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Significance of leaf gas exchange
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Uncertainty in land surface system
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Increasing CO, concentration
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Increasing temperature
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Soil moisture change
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Role of land in the future

C02 Sink?
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Leaf gas exchange through stomata

PLANT PHYSIOLOGY
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The easiest way—statistical regression approach
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A better way—physiological trait-based approach
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A better way—challenges

» How to model stomatal behavior from traits?
» How to model the shift of traits?



What we know
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Quantify transpiration and photosynthesis
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Translation to water penalty
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Optimal stomatal opening
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Stomatal optimization

max (A (Eleaf) — 0O (Eleaf) )

The optimal solution is:

dA dO
dE  dE

Wolf et al. (2016)

Modeling leaf gas exchange



1. Quantify A(Ejeaf)

2. Quantify O(Ejeas)

3. Test different optimization models
4. Way forward—long-term prediction



Symbols

A Photosynthesis;
© Penalty;
E, Ejear Transpiration;
dA/dE Marginal carbon gain;
d®/dE Marginal water penalty.



PART I
QUANTIFY CARBON GAIN



Quantify carbon gain—photosynthesis (A)
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Classic photosynthesis model

Introduction
Leaf gas exchange
Global climate change

Modeling leaf gas exchange

Quantify A
Mesophyl limitation
Model solution

Improvements

Quantify @
Potential penalties
Penalty criteria
Model review

The Cowan & Farquhar
model

The Sperry model

A new model

Model Tests
Testing datasets

Model performance

Trait shifts
Leaf investment
Optimal leaf investment

Sensitivity

Conclusions




The “missing” components
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Mysophyll limitation
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Mesophyll limitation as an “error”
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Improved photosynthesis model
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Improvement of modeled A
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v' Quantify A(Ejeaf)

2. Quantify @(Eyeey) 7 :
3. Test different optimization models

4. Way forward—long-term prediction



PART II
QUANTIFY WATER PENALTY



Quantify water penalty (©)
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Causes of water penalty (O)
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Models based on different ®
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Model reviewed
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Mathematical tips
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Criteria for a unique solution

3. lower than dA/dE .
when E=0

0.16 1

N |dO L
‘qq 606\ dE Improvements

0.12 1

dA d® 0.081 q/\.\%’@@’& e
dE dE

0.04 1

\l. is postive gA

| _|dE B
“ Eeat O

0.00

Modeling leaf gas exchange



Criteria for responses to the environment
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4. decreases with higher VPD (drier air)
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4. decreases with higher VPD (drier air)
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4. decreases with higher VPD (drier air)
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4. decreases with higher VPD (drier air)
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4. decreases with higher VPD (drier air
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5. increases with higher CO,
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6. increases with drier soil
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7. increases with lower hydraulic conductance
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Criteria for d®/dE

Criteria for a unique solution

1. d®/dE >0
2. d®/dE | when Ejeat 1
3. d®/dE < dA/dE when Ejeqs = 0

Criteria for stomatal responses

4. d®©/dE |} when air gets drier

5. d®/dE f} when [CO,] 1

6. d®/dE 1 when soil gets drier

7. d®/dE 1 when hydraulic conductance |
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Example 1: The Cowan-Farquhar model
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Response to drought (history)

0.18

0.16 1

0.14

0.12 A

0.10 1

0.08

0.06

0.04

A
. dE

do

dE

0.02 A

0.00

Leaf gas exchange

Global climate ch

Modeling leaf gas exchange

Mesophyll limitation

Model solution

Improvements

Potential penalties
Penalty criteria
Model review

The Cowan & Farquhar
model

The Sperry model

A new model

Testing datasets

Model performance

Leaf investment
Optimal leaf investment

Sensitivity



Response

Water Penalty (© Marginal Penalty Criteria Criteria  Fitting

or @) (d®/dE or d®'/dE) - Iv-vil parameters
DCPK

Model  Reference

Mesophyll limitation
Model solution
Improvements

Quantify ©
Potential penalties
Penalty criteria
Model review

The Cowan & Farquhar
‘model

The Sperry model
‘A new model

Model Tests
Testing datasets
Model performance

Trait shifts

Leaf investment

Optimal leaf investment
Sensitivity

Conclusions




Example 2: The Sperry model

Optimization criterion
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Example 3: A new model
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v' Quantify A(Ejeaf)

v Quantify ©(Ejeyf)

3. Test different optimization models
4. Way forward—long-term prediction



PART I11
TESTING THE MODELS
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Aspen dataset
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Anderegg dataset
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Birch dataset

data from Wang et al. (2019)
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Aspen dataset

data from Venturas et al. (2018)
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Anderegg dataset
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data from Anderegg et al. (2018)
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(d©/dE or d@'/dE) - IV-vil
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Take-home message

MATH is important.
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Take-home messages

» Penalty is well represented by plant
hydraulics

» Penalty is likely weighted by photosynthesis
» Trait-based models are very promising
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v' Quantify A(Ejeaf)

v Quantify ©(Ejeyf)

v' Test different optimization models
4. Way forward—long-term prediction
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How about trait change?

Response
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PART IV
MODELING TRAIT SHIFTS

Trait shifts



Disadvantages of trait-based model

» The model needs a lot of trait inputs;

» The traits are not constant spatially or
temporally.

Trait shifts



Environmental and physiological variables

Vapor pressure deficit (VPD)——————@
Atmospheric COp (Cyp)
Air temperature
Solar radiation
Wind speed

Leaf photosynthetic capacity
Leaf area
Leaf drought resistance
Leaf hydraulic conductance
Leaf nutrient supply cost
Leaf construction cost
Mesophyll limitation

@ Stem drought resistance
Stem hydraulic conductance

@ Tree density
@—————Root drought resistance

Root hydraulic conductance
Rhizosphere conductance
Root depth

Soil moisture ——@
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Optimal leaf area




Optimal leat photosynthesis




Optimal leaf investment

Optimization criterion

max / Aday — / Ruight — LCBM — NS

Agay Net photosynthetic rate in the day
Rpight Respiratory rate in the night
LCBM Leaf construction costs in carbon biomass

Optimal leaf investment

NS Leaf construction costs in nutrient supply

Wang et al., (in prep)



Leaf area per basal area
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Optimal leaf investment vs. climate
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Other traits?

Vapor pressure deficit (VPD)——————@
Atmospheric COp (Cyp)
Air temperature
Solar radiation
Wind speed

Leaf photosynthetic capacity
Leaf area
Leaf drought resistance
Leaf hydraulic conductance
Leaf nutrient supply cost
Leaf construction cost
Mesophyll limitation

@ Stem drought resistance

Stem hydraulic conductance

@ Tree density
@——————Root drought resistance

Root hydraulic conductance
Rhizosphere conductance
Root depth

Soil moisture ——@

Introduction
Leaf gas exchange
Global climate change

Modeling leaf gas exchange

Quantify A
Mesophyll limitation
Model solution

Improvements

Quantify @
Potential penalties
Penalty criteria
Model review

The Cowan & Farquhar
model

The Sperry model

A new model

Model Tests
Testing datasets

Model performance

Trait shifts
Leaf investment
Optimal leaf investment

Sensitivity

Conclusions



Optimal leaf investment vs. carbon cost (LCBM)
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Optimal leaf investment vs. nutrient cost (NS)
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Optimal leaf investment vs. stand density
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Optimal leaf investment vs. root depth
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Optimal leaf investment vs. VPD and CO;

Leaf gas exchange
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Major drivers for leaf investment

Plant traits
» Leaf construction costs (carbon and nutrients)

» Root depth

Environmental conditions
» Stand density
» VPD
» Atmospheric CO,



Plant trees!

Leaf gas exchange
Global climate change

Modeling leaf gas exchange

Mesophyll limitation
Model solution

Improvements

Potential penalties
Penalty criteria
Model review

The Cowan & Farquhar
model

The Sperry model

A new model

Testing datasets

Model performance

Leaf investment
Optimal leaf investment

Sensitivity




Plant trees!

e 111_optima,sensitiiy luser weatherjl X
scipts > leafinvestment > % yuje_111_optim_senstity_cluser
2 111_optima_sensitvity.cluster weathergl srps\
YUNEGAINRISKIMODEL
> anatom
e GenerateOptinaUsA(ueather, years, day_s, day_e, filenave, d_lati, d_long, d_alti)
> earth @everywhere max_vmax = 100.0
> lesf rubisco @everywhere opt_node - Yujle111Init()
> math
e @everywhere opt_node.d_lati - $d_lati
> photosynthesis @everywhere opt_node.d_long ~ $d_long
@everywhere opt_node.d_alti - $d_i
@everywhere Vujie111UpdatesoilFronsHC(opt_node, 1.8)
@everywhere Vujiel11updateLeaf(opt_node, 1008.0, 70.0)

> physis
> prnt

> smved
—
e @everywhere weat_years - Csv.read(sueather)]
< fes investment

) @everyvhere Getoptinarorvear(yeardays)

yufie_111.map Jeaf.investmentji Y A a)
yufie_111map_optima_cicajl

yuie_111.map.optim shifl
yujle_111.map_sun_shadejl
yujle_111_optima_sensiiviy_cluster weather gsjl
yulle_111_optima_sensitiviy_cluster wetherjl
yujie_111_optima_sensiivity_cluster
yujle_111_optima sensitiviyJl
yujie_111_optimal leaf investmentj|

printIn(“Start year *, ye
weat_mask - (weat_years. Year .- yea
weat_year - weat_years[ueat_mask, :]
nask_days = (weat_year.Day >= dayst) .* (weat_year.Day .<= dayen)
yufie_111_plot annual simul weat_days - weat_year[nask_days, :]
 safty_efficency.tradeoff weat_days.co2
e opt_laba,opt_vmax,0pt_prof - Yujiel11GetOptinal Investnent(tnp_node, weat_days, ini_laba, ini_vmax, max vmax)
e Vujiet11UpdateLeaf (opt_node, opt_laba, opt_vmax)
> water price A 7 =
> opt_cica - Yujiel11GetAnnualCiCa(opt_node, weat_days)
. check weather variaion println(Finished year *, year, *I\mn")
* yufe_111.optim forest densiyjl eturn [opt_laba opt_vaax opt_prof opt_cica[1]]
> e 111
gitignore
includel
& load_processors

rdays
1 in 1:1ength(years)
append (yeardays, [lyears[i] day_s[i] day_e[11])

result - pnap(GetOptimaForvear, yeardays)

Sensitivity
writedIn(filenane, result)

return result




Sensitivity to climate
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Sensitivity to climate

Mean growing seasn precipitation (mm) Mean growing seasn temperature (°C) Leaf gas exchange

Global clim

e 5 N ) 30 Modeling leaf g

Mesophyll limitation
Model solution

Improvements

Potential penalties

Penalty criteria

Model review

The Cowan & Farquhar
model

The Sperry model

A new model

Testing datasets

Model performance

Leaf investment

Optimal leaf investment

Sensitivity




v' Quantify A(Ejeaf)

v Quantify ©(Ejeyf)

v" Test different optimization models
v" Way forward—long-term prediction



CONCLUSIONS



Conclusions

» Incorporating gas-phase mesophyll conductance improves
photosynthesis modeling

» Water penalty is linked to plant hydraulic integrity
» Water penalty is weighted by photosynthesis opportunity

» Leaf investment is very sensitive to leaf construction costs and
root depth

» Future research on how traits coordinate and acclimate to the
environment is required

Conclusions
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