
Water-use efficiency and transpiration 
across European forests during the 

Anthropocene 

D. C. Frank1,2*, B. Poulter3,4*, M. Saurer5, J. Esper6, C. Huntingford7, G. Helle8, K. Treydte1, N. E.

Zimmermann!, G. H. Schleser8,9, A. Ahlstrom10,11, P. Ciais4, P. Friedlingstein12, S. Levis13, M. Lomas14, S.

Sitch12, N. Viovy4, L. Andreu-Hayles15, Z. Bednarz16, F. Berninger17, T. Boettger18, C. M. D'Alessandro19, V.

Daux4, M. Filot20, M. Grabner21, E. Gutierrez22, M. Haupt18, E. Hilasvuori23, H. Jungner17, M. Kalela-Brundin24, 

M. Krapiec25, M. Leuenberger2,20, N. J. Loader26, H. Marah27, V. Masson-Delmotte4, A. Pazdur28, S.

Pawelczyk28, M. Pierre4, 0. Planells22, R. Pukiene29, C. E. Reynolds-Hennes, K. T. Rinne5, A. Saracino30, E.

Sonninen17, M. Stievenard4, V. R. Switsur31t, M. Szczepanek28, E. Szychowska-Krapiec25, L. Todaro19, J. S.

Waterhouse31, and M. Weigl32 (Author affiliations at the end of the paper.)

The Earth's carbon and hydrologic cycles are intimately 
coupled by gas exchange through plant stomata1

-
3

• However, 
uncertainties in the magnitude4

-
6 and consequences7

•
8 of the 

physiological responses9
•
10 of plants to elevated CO2 in natural 

environments hinders modelling of terrestrial water cycling 
and carbon storage 11• Here we use annually resolved long-term 
b13C tree-ring measurements across a European forest network 
to reconstruct the physiologically driven response of intercel
lular CO2 (C;) caused by atmospheric CO2 (C.) trends. When 
removing meteorological signals from the b13C measurements, 
we find that trees across Europe regulated gas exchange so 
that for one ppmv atmospheric CO2 increase, C; increased by 
~0.76 ppmv, most consistent with moderate control towards a 
constant C;/C. ratio. This response corresponds to twentieth
century intrinsic water-use efficiency (iWUE) increases of 
14 :I: 10 and 22 :I: 6% at broadleaf and coniferous sites, 
respectively. An ensemble of process-based global vegetation 
models shows similar CO2 effects on iWUE trends. Yet, when 
operating these models with climate drivers reintroduced,
despite decreased stomata I opening, 5% increases in European 
forest transpiration are calculated over the twentieth century. 
This counterintuitive result arises from lengthened growing 
seasons, enhanced evaporative demand in a warming climate, 
and increased leaf area, which together oppose effects of 
CO2-induced stomata I closure. Our study questions changes to 
the hydrological cycle, such as reductions in transpiration and 
air humidity, hypothesized to result from plant responses to 
anthropogenic emissions. 

Annually, ~40,000 km3 or ~60% of the total evapotranspiration
over land enters the atmosphere via transpiration2'11 , Most of this
is from plants with the C3 carbon assimilation pathway, including 
economically important crops (for example, wheat and rice) 
and broadleaf and coniferous trees, totalling ~95% of the living 
terrestrial plant biomass13• Laboratory and free-air CO2 enrichment
(fACE) experiments'·9·10 indicate that increasing atmospheric CO2 
concentrations affect C3 stomata! conductance and photosynthesis. 
Modelling assessments incorporating knowledge of these 
physiological mechanisms suggest substantial impacts on the 

Earth's coupled climate-hydrologic-carbon systems. Besides 
impacts on future carbon sinks14, possible climatic consequences
from physiological responses to increased CO2 concentrations 
include changes in transpiration that may well affect regional 
hydroclimate and flood risks3•15•16• 

The IPCC Fifth Assessment Report emphasizes the high 
uncertainties still surrounding plant physiological responses to 
increasing CO2 concentrations11• For example, a recent analysis
of eddy-covariance time series6 inferred that northern boreal 
and temperate forests regulate stomata! conductance to maintain 
constant intercellular CO2 concentrations, Ci. Maintaining a 
constant Ci in the past one to two decades implies a very 
strong physiological response, contradicting earlier observational 
and experimental data used to optimize parameterizations of the 
land components of climate models17• To reduce such uncertainty,
we take advantage of additional measurements that have not 
traditionally been used to verify terrestrial ecosystem model 
functioning, namely tree-ring carbon isotope data. 

The diffusion of CO2 through stomata from the external 
leaf boundary layer to the leaf-internal photosynthesis sites, as 
well as the enzymatic reactions during carboxylation, causes 
discrimination of 13C in CO2 (ref. 18). Knowledge of these 
fractionation processes allows Ci to be reconstructed from the 
stable carbon isotope measurements (◊13C) on alpha-cellulose
extracted from trees' annual growth rings4•19• In particular,
for C3 plants, Ci can be reconstructed from ice-core and 
instrumental measurements of CO2 concentration ( C.) and 
its atmospheric b 13C signature, and from the well-established
values of isotope discrimination constants from carboxylation 
and diffusion of CO2 through leaves (Methods). Yet, this crucial 
information held in tree-ring measurements has been under
used in testing dynamic global vegetation models (DGVMs), 
despite providing key information on stomata] functioning. 
Furthermore, knowledge of C, and the well-established C, time 
series quantifies intrinsic water-use efficiency from the diffusion 
equation [iWUE=A/g (C" C1)/1.6], linking leaf-level CO2 
assimilation rate (A) to stomata! conductance (g), for the known 
C, -C; difference. Although actual water consumption also varies 
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