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Site Lat. Lon. Elev. Sp. Type T(°C) P(mm) Tau Param.  Season R

CcoL 3297 -5.07 2200 CA C 8.2 467 0.450 [0.380,0.520] PET May -0.25
CAz 37.81 -2.96 1820 PN C 8.2 396 0.595 [0.525,0.665] PRECIP  JJ 0.35
SER 39.93 16.20 1900 PL C 8.5 721 0.760 [0.690,0.830] PRECIP  JJA 0.49
PED 42.24 1.70 2120 PU C 4.8 800 0.620 [0.550,0.690] PRECIP  Jul 0.40
LIL 43.07 -5.25 1600 PS C 53 909 0.815 [0.745,0.885] TTMAX JJA -0.55
CAV 46.35 8.60 900 QP B 6.4 1868 0.535 [0.465,0.605] PRECIP  JJ 043
VIG 46.50 8.77 1400 PS C 4.0 2210 0.445 [0.375,0.515] PET JJ -0.40
POE 47.95 16.06 500 PS C 8.0 778 1.470 [1.400,1.550] PET MJJA -0.31
LAI 48.18 16.20 300 QP B 9.5 624 1.220 [1.150, 1.300] PRECIP  JJ 0.45
REN 4825 -1.70 100 QR B 111 722 0.805 [0.735,0.875] RH Jul 0.47
FON 48.38 2.67 100 QP B 115 591 0.575 [0.505,0.645] PET Jul -0.60
NIE1 50.12  20.38 190 QR B 8.4 657 0.470 [0.400,0.540] TTMAX Sep -0.23
NIE2 50.12  20.38 190 PS C 8.4 657 0.865 [0.795,0.935] PRECIP  Jun 0.32
WIN 51.41 -0.59 10 PS c 100 752 0.615 [0.545,0.685] VPD MJJA -0.69
DRA 51.50 9.78 320 QP B 7.5 702 0.925 [0.855,1.000] TTMAX JA -0.58
woB 51.98 -0.59 50 QR B 9.7 698 1.270 [1.195,1.340] PRECIP  JJA 0.63
SUwW 5410 2293 160 PS C 6.9 599 0.505 [0.435,0.575] PET AMJJAS -0.55
PAN 5488 2397 45 PS C 6.9 614 0.470 [0.400,0.540] TTMAX JJA -0.61
LCH 55.27 -343 175 QR B 7.8 1531 1.175 [1.100, 1.243] PET JA -0.46
BRO 60.00 23.08 5 QR B 5.0 558 0.755 [0.685,0.825] RH JA 0.54
GUT 62.00 12.18 800 PS Cc 0.0 643 0.670 [0.600,0.740] TTMAX JA -0.71
ILO 62.98  30.98 200 PS C 20 569 0.840 [0.770,0.910] TTMAX JA -0.57
INA 68.93 2842 150 PS cC -08 422 0.835 [0.765,0.910] TTMAX JA -0.69

Table S1. The ISONET dataset spans the European continent and includes a variety of different species
from different climatic zones, and with varying sensitivities to climate forcing. Here we provide essential
metadata characteristics of all sites ordered by latitude. Columns are: Site abbreviation; Latitude;
Longitude; Elevation (m a.s.l.) ; Species (CA = Cedrus Atlantica, PN = Pinus Nigra, PL = Pinus
Leucodermis, PS = Pinus sylvestris, QP = Quercus petraea, QR = Quercus robur); Species classification
(C = Conifer, B = Broadleaf); Mean annual temperature at site (w.r.t 1901- 2009 baseline); Mean annual
precipitation at site (w.r.t 1901- 2009 baseline); Tau (6"°C / CO, ppmv) for best fit with 1st principal
component of the 5 instrumental variables for the optimal meteorological season for each site together
with lower and upper estimates; Instrumental parameter with highest correlation in inter-annual to
decadal domain (RH= relative humidity, PET= potential evapotranspiration, TTMAX = average maximum
temperature, VPD= vapor pressure deficit, PRECIP= total precipitation); Meteorological Season with
highest correlation in inter-annual to decadal domain (capital letters denote monthly averages over 2 or
more months, Single months are indicated by standard three letter abbreviation); correlation with
instrumental target after high-pass filtering.
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Site 1T TTMAX  PRECIP RH VPD PET

COL -0.22 -0.24 0.20 0.20 -0.24 -0.25
CAZ -0.31 -0.29 0.35 0.04 -0.20 -0.24
SER -0.43 -0.45 0.49 0.39 -0.42 -0.49
PED -0.31 -0.31 0.40 0.11 -0.22 -0.26
LIL -0.50 -0.55 0.48 0.31 -0.42 -0.49
CAV -0.29 -0.28 0.43 0.32 -0.34 -0.29
VIG -0.39 -0.40 0.35 0.29 -0.32 -0.40
POE -0.26 -0.30 0.27 0.27 -0.26 -0.31
LAI -0.39 -0.41 0.45 0.35 -0.39 -0.40
REN -0.46 -0.46 0.41 0.47 -0.45 -0.43
FON -0.55 -0.59 0.57 0.56 -0.60 -0.60
NIE1 -0.23 -0.23 0.22 0.17 -0.21 -0.21
NIE2 -0.25 -0.29 0.32 0.17 -0.23 -0.29
WIN -0.59 -0.67 0.61 0.64 -0.69 -0.68
DRA -0.52 -0.58 0.45 0.48 -0.56 -0.57
WOB -0.50 -0.52 0.63 0.37 -0.45 -0.50
SuUw -0.47 -0.53 0.50 0.48 -0.53 -0.55
PAN -0.54 -0.61 0.38 047 -0.56 -0.60
LCH -0.37 -0.42 0.37 0.38 -0.42 -0.46
BRO -0.41 -0.46 0.49 0.54 -0.50 -0.53
GUT -0.65 -0.71 0.43 0.52 -0.64 -0.70
ILO -0.57 -0.57 0.34 0.38 -0.51 -0.54
INA -0.67 -0.69 0.30 047 -0.63 -0.65

Table S2. Correlations between high-pass filtered Ci and climate parameters for the optimal seasonal
windows. The high pass filtered data were used to assess the primary climatic forcing on isotope
discrimination whilst not biasing results based upon long term trends in Ci or climate. Note the
correlations are often of similar strength for a variety of instrumental parameters (TT= average monthly
temperature, TTMAX= average maximum temperatures, PRECIP = total precipitation, RH = relative
humidity, ~VPD = vapor  pressure deficit, PET =  potential evapotranspiration).
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DGVM Model | Photosynthesis Conductance Transpirational Non-water Time | Canopy Radiation Vegetation
Model Model Demand stressed Step Temperature Transfer Dynamic or
Ci/Ca Static
JULES- Collatz etal.? Coxetal. 2 Penman-Monteith 3 Function of 0.5 Diagnosed from Beer’s Law Dynamic
TRIFFID CO2 hour energy balance
compensation
point*
LP] Farquhar et al. 5 and Haxeltine and Monteith 7 0.8 1 day Same as air Beer’s Law Dynamic
Collatz etal. ! Prentice ¢ temperature
LPJ-GUESS Farquhar et al. 5 and Haxeltine and Monteith 7 0.8 1 day Same as air Beer’s Law Dynamic
Collatz etal. ! Prentice ¢ temperature
NCAR- Farquhar et al. 5 and Ball et al. 8 Oleson? 0.7 0.5 Diagnosed from Two-stream Fixed
CLM4CN Collatz etal. ! hour energy balance approximation
ORCHIDEE Farquhar et al. 5 and Ball et al. 8 Monteith type 10 0.667 0.5 Same as air Beer’s Law Fixed
Collatz etal. ! hour temperature
SDGVM Farquhar et al. 5 and Leuning et al. 11 Penman-Monteith 3 0.7 1 day Same as air Beer’s Law Fixed
Collatz etal. ! temperature

Table S3. Comparison of DGVM model structures and processes that have direct influence on water-use efficiency as well as model configuration (e.g., static or dynamic

vegetation and time step). Additional details on model structure and parameters can be found in Sitch et al.”?, as well as the corresponding publication listed in column 1 (DGVM

Model).
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Figure S1. Site level time series of the inter-cellular CO, concentration (C;) reconstructed from
annually-resolved tree ring isotope measurements (see main text and methods for details). Increases
throughout the 20™ century as well as a latitudinal gradient showing higher C; moving northwards
across the European continent are evident. Time-series were smoothed with a cubic smoothing spline
with a 50% frequency cutoff at 5-years to emphasize sub-decadal to centennial variability. Shading
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shows uncertainty ranges for the individual site level time-series.
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Figure S2. Site level time series of the intercellular CO, concentration (C;) reconstructed from
annually-resolved tree ring isotope measurements (see main text and methods for details). Same as for
Fig. S1, but with annually resolved time-series. Note the overall increasing trend, but also inter-
annual to at least multi-decadal variation that is not well explained by the smoother and
monotonically increasing concentrations in atmospheric CO.
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Figure S3. The annually resolved measurements provide opportunities to quantify the climatic forcing
on intercellular CO, concentrations (C;), and thus to differentiate between atmospheric CO, and
climatic driven effects. Correlations over the 1901-2009 period between the 50-year high-pass filtered
C; and monthly to seasonal climate are provided above primarily using the CRU TS 3.1 dataset and
derived parameters. The Palmer Drought Severity Index is from van der Schrier et al. (20006).
Correlations are shown for the January prior to ring formation (pJan) to the December after ring
formation (Dec), as well as nine seasonal windows (right most columns). Strongest responses are
observed during the summer months. Temperature forcing is preferentially enhanced northward
(reddish hues), and precipitation towards southern Europe (blue hues).
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Figure S4. Changes in intrinsic water use efficiency (iWUE) are commonly derived directly from 6" C
measurements in tree-rings. This approach however assumes that climatic influences on isotopic
discrimination are not significant, an assumption directly contradicted by continuing global change
and the significant correlations between isotope fractionation and climate (e.g., Figure S3). Here we
show the 20-yr smoothed records to highlight both the increasing iWUE as well as significant
(climatically-driven) decadal to multi-decadal fluctuations. Also shown are the means for the conifer
and broadleaves (bold) as well as the unsmoothed mean series considering also the uncertainties in
isotope discrimination (filled). Assessment of the water use efficiency as percent change minimizes
some but not all uncertainties due to factors such as mesophyll conductance and post-photosynthetic
isotope fractionation (see supplementary text: uncertainty analysis). To differentiate the climatic
versus CO; influences on the water use efficiency, we utilized the “tau-approach”. See Treydte et al.
2009, Figure S5, and methods.
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Figure SS. To isolate the climatic influences on isotope fractionation, a numerical optimization
procedure with a control parameter, T, was performed. This allowed the variance in intercellular CO,
time-series that were explained by atmospheric CO, and climate to be partitioned. lllustration of the
“tau approach” for a single site (LAI). a) Reconstructed C; (yellow+ arrow) together with transforms
of the data ((Ci + tau * (Ca-280)) used to identify the T most consistent with the historical climate
(green + arrow). b) Past variations in the Palmer Drought Severity Index showing an increased
drying trend. ¢) Maximization of explained variance and minimization of residual trend were used to
determine t (x-axis); the mean of both t estimates was considered the best average for the site. d) Fit
between the instrumental data (black) and © adjusted C; after normalization over the common period.
Data for all sites is shown in figure S7.
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Figure S6. Tau (1) estimates for all sites for an array of different instrumental parameters.

Shown are the five

instrumental parameters from the CRU TS 3.1 dataset from the CRU that correlated highest with isotope
discrimination (crosses), as well as their first principal component (circle). The instrumental parameter with the
highest correlation after high pass filtering is also highlighted (grey box). This figure highlights variability in
site level responses of the physiological response to CO, increase, as well as statistical and mechanistic
uncertainty associated with estimating T particularly at higher values, with notable outliers for the relative

humidity estimates from southern Europe. Instrumental parameters as in Table S1.
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Figure S7. In this figure we show additional details related to the site-by-site calibration and estimation of .
Site level changes in C; (blue) and their corresponding optimizations (black) to the instrumental targets (red).
The difference between the blue and black curves represents changes in C; that are not explained by climate
variation and accordingly is used to derive T (See Fig. S5 for details). Correlations with the instrumental targets
and T values are shown for each site, with the instrumental data inverted as necessary to enhance visualization.
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Figure S8. Percent change of WUE metrics for the six DGVM's and four plant functional type categories
relative to the first decade of the 20th century (1901-1910). The historical climate and CO, concentrations (Dyn.
Clim. & Dyn. CO,) were used in these model simulations. The plant functional types are: BRDC=Broadleaf
deciduous;, BREV = Broadleaf evergreen; NEDC = Needleleaf deciduous; NEEV = Needleleaf evergreen. A)
WUE defined by assimilation (GPP) divided by transpiration. B) Intrinsic WUE (iWUE) defined by assimilation
(GPP) divided by stomatal conductance. C) Inherent WUE (inhWUE) defined by as the WUE multiplied by the
vapor pressure deficit. Note greater relative spread in estimates of the iWUE as well as the more rapid late 20th
/ early 21st century increase of inhWUE driven by rapid warming and increased evaporative demand in Europe
during the last decades.
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Figure S9. Comparison of WUE (blue) and "climate corrected" WUE (green) for the six DGVM ‘s and four plant
functional type categories relative to the first decade of the 20th century (1901-1910). The plant functional types
are: BRDC=Broadleaf deciduous; BREV = Broadleaf evergreen; NEDC = Needleleaf deciduous;, NEEV =
Needleleaf evergreen. The historical climate and CO, concentrations (Dyn. Clim. & Dyn. CO,) were used to
assess the WUE. The standardized difference between the "Dyn. Clim. & Dyn. CO," and "Dyn. Clim & "Fix
CO," after adjusting to the 1901-1910 baseline were used to isolate the effect of CO, on modelled WUE.
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Figure S10. Comparison of intrinsic WUE (blue) and "climate corrected" WUE (green) for the six DGVM ‘s and
four plant functional type categories relative to the first decade of the 20th century (1901-1910). As in Figure S9
but for intrinsic WUE (iWUE).
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Figure S11. Comparison of intrinsic WUE (blue) and "climate corrected" WUE (green) for the six DGVM ‘s and
four plant functional type categories relative to the first decade of the 20th century (1901-1910). As in Figure S9
but for inherent WUE (inhWUE).
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Figure S12. Percent change of key plant physiological parameters for the six DGVM's and four plant
functional type categories. The plant functional types are: BRDC=Broadleaf deciduous; BREV = Broadleaf
evergreen; NEDC = Needleleaf deciduous; NEEV = Needleleaf evergreen. The historical climate and CO,
concentrations (Dyn. Clim. & Dyn. CO,) were used in these model simulations. A) Intercellular CO,
concentrations B) Stomatal Conductance and C) Leaf Area Index. The ORI1956 simulations provided
stomatal resistance and hence values for stomatal conductance are not shown.
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Figure S13. COx-driven increase in various WUE metrics for the
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six DGVM's and four plant

functional type categories. The standardized difference between the "Dyn. Clim. & Dyn. CO," and
"Dyn. Clim & "Fix CO," after adjusting to the 1901-1910 period were used to isolate the effect of
CO?2 on changes in WUE metrics in these model simulations. A) WUE defined by assimilation (GPP)
divided by transpiration. B) Intrinsic WUE (iWUE) defined by assimilation (GPP) divided by stomatal
conductance. C) Inherent WUE (inhWUE) defined by as the WUE multiplied by the vapor pressure
deficit. The strength of the CO; effect is quite similar for all three water use efficiency metrics,

although more spread is noted for the intrinsic water use efficiency.

© 2015 Macmillan Publishers Limited. All rights reserved



s =) =)
S 30 Models &PFTs A 2 B - C
- ! = 20 S 204

25 4| — CLM4CN —— BRDC ” o o
§ — P - - BREV =24 <L
b 20 4| — LPJGUESS -+ NEDC + 10 £ 10
s —— OR1956 <= NEEV = =
o 157 SDGVM o o S 04
2 404 TRIFFID > g
IS o 8
S 5 S -10 S -10 -
£ o z 20 < 20
S 8" -

T T T T T T T T T T T T T T T
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000

Figure S14. CO-driven increase in plant physiological parameters for the six DGVM's and four plant
functional type categories. The standardized difference between the "Dyn. Clim. & Dyn. CO," and
"Dyn. Clim & "Fix CO," after adjusting to the 1901-1910 period were used to isolate the effect of
COson changes in plant physiological parameters in these model simulations. A) Inter-cellular CO2
concentrations B) Stomatal Conducance and C) Leaf Area Index. The OR1956 simulations provided
stomatal resistance and hence values for stomatal conductance are not shown. Note the different y-
axis scale in A).
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Figure S15. Percent change of European transpiration for the six DGVM's and four plant functional
type categories relative to the first decade of the 20th century (1901-1910). The historical climate and
CO; concentrations (Dyn. Clim. & Dyn. CO,) were used in these model simulations. These results
suggest that the CO, induced reductions in stomatal conductance are generally not strong enough to
reduce transpiration. Note the different y-axis scale for the OR1956 results.
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Figure S16. Percent change of global transpiration for the six DGVM's and four plant functional type
categories relative to the first decade of the 20th century (1901-1910). The historical climate and CO,
concentrations (Dyn. Clim. & Dyn. CO,) were used in these model simulations. These results suggest
that the CO; induced reductions in stomatal conductance are generally not strong enough to reduce
transpiration. The modeled evergreen plant functional types tend to show strongest reductions in
transpiration, whereas for the deciduous plant functional types both increased leaf area indices and
growing season length compensate for decreased stomatal conductance.
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Figure S17. Changes in transpiration are expected to be coupled with the water vapor content of the air. We test
this outcome by comparing the variation in annual woody plant transpiration for Europe (Figure 3) with an
observational gridded dataset of specific humidity”. Although the specific humidity is influenced by numerous
processes (snow melt) and regions (lake surfaces) not included in the modeling of woody plants we observe a
significant correlation (R = 0.86, p << 0.01) between the ensemble mean of modeled transpiration and water
vapor. This validation lends support to the inferred coupling between the tree-ring empirics, vegetation model
results, and land-atmosphere coupling. We note that the forcing data used to run the simulations are
independent from the specific humidity observational dataset.
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Figure S18. Derivation of CO,-only component of Water Use Efficiency using model runs forced by the
historical course of climatic and CO, variation. Top three panels (a-c) show climatic correlations with a single
DGVM run driven by the historical courses of both climate and CO, (i.e., “dynamic climate, dynamic CO,”).
Analysis were run at the site level (i.e. at the 23 locations with tree-ring data) using the LPJ DGVM. Different
colors (upper 3 panels) represent the combination of different tree PFTs at the individual gridcells. Compare
with Figure S3 for empirical-only data. April-September precipitation showed the strongest relationships with
the modelled C,, and was thus used as the climatic benchmark for these validation tests. The lower graph shows
the distribution of T values obtained when removing the climatological influences on C; (see methods). Compare
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FULL METHODS

Tree-ring network and measurements. Data from 23 sites were sampled, measured, and
analyzed as part of the European Union funded ISONET project (EVK2-2001-00237). Site
selections were based upon criteria including stand age, proximity to measurement locations
of the isotopic composition of precipitation, spatial distribution across Europe, and with the
exception of the Cedrus atlantica site from Morocco are limited to the Pinus and Quercus
genera. These criteria resulted in the preferential selection of sites from non-treeline locations
(~75% of the sites), and therefore sites more representative of European forests than typical
dendroclimatic datasets. Increment cores were collected from numerous trees at each site, and
the annual radial increments were crossdated and measured following standard

dendrochronological procedures.

At least two cores from four or more dominant trees per site were selected for
subsequent isotope analyses. In detail sample preparation and measurement involved carefully
segmenting the cores along annual ring boundaries: for the conifers the full rings were
sampled, but for oaks, with the exception of the Swiss site where exceptionally narrow rings
prohibited this separation, only the latewood was sampled. For the majority of sites all rings
of a given year were pooled together. Subsequent homogenization (milling) and alpha-
cellulose preparation followed state-of-the-art and consistent standards'*, with mass
spectrometer analysis performed on the CO, obtained from combusted alpha-cellulose.
BC/'2C ratios (§'°C) are expressed as per mille deviations relative to the Vienna Pee Dee
Belemnite standard (VPDB). Isotopic discrimination against *C due to preferential diffusion

and carboxylation of 12C, A, was expressed as:

— 813Catm=6"3Crree
1+613Cppee/1000

(1)

which corrects for the increasingly depleted atmospheric CO, composition due to industrial-
era fossil fuel emissions'®, where the subscripts ‘afm’ and ‘tree’ refer to measured isotope
ratios in the atmosphere'® and tree-ring samples. Due to the length of our annually-resolved
tree-ring records this correction was performed using smoothed data combining
measurements of CO, gases trapped in ice-cores with direct atmospheric measurements.
While the general trends are expected to be similar, we note that the general geographic

position of the sites, the anti-correlated seasonal cycles of both C, and 8"°C,,,, and differences

atm»

in the timing of CO, uptake that may additionally relate to the site climatic conditions (Table
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S1) and deciduous versus evergreen leaf status, may also be expected to have a smaller

influence on the C, and 8"°C,, that the trees experience.

Instrumental data. Maximum and mean monthly temperatures, monthly precipitation, as well
as potential evapotranspiration were obtained from the 0.5 x 0.5° resolution CRU TS3.10.01
dataset'’. For each site the data from the nearest gridpoint were utilized. Relative humidity
and vapour pressure deficit were estimated for each gridpoint using the vapour pressure and
temperature datasets'®"”. Corresponding 0.5 x 0.5° gridded Palmer Drought Severity Index
(PDSI) data derived from a prior versions of the CRU dataset were utilized® for additional
comparisons but were found to generally explain less variance in the isotope data than the
other instrumental parameters. Correlations with tree-ring data were computed over the
maximum possible period of overlap between 1901-2010 with all tree-ring sites having data at

least until 1999 (N=99).

Calculation of intercellular CO; concentration. Following ref. *', the isotopic discrimination
in C3 plants is proportional to the intercellular to atmospheric concentrations of CO, (C; and

C,, respectively):
) A= a+(b—a)s

where ‘a’ and ‘b’ are determined constants associated with fractionation due to diffusion and
carboxylation, with values of 4.4%o0 and 27%o, respectively. See text for details. Equation (2)
then shows how the isotopic discrimination can be used to estimate the ratio of the
intracellular to atmospheric CO, concentrations (C;i/C,), which may be regarded as an
important homeostatic set point for plants. Equation (2) may alternatively be solved for C;
when considering longer term atmospheric and ice core measurements of C,, as done in this
study. These gas exchange and discrimination processes also are fundamentally linked with

the iWUE of plants®.

The above (eq. 2) formulation of the Farquhar isotope discrimination model is applicable for
the primary photosynthetic assimilates in the leaf and does not consider downstream post-
photosynthetic fractionation due to processes including synthesis of secondary sugars,
respiration, compound exchange within the phloem, starch storage and subsequent

23-25

remobilization and incorporation in the wood structure (). These post-photosynthetic

processes are to some extent reflected in the compound and organ specific fractionation,
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measurements of which can be used to both improve estimation of iWUE from tree-ring
material and quantify associated uncertainties. We accordingly consider a modified version of

the above discrimination model (e.g., ***°).

3) AEa—d+(b—a)%+e

The term d is employed to sum discrimination (d;, dy,...,d,) beyond those associated with the
direct photosynthetic production of triose phosphates and € represents variability among trees
within a site. Considering current knowledge and available data, we characterize the post-
photosynthetic fractionation based upon measurements of the isotope composition available
for the leaves (d;), in the bulk wood material (d,), and in the alpha-cellulose (d3) with values
of d=2.1+1.2%0 and € = 0 = 0.8%o. The individual d terms as well as ¢ are estimated from a
survey of literature and meta-data reviews (see supplementary material). The errors are
assumed to be normally distributed, independent and propagated in quadrature and rounded
up with the sum of the d and ¢ terms to be -2.1£1.5 %o. We use A’ to refer to isotope
discrimination values after correction of the tree-ring alpha-cellulose data for post-
photosynthetic discrimination. A’ should provide improved estimates (and associated
uncertainties) for the leaf level processes in comparison to the uncorrected whole wood or

cellulose measurements.

Despite these improvements, note the approximate equality symbol in equations 2 and 3. It

has been pointed out***’

, that other factors such as changes in mesophyll conductance or the
temperature sensitivity of enzymatic discrimination may modify these basic relationships. For
example, a review by ref. *® showed that a component of diffusion, mesophyll conductance,
itself can be understood as a function of diffusion through liquid phases, cell walls, and the
intra-cellular spaces. These factors appear to change as a function of tree/leaf age,
environmental conditions, and among species. Evidence suggests that these multiple
processes vary in response to environmental variation similar to responses of the stomatal
conductance®, but more work is needed to test this especially over inter-annual time-scales.
Even though the individual physiological processes that drive isotope discrimination may not
be easily differentiated, the climatic dependence of these processes will be considered in the
“tau-approach” implemented in this study (see “Removal of climatic effects on water use
efficiency” section) thereby improving understanding for the CO; influences on isotope

discrimination and tree physiological processes. Furthermore, as the discrimination constants

used above implicitly include such factors, and neither the knowledge how to specifically
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correct for intertwined climate, physiological, and ontogenetic effects, nor the necessary
physiological time series are available for the different species/sites within the network, we
utilize the first order approximation. We note that the Dynamic Global Vegetation Models
utilized in this study (see below) incorporate a similar level of aggregation of physiological
processes. Detailed physiological measurements and attribution of changes over time to aging
and/or climatic and/or environmental effects for a variety of species will allow improved
simulations and empirical studies. Such efforts in the coming decade may yield possible
refinements on the magnitudes, but unlikely the directions, of plant responses to both climate

and CO; variation in the atmosphere.

Calculation of water use efficiency. The plant stomata, which regulate the exchange and
diffusion of CO; and are responsible for initial isotope discrimination, simultaneously
regulate the transpiration and plant water loss. Thus the isotopic measurements can be used to
study the water use efficiency — the amount of carbon fixed per unit of water lost. The so-
called intrinsic water use efficiency (iWUE) is the ratio of the assimilation rate (A) and

stomatal conductance of water vapor (g).

3) IWUE = 2= 222 = —(C, — ()

This ratio is driven by the difference in partial pressures between the atmospheric and
intracellular CO, concentrations (C, and C;, respectively), and can in turn be related to the

measured values of isotopic discrimination (A or A’).

The iWUE is regarded as a potential water use efficiency estimate at the leaf level rather than
a whole plant or ecosystem assessment because 1) iIWUE does not account for losses of
assimilates due to respiration and ii) environmental changes, that for example, increase or
decrease the vapour pressure deficit, will also influence the actual plant water loss. In our
investigation we assess climatic influences on isotopic discrimination including changes in
leaf conductance to CO; via the “t approach” (see below) as well as climatic influences on
transpiration via a modelling approach (see main text for details). We do not address possible
changes in plant respiration. Estimates of iWUE based upon the GPP/Gc, estimates of WUE
based upon GPP/transpiration, and estimates of the inherent WUE (ref. *°) based upon
(GPP*VPD)/Gc were derived from the Dynamic Global Vegetation Model (DGVM)
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simulations (see below). GPP refers to the gross primary production. A comparison of these
three WUE metrics showed subtle differences in the magnitude of trends related to how
stomatal conductance relates to transpiration and the influence of VPD increases throughout

the 20™ century on WUE (Figures S8 & S13).

Removal of climatic effects on water use efficiency. As we are primarily interested in
isolating the how increased atmospheric CO, concentrations (C,) affects tree physiology and
the leaf to atmosphere CO, gradient, quantification of how intercellular CO, concentrations
(Cj) of trees has changed since industrialization is of particular relevance. However to isolate
the C, impacts on C;, it is first necessary to remove the influences of climate variation from
the isotope records. This point is evident when considering the 1) significant short to long-
term changes in climate over the past century and ii) the utilization of carbon isotopes to

. . .. 32
reconstruct these climatic variation’*

. Accordingly, and following the general procedures
outlined by ref. **, we screened the 50-year high passed filtered (i.e., removed long-term
trends and retained primarily inter-annual to multi-decadal variability by computing residuals
from a smoothing spline) C; time-series against a variety of climate parameters and monthly
and seasonal windows. The high-pass filtering was performed as to avoid influence of trends
on inferred relationships, which would later complicate the attribution of possible long-term
responses to C,. The optimal seasonal window for five parameters (mean monthly
temperatures, maximum monthly temperature, potential evapotranspiration, and vapour
pressure deficit) were estimated for each site from the correlations coefficients and considered
for further analysis both individually as well as the first principal component of the
meteorological parameters for each site. C; time-series were then adjusted by adding a time
varying CO, component that is a linear function of atmospheric CO, concentration above a
pre-industrial baseline (C; + T * (C,-280). See figure S5 for an example of these calculations.
The use of the control parameter, T, allowed us determine to what extent the trends in C; were
explained by the unfiltered climatic data, and hence determination of the residual long-term
component indicative of a physiological response. Specifically T was varied within the range
from [-1,2]. The full T-dependent suite of time-series for each site was then regressed upon the
optimal climatic target to determine which value of T yielded 1) the highest explained variance
and 11) a model residual time series with the smallest trend — these two estimates were
averaged. Only the explained variance estimates were used in the 9 out of 151 cases where a
local minimum slope could not be determined for the linear estimation. The primary

advantage of this method in comparison to, for example, direct removal of the temperature
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effects via linear regression, is that we explicitly account for low frequency changes in
estimating plant response, but not in the climatic screening. In addition to Figure S5,
examples of the t calculations are provided in ref. *°. In some cases the “optimal”
instrumental parameter for analysis yielded only slightly higher correlations than other
instrumental parameters (Table S2). We accordingly show results separately for all individual
parameters and their first principal component as the best estimate. We find the overall
distribution 1 estimates (Fig. 2¢) is not sensitive to these choices. However, outlier estimates
for certain sites and parameters exist (Fig. 2¢ and Fig. S5), so we thus consider the
mean/median 1 values for the broadleat and coniferous to be the most robust estimate for

changes in iWUE in European forests (Fig 3a).

As this “t approach” can be used to estimate long-term changes in C; or iWUE where effects
of climatic are corrected for, we use the superscript prefix notation “’C; and “iWUE to refer to
Ciand iWUE values where climatic influences on empirical quantification have been
considered. A 1 value of minus unity means that for every ppmv increase in C,, the “’C; would
actually decrease by the same amount. A 1 value of zero means that the plants have
maintained a constant “’C;, and a T value of unity means that for every ppmv increase in C,,
the ““C; increases by the same amount. The t values, which quantify the relationships between
“C; and C, were then converted into “iWUE estimates using the relationships shown in

equation (3). A t value less than unity is indicative of an increase in “iWUE.

A test of these empirical methods using the “dynamic climate, dynamic CO,” model
simulations showed that we were able to recover the magnitude for the increase in CO;-only
driven variation in C;, albeit with uncertainty related to statistically estimating and
eliminating the climatic controls on C; (Figure S18). Our tests are consistent with the
empirical findings shown in Figure 2 and support conclusions that also the physiological
response of trees also to a long-term increase in CO, concentrations is most consistent with
maintenance of a constant C; /C,. We observed that correlations between climate and the tree-
ring data were generally comparable to the climatic correlations with modelled iWUE or C;,
yet tended to be more consistent across Europe even though the models were driven by these
same climatic data. The “tau” approach performs particularly well where a high correlation

exists between the C; and climate (see figures S3 and S7).

Even though the consideration of climatic effects on C; and iWUE should yield notable

improvements in quantifying CO,-driven changes in plant physiological processes, this
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approach is not without possible limitations. Uncertainty in the t estimates derives from
identifying the climatic drivers responsible for inter-annual to long-term changes in isotope
discrimination (Fig. S3), statistical uncertainty in the estimation procedure (Fig. S4 — S5,
S18), the absolute values of C; (Figs. S1-S2), as well as those variations in the C; driven
neither by climate nor atmospheric CO, (ref. **), and inhomogeneities in the instrumental data
themselves™. Climate effects on isotope discrimination are limited to evaluation of climate
parameters whose effects are assumed to be linear and stable over time. The same is assumed
for relationships with CO,, which based upon experimental data is reasonable for the
concentrations experienced in the past®, however not well tested in natural environments.
Furthermore the low frequency variation in the tree-rings is assumed to reflect a linear
combination of the climatic response and physiological response to CO, variation. Possible

3336or inhomogeneities in the instrumental data®’ are

pollution effects in the tree-rings
regarded to be secondary to the CO, and climatically driven effects on isotope discrimination.
Suggestions that pollution effects are of a highly local nature®® will need further testing and
require the development of more spatially dense networks within Europe®®. Similarly, further
investigations from other regions across the globe including minimally polluted (e.g., sulfur,
nitrogen) areas and those with variable pollution histories, different long-term changes in
climate, and ideally long and robust climate and pollution records will be helpful to confirm

and refine the physiological effects to increased CO, we observe across Europe.

Dynamic Global Vegetation Model (DGVM) Simulations. Vegetation model simulations
were performed to 1) quantify the degree to which the different models meet empirical iWUE
estimates and uncertainties therein and i) provide insights on transpiration due to climate
varability and the plant response to CO,. An ensemble of six state-of-the-art DGVMs (Table
S3) were included in our study: LPJ (ref. **), LPJ-GUESS (ref. *°), JULES-TRIFFID (ref. %),
SDGVM (ref. *'), ORCHIDEE (ref. **), NCAR-CLMA4CN (ref. **). Model analysis is an
offshoot of the TRENDY Intermodel Comparison (“Trends in net land-atmosphere carbon
exchange over the period 1990-2009") that was launched to provide bottom up estimates of
carbon cycle processes for the regional synthesis of the REgional Carbon Cycle Assessment
and Processes (RECCAP). Accordingly, quantification of regional trends and variability in

the carbon cycle from the TRENDY initiative can be found elsewhere'***

. For our study on
water-use efficiency, six modelling teams (out of 9 in the overall TRENDY project)
participated (Table S3) by following a strict modelling protocol that outlined simulations for
three factorial experiments (denoted S1, S2, S3) using observed climate, CO,, and land use

and land cover change over the period 1901-2009 to drive the DGVMs. Our analysis uses
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model data from the “S2” storyline that includes time varying atmospheric CO;
concentrations and climate and time invariant land use for 2005. We refer to this set of
simulations as the “dynamic climate, dynamic CO,” as both factors followed their historical
courses. A fourth experiment (S4) designed especially to evaluate trends in water-use
efficiency for this work was performed to isolate the effects of CO, on plant physiology,
control simulations using historical climate but time invariant CO, concentrations fixed at
pre-industrial levels (287.14 ppm; “dynamic climate, fixed CO,”). The standardized
difference between the "dynamic climate, dynamic CO," and "dynamic climate, fixed CO,"
simulations (as anomalies relative to the 1901-1910 period) were used to isolate the effect of
CO; on changes in WUE metrics in the model simulations (e.g., as plotted in Figure 3a).

Model differences are assumed to provide an estimate for the CO,-only effect.

DGVM forcing datasets, configuration and analysis. The CRU-NCEPv4 climate dataset was
used to provide DGVM models with climate forcing variables at 6-hourly resolution for the
years 1901-2010, including precipitation, snowfall, temperature, shortwave and longwave
radiation, specific humidity, air pressure and wind speed. Global atmospheric CO, was
provided as an annual time series reconstructed from ice-core measurements that are then
merged with direct observations starting in 1956 from the Mauna Loa record. Land use
distinguished between managed crops and natural vegetation using a common database® with
land use fixed for the year 2005 for all simulations is used in our study. Modelling groups
used their own soil database to specify soil texture, water holding capacity, and thermal
diffusivity properties (typically as specified by the Food and Agriculture Organization*®).
Modelling groups also individually determined the treatment of vegetation dynamics and
natural disturbances, using either static or dynamic plant functional types and including or
excluding disturbance (mainly fire). Models were spun-up to equilibrate soil and vegetation
carbon pools for pre-industrial conditions (typically 1000-3000 years) by recycling climate
mean and variability for years 1901-1920. The simulations were then initialized*’ with the
final spin up configuration. European and Global land areas were defined according to the

Transcom III delineations.

Model structure and response. The ensemble of DGVM models provides an opportunity to
evaluate the role of structural uncertainties on trends in water-use efficiency. Differences in
model structure arise when there is uncertainty in the physical basis of ecophysiological
processes and vegetation dynamics. Table S3 presents the main processes related to

determining water-use efficiency, A/Gc, where A is carbon uptake and Gc is stomatal
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conductance. In most cases, the models all base photosynthesis on a well-established
biochemical model*. The Farquhar model estimates the enzyme kinetics of Rubisco, the main
enzyme limiting photosynthesis, based on available light, temperature, and leaf internal CO,
concentrations. The type of stomatal conductance model varies between the models because
there are various perspectives on the main environmental drivers that determine stomatal
aperture. For example, some models emphasize the coupling of soil moisture with stomatal
conductance (e.g., ref. ®) where as other models favor a more direct influence via relative
humidity or vapour pressure deficit *. The treatment of canopy energy budgets is not
considered in several models, meaning that leaf temperature is assumed to be equal to air
temperature — however, this would not be expected to alter trends in WUE. Canopy
phenology (the timing of leaf onset and offset), is treated explicitly by all models using the
growing-degree day concept (GDD) combined with temperature and soil moisture controls.
While in principle, the GDD concept is similar among models, the parameterization of such
models can differ greatly and have large influences on the modeled carbon budget™.
Vegetation distributions (at the plant functional type level for all models) are handled by
either allowing for dynamic vegetation, where the PFT distributions are determined by

climate and competition, or by prescribing PFT fractions based on land cover information’.

Analysis of DGVM results. Models reported their output data at various native spatial (0.5 to
3.75 degrees) and temporal resolutions (daily, monthly, annual) from 1901-2010, and so the
variables were standardized for comparison and aggregated by PFT to the European scale.
When necessary (i.e., for LPJ-GUESS, which reported finer-scale categories for PFTs), the
PFTs were aggregated into 6 coarser categories (broadleaf evergreen, broadleaf deciduous,
needleleaf evergreen, needleleaf deciduous, C3 grass, and C4 grass), with analysis conducted
for the PFTs closest matches to the empirical tree-ring datasets. In comparison to previous
analysis we also place specific emphasis on the PFT-level response of the DGVMs to
elucidate different processes and connections with the empirical data. In addition to the
default set of model output variables requested for the TRENDY exercise, modelers were also
requested to provide stomatal conductance and for internal leaf CO, concentrations. The
model variables that were analyzed included gross primary productivity (GPP), transpiration
(T), canopy stomatal conductance (Gc), leaf internal CO; concentration (C;), and leaf area
index (LAI). Annual GPP, T and Gc were summed for each PFT for the European continent,
and mean annual C; and LAI were averaged for each PFT. Total continental T and GPP were
estimated by summing across all PFTs, whereas C; and LAI were weighted according to their

PFT fractions at the grid-cell scale. Water-use efficiency was calculated in three ways, the
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first as GPP/T (WUE), the second as intrinsic water-use efficiency (GPP/Gc), and the third as
inherent water-use efficiency ((GPP*VPD)/ Ge) as in ref. °'.
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Supplementary Discussion on uncertainty estimation and propagation

Despite the utility of tree-ring data in investigations of the earth’s coupled hydrological and

383355 {g also

carbon cycle systems™, their use to reconstruct changes in the leaf-level processes
not without challenges. Numerous studies have shown that the isotope fractionation in leaves
is closely related to the inter-cellular to atmospheric CO, concentration gradient™, with
carbon isotopes providing information on the balance of potential water loss and carbon
assimilation (see main text). A variety of approaches have been employed in literature to
reconstruct the iWUE from the annual rings of trees, including investigations considering
whole wood>, wood cellulose adjusted for a discrimination differential between bulk leaf

discrimination and cellulose®~’

, and wood cellulose not considering any post photosynthetic
discrimination®. Further differentiation of existing studies includes the use of cellulose from
entire tree-rings versus latewood material®®, where signals in the latter are believed to be most
free from effects related to the storage and reallocation of carbohydrates®. Tree-ring based

6162 "and sub-

reconstructions have also been performed at annual (e.g., this study), multi-year
decadal™ resolution. Such variation in research protocols is by necessity associated with any

literature review or meta-analyses”.

In our study, we have made efforts to consider and when possible minimize uncertainties in
the estimation of water use efficiency. Measurements from all sites utilize only cellulose
material prepared and analyzed according to consistent laboratory standards and approaches'.
Except for one site where narrow tree-rings did not allow this to be performed, individual
tree-rings were separated at the latewood boundaries to minimize analysis of remobilized
carbohydrates from photosynthesis of the previous year. Nevertheless, the exact processes and
mechanisms by which leaf-level signals are transmitted and “locked” in the annual growth

h 25,63

rings of trees is an area of active researc , and contribute to the uncertainty in C,; and

1WUE estimates.

The original formulation of the Farquhar isotope discrimination model*'** is applicable for the
primary photosynthetic assimilates in the leaf and does not consider downstream post
photosynthetic fractionation due to processes including synthesis of secondary sugars,
respiration, compound exchange within the phloem, starch storage and subsequent
remobilization and incorporation in the wood structure>* . Conveniently, these post-

photosynthetic processes are to some extent reflected in the compound and organ specific
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fractionation, measurements of which can be used to both improve estimation of iWUE from

tree ring material and quantify associated uncertainties.

We utilize a modified version of the linear Farquhar model**** where the term d is employed
to sum discrimination (d,, d,,...,d,) beyond those associated with the direct photosynthetic
production of triose phosphates and € represents variability among trees within a site (see
below). A review” suggests that certain stages of this post photosynthetic fractionation to be
determined with relative ease, whereas other pathways remain more poorly quantified.
Considering current knowledge and available data, we accordingly characterize the post-
photosynthetic fractionation based upon measurements of the isotope composition available
for the leaves (d,), in the bulk wood material (d,), and in the alpha-cellulose (d,). Limited
evidence suggests that bulk leaf/needle compositions are slightly depleted in "’C relative to
the primary assimilates (Figure 6 in ref. * and ref. *). We utilize a rough value of 0.5%c with
a relatively wide error range (= 1.0%o) in this study for d,. The C enrichment of the whole
wood and other plant organs in comparison to the leaves is more readily established® with
average depletion by 1.26%o (and an approximate 95% confidence limit of + 0.14%o) from a
compilation of 410 reported results®. In our study we utilize a value of 1.3 + 0.5%o for this
discrimination (d,) rounding up the mean discrimination value and widening the confidence
limits. Also widely reported are the differences in isotope fractionation between tree-ring
cellulose and whole wood with for example enrichment in the alpha-cellulose between 0.89 —
1.68%o for naturally grown beech, oak and spruce trees®’. The isotope ratios of cellulose and
whole wood material have been found to be consistently offset at both the intra-seasonal and

inter-annual time scales®®®

and again permit some correction for these differences when
deriving C, and iWUE estimates from tree-rings. A review of more than 100 measurements of
cellulose versus the bulk mass determined an average cellulose enrichment of 1.29 + 0.16%o
(ref. °°). We similarly utilize a value of 1.3 = 0.5%o for this discrimination. To first order, the
total enrichment, d, from the primary photosynthates in the leaves to the wood cellulose can
be expressed as the sum of these sub component discriminations (here: d, = -0.5% 1.0%o; d,
=1.3 = 0.5%o0; d;=1.3 = 0.5%0) with the errors assumed to be independent and appropriately
propagated in quadrature. Herein we employ an enrichment of 2.1 + 1.2%¢ from the primary
photoassimilates to the wood alpha-cellulose and add this value (and uncertainty range) to the
alpha-cellulose measurements to better estimate the magnitude of leaf-level processes. As the
mechanistic understanding improves and more measurements become available the individual

d terms can be refined, expanded upon, and uncertainties reduced. More recent estimates of
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intermediate pathways such as characterization of phloem sugars also point to general post-

photosynthetic fractionation in this range® %,

The above discussion considers the fractionation processes within an individual tree,
however, the intensity at which these processes occur may vary among individuals within a
forest stand. Observations supporting tree specific homeostatic regulation include systematic
offsets between the coherent intra® and inter-annual™ variability. For this reason, part of
increasing the signal to noise ratio, we measured different individuals within each stand. Our
sampling and measurement protocol followed the general guidelines based upon correlations
of isotope measurements indicates that good agreement (e.g., EPS > 0.85 ; ref. °®) with the
theoretical population chronology is obtained by ~4 trees'®. However, such correlation metrics

do not account for systematic offset in isotope discrimination within® and among”"’

trees,
which may add further uncertainty to the absolute estimates of plant water use efficiency. A
review of literature quantifying inter-tree variability in isotope discrimination comes up with a
general 1-3%o range for carbon isotopes®, with a simple mean of the reported ranges yielding
estimates for inter-tree variability approximately at 1.2 — 2.6%o. To better estimate the
uncertainty resulting from tree-specific offsets we employ a recent dataset consisting of single
tree measurements at decadal resolution spanning much of the past Millennium from the
Spanish Pyrenees’'. The inter-series range (maximum — minimum values) of 25 samples over
70 decadal periods ranges from 0.71- 3.1%o corresponding well values in the literature. More
useful however for estimating the biases related to sub-sampling from a population dataset is
the standard deviation around mean, for which we obtain a mean value of 0.6%¢ and a range
among the different decadal intervals of 0.30 — 0.91%o from these trees in the Spanish
Pyrenees. Monte Carlo resampling trials using n=5 (accounting for some replicate measures
within trees) with a standard deviation of 0.91%o yields a 95% uncertainty in the mean isotope
discrimination at a site of + 0.8%0. We employ this as further uncertainty in the isotope
discrimination model using the € term. We consider this uncertainty a conservative measure

as some of the variability associated with the leaf to cellulose discrimination (terms d, and d,

above) also influence tree-to-tree variations.

Tree leaves and needles are the most important interface by which trees respond to and
interact with variable atmospheric conditions, but it likely that post photosynthetic
fractionation, allocation and partitioning of reserves within trees also depends upon climatic
variation. In our approach, we have considered the influence of climate variation on isotope

fractioning by comparisons and analysis with the optimal instrumental target for each site (see
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below). These methods importantly eliminate falsely attributing all changes in tree-ring
isotope fractionation to changes in atmospheric CO,, but at present we cannot attribute these
climatic signals prominently preserved in the tree-ring archive to the leaf, stem, and storage

and transport processes.

Accordingly measured carbon isotope values in the alpha-cellulose were corrected for post
photosynthetic discrimination of 2.1 + 1.5%o to reflect leaf level changes. The post-
photosynthetic values for the alpha-cellulose and their uncertainty ranges (assumed to be
normally distributed) were propagated throughout the analysis to the derived the C; and t. The
final “iWUE values and the associated uncertainty intervals were obtained by bootstrap

sampling from the distributions of site level C, measurements and T estimates.

While we attempt to provide the most accurate estimates (including quantified uncertainties)
of inter-cellular CO, concentration and water use efficiency and their changes over time, we
note in conclusion that not all estimates are equally reliable. For example, the absolute
changes in inter-cellular CO, concentration (e.g. as shown in Figure 2a) are more sensitive to
uncertainties in both pre and post photosynthetic fractionation then the percent changes in
intrinsic water use efficiency (e.g., Figure S4) throughout the 20" century.
Estimating/removing the climatic contributions to iWUE trends and the differences in site

responses contributes to the total uncertainty range in of the “iWUE (Figure 3a).
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