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Outline
 Stable isotope: why we should use them?

13C  18O 

Applications: global changes and disturbances

Effects of CO2 enrichment on forest

Mediterranean species and Drought effect

Fire

Prospectives
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Historical perspective

(Webb et al., 1985)

Ecosystem Functions

Human activities

Global ChangeBiodiversity

Time
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The science that deals with the
dating and the study of annual
growth layers in wood.

Fritts, 1976

 Quantitative variations (ring-width, density)

 Visible signs (scars, callous tissue,resin ducts)

 Changes in chemical composition of wood

Dendrochronology
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“A methodological approach based on the measurement of wood cell anatomical 
characteristics, analyzed through time and used to characterize the relationships between 
tree growth and various environmental factors”
2nd Workshop on QWA, Birmensdorf, Switzerland, May 2007

Vessel size

Environmental influence

Stable features

Variable features

Quantative wood anatomy
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I’m a dendrochronologist, so...

Why should I CARE 
ABOUT (stable) isotopes?

- they are (quite) expensive

- they imply destructive sampling

- I can’t see them …

Hi, I'm an 
isotope. 
Nobody likes 
me, but trust 
me anyway !!!
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Stable Isotopes a ValuableTool in Ecological and
Physiological Research

The isotope abundance is specifically changed in
environmental and physiological processes leaving its
specific „fingerprint“

 The signal given by the above mentioned processes are
well preserved in organic matter, sediments and fossiled
materials

 Isotope ratios represent an integrative information over
time and space

 Isotopes are ideal tracers
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Carbon isotopes in the biosphere

Ferrio et al., 2005
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13C (‰) 13C (‰) 

• 13C (‰) in plants is lower than in fixed CO2

→Carbon isotope discrimination (13C)
• Discrimination is variable →Phot. pathway and physiology

What is the range of d values for plant tissues:
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Basis for 13C variations in plants

There are……

 Irreversible steps in the metabolic process, where not all of 
the substrate is consumed
Metabolic branch points
Opportunities where diffusion is a fundamental step in the 
pocess
Secondary fractionation events associated with common
pools
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Carbon isotope discrimination (C3)

13C is heavier and less 
reactive:

- diffuses more slowly through 
stomata →Physical fractionation

- RuBisCo fixes preferentially 12C 
during photosynthesis
→Chemical fractionation
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Carbon isotope discrimination

Why do plants contain less 13C in their leaves than the CO2 in the air?

1. 13CO2 diffuses into leaves more slowly than 12CO2

2. Rubisco preferentially binds 12CO2

13C plant= 13C atm- (diffusion effect + enzyme effect)

DISCRIMINATION
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Different Types of  Photosynthesis

C3 pathway: First step in 
photosynthesis converts CO2 into 3 
carbon sugar

C4 pathway: First step in 
photosynthesis converts CO2 into four 

carbon sugar. Spatial separation of 
light and dark reactions

CAM pathway: First step in 
photosynthesis converts CO2 into 4 
carbon sugar
temporal separation of light and dark 
reactionswww.uic.edu
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Variation in 13C are associated with photosynthetic
pathway

C3

> 95% of all plant species
70-75% of all productivity (today)

> 5% of all plant species
25-30% of all productivity (today)
)

C4
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Why the wide range of 13C values in C3 plants?
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13C composition, ‰

C3 plants C4 plants

From Cerling et al., ‘97

less
stomatal 
limitation

more
stomatal 
limitation

The13C of C3 plants reflects how much stomatal
conductance limits photosynthesis.
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13C reflects the amount in which the heavier isotope 13C is discriminated respect the lighter 12C during the 
physical and chemical processes involved in the synthesis of plant organic matter (Farquhar et al. 1989).

High stomatal conductance

Decrease in 13C

High discrimination

Low discrimination

Low stomatal conductance

Increase in 13C

Relation between C isotope composition and
stomatal conductance
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δ13C as environmental proxy

ci

c
a

13Cplant = 13Catm - a   - (b - a) • ci/ca    (Farquhar et al., 1989)

-8‰ 4,4‰ 27‰ 0,4/0,9

13C Discrimination 

ci/ca

Stomatal
conductance

Photosynthetic 
activity

 13Cplant= plant 13CO2 
δ13Catm= atmospheric 13CO2 
a = fractionation in the gaseous phase
b = fractionation by RuBisCO
ci = CO2 concentration in the leaf intercellular

spaces
ca = CO2 concentration of the ambient air

-27‰
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Environmental conditions reflected in 13C

The determination of 13C in plant tissue is widely used to integrate the influence of a range of
environmental factors on plant performance (Leavitt & Long, 1991).

↑13C↓13C
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Temporal integration
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Carbon Fractionation within Individual Plants



25Training current RIS staff and user communities: "Use of Stable Isotopes in Environmental Investigations", Montelibretti (Roma), 11-14/03/2025

C13 within Plants

Does C13 vary within individual plants?

Is there a difference in internal fractionation between 
C3 and C4 plants?
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Does C13 vary within plants?

YES!

Carbon fractionation within plants can be described 
by differences in:

• Plant organs
• Plant compounds
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Fractionation in Plant Organs

Differences in bulk 13C of different plant parts 
(leaves, roots) are common. 
Since most 13C measurements are made on leaves, it 
is important to indicate the plant part measured. 
Fractionation in plant organs differs among C3 and C4 
plants .
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Organs:  C3 versus C4

C3 Plants
Roots are typically 
enriched by 1–3‰ 
relative to leaves.
Grains enriched by 1–
4‰ relative to leaves.

C4 Plants
• Roots similar or slightly 

lower in δ13C relative to 
leaves. 

• Grains enriched by ≈ 
1.5‰ relative to leaves 
in maize.

(Hobbie and Werner, 2003)
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Compounds: C3 versus C4

C3 Plants
Alkanes and lipids 4–6‰ 
depleted (Collister et al., 
1994).

C4 Plants
• Alkanes and lipids 8–10‰ 

depleted (Collister et al., 
1994).

• In C4 plants, lipid 
concentration was  found 
to be about half that in C3 
plants (Chikaraishi and 
Naraoka, 2001).

• Isotopic enrichment of 
cellulose relative to lignin is 
slightly greater in leaves of 
C4 plants. 
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Conclusions

Isotopic composition can vary by:
• Plant organ measured
• Plant organic compound measured

Degree of fractionation variable among C3 and C4 
plants
Variations in plant organ 13C correspond to isotopic 
variations in plant organic compounds (metabolites).
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Gessler et al. 2014. 
Tree Physiology 34: 
796-818
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Oxygen (and hydrogen) isotopes in tree rings

• The primary source: stable isotopes of water in the
biosphere

• Sources of variability for stable isotopes in trees
 From soil moisture to xylem transport through water

uptake
 Leaf evaporative enrichment
 Transfer of the isotopic signal of leaf water into

organic matter and tree-ring cellulose
• Link between isotopic fractionation and long-term tree-

ring archive
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STEP 1. From soil
to xylem water

STEP 3. From leaf to 
phloem and tree
rings

Organic Matter

STEP 2. Leaf water evaporative
enrichment

H2O

Increasing time integration from hours (leaf water) 
to days (phloem), weeks (tree-ring slices), years (tree rings)

Oxygen and hydrogen isotopes in tree rings
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Soil (source) water
δ18O and δ2H

Precipitation δ18O - δ2H 

Residence time in soil

Evaporation gradients

Leaf water
δ18O and δ2H

Leaf water  enrichment

Exchange between leaf
water and carbonyl O in 
triose phosphates

Tree ring
δ18O and δ2H

Further exchange in 
heterotrophic tissues

Water
uptake

Downstream transport and metabolism

Oxygen and hydrogen isotopes in tree rings
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18O (‰) 

STEP 1. From soil to xylem water
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18O (‰) 

18O and 2H (‰) change in the hydrological cycle owing to a number of fractionation processes 

STEP 1. From soil to xylem water
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18O (‰) changes in the hydrological cycle
18O (‰) in xylem water reflects the origin of source water

18O (‰) 

STEP 1. From soil to xylem water
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STOMATA

18O/ 2H xylem
water = source

18O/ 2H
leaf water


ei

ea
18O/ 2H

water vapour

LEAF Intercellular
space

k

evaporative
enrichment

(e) Péclet
effect

transpiration (E)

Isotopic enrichment above source water at 
the whole leaf (L)*

TL, VPD

*Farquhar and Lloyd, 1993

E= transpiration
L = effective pathlength

D = self-diffusivity

E

D

L

Step 2. Leaf water evaporative
enrichment
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STOMATA

18O/ 2H xylem
water = source

18O/ 2H
leaf water


ei

ea
18O/ 2H

water vapour

LEAF Intercellular
space

k

evaporative
enrichment

(e) Péclet
effect

18O/ 2H leaf
sucrose

wc

18O/ 2H phloem
sucrose

Exchange

transpiration (E) TL, VPD

Exchange

In the case of cellulose, which is 
the main component of wood, 
about 50% of the enrichment 
signal is further exchanged with 
xylem water

The 18O signal in wood is a 
mixture, in varying proportions, 

of source water 18O and 
evaporative enrichment at the

leaf level (≈ evaporative demand
modulated by stomatal

conductance)

Step 3. From leaf to phloem and tree rings
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Effects of CO2 enrichment on forest
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For over a millennium 
these old trees grew in an 
atmosphere with nearly 
unchanging [CO2] (~280 
ppm)

Photosynthetic assimilation of CO2 is central to the metabolism of plants. As
atmospheric concentrations of CO2 rise, how will this affect the plants we depend
on? And how this will affect Carbon sequestration?
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Working hyphotheses

1

Increase of Productivity
Increase in WUEi (A/gs)

Due to an increase in A
(Assimilation)

Increase in 
carbon sequestration

2

Increase or no 
change of productivity
Increase in WUEi (A/gs)

Due to a decrease in 
stomatal conductance
gs

No variation or reduction  in
carbon sequestration

CO2 Increase

Decrease of productivity 
Negative effect on WUEi

Reduction of C sequestration
in the long- term trend

3
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CARBON FIXATION STOMATACO2

Stomata conductance

Transpiration
Water losses

Photosynthate
assimilation

C allocation

gs
Water 
use 
efficienc
y

A
Productivity

CO2 productivity and C sequestration

Water use efficiency 
(WUE)=the amount of 
carbon acquired per unit of 
water lost = A/gs
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Intrinsic Water use efficiency

Carbon isotope discrimination is a measure of Intrinsic water-use efficiency (WUEi)

WUEi is the ratio of carbon assimilation to stomatal conductance A/gs

WUEi= A/gs= (ca-ci)

1.6

13C plant= 13Cair-a- (b-a) ci

ca

ci= ca 13Cair-13Cplant-a

b-a

WUEi= ca   b-13Cair+13Cplant

1.6 b-a
CO2 H2O

Ci

Ca

1.6= the ratio of diffusivity of water and CO2 in 
air
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AIMS:
How the elevated CO2 will 
affect forest productivity 
and WUE in 5 species 
across 3 forest stands 
exposed to ~550 ppm CO2
for 3-8 years

Forest FACE 
Synthesis 
Project

Duke FACE, 
USA
P. taeda
L. styraciflua

Oak Ridge FACE, USA
L. styraciflua

POP_EUROFACE, I _P. alba, P. 
nigra. P. x. euramericana
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Methods

Dendrochronology

http://www.ncdc.noaa.gov/paleo/treering.html

Stable isotopes

13C as proxy of Water use efficiency 
18O as proxy of stomatal conductance

TIME



WUE

18O

Battipaglia et al. 2014, Tree physiology, 34: 787-791.
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Productivity: CO2 fertilization effect?

CO2 fumigation

No clear BA 
increase in the 
fumigated plots

Before the 
fumigation, the 
growth of the 
species were quite 
variable
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Productivity: CO2 fertilization effect?

Growth
Response is
species
specific!!

Regression 
is 
significantly 
different 
from 1:1 
line

P. nigra

P. alba

P. euro

P. taeda

L. styraciflua 
duke

L. styraciflua 
ORNL
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WUEi: the amount of carbon acquired per unit of water lost

WUEi≅ A/gs

PRE-FACE

PRE-FACE

PRE-FACE

FACE

FACE

FACE

POST-FACE

FACE

FACE

FACE
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The dual isotope approach

Changes between two treatments are shown by arrows

• Described in: Scheidegger et al. (2000) Linking stable oxygen and 
carbon isotopes with stomatal conductance and photosynthetic
capacity: a conceptual model. Oecologia 125: 350-357

• The model attempts at distinguishing whether differences in 
intercellular CO2 concentration are caused by a response of gs or A.
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WUEi increases
in all species

Variations of 
18O are 
different in the 
different
species

Response of WUEi

to elevated CO2 is 
consistent across 
a wide range of 
species

Regression 
is 
significantly 
different 
from 1:1 
line

Variation in 
stomatal
conductance (gs)
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Across all the sites, elevated CO2 increased 13C-derived water-use efficiency on average by
73% for Liquidambar styraciflua, 77% for Pinus taeda and 75% for Populus sp., but through
different ecophysiological mechanisms:

 In L. styraciflua, warmer conditions seemed to be coupled with a reduction of stomatal
conductance (gs), increasing WUEi but without a parallel stimulation of tree growth.

A reduction of gs was also observed in the fast-growing Populus sp., accompanied by positive
tree growth responses, and was partially limited by high temperature during 2003 and 2004.

Finally the rise of WUEi in P. taeda was mainly related to soil moisture increases under
elevated CO2 and opens new questions about the ability of this isohydric species (with tight stomatal
control) to withstand the expected reduction in soil water in combination with an increase in drought.

L.s
WUEi 

gs

TRW =

Pop.
WUEi 

gs
TRW

P.t
WUEi 

gs=
TRW

Battipaglia et al_2013_NPH
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Plant strategies to cope with drought.. 

Mediterranean species and Drought effect
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Wood formation

Time

Retrospective
analysis

Drought stress

Cambial 
activity

ABA
synthesis

Decrease of 
photosynthesis

Reduction 
cell division
expansion

Change in
water 
relation

Accumulation
of sugar

Forecasting
analysis
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Alaska, yellow cedar

Pinyon pine, SW USA

NW Africa, cedar

Warming- drought-induced die-off

Rocky Mountains
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Which physiological mechanisms drive 
tree mortality under drought?
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Three possible, not mutually exclusive, mechanisms:

1. Hydraulic failure

2. Carbon starvation

3. Biotic attacks
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Q. cerris
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BA
SA

L 
AR

EA
 M

M
2
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Gessler et al. 2018, New Phytologist 219:485-490

Tree species most vulnerable to drought
are characterized by:

- - lower wood density
- Low WUEi



64Training current RIS staff and user communities: "Use of Stable Isotopes in Environmental Investigations", Montelibretti (Roma), 11-14/03/2025

Fire Effect on plants
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Study sites and PB conditions
P. halepensis- National Park of Cilento
(NPC)   PB May 2009

P. pinea- National Reserve of Castelvolturno
(NRC)     PB March 2014

PRESCRIBING BURNING CONDITIONS

NRCNPC

1823AIR TEMPERATURE (ºC)

5453RELATIVE AIR HUMIDITY 
(%)

1-3 Km/h4WIND SPEED (km/h)

<1<1FLAME HEIGHT (m)

851737SURFACE TMAX (ºC)

<20062FIRE INTENSITY (kW/m)
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• burned
• control

PB

Old stand

PB

PB - Increase in BA in the short and mid term
- Decrease in 13C in short and mid term
- No change in 18O in short and mid term

Variation in productivity and 13C
derived WUEi related to an increase of
photosynthetic activity

Battipaglia et al 2014 For Ecol Manage
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Battipaglia et al 2014 For Ecol Manage

PB

Prescribed fire has a positive effect on old
individuals of P.halepensis for reduction of
competition and the fertilizer effect of
nitrogen and water

- Increase in 15N in the short and mid term
- Increase in N% in the short and mid term
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• burned
• control

Young stand

- No change BA in the short term
- Increase in 13C in short and mid term
- Increase in 18O in short term

Stomatal conductance is the
dominant limitation to photosynthesis

Battipaglia et al 2014 For Ecol Manage

PB

PB

PB
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Battipaglia et al 2014 For Ecol Manage

Young trees do not benefit from prescribed
burning, but they suffer from an increase
of competition with the older individuals.

- No change in 15N in the short and mid term
- No change in N% in the short and mid termPB
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Take home message

- Prescribed fire effects depend on tree’s age

- Need to extend the study to PB with different burning conditions and different species
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Pinus pinea stand

- Two areas: burned area and control area.
- litter fuels added around the trunk of

ten trees to produce a gradient of heat
treatment

- Thermocouples placed at the stem base,
as a proxy of fire heating.

- 20 trees sampled in each area

Burned area

Trunk sampled

- Three cores were collected with a 5 mm
diameter borer (Suunto, Finland) per
each trees: two for dendro-isotopic
measurements and one for anatomical
analyses

- Trunk sampled for hydraulic
measurements, twoweeks after PB
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Temperature distribution

The time–temperature integration above 50°C ranged between 27,825 and 595,948 s °C.
The maximum temperature range was 361–851 °C, but peaks were reached only for few
seconds. The residence time of temperatures above 50 and 300 °C ranged between 242–
2239 and 0–1323 s, and on average was 826 and 165 s, respectively.
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Dendro-isotopic analyses
• burned
• control

-No differences in TRW
-No differences in 13C
-Decrease in 18O in 2014

Increase in photosynthetic activity
and stomatal conductance. But too
dense stand for an increase in
productivity in the short term
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Take home message

- PB have minor impacts on the ecophysiology of P. pinea
- No redaction in radial growth
- No alteration of xylem characteristics
- PB doesn’t have major effect on hydraulic functionality and safety

PB effects on plants  are different from wildfire effects

Ecophysiological effects of PB depend on species
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July 2017
Southern Italy struck by 
wildfire!
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Methods
Dendrochronology

http://www.ncdc.noaa.gov/paleo/treering.html

Stable isotopes

13C as proxy of Water use efficiency 
18O as proxy of stomatal conductance

TIME



WUE

18O

Battipaglia et al. 2014, Tree physiology, 34: 787-791.
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Low severity site
(40°48'45.35"N, 14°24'49.65"E)

Mean Crown reduction 12%
Burn heigh 2,5 m
No fire scar

Control
(40°48'44.68"N, 14°24'55.42"E)

Mean crown reduction 0%
No burn on the trunk
No fire scar

Mean Severity fire
(40°48'43.00"N, 14°24'44.64«)

Mean Crown reduction 10%
Burn heigh 3 m
No fire scar

High Severity Site
(40°48’51.12’’N, 14°26’20.12’’E)

Mean Crown reduction =70%
Burn heigh > 4 m
No fire scar
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HISTORICAL RECONSTRUCTION OF PAST WILDFIRES

2007

2015
1993

2014, 
2016
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C and O 
isotopes
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What the isotopes tell us?

High 
severity
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severity

Medium 
severity

Control 
site

1 1

1 High severity site ↑δ13 ↑δ18O 
we could hypothesize that the plants to protect themselves from strong stress
condition, due to fire, and as a consequences of the serious observed crown
damage, closed their stomata and lowered their photosynthetic activity. These
conditions explain the observed reduction in growth of 2017 tree ring.

High 
severity

SITO Low
severity

Medium 
severity

Control 
site
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1 Nel sito ad alta severità ↑δ13 ↑δ18O 
La combinazione dei due valori suggerisce che, a seguito dell’incendio, le piante
per proteggersi dalle forti condizioni di stress hanno chiuso i loro stomi,
determinando una riduzione della conduttanza stomatica. Inoltre, si evince
una minore capacità fotosintetica connessa, sicuramente, alla grave
defoliazione subita.

2 2

Medium severity site ↑δ13 ↑δ18O;  Low severity ≈ δ13 ↑δ18O

Slow Stomatal conductance and photosynthetic activity

3

High 
severity

SITO Low
severity

Medium 
severity

Control 
site

High 
severity

SITO Low
severity

Medium 
severity

Control 
site

3 3

What the isotopes
tell us?
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1 Nel sito ad alta severità ↑δ13 ↑δ18O 
La combinazione dei due valori suggerisce che, a seguito dell’incendio, le piante
per proteggersi dalle forti condizioni di stress hanno chiuso i loro stomi,
determinando una riduzione della conduttanza stomatica. Inoltre, si evince
una minore capacità fotosintetica connessa, sicuramente, alla grave
defoliazione subita.

Nel sito a media severità ≈ δ13 ↑δ18O,  nel sito a bassa severità ↑δ13 ↑δ18O
Le variazioni isotopiche registrate nei due siti di studio, possono essere collegate
ad una variazione unidirezionale (contemporaneo aumento o decremento)
della capacità fotosintetica e della conduttanza stomatica che, in ogni
caso, come dimostrato dalle misure dendrocronologiche, si traduce in una
riduzione del tasso di crescita nell’anno dell’evento

4 4

Control site ↓δ13 ↑δ18O 
This variation, compared to the previous year, can indicate a lower photosynthetic
activity and an unchanged stomatal conductance (Scheidegger et al., 2000)
probably related to the extreme hot conditions experienced in that summer by all
the plants.

24

What the isotopes
tell us?
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All the sampled trees in the burned sites showed a decrease in tree growth in 2017, in
particular in the latewood at high-severity site. In all the sites the high temperatures
and the time of exposure to the flames were not sufficient to determine the death of
the cambium and all the trees, even if reduced their stomatal conductance and
photosynthetic activity, were able to complete the 2017 seasonal wood formation.

Our findings demonstrated that P. pinaster growth reduction is strictly
linked to the percentage of crown scorch and that even trees with high level
of crown scorched could survive.

Further, the dendrochronology analyses showed that several individuals
experienced and endured higher fire severity than the 2017 wildfire.
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Medium long-term study

Xylogenesis monitoring

From 2019 to 2020

Research contextStudy case of ecophysiology with the TreeTalker system 



86Training current RIS staff and user communities: "Use of Stable Isotopes in Environmental Investigations", Montelibretti (Roma), 11-14/03/2025

Study area

Burned trees with 
crown damage 

(50% of 
defoliation)

Unburned 
trees not 

defoliated

Study case of ecophysiology with the TreeTalker system 
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Approach used

Cavitation test

Dendro-anatomy 
analysis

TreeTalker monitoring

Study case of ecophysiology with the TreeTalker system 
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THANKS!


