
flora and fauna, atmospheric and biogeochemical cycles, and energy, as indicated by the corresponding color of their                 
banners. Though the impacts considered are necessarily incomplete, these values encompass many critically important              
numbers, such as the volume of liquid water resulting from ice melt (Figure 1 B), the extent of urban and agricultural land                      
use (Figure 1 H), global power consumption (Figure 1 N), and the heat uptake and subsequent warming of the upper                    
ocean (Figure 1 S). We direct the reader to the supplemental information for a detailed description and full referencing of                    
each number reported in Figure 1.  
 

Exploring these numbers reveals surprising quantities and relationships. For example, agriculture is a major              
contributor to many of these impacts, dominating both global land use (Figure 1 H, HuID: 29582) and human water use                    
(Figure 1 L; HuIDs: 84545, 43593, 95345), as well as accounting for a third of global tree cover area loss (Figure 1 O;                       
HuID: 24388). In addition, a vast amount of nitrogen is synthetically fixed through the Haber-Bosch process to produce                  
fertilizer (Figure 1 F; HuID: 60580, 61614), which is a major source of N2O emissions (Figure 1 K; HuID: 44575). Our                     
collective agricultural practices also make us the stewards of a standing population of around 30 billion livestock (Figure 1                   
E; 15765). Along with rice paddies, ruminant livestock like cattle produce a majority of anthropogenic methane emissions                 
(Figure 1 K; HuID: 96837, 30725). In contrast, urban land area accounts for a nearly negligible fraction of land use (Figure                     
1 H; HuID: 41339, 39341), and urbanization accounts for only ≈ 1% of global tree cover area loss (Figure 1 O; HuID:                      
19429). This is not to say, however, that urban centers are negligible in their global impacts. Urban areas now house                    
more than half of the global human population (Figure 1 J; HuID: 93995) and the construction of urban structures, as well                     

2 

http://www.anthroponumbers.org/
https://human-impacts.herokuapp.com/catalog/entry/29582
https://human-impacts.herokuapp.com/catalog/entry/84545
https://human-impacts.herokuapp.com/catalog/entry/43593
https://human-impacts.herokuapp.com/catalog/entry/95345
https://human-impacts.herokuapp.com/catalog/entry/24388
https://human-impacts.herokuapp.com/catalog/entry/60580
https://human-impacts.herokuapp.com/catalog/entry/61614
https://human-impacts.herokuapp.com/catalog/entry/44575
https://human-impacts.herokuapp.com/catalog/entry/15765
https://human-impacts.herokuapp.com/catalog/entry/96837
https://human-impacts.herokuapp.com/catalog/entry/30725
https://human-impacts.herokuapp.com/catalog/entry/41339
https://human-impacts.herokuapp.com/catalog/entry/39341
https://human-impacts.herokuapp.com/catalog/entry/19429
https://human-impacts.herokuapp.com/catalog/entry/93995


as the roads, tunnels, dams, and factories supporting them, is the dominant cause of earth-moving operations on an                  
annual basis (Figure 1 W; HuID: 59640).  
 

Collectively, the ≈ 8 billion humans on Earth (Figure 1 J; HuID: 85255) consume nearly 20 TW of power (Figure 1 N;                      
HuID: 31373, 85317), with around 80% coming from the combustion of fossil fuels (Figure 1 P; HuID: 29470, 29109). This                    
results in a tremendous mass of carbon dioxide emitted annually (Figure 1 K; HuID: 24789, 54608, 98043), which, along                   
with other greenhouse gases, has increased the global surface temperature via the greenhouse effect by more than 1° C                  
relative to the average temperature between 1850 and 1900 (Figure 1 A; HuID: 79598, 76539, 12147). A sizable portion                   
of these emissions are absorbed by the oceans, leading to a steady increase in ocean acidity (Figure 1 G; HuID: 90472,                     
19394), threatening many marine ecosystems36–41. Furthermore, increasing average global temperatures contributes to            
sea level rise not only in the form of added water from ice melt and discharge from ice sheets (Figure 1 B and M; HuID:                         
32459, 95978, 93137, 81373, 70818) but also through the thermal expansion of water, which accounts for ≈ 30% of the                    
observed global sea level rise (Figure 1 M; HuID: 97688). These are just a few ways in which one can traverse the                      
impacts illustrated in Figure 1, revealing the remarkable extent to which human impacts are interconnected. In the                 
supplemental information, we outline several other paths one could take through Figure 1 and encourage readers to                 
explore this figure in a similar manner. 
 

While Figure 1 presents the magnitude of human impacts at a global scale, it is important to recognize that both the                     
origins and repercussions of human activities are highly variable across the globe. In the supplemental information and                 
supplemental Figure S1, we present coarse-grained regional breakdowns of many of the numbers from Figure 1 for                 
which regional distributions could be determined. 
 
Dimensionless Representations 

To quantitatively describe the Anthropocene, it is useful to compare the magnitude of human impacts to their natural                  
analogues in a spirit similar to that initially presented nearly 20 years ago by Paul Crutzen35. In Figure 2, we outline a                      
dozen “dimensionless ratios” which compare contemporary human impacts to natural processes closely related in scope               
or in value. We begin with one of the central questions pertaining to the anthropocene -- the extent of human land use.                      
The Terra Number, diagrammed in Figure 2 A compares human terrestrial land use to total global terrestrial land area.                   
This comparison reveals that humans have transformed 30% of terrestrial land for agricultural (≈ 5 × 107 km2, HuID:                   
29582) and urban developments (≈ 7 × 105 km2; HuID: 41339, 39341). In many cases, utilizing this land requires clearing                    
it of its natural biota, such as trees and shrubs, in order to grow food or build structures.  
 

The Deforestation Number, shown in Figure 2 B, puts the extent of such land clearing in context. Through a                   
combination of permanent deforestation (e.g. clear-cutting forest where there is no regrowth of natural tree cover) and                 
temporary tree cover loss (such as tree cover lost through managed forestry and agriculture, where there is eventual                  
regrowth), humans intentionally remove tree cover. Through these intentional and managed means, humans clear an               
area of ≈ 1.8 × 105 km2 annually (HuID: 96098 , 24388, 38352, 19429), approximately twice as large as the area cleared                      
through wildfires (≈ 7 × 104 km2; HuID: 92221), some of which are human-caused (a subset of which are controlled                    
burns). Agricultural activities alone lead to the clearing of an area comparable to that of wildfire. This cleared land is used                     
not only to grow food but rear an impressive number of animals as livestock. 
 

The enormity of the standing terrestrial livestock population is contextualized by The Barnyard Number, illustrated in                
Figure 2 C. The total biomass of global terrestrial livestock is ≈ 2 × 1012 kg and currently outweighs all terrestrial wild                      
mammals and wild birds (≈ 7 × 1010 kg)20 by approximately 30 fold. On a mass basis, therefore, it is more realistic to                       
picture dominant land animals as cows and chickens rather than elephants and zebras. Together, the ≈ 30 billion                  
terrestrial livestock animals (HuID: 43599) who make up this reservoir of biomass are dependent on humans to grow their                   
food, culminating in an enormous demand for nitrogenous fertilizer and water.  
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The production of synthetic fertilizer requires chemical fixation of nitrogen to make reactive species like ammonia                
(NH3), which plants can utilize, from the inert dinitrogen gas (N2) that makes up nearly 80% of our atmosphere. Natural                    
NH3 production is catalyzed by various species of bacteria that often form symbioses with plants42, however natural                 
formation of NH3 is not sufficient to sustain a human population beyond ≈ 3 billion individuals43. To meet this demand for                     
NH3, humans synthesize ≈ 1.5 × 1011 kg of reactive nitrogen annually via the energy-intensive Haber-Bosch process                 
(HuID: 60580, 61614), a mass equal to that of all biological nitrogen fixation on Earth. The observation that humanity now                    
matches nature in terms of production of reactive nitrogen is reflected in The Nitrogen Number calculated in Figure 2 (D).                    
Since humanity now applies ≈ 1011 kg of nitrogenous fertilizer globally each year, it is crucial to ensure that the fertilized                     
crops also receive enough water. 
 

The Water Number (Figure 2 E) reflects the total amount of water withdrawn by humans, which is dominated by                   
irrigation of cropland (≈ 1.5 × 1012 m3 / yr; HuID: 43593), and closely followed by industrial use (≈ 6 × 1011 m3 / yr; HuID:                          
27142), namely in the form of electricity production. Together, these two cases account for ≈ 95% of total human water                    
use per year (HuID: 84545, 43593, 95345, 27142, 27342, 68004).Total human water withdrawals are about 5% of global                  
river discharge volume, the major source of renewable freshwater44. While this is a small fraction of available freshwater,                  
freshwater is highly variable across the globe and about a third of the human population lives in water stressed areas,                    
where water withdrawal is greater than 40% of available freshwater44.  
 

The River Number, shown in Figure 2 F, summarizes the extent to which humans have shaped the flow of freshwater,                    
harnessing it for irrigation and hydropower, and changing the flow to prevent floods. Currently, the total volume of rivers                   
under human control (≈ 6 × 1011 m3; HuID: 61661) , by dams and myriad smaller barriers, equals the total volume of free                       
flowing rivers (≈ 6 × 1011 m3; HuID: 55718). This massive repurposing of water flow has a huge impact on not only the                       
water cycle but also the movement of aquatic organisms and sediment. Previous to human action, rivers were the major                   
force moving sediment, but humans have now taken over that role.  
 

The vast amount of sediment moved by humans is encompassed by The Earth Mover Number (Figure 2 G).                  
Currently, humans move at least 2.5 × 1014 kg / year (HuID: 19415, 59640, 72899) over 15 times the amount of sediment                      
that is moved by rivers (≈ 1.3 × 1013 kg / year, HuID: 51481). Urbanization alone accounts for over half of this, driving the                        
movement of over 1.4 × 1014 kg of sediment a year (HuID: 59640). Waste and overburden from coal mining and erosion                     
due to agriculture make up the remaining ≈ 0.9 × 1014 kg / year (HuID: 19415, 41496, 72899). In addition to a massive                       
amount of earth moved, urbanization also requires an astounding amount of human-made materials such as steel and                 
concrete. 
 

Our calculation of The Anthropomass Number (Figure 2 H) shows that the mass of human-made materials now                 
equals the dry weight of all living matter on the planet45. Material of human origin, termed anthropomass is dominated by                    
construction materials, especially concrete (≈ 3 × 1013 kg / yr; HuID: 16995, 25488, 81346) and other aggregates                  
(asphalt, sand, gravel, and bricks), with steel coming next (≈ 1.9 × 1012 kg / yr; HuID: 44894, 51453, 85891). In addition to                       
the raw mineral resources, producing these materials requires an enormous amount of energy. 
 

CO2 is the most famous greenhouse gas and also the one that human activities produce in the largest quantity. The                    
CO2 Number (Figure 2 J) quantifies the amount of CO2 produced by human processes relative to the natural sinks,                   
namely absorption by Earth’s oceans and photosynthesis by plants and algae29. About 85% of anthropogenic CO2                
emissions (≈ 4 × 1013 kg / yr; HuID: 60670, 24789, 54608) are due to burning fossil fuels like coal, oil, and natural gas,                        
with the remainder due to land-use changes like the removal of forests for agriculture. Annual anthropogenic CO2                 
emissions are roughly double the amount removed by natural sinks ( ≈ 2 × 1013 kg / yr; HuID: 52670). The remainder                      
remains in the atmosphere, growing in concentration year after year. The excess CO2 in the atmosphere contributes to                  
warming the planet, while CO2 absorbed by oceans changes the pH, increasing its acidity and disrupting oceanic                 
ecosystems21. CO2 is not, however, the only greenhouse gas humans produce in significant quantities. 
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Methane is an extremely potent greenhouse gas, having a global warming potential about 25 times that of CO2 over                   
100 years46. Anthropogenic CH4 emissions are mainly due to cattle, rice paddies, and burning fossil fuels34 . As shown by                    
The CH4 Number (Figure 2 K) natural (≈ 3 × 1011 kg / yr; HuID: 56405) and anthropogenic methane emissions (≈ 4 × 1011                        
kg / yr; HuID: 96837) are currently roughly equal, indicating that humanity matches nature in the production of this critical                    
gas. 
  

The mining and burning of fossil fuels for electrical and mechanical power is a major driver of both CO2 and CH4                     
emissions. Despite using an enormous 18 TW of power globally (HuID: 31373, 85317), humanity only consumes a                 
miniscule fraction of the power incident on the planet from the sun. This fraction is calculated as The Solar Number                    
(Figure 2 I), which shows that current human power consumption is roughly 0.01% of annual incident solar energy. Today,                   
most of our power derives from burning fossil fuels and only about 1% is solar. Solar power is therefore an enormous and                      
mostly-untapped resource. 
  

The 12 dimensionless numbers presented in Figure 2 quantify diverse yet specific ways in which humans are                 
influencing the evolution of the Earth. The processes described by these 12 ratios are distinct, but interrelated, sharing                  
many common themes. Intensification of agriculture leads us to convert forest to cropland, divert rivers and burn fossil                  
fuels to power the synthesis of nitrogenous fertilizer. Building roads, tunnels, dams, homes and offices leads to massive                  
earth-moving operations that similarly demand water, power, and land area. These myriad interconnected human              
activities have complex effects on natural ecosystems, many of which are smaller and more fragmented than they were                  
200 years ago. Our final dimensionless ratio, The Extinction Number (Figure 2 L), attempts to understand the scale of                   
these effects on ecosystems. Over the past 500 years, at least ten times more animal species have gone extinct (≈ 760                     
species; HuID: 44641) than would be expected given the most conservative estimate for the background extinction                
rate8,47. The causes of this increased extinction rate are varied and remain poorly understood, and this quantity is                  
necessarily a lower bound as only a small fraction of species have been studied. It is very likely that extinction is far more                       
prevalent than we know, especially among arthropods and marine biota more generally. 
  
Discussion 
In this work we canvassed the scientific literature as well as governmental and international reports to assemble a broad,                   
quantitative picture of how human activities have impacted Earth's atmosphere, oceans, rives, lands, biota and geology.                
We assembled these data into a comprehensive snapshot, released alongside this writing as a standalone graphical                
document (Supplemental Material 1) , with all underlying data, associated uncertainties and referencing housed in the                
Human Impacts Database. As illustrated by the dimensionless ratios presented in Figure 2, the scale of these impacts is                   
not small. Rather, in nearly all cases, human activities impact the planet to a degree rivalling or even exceeding                   
counterpart natural processes. Perhaps even more so than any other ratio we present, The Anthropomass Number                
(Figure 2 H) conveys this point by showing that the total mass of human-made "stuff" roughly equals the total mass of all                      
living matter on Earth45.  
  

One insight that emerges from considering these diverse human activities together is that they are deeply intertwined                 
and driven by a small number of pivotal factors: the size of the human population, the composition of our diets, and our                      
demand for materials and energy to build and power our increasingly complex and mechanized societies. Understanding                
the scale of human agriculture, water and power usage provides a framework for understanding nearly the entirety of the                   
numerical gallery presented in Figure 1. Indeed, agriculture alone is the dominant cause of human land and water use and                    
a major driver of deforestation as well as methane and nitrous oxide emissions. 
  

It is common in this setting to argue that the bewildering breadth and scale of human impacts should motivate some                    
specific remediation at the global or local scale. We prefer a more modest "just the facts" approach. The numbers                   
presented here show that human activities affect our planet to a large degree in many different and incommensurate                  
ways, but they do not provide a roadmap for the future. Rather, we contend that any plans for the future should be made                       
in the light of a comprehensive and quantitative understanding of the interconnected ways in which human activities                 
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impact the Earth system globally (Figures 1 and 2) and locally (Figure S1). Achieving such an understanding will require                   
synthesis of broad literature across many disciplines, work that we have only just begun. While the quantities we have                   
chosen to explore are certainly not exhaustive, they represent some of the key axes which frequently drive scientific and                   
public discourse and shape policy across the globe.  
  

The quantitative picture presented here summarizes the “state of affairs” as of 2020. Earth is the only habitable planet                   
we know of, so it is crucial to understand how we got here and where we are going. That is, how have human impacts                        
changed over time? How are they expected to change in the future? For every aspect of human entanglement with the                    
Earth environment – from water use to land use, greenhouse gas emissions, mining of precious minerals, and so on –                    
there are excellent studies measuring impacts and predicting their future trajectories. The time has come to integrate                 
these disparate works and synthesize a complete picture of the human-Earth system, one that helps humanity coexist                 
stably with the only planet we have. 

Materials & Methods 
All values reported in this work come from myriad sources in the scientific, industrial, governmental, and organizational                 
reports and articles. Every value reported in Figure 1 as well as Supplemental Figure S1 are extensively documented in                   
the supplemental information. In brief, each value reported was manually curated with one or more of the authors closely                   
reading the original report/article/document, downloading (or in some cases requesting) the original datasets, and              
annotating and cleaning the data to follow the principles of “tidy data'' formatting48. For each reported quantity, we                  
identified the method of determination (e.g. direct measurement, statistical inference, or aggregated estimate) and              
provided an assessment of uncertainty. In cases where the uncertainty was undetermined or not reported, we sought                 
additional sources to provide a range of reasonable values. Thus, as is reported in the supplemental information, we use                   
equality symbols (=) to indicate values with an estimate of the uncertainty or values that are tightly constrained in range,                    
and approximation symbols (≈) to indicate estimates likely accurate to within a factor of a few, and an inequality symbol                    
(>) to indicate a lower-bound estimate for the value in question. Every dataset and source we considered in this work has                     
been stored in a GitHub Repository (DOI: 10.5281/zenodo.4453277; https://github.io/rpgroup-pboc/human_impacts) with          
extensive documentation. We invite the scientific community to engage with this repository by submitting pull requests and                 
opening issues for corrections, updating of values, or suggestions of new data that are relevant to the scope of this work. 

Acknowledgments 
We are incredibly grateful for the generosity of a wide array of experts for their advice, suggestions, and criticism of this                     
work. Specifically, we thank Suzy Beeler, Lars Bildsten, Justin Bois, Chris Bowler, Matthew Burgess, Ken Caldeira, Jörn                 
Callies, Sean B. Carroll, Ibrahim Cissé, Joel Cohen, Michelle Dan, Bethany Ehlmann, Gidon Eshel, Paul Falkowski,                
Daniel Fisher, Thomas Frederikse, Neil Fromer, Eric Galbraith, Lea Goentoro, Evan Groover, John Grotzinger, Soichi               
Hirokawa, Greg Huber, Christina Hueschen, Bob Jaffe, Elizabeth Kolbert, Thomas Lecuit, Raphael Magarik, Jeff Marlow,               
Brad Marston, Jitu Mayor, Elliot Meyerowitz, Lisa Miller, Dianne Newman, Luke Oltrogge, Nigel Orme, Victoria Orphan,                
Marco Pasti, Pietro Perona, Noam Prywes, Stephen Quake, Hamza Raniwala, Manuel Razo-Mejia, Thomas Rosenbaum,              
Benjamin Rubin, Alex Rubinsteyn, Shyam Saladi, Tapio Schneider, Murali Sharma, Alon Shepon, Arthur Smith, Matthieu               
Talpe, Wati Taylor, Julie Theriot, Tadashi Tokieda, Cat Triandifillou, Sabah Ul-Hasan, Tine Valencic, and Ned Wingreen.                
We also thank Yue Qin for sharing data related to global water consumption. Many of the topics in this work began during                      
the Applied Physics 150C course taught at Caltech during the early days of the COVID-19 pandemic. This work was                   
supported by the Resnick Sustainability Institute at Caltech and the Schwartz-Reisman Collaborative Science Program at               
the Weizmann Institute of Science.  
 

6 

https://github.io/rpgroup-pboc/human_impacts


References 
1. Sessions, A. L., Doughty, D. M., Welander, P. V., Summons, R. E. & Newman, D. K. The Continuing Puzzle of the                      

Great Oxidation Event. Curr. Biol. 19, R567–R574 (2009). 
2. Gumsley, A. P. et al. Timing and tempo of the Great Oxidation Event. Proc. Natl. Acad. Sci. 114, 1811–1816 (2017). 
3. Hodgskiss, M. S. W., Crockford, P. W., Peng, Y., Wing, B. A. & Horner, T. J. A productivity collapse to end Earth’s                       

Great Oxidation. Proc. Natl. Acad. Sci. 116, 17207–17212 (2019). 
4. Estes, J. A. et al. Trophic Downgrading of Planet Earth. Science 333, 301–306 (2011). 
5. Springer, A. M. et al. Sequential megafaunal collapse in the North Pacific Ocean: An ongoing legacy of industrial                   

whaling? Proc. Natl. Acad. Sci. 100, 12223–12228 (2003). 
6. Hale, S. L. & Koprowski, J. L. Ecosystem-level effects of keystone species reintroduction: a literature review. Restor.                 

Ecol. 26, 439–445 (2018). 
7. Holdo, R. M. et al. A Disease-Mediated Trophic Cascade in the Serengeti and its Implications for Ecosystem C. PLOS                   

Biol. 7, e1000210 (2009). 
8. Ceballos, G. et al. Accelerated modern human–induced species losses: Entering the sixth mass extinction. Sci. Adv. 1,                 

e1400253 (2015). 
9. Davidson, A. D., Hamilton, M. J., Boyer, A. G., Brown, J. H. & Ceballos, G. Multiple ecological pathways to extinction in                     

mammals. Proc. Natl. Acad. Sci. 106, 10702–10705 (2009). 
10. Fortin, D. et al. Wolves Influence Elk Movements: Behavior Shapes a Trophic Cascade in Yellowstone National Park.                  

Ecology 86, 1320–1330 (2005). 
11. Tronstad, L. M., Jr, R. O. H., Koel, T. M. & Gerow, K. G. Introduced Lake Trout Produced a Four-Level Trophic                     

Cascade in Yellowstone Lake. Trans. Am. Fish. Soc. 139, 1536–1550 (2010). 
12. Palumbi, S. R. Humans as the World’s Greatest Evolutionary Force. Science 293, 1786–1790 (2001). 
13. Frederikse, T. et al. The causes of sea-level rise since 1900. Nature 584, 393–397 (2020). 
14. Wu, W., Zhan, Z., Peng, S., Ni, S. & Callies, J. Seismic ocean thermometry. Science 369, 1510–1515 (2020). 
15. Slater, T., Hogg, A. E. & Mottram, R. Ice-sheet losses track high-end sea-level rise projections. Nat. Clim. Change 10,                    

879–881 (2020). 
16. Desbruyères, D., McDonagh, E. L., King, B. A. & Thierry, V. Global and Full-Depth Ocean Temperature Trends during                   

the Early Twenty-First Century from Argo and Repeat Hydrography. J. Clim. 30, 1985–1997 (2017). 
17. Cazenave, A. & Llovel, W. Contemporary Sea Level Rise. Annu. Rev. Mar. Sci. 2, 145–173 (2010). 
18. Nerem, R. S. et al. Climate-change–driven accelerated sea-level rise detected in the altimeter era. Proc. Natl. Acad.                  

Sci. 115, 2022–2025 (2018). 
19. Rasmussen, L. L. et al. A Century of Southern California Coastal Ocean Temperature Measurements. J. Geophys.                 

Res. Oceans 125, e2019JC015673 (2020). 
20. Bar-On, Y. M., Phillips, R. & Milo, R. The biomass distribution on Earth. Proc. Natl. Acad. Sci. 115, 6506–6511 (2018). 
21. Intergovernmental Panel on Climate Change (IPCC). Special Report on the Ocean and Cryosphere in a Changing                 

Climate. https://www.ipcc.ch/srocc/ (2019). 
22. Peng, H.-T., Ke, C.-Q., Shen, X., Li, M. & Shao, Z.-D. Summer albedo variations in the Arctic Sea ice region from                      

1982 to 2015. Int. J. Climatol. 40, 3008–3020 (2020). 
23. Marcianesi, F., Aulicino, G. & Wadhams, P. Arctic sea ice and snow cover albedo variability and trends during the last                     

three decades. Polar Sci. 100617 (2020) doi:10.1016/j.polar.2020.100617. 
24. Mouginot, J. et al. Forty-six years of Greenland Ice Sheet mass balance from 1972 to 2018. Proc. Natl. Acad. Sci.                     

116, 9239–9244 (2019). 
25. MacGregor, J. A. et al. A synthesis of the basal thermal state of the Greenland Ice Sheet. J. Geophys. Res. Earth                      

Surf. 121, 1328–1350 (2016). 
26. Kwok, R. Arctic sea ice thickness, volume, and multiyear ice coverage: losses and coupled variability (1958–2018).                 

Environ. Res. Lett. 13, 105005 (2018). 
27. Massom, R. A. et al. Antarctic ice shelf disintegration triggered by sea ice loss and ocean swell. Nature 558, 383–389                     

(2018). 
28. Notz, D. & Stroeve, J. Observed Arctic sea-ice loss directly follows anthropogenic CO2 emission. Science 354,                 

7 



747–750 (2016). 
29. Friedlingstein, P. et al. Global Carbon Budget 2019. Earth Syst. Sci. Data 11, 1783–1838 (2019). 
30. Houghton, R. A. & Nassikas, A. A. Global and regional fluxes of carbon from land use and land cover change                     

1850–2015. Glob. Biogeochem. Cycles 31, 456–472 (2017). 
31. Hansis, E., Davis, S. J. & Pongratz, J. Relevance of methodological choices for accounting of land use change carbon                    

fluxes. Glob. Biogeochem. Cycles 29, 1230–1246 (2015). 
32. Tian, H. et al. A comprehensive quantification of global nitrous oxide sources and sinks. Nature 586, 248–256 (2020). 
33. Keeling, C. D. The Concentration and Isotopic Abundances of Carbon Dioxide in the Atmosphere. Tellus 12, (1960). 
34. Saunois, M. et al. The global methane budget 2000–2017. Earth Syst. Sci. Data 12, 1561–1623 (2020). 
35. Crutzen, P. J. Geology of mankind. Nature 415, 23–23 (2002). 
36. Fabry, V. J., Seibel, B. A., Feely, R. A. & Orr, J. C. Impacts of ocean acidification on marine fauna and ecosystem                       

processes. ICES J. Mar. Sci. 65, 414–432 (2008). 
37. Scripps Institution of Oceanography et al. Understanding Ocean Acidification Impacts on Organismal to Ecological               

Scales. Oceanography 25, 16–27 (2015). 
38. Bates, N. R. & Mathis, J. T. The Arctic Ocean marine carbon cycle: evaluation of air-sea CO2 exchanges, ocean                    

acidication impacts and potential feedbacks. 27 (2009). 
39. Fitzer, S. C., Phoenix, V. R., Cusack, M. & Kamenos, N. A. Ocean acidification impacts mussel control on                   

biomineralisation. Sci. Rep. 4, 6218 (2014). 
40. Kroeker, K. J. et al. Impacts of ocean acidification on marine organisms: quantifying sensitivities and interaction with                  

warming. Glob. Change Biol. 19, 1884–1896 (2013). 
41. Albright, R. & Langdon, C. Ocean acidification impacts multiple early life history processes of the Caribbean coral                  

Porites astreoides. Glob. Change Biol. 17, 2478–2487 (2011). 
42. Zhang, X., Ward, B. B. & Sigman, D. M. Global Nitrogen Cycle: Critical Enzymes, Organisms, and Processes for                   

Nitrogen Budgets and Dynamics. Chem. Rev. 120, 5308–5351 (2020). 
43. Smil, V. Detonator of the population explosion. Nature 400, 415–415 (1999). 
44. Oki, T. & Kanae, S. Global Hydrological Cycles and World Water Resources. Science 313, 1068–1072 (2006). 
45. Elhacham, E., Ben-Uri, L., Grozovski, J., Bar-On, Y. M. & Milo, R. Global human-made mass exceeds all living                   

biomass. Nature 588, 442-444 (2020) doi:10.1038/s41586-020-3010-5. 
46. Folland, C.K., et al. . Atmospheric Chemistry and Greenhouse Gases. In: Climate Change 2001: The Scientific Basis.                  

Contribution of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change                 
[Houghton, J.T., Y. Ding, D.J. Griggs, M. Noguer, P.J. van der Linden, X. Dai, K. Maskell, and C.A. Johnson (eds.)].                    
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA (2001). 

47. Barnosky, A. D. et al. Has the Earth’s sixth mass extinction already arrived? Nature 471, 51–57 (2011). 
48. Wickham, H. Tidy Data. J. Stat. Softw. 59, (2014). 
 

 
 
 
 
 
 

8 


