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The metabolism of the terrestrial biosphere 

Hennig and Malhi 2018 
Geographical 



The metabolism of the terrestrial biosphere: January 



The metabolism of the terrestrial biosphere: July 



The metabolism of the terrestrial biosphere 



The metabolism of the terrestrial biosphere 



Global GDP Wealth (PPP) in 2018 



The metabolism of the terrestrial biosphere 



Biological metabolism Extended metabolism 



Global Land Biosphere metabolism: 150 TW  

10,000 BC Pre-agricultural human extended metabolism: 0.003 TW 
  (0.002% of biosphere) 

1700 Pre-industrial human extended metabolism: 3 TW 
 (2% of biosphere) 

2010 Modern human extended metabolism: 25 TW 
 (17% of biosphere) 

2050 Global UNDP Projection: 48 TW 
 (32% of biosphere) 

“Global China”: 60 TW  
(40% of biosphere) 

“Global US” : 180 TW 
 (120% of biosphere) 

Malhi (2014) The metabolism of a human-dominated planet 
In “Is the Planet Full?”, OUP 

Amazonia 

Global tropical forests 

1000 km2 of tropical forest 

Borneo+Sulawesi 



Resource depletion 
Overfishing 

Overharvesting 
 

Climate change 
Ocean acidification 

Ocean plastics  
Human and industrial 

waste 
 

Climate change 
Ocean acidification 

Plastics  
Human and industrial 

waste 
 

Deforestation 
Habitat loss 

Species extinction 
 



Malhi (2017) The Concept of the Anthropocene  
Annual Reviews in Environment and Resources 

Amazonia 

The Anthropocene 



How can we determine where these boundaries are? 



Intensification and extension  
of pre-existing pressures Spread of new technologies 

Connection to global markets Regional and planetary boundaries 

The Anthropocene in Tropical Ecosystems 



Barnosky et al 2012, Nature 



Brook et al 2013, Trends in Ecology and Evolution 



Tropical Carbon Storage (Pg C) 

Cox et al 2001, Nature 

A tropical forest climate tipping point? 



How do we identify these boundaries? 
 
Where is the safe operating space for tropical ecosystems? 
 
What role do tropical biomes play in determining regional and planetary 
boundaries? 
 
What type of science can address these questions? 



Hooke,1665 

New technologies 
shape science 



Hooke’s Micrographia (1665) 



New concepts arise 
 from new lenses 



Apollo 17 

Macroscopes 



Earth system science 
examines the Earth as 
an integrated system 
incorporating its 
physical, biological, 
chemical, and human 
dimensions 





GRACE 





Atmospheric moisture content 



GHGs: Greenhouse Gases 
GCMs:  General Circulation 
Models 
DGVMs:  Dynamic Global 
Vegetation Models 



Projected vegetation carbon stocks in tropical forests under climate change 



31 



How much complexity is necessary and sufficient? 



Ecosystems ecology 

 
The integrated study of living (biotic) and non-living 
(abiotic) components of ecosystems and their 
interactions within an ecosystem framework.  
 
It studies the flow of energy and materials through 
organisms and the physical environment. 



The concept of the ecosystem 

"The whole system, … including not only the 
organism-complex, but also the whole 
complex of physical factors forming what we 
call the environment” 
 
Arthur Tansley (1935) 
 
Tansley tried to emphasize the importance of 
the exchanges of materials between 
organisms and their abiotic environment, 
rather than just the organisms themselves. 
 
 



Tropical ecosystems ecology 

Howard T Odum 
Odum (1970), in Lugo (2004) 

Luquillo,  
Puerto Rico 



Pasoh, 
Malaysia 







GPP  

Key processes in the forest 

carbon cycle 

R leaf 

R stem 

R CWD 

Fdoc  

DFine litterfall  

DCWD 

R roots  

R soil 

DRoot  

R soil het 

NPP coarse roots  

NPP fine roots  

NPP VOC 
NPP leaves,flowers,fruit  

NPP wood (Branch + Stem)  

Canopy Photosynthesis 
 
Plant respiration 
 
Net primary productivity 
 
Heterotrophic respiration 



Rhizotron 

Litterfall, and components 

Climate 

Ingrowth Cores 

Dendrometers 

Soil respiration 

Stem respiration The GEM Protocol 

Soil respiration partitioning 

Leaf respiration  
and photosynthesis 



GPP= 36.15±3.97   

The carbon cycle of a forest 
at Tambopata, Peru 

 

R leaf =8.86±2.78 

R stem = 5.85±2.50  

NPPTotal = 15.14±0.83 

NPPAG = 9.96±0.41 

NPPBG = 5.18±0.72 

D fine litterfall 

5.61±0.32 

D CWD 3.59±0.26 

R rhizosphere  

 5.07±0.86 

 R soil =12.98±0.82 

D root  

5.18±0.72 

R soilhet = 7.14±0.49 

NPP coarse roots = 0.51±0.05  
NPP fine roots = 4.67±0.72 

NPP ACW= 2.64±0.24 

NPP litterfall = 5.61±0.32 

NPP branch turnover  = 0.95±0.10 

NPP herbivory = 0.76±0.05 

 R cwd 

 R coarseroot 

1.23±0.62 

Malhi et al, Plant Ecology and Diversity, 2014 

(Mg C ha-1) 



Amazonia (since 2005) 



8.5oC 
9.2oC 

10.5oC 

11.9oC 

13.3oC 
 

15.3oC 
 

14.8oC 
16.7oC 

19oC 
 

21oC 
 

22.1oC 
 

26.4oC 
 

The tropical Andes 



Sabah, Malaysia (since 2011) 



Africa is particularly underrepresented in  studies of human-driven change in tropical forests 

Malhi et al. (2014). Tropical forests in the Anthropocene 
Annual Reviews of Environment and Resources 

Location of recent (2009–2013) field studies in the tropics 

on the topic of change in tropical forests 





Gabon, Ghana, Ethiopia and South Africa 
 (since 2011) 



Lopé, Gabon, April 2016 



Kumasi, Ghana, May 2016 



The GEM Team 



A case study: the El Niño of 2015/2016 



Global carbon budget 



Wang et al (2013) PNAS 

We know the variability is driven by the effects of 
El Niño events in the terrestrial tropics 



But we are not sure about many things… 

Are specific tropical regions are responsible for this variability? 
 
What mechanisms are responsible for the carbon anomaly 
(photosynthesis, plant respiration, soil respiration, fire, tree mortality) ? 
 
Which local climate variables are most important in driving the 
response? 
 
Is this variability an early warning of longer-term instability in the 
tropical biosphere carbon sink? 
 
 
 
 
 
 



The 2015/2016 El Niño was the strongest for at least 20 years… 
  … but this time we had a whole new suite of tools of observe  and model it 





El Niño in the context of a warming climate 
Air temperature over tropical land regions 



El Niño in the context of tropical rainfall variability 
Precipitation over tropical land regions 



El Niño meteorological anomalies across the tropics 
 

[ERA-Interim] 





Roedenbeck et al 2018, Phil Trans Roy Soc. 



We tracked the carbon cycle of tropical forests and savannas  
at 54 plots across the tropics 



187,000 dendrometer measurements 



Apply a Generalized Linear Mixed Model to all the data 

Rifai et al, in review 





4.8 - 5.6 Pg (thousand million tonnes) of woody biomass are created by the world’s 

tropical forests every year 

The woody production of the tropical forest biome 



Woody Growth Anomalies  

Rifai et al, in review 



Woody growth Stem Respiration Stem Respiration 

Total NPP 

Total NPP 

Soil respiration 



NPP Anomaly 

Above-ground  
plant respiration 

anomaly 

Soil respiration 
anomaly 



Net carbon balance anomaly 
August 2015-2016  

An atmospheric view 



Can the physiology of the tropical forest biome  
explain the global flicker in CO2 rise? 



Can the physiology of the tropical forest biome  
explain the global flicker in CO2 rise? 



How does this compare with global vegetation models? 



What does this mean for our understanding 
of the stability of the tropical forest biome 

under warming?  
 





Does this mean that we are far from climate 
change threshold in tropical forests? 

 



Synthesis 
(see notes for details) 



Unpacking the Idea 
(see notes for details) 



Aragão et al (2018) Nature Communications 



Malhi et al. (2014). Tropical forests in the Anthropocene 
Annual Reviews of Environment and Resources 





 
Sami Rifai, Ben Hennig, Cécile Girardin, Cecilia Dahlsjö, Erika 
Berenguer, Terhi Ruitta, Sam Moore, Christopher Doughty, 
Daniel Metcalfe, Antonio C. Lola da Costa, Samuel Almeida, 
Mauricio Ferreira Costa, Paulo Brando, Wanderley Rocha , 
Luzmilla Arroyo, Alejandro Araujo Murakami, Javier Silva 

Espejo, Norma Salinas, Filio Farfan Amezquita, Walter Huaraco 
Huasco, Toby Marthews, Rob Ewers,  Dennis del Castillo 

 

Funded by Natural Environment Research Council, European 
Research Council, Moore Foundation 

Thank you 




