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“Photosynthetic capacity does NOT
respond to the environment”

“Leaf Nitrogen content is static”

“Stomatal conductance is based on 
N-unlimited photosynthesis”

“Plants get Nitrogen for free” 

Nitrogen assumptions in CLM4 & 4.5
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Table 8.1.  Plant functional type (PFT) photosynthetic parameters. 

PFT m α LCN  LNRF  0SLA  oψ  cψ  Vcmax25 

NET Temperate 9 – 35 0.0509 0.010 -66000 -255000 62.5 

NET Boreal 9 – 40 0.0466 0.008 -66000 -255000 62.6 

NDT Boreal 9 – 25 0.0546 0.024 -66000 -255000 39.1 

BET Tropical 9 – 30 0.0461 0.012 -66000 -255000 55.0 

BET temperate 9 – 30 0.0515 0.012 -66000 -255000 61.5 

BDT tropical 9 – 25 0.0716 0.030 -35000 -224000 41.0 

BDT temperate 9 – 25 0.1007 0.030 -35000 -224000 57.7 

BDT boreal 9 – 25 0.1007 0.030 -35000 -224000 57.7 

BES temperate 9 – 30 0.0517 0.012 -83000 -428000 61.7 

BDS temperate 9 – 25 0.0943 0.030 -83000 -428000 54.0 

BDS boreal 9 – 25 0.0943 0.030 -83000 -428000 54.0 

C3 arctic grass 9 – 25 0.1365 0.030 -74000 -275000 78.2 

C3 grass 9 – 25 0.1365 0.030 -74000 -275000 78.2 

C4 grass 4 0.05 25 0.0900 0.030 -74000 -275000 51.6 

Crop R 9 – 25 0.1758 0.030 -74000 -275000 100.7 

Crop I 9 – 25 0.1758 0.030 -74000 -275000 100.7 

Corn R 4 0.05 25 0.2930 0.050 -74000 -275000 100.7 

Corn I 4 0.05 25 0.2930 0.050 -74000 -275000 100.7 

Temp Cereal R 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Temp Cereal I 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Winter Cereal R 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Winter Cereal I 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Soybean R 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Soybean I 9 – 25 0.4102 0.070 -74000 -275000 100.7 

α (mol CO2 mol-1 photon); LCN  (g C g-1 N); LNRF  (g N Rubisco g-1 N); 0SLA  (m2 g-1 C); 

oψ  and cψ  (mm); Vcmax25 (μmol m-2 s-1, calculated from equation (8.17) for canopy top). 

“Leaf Nitrogen content is static”

“Stomatal conductance is based on N-
unlimited photosynthesis” –CLM4 & 4.5



Code base: 
biogeochem/NutrientCompetitionFlexibleCNMod.F90

Technical note: 
2.16: CN Pools

2.19: CN Allocation

“Leaf Nitrogen content is variable”

“Stomatal conductance is based on 
N-limited photosynthesis”
use_flexiblecn = .true.

[bgc only]

FlexCN

https://github.com/ESCOMP/ctsm/blob/master/src/biogeochem/NutrientCompetitionFlexibleCNMod.F90
https://escomp.github.io/ctsm-docs/doc/build/html/tech_note/CN_Pools/CLM50_Tech_Note_CN_Pools.html
https://escomp.github.io/ctsm-docs/doc/build/html/tech_note/CN_Allocation/CLM50_Tech_Note_CN_Allocation.html


The FlexCN Model
Variable carbon:nitrogen ratios

Increase in productivity due to change C:N ratio

Hypothesis: Plants will vary their tissue 
Carbon:Nitrogen ratio as N availability varies in 

space and time

Zaehle et al. 2014

‘FlexCN’ allows for tissue-level
variation in C:N ratio relative
to target parameter.

Standalone FlexCN model
tested in CLM4.5* by
Ghimire et al. (2016) JAMES

Increase in productivity due to increased NUE (fertilization)
Increase in productivity due to increased leaf allocation

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015MS000538
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 max 25 max 25 10/ 2.59 0.035( )c fJ V T T= − − . (8.16) 

In these acclimation functions, 10T  is the 10-day mean air temperature (K) and fT  is the 

freezing point of water (K). For lack of data, pT  acclimates similar to maxcV . Acclimation 

is restricted over the temperature range 10 11fT T− ≥ °C and 10 35fT T− ≤ °C. 

8.3 Vcmax25  and canopy scaling 
 The maximum rate of carboxylation at 25 °C varies with foliage nitrogen 

concentration and specific leaf area and is calculated as in Thornton and Zimmermann 

(2007).  At 25ºC, 

 max 25 25c a LNR NR RV N F F a=  (8.17) 

where aN  is the area-based leaf nitrogen concentration (g N m-2 leaf area), LNRF  is the 

fraction of leaf nitrogen in Rubisco (g N in Rubisco g-1 N), 7.16NRF =  is the mass ratio 

of total Rubisco molecular mass to nitrogen in Rubisco (g Rubisco g-1 N in Rubisco), and 

25 60Ra =  is the specific activity of Rubisco (µmol CO2 g-1 Rubisco s-1).  aN  is calculated 

from mass-based leaf N concentration and specific leaf area 
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=  (8.18) 

where LCN  is the leaf carbon-to-nitrogen ratio (g C g-1 N) and 0SLA  is specific leaf area 

at the canopy top (m2 leaf area g-1 C).  Table 8.1 lists values of LNRF , LCN , and 0SLA  for 

each plant functional type. LNRF  was chosen to give max 25cV  consistent with Kattge et al. 

(2009), as discussed by Bonan et al. (2011, 2012). Table 8.1 lists derived values for 

max 25cV  at the top of the canopy using 0SLA . Tropical broadleaf evergreen trees are an 

exception, and a higher max 25cV  is used to alleviate model biases (Bonan et al. 2012). 
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where LCN  is the leaf carbon-to-nitrogen ratio (g C g-1 N) and 0SLA  is specific leaf area 

at the canopy top (m2 leaf area g-1 C).  Table 8.1 lists values of LNRF , LCN , and 0SLA  for 

each plant functional type. LNRF  was chosen to give max 25cV  consistent with Kattge et al. 

(2009), as discussed by Bonan et al. (2011, 2012). Table 8.1 lists derived values for 

max 25cV  at the top of the canopy using 0SLA . Tropical broadleaf evergreen trees are an 

exception, and a higher max 25cV  is used to alleviate model biases (Bonan et al. 2012). 

If N uptake is too low, 
Foliar C:N ratios will increase
Photosynthesis will decreases



http://www.cesm.ucar.edu/experiments/cesm2.0/land/diagnostics/clm_diag_PCKG.html



“Photosynthetic capacity does NOT respond to the 
environment” –CLM4 & 4.5
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Table 8.1.  Plant functional type (PFT) photosynthetic parameters. 

PFT m α LCN  LNRF  0SLA  oψ  cψ  Vcmax25 

NET Temperate 9 – 35 0.0509 0.010 -66000 -255000 62.5 

NET Boreal 9 – 40 0.0466 0.008 -66000 -255000 62.6 

NDT Boreal 9 – 25 0.0546 0.024 -66000 -255000 39.1 

BET Tropical 9 – 30 0.0461 0.012 -66000 -255000 55.0 

BET temperate 9 – 30 0.0515 0.012 -66000 -255000 61.5 

BDT tropical 9 – 25 0.0716 0.030 -35000 -224000 41.0 

BDT temperate 9 – 25 0.1007 0.030 -35000 -224000 57.7 

BDT boreal 9 – 25 0.1007 0.030 -35000 -224000 57.7 

BES temperate 9 – 30 0.0517 0.012 -83000 -428000 61.7 

BDS temperate 9 – 25 0.0943 0.030 -83000 -428000 54.0 

BDS boreal 9 – 25 0.0943 0.030 -83000 -428000 54.0 

C3 arctic grass 9 – 25 0.1365 0.030 -74000 -275000 78.2 

C3 grass 9 – 25 0.1365 0.030 -74000 -275000 78.2 

C4 grass 4 0.05 25 0.0900 0.030 -74000 -275000 51.6 

Crop R 9 – 25 0.1758 0.030 -74000 -275000 100.7 

Crop I 9 – 25 0.1758 0.030 -74000 -275000 100.7 

Corn R 4 0.05 25 0.2930 0.050 -74000 -275000 100.7 

Corn I 4 0.05 25 0.2930 0.050 -74000 -275000 100.7 

Temp Cereal R 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Temp Cereal I 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Winter Cereal R 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Winter Cereal I 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Soybean R 9 – 25 0.4102 0.070 -74000 -275000 100.7 

Soybean I 9 – 25 0.4102 0.070 -74000 -275000 100.7 

α (mol CO2 mol-1 photon); LCN  (g C g-1 N); LNRF  (g N Rubisco g-1 N); 0SLA  (m2 g-1 C); 

oψ  and cψ  (mm); Vcmax25 (μmol m-2 s-1, calculated from equation (8.17) for canopy top). 
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where LCN  is the leaf carbon-to-nitrogen ratio (g C g-1 N) and 0SLA  is specific leaf area 

at the canopy top (m2 leaf area g-1 C).  Table 8.1 lists values of LNRF , LCN , and 0SLA  for 

each plant functional type. LNRF  was chosen to give max 25cV  consistent with Kattge et al. 

(2009), as discussed by Bonan et al. (2011, 2012). Table 8.1 lists derived values for 

max 25cV  at the top of the canopy using 0SLA . Tropical broadleaf evergreen trees are an 

exception, and a higher max 25cV  is used to alleviate model biases (Bonan et al. 2012). 



“Photosynthetic capacity DOES respond to the 
environment” –LUNA

use_luna = .true.
[sp or bgc mode]

LUNA

Code base: src/biogeophys/LunaMod.F90 &
src/biogeophys/PhotosynthesisMod.F90

Technical note: 2.10: Photosynthetic capacity

https://github.com/ESCOMP/ctsm/blob/master/src/biogeophys/LunaMod.F90
https://escomp.github.io/ctsm-docs/doc/build/html/tech_note/Photosynthetic_Capacity/CLM50_Tech_Note_Photosynthetic_Capacity.html


The LUNA* Model
How best to use the Nitrogen you have?

Predicted optimal photosynthetic capacity

Prognostic Vcmx25 & Jmx25

Hypothesis: Leaf Nitrogen is distributed so that light 
capture, carboxylation and respiration are co-limiting

*Leaf Use of Nitrogen for Assimilation



LUNA performance vs. observations

Herbs Shrubs Trees

Ali et al. 2016 GMD

Figure S6 Percentage of variations (r2 and ME) in observed values of Vc,max25 (µmol CO2 m-2 s-1)  

(a:herbaceous, b:shrubs, c:trees)) and Jmax25 (µmol electron  m-2 s-1) (d: herbaceous, e:shrubs, f: 

trees)  explained by the LUNA model for different plant functional types (PFTs) using TRF1.  

The dashed line is the 1:1 line between observed and modeled values.  
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https://www.geosci-model-dev.net/9/587/2016/gmd-9-587-2016.html


A. A. Ali et al.: A global scale mechanistic model of photosynthetic capacity 593

Figure 4. Summer-season photosynthetic capacity for the top leaf layer in the canopy under historical climatic conditions (a: Vc,max25
(µmol CO2 m�2 s�1), b: Jmax25 (µmol electronm�2 s�1)) and the difference in either Vc,max25 (b) or Jmax25 (d) due to changed climatic
conditions in the future. The difference is calculated by subtracting the photosynthetic capacity predicted by the LUNA model under the
historical climate conditions from that under the future climate conditions. The historical climate is represented by the 10-year monthly
averages over years 1995–2004 and the future climate is represented by the 10-year monthly averages over years 2090–2099. The model is
run by using TRF1, which is a temperature response function that considered the thermal acclimation.

Figure 5. Sensitivity of Vc,max25 (µmol CO2 m�2 s�1) to projected future changes in environmental variables including temperature (a),
radiation (b), humidity (c) and CO2 (d) at the global scale for TRF1. The sensitivity analysis is conducted by changing the value of an
individual environmental variable from its 10-year monthly averages in the past (1995–2004) to those in the future (2090–2099) for each
individual grid cell across the globe. Positive values indicate that the increase in a specific environmental variable leads to larger values of
Vc,max25, while negative values indicate that the increase in a specific environmental variable leads to smaller values of Vc,max25.

www.geosci-model-dev.net/9/587/2016/ Geosci. Model Dev., 9, 587–606, 2016

Temperature Radiation

Humidity CO2

Ali et al. 2016 GMD

https://www.geosci-model-dev.net/9/587/2016/gmd-9-587-2016.html
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Lawrence et al. in review JAMES
 

Figure S4.  Annual maximum of monthly-average simulated Vcmax25 for CLM5BGC with GSWP3v1 
forcing for the year 2010.  Vcmax25 is specified in CLM4 and CLM4.5.  Average values are shown in upper 
right of each panel. 
 

* Changes with time, annual max of monthly averages



“plants pay carbon costs for
nitrogen uptake” -FUN

Code base:  biogeochem/CNFUNMod.F90
Technical note:  2.18: FUN

FUN

use_fun = .true.
[bgc only]

https://github.com/ESCOMP/ctsm/blob/master/src/biogeochem/CNFUNMod.F90
https://escomp.github.io/ctsm-docs/doc/build/html/tech_note/FUN/CLM50_Tech_Note_FUN.html


et al., 2006); N dynamics are only in the soil processes – plant
N dynamics outside of stoichiometric constraints are missing.

Leaf, respiring, and nonrespiring woody components of
stems and coarse roots, and fine roots are the structural vege-
tation pools of CLM4.0. CLM4.0 reserves C and N obtained in

one growing season in storage pools and distributes these
reserves as new structural growth in the following year
(Thornton & Zimmermann, 2007). A coarse woody debris
pool, three litter pools, and four SOM pools, representing C

and N storage and fluxes, are arranged as a converging
trophic decomposition cascade (Thornton & Rosenbloom,
2005; Shi et al., 2013).

Coupling FUN2.0 to CLM4.0

FUN2.0 uses ten input variables (Table 1). Most of the vari-

ables including available soil N (Nsoil), fine root biomass
(Croot), leaf N before senescence (Nleaf), NPP (CNPP), soil water
depth (Sd), soil temperature (Tsoil), and transpiration (ET) are

directly calculated by the C–N processes of CLM4.0. This sec-
tion explains how we derived or directly used variables from
CLM4.0 to generate the necessary inputs for FUN2.0 as well as
the key modifications needed to enable the coupling between

FUN and CLM.
In CLM4.0, plant N uptake has two pathways, which are

modeled as soil N uptake and retranslocation (Oleson et al.,
2010). Soil N uptake requires no C expenditure and depends
on the concentration of mineral N in the soil, and the rela-
tive demand of microbes and plants for the available N.

Retranslocation is set at a fixed rate of 50% varying in abso-
lute amount based on the product of leaf litter C and fixed
C : N ratios of leaves and leaf litter (Appendix S1). When
soil mineral N cannot meet ecosystem N demand, which is

equal to the sum of plant and microbial N demand for N,
the amount of soil N available to plants is reduced based

upon the actual N immobilized by soil microbes. Otherwise,
all of the available soil N is taken up at no cost to meet

plant N demand. The available soil N that takes into account
microbial immobilization represents the plant available N to
FUN2.0 (i.e., Nsoil). To calculate the whole plant C : N ratio

input (i.e., RC : N), we divided the total C in leaves, fine
roots, live coarse roots, and live stems by the total N in the
same components of the plant.

To generate the trade-offs between ECM, AM, and nonmyc-

orrhizal root uptake, FUN2.0 needs an estimate of the percent-
age of aboveground biomass that associates with each
mycorrhizal type for each pixel (Brzostek et al., 2014). For each
PFT, we classified them based upon known associations
between the plant species and either AM- and ECM-fungi.
This results in some PFTs being largely AM-dominated (e.g.,

grasslands, crops) and some being largely ECM-dominated
(e.g., boreal forest) (Read, 1991; Allen et al., 1995; Phillips et al.,
2013). We acknowledge that these PFT fractions are coarse
and do not capture the spatial heterogeneity in mycorrhizal

association that is present across the landscape, particularly in
mixed-mycorrhizal PFTs, such as tropical (Waring et al., 2015)
and temperate forests (Phillips et al., 2013). In addition, we are

transparent in our reporting of the results to highlight how
this coarse classification impacts our results. Based on the dis-
cussion above, the fractions of the AM- and ECM-associated

plants were derived and then applied to each of the CLM4.0
PFT category (Table 2) by multiplying the land cover fraction
of each PFT. At the same time, available C, leaf N, and root C
are separated between the AM and the ECM portion of each

PFT based upon these percentages. This new coupled model
structure allows the parallelized calculations of N uptake
pathways across the AM and ECM fractions of a given PFT in

each pixel. With certain amounts of soil N and root C, the C
cost and N acquisition amount are different for AM- and
ECM-associated PFTs (Soudzilovskaia et al., 2015). Therefore,

Fig. 1 The schematic diagram of FUN2.0.

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 1299–1314
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The FUN* Model
A marketplace for Nitrogen Uptake
*Fixation and Uptake of Nitrogen

Hypothesis: 
Plants will take up N from the 

cheapest sources

Standalone FUN model tested in CLM4.0 by
Shi et al. (2016) Global Change Biology

https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.13131


Solution to FUN model
Cgrowth = Cnpp - Cnuptake

Ngrowth = Nuptake

Nuptake = Cnuptake / CNuptake_cost

Ngrowth = Cgrowth / CNtarget

Solve for maximum growth

GPP - Mresp

CNtarget/CNuptake_cost +1
Cnuptake =
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CLM5 has new diagnostic variables
NFIX & FFIX_TO_SMINN



Retranslocation



Cost of 
retrans-
location
gC/gN

C:N ratio of remaining leaf tissue 
(decreasing N content)

Cost of below 
ground extraction  
(fixation or active)

‘Free’ 
retranslocation 

threshold ‘Paid-for’ 
retranslocation 

limit

Iteration for each litter fall timestep 

Remaining N 
goes to litter

Schematic of Retranslocation Algorithm

Note, the current CLM5 code base has a bug related to woodCN ratios and 
retranslocation, stay tuned to github for more. 



FUN flex-CN reconciliation 



FUN-FlexCN coupling
• The FUN model targets a fixed C/N ratio

• This intrinsically does not allow flexible CN ratio. 

• We thus need to change Cnuptake to allow for this

Cgrowth = Cnpp - Cnuptake

Ngrowth = Nuptake

Nuptake = Cnuptake / CNuptake_cost

Ngrowth = Cgrowth / CNtarget

Solve for maximum growth

GPP - Mresp

CNtarget/CNuptake_cost +1
Cnuptake =



C allocation to uptake responds to  
CNuptake-cost and CNactual

Cnuptake = Cadj x (GPP-MR)  

(CNtarget / CNuptake-cost) + 1.0

Cadj = 1.0 - (CNuptake-cost-Pa) / Pb

Cadj = Cadj + (1.0 - Cadj) x (CNactual- CNtarget)/ Pc

FUN equationAdjustment factor

Reduce C allocation 
with cost

Increase C allocation 
with high C:N

Note, the current CLM5 code base has a bug related to this 
FlexCN-FUN coupling, stay tuned to github for more 



Offline FlexCN-FUN feedback behavior

Years of simulation Years of simulation

Pa = 5 : Pb= 200 : Pc= 80

Ncost=100 C/N

Ncost=10 C/N

Ncost=100 C/N

Ncost=10 C/N

Ncost=100 C/N

Ncost=10 C/N

Ncost=100 C/N

Ncost=10 C/N
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Medlyn et al. 2015 Nature Clim. Change
Wieder et al. 2019, GBC, In review
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NCAR-CLM4(CN)

Impact of nitrogen on 
simulated carbon 

fertilization





N limitation in CLM5
Nitrogen is not abundant, for some 
reason:

slow decomposition?
high leaching or denitrification?
low productivity & fixation rates?
lower deposition?

N uptake becomes more expensive

A higher fraction of NPP is spent on 
uptake. Tissue C:N ratios increase

N available for photosynthesis 
declinesNPP for growth decreases



LeafC:N ratio

What really matters is the: 
1. Change over time
2. Difference from ‘target’ C:N
3. Response to disturbance



LeafC:N ratio

Change with N-Fert Change w/ FACE



Fraction of NPP spent on N uptake 100*NPP_NUPTAKE / NPP 

What really matters is the: 
1. Change over time
2. Response to disturbance



Fraction of NPP spent on N uptake Control

N-Fert FACE



New parameters of N model
• Nitrogen cost factors

• Fixation

• Active uptake

• Retranslocation

• Target leafCN ratio

• Flexible leafCN parameters

• LUNA parameters (only one is tunable) 



Conclusions
• The new CLM5 nitrogen cycle model is substantially different to 

the CLM4.5 and CLM4.0. 

• We are making progress on understanding the behavior and 
interactions in the new model

• Much remains to be tested and understood 

• The model allows comparisons with many new data streams (N 
fixation, CN ratio, Vcmax variation)

• …and also fixes numerous theoretical problems with the 
existing CLM N cycle model 
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