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Representation of forest carbon cycle in Earth System Models

Malhi et al., 2012(carbonstoreuk.com)
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Inaccurate/insufficient representation of forest carbon cycle in ESMs

Number of terrestrial biosphere models  contributing 
to the Global Carbon Project (the TRENDY 
ensemble) with and without coupled C–N-P cycling.

(Kou-Giesbrecht et al. 2023; Menge et al. 2023)
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Chapin et al. 
Principles  of Terrestrial Ecosystem Ecology

Soil nutrient availability influences carbon budget globally
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 Question:
How will plants  adjust NPP allocation, 
particularly to below- vs. above-ground parts, 
in response to nutrient fertilization in tropical 
dry forests?

Malhi et al., 2012
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Inaccurate/insufficient representation of forest carbon cycle in ESMs

limited the understanding and predictability of the fate of the forests



Multiple  limita tion theory:
Plants  should adjust to their environment so that all essential 
resources are equally limiting. (Farrior et al. 2013)

We might have expected that:
- when acquisition of a particular nutrient is  the most limiting factor 
for plants, any increases in that nutrient would have resulted in 
decreased allocation to fine roots.
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How plants adjust allocation in response to soil nutrient change? 

We focused on soil soluble P for our tropical study site.



 Observations:

 Both aboveground and 
belowground production 
increases with P addition (Yuan 
and Chen 2012; Hou et al. 2020) 

 Aboveground production 
increased more than 
belowground production with P 
addition (Li et al. 2016)

 Increases in fine root production 
relative to aboveground 
production with P addition 
(Cunha et al. 2022)
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How plants adjust allocation in response to soil nutrient change? 
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 Model representation:

 fixed allocation to fine roots

 a negative correlation (more soil 
nutrient, less  allocation to roots)

 a positive correlation (more soil 
nutrient, more allocation to 
roots)
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How plants adjust allocation in response to soil nutrient change? 
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ED2 dynamic vegetation model
 Principal Inputs: 

• Initial forest state
• Edaphic conditions
• Atmospheric forcing

 Principal Outputs: 
• Productivity
• Carbon allocation
• Plants  recruitment
• Mortality
• …...

Longo et al. 2019
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ED2 with updated nutrient module Medvigy et al. 2019
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ED2

MEND N-COM

litterfall

C, N, P contents  in microbial biomass

NH4, NO3, PO4 immobilized by microbes

NH4, NO3, PO4 
uptaken by plants

base nutrient (N,P) transport reaction rate,
plant nutrient transporter enzyme concentration

Wang et al. 2013 Zhu et al. 2016



Methods 
• Field observations (benchmark): 

• Horizontes  Meteorological Station in Costa Rica;
• 2015-2017;
• 16 experimental s ites  – 4 controlled, 4 N addition, 4 P addition, 4 N+P 

addition.

• Initial model parameterization:
• 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
= 0.3

• Model s imulations:

(www.isodrones.com)
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Baseline 

 The model s imulated reasonable biomass productivity and 
mortality in baseline settings, with some biases existing. 
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Methods 
• Field observations (benchmark): 

• Horizontes  Meteorological Station in Costa Rica;
• 2015-2017;
• 16 experimental s ites  – 4 controlled, 4 N addition, 4 P addition, 4 N+P 

addition.

• Model modifications:
• 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
= 𝑎𝑎 + 𝑏𝑏 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 𝑃𝑃 

• Model s imulations:

(www.isodrones.com)
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Alternative parameterizations: 3-year model validation

 Only parameterizations 
assuming a positive 
relationship between 
allocation to fine roots  and 
soil P were able to s imulate 
the most realistic overall 
partitioning of biomass 
productivity. 

Colored entries  indicate statistically s ignificant (p <0.05) differences between model 
s imulations and observations in the means of any of control, +N, +P, or +NP plots. 

“L” refers  to leaf production; “W” refers  to wood production; “R” refers  to root production.

a=0 a=0.1 a=0.2 a=0.3 a=0.4 a=0.5 a=0.6 a=0.7 a=0.8

b = -60 W+R W+R W+R W+R W+R R R R R

b = -40 W+R W+R W+R W+R W+R R R R R

b = -20 W+R W+R W+R W+R W+R W+R R R R

b = 0 W+R W+R W+R W+R W+R W+R W+R R R

b = 20 W+R W+R W+R R R R R

b = 40 R R R R R R R

b = 60 L+R L+R R R R R R R R

𝑟𝑟𝑠𝑠𝑠𝑠𝑜𝑜
𝑠𝑠𝑠𝑠𝑎𝑎𝑙𝑙

= 𝑎𝑎 + 𝑏𝑏 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 𝑃𝑃 
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Methods 
• Field observations (benchmark): 

• Horizontes  Meteorological Station in Costa Rica;
• 2015-2017;
• 16 experimental s ites  – 4 controlled, 4 N addition, 4 P addition, 4 N+P 

addition.

• Model modifications:
• 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
= 𝑎𝑎 + 𝑏𝑏 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 𝑃𝑃 

• Model s imulations:

(www.isodrones.com)
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Alternative parameterizations: 30-year sensitivity analysis

 Strong sensitivity to parameterization:
• capture of aboveground resources ultimately limited production

• potential over-allocation to fine roots
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What might explain the success (even short-term) of “pos” parameterizations?
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 It could be that soil P supply, not fine root biomass, limited P uptake in the 
unfertilized plots. 

• In an extreme case, in the complete absence of soil P, P acquisition would be zero regardless  of 
fine root biomass. 

• The optimal amount of fine root biomass (with respect to P acquisition) would be zero in order to 
avoid construction and maintenance costs. 

• As soil P increases above zero, the optimal amount of fine root biomass would also increase.

 The deciduousness of this  forest may be significant. 
• At the beginning of the rainy seasons, trees  experience a large P demand to build their P-rich 

leaves. It may be adaptive for plants  to construct these leaves as  quickly as  possible, and having 
large fine root production may facilitate that.

 Plants  may over-allocate to fine roots  in order to maximize their ability to 
compete with neighbors.



Take home message

 Only parameterizations assuming a positive relationship between relative allocation to fine 
roots  and soil P were able to accurately s imulate leaf, wood and fine root production, as  
well as  mortality, at three-year time scale.

 However, this  parameterization would over-allocate to fine roots  in P-fertilized plots  on 
multidecadal time scales.

 Simultaneous measurements of leaf, wood, and fine root production in nutrient fertilization 
experiments  and longer-term experiments  are essential for better s imulations of forest 
carbon balances.
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