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Biological N fixation dominant natural input of N into terrestrial biosphere

Vitousek et al. 2013 Phil. Trans. R. Soc. B; 
Fowler et al. 2013 Phil. Trans. R. Soc. B
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BNF = f(NPP)

BNF = f(ET)

Process based:
BNF = f(temperature, …)

Wieder et al. 2015. 
Environ. Res. Lett.

Multiple 
approaches to 
modelling BNF



Steidinger et al. 2019 Nature

Temperature indices 1st, 3rd, 4th best predictors of global 
N-fixing tree % basal area



Typical N fixation temperature function in land models

Houlton et al. 2008 Nature; Shi et al. 2016 Global 
Change Biology





Bytnerowicz et al. 2022 Nature Plants

Tropical
Actinorhizal

Temperate
Actinorhizal

Tropical
Rhizobial

Temperate
Rhizobial

N
 f

ix
at

io
n

 (
%

 o
f 

m
ax

)

Temperature (°C)

18.5 °C

Mean 
Growing 

Temperature:

23.5 °C

28.5 °C



Optimal temperatures for N fixation are

• 3.9-11.7 °C higher than Houlton et al. 

• Houlton et al. – asymbiotic and high 
latitudes (mean 57 °, range 32-79 °)

Bytnerowicz et al. 2022 Nature Plants



How do the temperature response 
of BNF and the capacity for 
acclimation affect predictions of N 
fixation, NPP, and land carbon 
storage with climate warming?

Land Models:
• CLASSIC
• CTSM 5.1
• ELM
• LM4-N
• ORCHIDEE-CNP v1.3
• OCN
• QUINCY

Model Intercomparison Project



Projected decline in tropical BNF with climate warming??

Houlton et al. 2008. Nature; 
Wang & Houlton. 2009. Geophysical Research Letters

TROPICS



How sensitive is this result to temperature response of BNF?

Houlton et al. 2008. Nature; 
Wang & Houlton. 2009. Geophysical Research Letters

TROPICS



Global function; T
opt

 = 25.2 °C

Houlton et al. 2008 Nature



Global function; T
opt

 = 25.2 °C
Separate temperate/tropical 

function; T
opt

 = 32.1 and 33.2 °C

Houlton et al. 2008 Nature; Bytnerowicz et al. 2022 Nature Plants



Fisher et al. 2010 Global Biogeochemical Cycles;
Shi et al. 2016 Global Change Biology

Fixation and Uptake of Nitrogen (FUN) model
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•Three approaches for representing BNF temperature response
• One global function (Houlton et al. 2008)
• Separate temperate & tropical functions (no acclimation; Bytnerowicz et al. 2022)
• Separate temperate & tropical functions (acclimation; Bytnerowicz et al. 2022)
• Plus model default, if different, e.g., ORCHIDEE was f(NPP) scaled by plant N:P100



• Site-level simulations
• Tropical: Manaus, Brazil (3.1190° S, 60.0217° W)
• Temperate: Harvard Forest, USA (42.5315° N, 72.1900° W)
• Boreal: Bonanza Creek, USA (64.8585° N, 147.8467° W)

•Next step will be global-level simulations



• Simulations 
• 1850 to 2014 historical simulation
• Future warming from 2015 to 2100 (fixed CO

2
 and N deposition)

• Future warming from 2015 to 2100 (transient CO
2
 and N deposition)

• ISIMIP3b GFLD-ESM4 forcing
• Pre-industrial for spin-up (1601-1849)
• Historical (1850-2014)
• Future with SSP585 (2015-2100)



Harvard Forest Manaus

Soil Temperature (ORCHIDEE-CNP v1.3)
• 2015 to 2100: Warming with transient CO

2
 and N deposition (SSP585)

• Monthly means



Harvard Forest

• Transient CO
2
 and N deposition

• Total N fixation = (symbiotic + free-living)



Harvard Forest



Manaus

• Transient CO
2
 and N deposition

• Total N fixation = (symbiotic + free-living)



Manaus



Ongoing experimental work

•N fixation temperature response for more species
• Woody, crop, herbaceous
• Arctic to tropical

•Temperature response of BNF carbon costs

•Timescale on acclimation response
• How quick? (1 week, 1 month, 1 year?)

•Bounds on acclimation response
• Does it saturate?
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5.2 °C (range of 1.8-7.3 °C) higher than for net 
photosynthesis

• N limitation more likely at low 
temperatures

• CO
2
 limitation more likely at warm 

temperatures
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Effect of long exposure to high temperatures on N fixation



Direct measurement of N fixation cost temperature response

Preliminary data:
• Costs peak > 150 g C g N-1

• T
opt

 very similar for N fixation 
rates and costs



Kou-Giesbrecht et al. 2021 Biogeosciences

GFDL LM4.1-BNF



Kou-Giesbrecht et al. 2021 Biogeosciences



Steidinger et al. 2019 Nature

Global N-fixing tree abundance




