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The tree, a bio-reactive machine

Terradas et al., 1989

Leaves (photosynthesis)

Soil (nutrients)

Water flow Gravity
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Water pump within the tree

Fick’s law (diffusion)
Darcy’s law (conductance)
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Important for us:

𝒍 𝒓

Water pull directly proportional
to water potential gradient
between leaves and roots

McDowell and Allen, 2015



Herschbach et al., 2012



Photosynthesis, basic concepts



Guard
cellSpongy mesophyll

Taz & Zeiger 2010

Arbutus unedo

Leaf structure



Leaf epidermis Chloroplast

Stoma

Reduction of the CO2
In the stroma of the

chloroplast (dark phase)

Phosphorylation at the
thylakoid membrane 

(light phase)  



NADPH & ATP generated during the light phase of the photosynthesis. Then, they
are used to produce the photo assimilates during the dark phase of the
photosynthesis

(Mg)



Trivia (1’)

Which of the following statements 
is not true?

Water flows 
through the 

plant 
following a 

negative 
pressure 
gradient

C assimilation 
occurs inside 

cell’s 
chloroplasts 

and only 
requires light

Plant water 
use depends 
on leaf area, 

climate 
conditions, 

and root 
uptake

Plants 
regulate leaf 
permeability 

to water 
and carbon 
via stoma 
aperture



Measuring photosynthesis in trees (and forests)

Whole-tree chambers (IMK-IFU, GAP)

Eddy-covariance tower (Hyytiälä, Finland) Li-Cor leaf chamber (LI-6400XT)

© IMK-IFU



Farquhar model (carboxylation VS RuBP regeneration)

*(Sharkey et al. 1985)

Rubisco-limited photosynthesis (associated 
with low CO2)

1)

RuBP-regeneration-limited photosynthesis (at 
higher CO2  Concentrations)

2)

Triose-phosphate use limitations (T-related)

3)

Farquhar,  von Caemmerer, Berry (1980)
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Photosynthesis dependent on Ci and PAR

Hidalgo, Nadal-Sala & Sabaté (in rev.)



Leaf temperature (ºC)
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Temperature optima for the photosynthesis
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Double Arrhenius response
Exponential increase

Peaked response
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Differences among C3, C4 and CAM plants

CAM states for: Crassulacean 
Acid Metabolism



6CO2 + 6H2O C6H12O6 + 6O2

Mitocondrial respiration

Chloroplast photosynthesis

Balance of the reaction

Or in mass / energy terms:

44g CO2(12g C)+ 18g H2O+ 123 kcal (515 kJ) 30g CH2O+ 32g O2

energy  sugar

+ =



Light use efficiency by the plants

1 g MO  0.47 g C  20  kJ  5  kcal

1 g C   42  kJ  10.3 kcal

Pinus taeda

DeLucia and Hamilton, 2002

Still, subtract respiration costs!



Respiration and turnover rates

Eucalyptus tereticornis, EucFACE, Sydney, Australia (Jiang et al., 2020)

Biomass increase (~10%)

Respiration (~70%)

Biomass turnover (~20%)



Trading water for carbon



H2O CO2gcut

Expensive trading of water for carbon

Water conductance in
mmol m-2 s-1

Carbon conductance in
mol m-2 s-1

A factor of ~ 103!

Atmosphere

Leaf



(a) Lauteri, Brugnoli y Spaccino, 1993   (b) Gracia y Barrantes, 1995   (c)  Gracia, 
2000 (d) Nadal-Sala et al (2024)

...express  how  
much carbon is 

fixed in 
photosynthesis 

per unit of water 
lost.

Plants transpire 
about 1000 g of 

water to fix 
between 2 and 3 

g of C,  so the 
amount of water 

transpired  is 
300 -500 times 
the weight of 

carbon.

Water use efficiency

S unflower crop  
(Irrigated) 2.00(a)

S unflower crop  
(Water deficit) 2.20(a)

Pinus  halepens is  
(Andorra, Teruel) 5.05(b)

Quercus  ilex 
(Prades , Tarragona) 4.98 (c)

Pinus  halepens is  
(Yatir, Israel) 5.45(d)

mmolCO2 / molH20

Water availability



Intrinsic Water use Efficiency (iWUE)

Sabaté et al., 2011

Intrinsic Water Use Efficiency (mmolCO2 molH2O-1)



iWUE increases with atmospheric [CO2]

Keenan et al., 2013 (Nature)
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Barton et al., 2011 (GCB)

Atmospheric [CO2] increases result in
stomatal closure and photosynthetic
boost, which enhances iWUE.
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iWUE at elevated CO2 = 1.6 times iWUE at ambient CO2

CO2 = 400
CO2 = 640 (+60%)

Eucalyptus saligna (Sydney)



Abiotic stress (WATER!) limits vegetation C sink

C
O

2
up

ta
ke

Soil moisture deficit (GRACE observations)

- Aridity        +

Humphrey et al., 2018 (Nature)

© BBC. Forest fires in Australia (2020)

© Henrick Hartmann, P. sylvestris in Germany (2018)



Choat et al (2018) Nature

Trees reduce gs under drought

Minimize water loss
Reduce carbon uptake

Limits growth

Sustained drought

Depletion of soil water
Depletion of tree water storage

Loss of hydraulic function
Leaf shedding

Tree death

Drought stress

Tree responses to water deficit



Drought stress-induced leaf shedding

Nadal-Sala et al., (2021)

P. sylvestris pre drought P. sylvestris after drought
Trees can shed leaves to 

preserve xylem integrity under 
drought stress



Dying by drying

Gattmann et al., (2020) Plant, Cell & Environment

Hydraulic failure

C starvation
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Trivia (1’)

Which of the following statements 
is true?

Intrinsic 
water use 

efficiency is 
reduced as 

[CO2] 
increases

Drought 
stress 

enhances 
assimilation at 

global scale 

Intrinsic water 
use efficiency 

is the 
Assimilation / 

stomatal 
conductance 
at leaf level

Leaf area 
dynamics do 

not affect 
plant 

desiccation 
rates 



Upscaling fluxes to the canopy



Leaf Area Index (LAI)

LAI stands for Leaf Area Index, and its units are in m2leaf m-2ground

1 m2 ground

1 m2 leaf; LAI = 1

1 m2 leaf; LAI = 2

1 m2 leaf; LAI = 3

1 squirrel; LAI = 3

But what limits the LAI for the different biomes?



Niu et al., 2021 (Ecological indicators)
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Allometric relationship for white pine
(Pinus strobus), US

Levia Jr., 2008, (FORECOMAN)

Measuring the LAI

DestructiveNon-destructive
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Light extinction: the Lambert-Beer law

Meyers, 2001

(I0)

(Iz2)

(Iz1)

In forests, light extinction depends on the 
LAI surface rather than canopy depth



Global LAI distribution

LAI 1x1 km. Copernicus Global Land Service, 2017

Regional differences in LAI due to environmental conditions



LAI and water availability

Energy limitation on LAI

LAI dependent on the most limiting factor either (energy or water)

Fagus sylvatica in Europe

Meyer & Leuschner, 2008Zhu et al., 2013 (Remote sensing)

Water limitation of LAI



LAI values across the different biomes

Humid Semiarid
DE E E D E E E

Boreal

Temperate

Luyssaert, 2008 E: evergreen; D: deciduous
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Leaf senescence

Mediavila et al, 2008Chen et al, 2021



Leaf nutrient resorption

Chen et al, 2021 (Functional Ecology)
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Resorption

Concentration

Trees resorb nutrients, but also 
eliminate pollutants with leaf 

senescence

Data from ~ 50 stands across the globe:

Macronutrients (N, P, S)    resorption
Trace elements (Mo, Na, Zn)  resorption
Toxic elements (Fe, Al) concentration



LAI drought-induced seasonality

Nadal-Sala et al., (2024)

Summer drought



Upscaling fluxes to the canopy

From [flux] * [leaf surface]-1 * [time step]-1 to [flux] * [ground surface]-1 * [time step]-1

We use the LAI (m2leaf m-2ground)

We can also use Sapwood Area 
(m2sapwood m-2ground)

Eddy-covariance tower

Davos, Switzerland Dendrometer
Sap flow sensor

Arbúcies, Catalunya

Satellite observations (Czech Republic)

Ghisi et al., 2023 (FORECOMAN)



Drainage basin-level water use estimates

From Piñol et al 1991, 1995   

800

AVIC (Spain)
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WUE: 301 g water/gC

Transpiration  80% of 
precipitation

WUE: 301 g water/gC

Transpiration  80% of 
precipitation
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Estimation on the water requirements
in PRADES (Tarragona)
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Maintenance 
respiration

Photosynthesis

Formation of 
new tissues

Metabolic cost of
building up tissues

New BIOMASS

© Gracia & Sabaté



Trivia (1’)

Which of the following statements 
is not true?

As atmospheric 
[CO2] 

increases, 
stomatal 

conductance 
decreases

Maintenance 
respiration 
amounts 

about half of 
the C 

assimilated

1 gC provides 
about 100 

kcal of 
energy, and 

1gMO 
contains 

about 0.5 gC

Leaf area 
index is 
larger in 
wetter 

ecosystems
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