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Water-use efficiency: A Carbon & Water Balance
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A: photoassimilationrate; E: transpiration; ὧÁ: atmospheric CO2 concentration; ὧÉ: intercellular CO2 concentration; D: vapourpressure deficit 

Leaf level
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GPP: gross primary production;  ET: evapotranspiration

Ecosystem level



Water-use efficiency: A Carbon & Water Balance

Lavergne et al. (2019) GCB

Ą Discrepancies in magnitude of 
changes in WUE between 
different types of observations

Ą Underprediction by vegetation 
models

EC: eddy-covariance flux data
TR: carbon isotopes in tree rings

What are the 
relative 
contributions 
from 
environmental 
drivers?



Fractional changes

Values (mean sd) from 31 TR and 28 EC observational series over 1900-2010:
a = 1.51 0.57 b = -0.72 0.16

ĄContributions from CO2 (a) and D (b) to WUE
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Dekker et al. (2016) ESD 

Driving factors: Refining Relative Contributions

Are the  
dependencies 
of WUE on 
CO2 and D the 
same at leaf 
and ecosystem 
levels ?



Driving factors: Indices for Evaluating Models?

Ą Testing the performance of different types of vegetation models to predict 
the environmental dependencies of WUE at the leaf and ecosystem levels

How?

Ą Estimation of contributions from CO2 and D on WUE from: 

1. independent networks of TR(leaf-level) and EC(ecosystem-level) 
observations over their common period of records (1991-2014)

2. vegetation model outputs

ĄModel-data comparisons



Predicting Vegetation: different Types of Models

Å fixed land cover map
Åprescribed leaf area index (LAI) Ą seasonal variations 

derived from phenology model but no year-to-year 
variations

Ådistinction among plant functional types (PFTs) : fixed 
parameters defining behaviour of the vegetation

Åability of plants (within any one PFT) to acclimate or 
adapt to environmental changes

Åstomatal limitation of photosynthesis only driven by 
environmental variables
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Best et al. (2011) 
Geosci. Model Dev.
Clark et al. (2011) 
Geosci. Model Dev.

Prentice et al. (2014)
Wang et al. (2017)
Stocker et al. (in revision) 
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JULES: a Global Vegetation model

‍: soil moisture stress factor (unitless)
R: universal gas constant (J K-1 mol-1)
Tleaf: leaf surface temperature (̄K)
ῲ*: CO2 photorespiration compensation point (Pa)
A: potential leaf net assimilation rate (µmol mol-1)

D: leaf-to-air vapourpressure deficit (Pa)
Dcrit: critical leaf-to-air vapourpressure deficit (Pa)
g1: sensitivity of gs to assimilation rate

Oliver et al. (2018) Biogeosci.
Best et al. (2011) Geosci. Model Dev.
Clark et al. (2011) Geosci. Model Dev.

Two different model configurations for 
stomatal limitation of photosynthesis 

Jacobs (1994): JAC Medlyn et al. (2011): MED
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+ Farquhar-Collatzphotosynthesis model
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P Model: a Simple Optimality model

D: leaf-to-air vapourpressure deficit (Pa)
b: ratio of dimensionless cost factors for 
carboxylation and transpiration
–*: viscosity of water relative to its value 
at 25̄ C
K: effective Michaelis-Menten coefficient 
for Rubisco-limited photosynthesis (Pa)

Least-cost hypothesis (LC):
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• is the intrinsic quantum yield (g C / mol)
Ὅ is the absorbed photosynthetic photon flux density 
(PPFD*fAPAR, mol /m2/s)
fAPAR: fraction of absorbed photosynthetically active 
radiation (unitless)
ɜᶻ is the photorespiratory compensation point (Pa)
ὧᶻ ΦȢΪΧis estimated from observed ὐ ȡὠὧ ratios 
proportional to the unit carbon cost for the maintenance of 
electron transport capacity 

Coordination hypothesis:

Prentice et al. (2014)
Wang et al. (2017)
Stocker et al. (in revision) 

But no explicit 
prediction of 
transpiration yet!
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Model-Data approach: Input Data & Parameters

Model Parameter Broadleaf Needleleaf References

Jacobs (JAC) Dcrit (kg kg-1) 0.09 0.06 Oliver et al. (2018)

Medlyn(MED) g1 (kPa0.5) 3.22 2.22 Oliver et al. (2018)

Prentice (LC) b (unitless) 146 Smith et al. (2019)

Å WATCH-WFDEI data (Weedon et al. 2014) as input + atmospheric CO2 from Scripps

1. leaf level: at > 100 TR sites with carbon isotope data (13‏CTR) compilation from 
Lavergne et al. (in revision) 

2. ecosystem level: at 34 EC flux sites with > 6 years of records representing forest 
ecosystems (FLUXNET dataset) 

ĄModel-data comparisons over common 1991-2014 period: ca increase by 43 ppm 
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Observed Data: leaf ci, GPP, ET, WUE & eWUE
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ɿ ὅὕ: stable carbon isotopic composition of 
ÁÔÍÏÓÐÈÅÒÉÃ #/Ψ ɉϼɊ
ῲ*: CO2 photorespiration compensation point (Pa)
a: ÆÒÁÃÔÉÏÎÁÔÉÏÎ ÄÕÅ ÔÏ #/Ψ ÄÉÆÆÕÓÉÏÎ ÉÎ ÁÉÒ  Ђ ΪȢΪ ϼ  
b: fractionation due to effective Rubisco 
ÃÁÒÂÏØÙÌÁÔÉÏÎ Ђ ΩΦϼ
f : fractionation due to photorespiration = 8ϼ 
d: post-ÐÈÏÔÏÓÙÎÔÈÅÔÉÃ ÆÒÁÃÔÉÏÎÁÔÉÏÎÓ Ђ ΨȢΧϼ
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‗v: latent heat of vaporization (kJ kg-1)
,%: latent heat flux (W m-2)
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ÅFiltering and processing 
with R package bigleaf 
(Knauer et al. 2018 PlosOne)

ÅAggregation over summer 
months (June-August)

Leaf level Ecosystem level


