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Summary

 The ratio of leaf internal (ci) to ambient (ca) partial pressure of CO2, defined here as v, is an

index of adjustments in both leaf stomatal conductance and photosynthetic rate to environ-

mental conditions. Measurements and proxies of this ratio can be used to constrain vegetation

model uncertainties for predicting terrestrial carbon uptake and water use.
 We test a theory based on the least-cost optimality hypothesis for modelling historical

changes in over the 1951 2014 period, across different tree species and environmental con-v –

ditions, as reconstructed from stable carbon isotopic measurements across a global network

of 103 absolutely dated tree-ring chronologies. The theory predicts optimal as a function ofv

air temperature, vapour pressure deficit, ca and atmospheric pressure.
 The theoretical model predicts 39% of the variance in values across sites and years, butv

underestimates the intersite variability in the reconstructed trends, resulting in only 8% ofv

the variance in trends across years explained by the model.v

 Overall, our results support theoretical predictions that variations in are tightly regulatedv

by the four environmental drivers. They also suggest that explicitly accounting for the effects

of plant-available soil water and other site-specific characteristics might improve the predic-

tions.

Introduction

The net uptake of atmo spheric CO 2 by the terrestrial biosphere,
which acts as a sink for about 30% of anthropog enic CO 2 emis-
sions, has help ed to reduce the increase in atmospheric CO 2 con-

centration and therefore dampened climate change since the– –

beginning of the industrial era (Le Quere , 2018). H owever,et al.
it is still unclear how atmosph eric CO2 , clima te, and other envi-
ronmental changes will influence the future strength of the

terrestrial carbon (C) sink (Ciais , 2013; Ballantyne ,et al. et al.
2015; Schimel , 2015). It has been suggested that the magni-et al.
tude of net terrestrial C uptake is likely to decline in the future
through various mechanisms, including resource limitations on
the CO2 ‘fertilization’ effect as a result of nitrogen (N) availabil-

ity (Reich , 2006; Reich & Ho bbie, 2013), red uced wateret al.
availability as a result of changes in the hydrological cycle (Zhao
& Runnin g, 2010; H umphrey , 2018; Green , 2019),et al. et al.
or enhanced turnover of soil C as a result of warmin g (Knorr
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et al. et al., 2005; Li , 2018). Yet, the exten t to which these pro-
cesses might affect the terrestria l C sink is still largely unknown ,
especially when conside ring the real possibility of plant adapta -
tion and acclimation that may occur over decadal to longer

timescales. Cur rent models of the terrestrial biosphere incorpo-
rate different formulations of the underlying processes, including
photosynthesis an d leaf gas exch ange respons es to varying CO2

concentrations (Rog ers , 2017), the impact of soil moi stureet al.
stress on photosynthesis and stom atal conductanc e (De Kauwe
et al. et al., 2013), an d C allocation and turnover (De Kauwe ,
2014), leading to large differences in simulated terrestrial CO2

uptake and future climate change. New metrics and proxies of

key biologic al processes are thus needed to improve and reduce
uncertainties in terrestrial models.

The ratio of leaf inte rnal (c i ) to ambient (ca) partial pressure of
CO 2 (hereafter termed ) is a key metric of physi ological func-v

tion in plant leaves being dete rmined by both stomata l conduc-
tance in the short term and photosynthetic bioch emical capacity
at longer timescales (Farquhar , 1982). Thus, is the keyet al. v

variable for the study of C uptake. Under som e conditions it can

also provide insights into changes in intrinsic water-use efficiency
(iWUE), that is, the ratio of phot osynthesis to stomatal conduc-
tance, defined as iWUE = ca (1 )/1.6 (Ehleringer , 1993).– v et al.
As there are many other definitions of water-use efficiency

(WUE) by plants, each with different meanings (Lavergne ,et al.
2019), analysis of data directly in terms of is preferred here.v

Plants assimilate the heavier 13 CO2 molecules less readily than
12 CO2 because of their slowe r diffusion through the st omata and

preferential fixatio n of 12CO2 by Rubisco, resulting in a discrimi-
nation against 13C compared with 12C, defined as D13C (Park &
Epstein, 1960). In C 3 plants, D13 C is principally determin ed by
v v. Thus, reconstructing long-term effective values of from
D 13C derived from the stable isotope 13C/12 C ratio ( d13 C) mea-
sured in plant materials (incl uding tree rings), or even in atmo-
spheric CO 2 , ca n offer valuable insights into stomata l and

photosynthetic adjustmen ts to environme ntal conditions. As air
masses are transported and mixed rapidly in the turbulent lower
atmosphere, D13C values inferred from atmospheric d13 CO2 are
representative of process es occurring at reg ional (Ballantyne
et al. et al. et al., 2010; Peter s , 2018 ) or global (Keeling , 2017)

scales, while values derived from d13 C meas ured in tree rings
reflect ecophysiologica l processes at the individual plant level.
Thus, d13C data from different sources can, in principle, be used

to evaluate an d improve the representation of stomatal and pho-
tosynthetic behaviour in models at different spatial scales. How-
ever, atmospheric d13CO 2 is also influence d by many other
processes, such as ocean atmosph ere gas exchange and isotope–

disequilibrium fluxes (Kee ling , 2017), complicating theet al.
derivation of long-term changes in using atmosph eric data.v

Formulations for D 13C have been included in vege tation mod-
els (Saurer , 2014; Frank , 2015; Raczka , 2016;et al. et al. et al.
Keller , 2017) and evaluate d using existing observations aset al.
recommended by the Coupled Model Interc omparison Projec t
Phase 6 (CMIP6), which coordinates current Earth system mod-
elling activities internationally (Eyr ing , 2016; Jones ,et al. et al.
2016). Yet some recent st udies have shown that current models

overestimate the decrease in D 13C (and the associat ed increase in
WUE) over the 20 th century (Keller , 2017) or simulate anet al.
increase in both D13C and WUE at leaf level, which is inconsis-
tent with biological theory (Raczka , 2016). These studieset al.
demonstrate that D13 C can reveal explicit biases within the mod -
els. Errors in the simulation of D13C ca n, however, be diffic ult to
attribute to particular processes. Incomplete, empirical descrip-
tions of the process es determining in vegetation models andv

incorrect assumptions about key parameters in the model of pho-
tosynthesis may cause discrepancies between obser ved and pre-
dicted D13C. Many models assign fixed parameter values to
different plant fu nctional types (PFTs) (Rogers , 2017), butet al.
this approach overlooks the ability of plants (within any one
PFT) to acclimate or adapt to environmental changes
(Wullschleger , 2014; Martet al. ınez-Sancho , 2018;et al.
Dorado-Li~nan , 2019). Also, some of the processes linkinget al. c i

to D13C have been neglected. The potential impact of fractiona-
tions dur ing the transport of CO 2 from the intercellular space to
the chloroplasts and during photorespi ration have been described
(Ubierna & Farquhar, 2014), and may be important to include

when an alysing historical trends (Seibt , 2008; Keeling ,et al. et al.
2017; Schubert & Jahren, 2018; Lavergne , 2019). Accord-et al.
ingly, there is a need to probe the assumptions abou t leaf gas
exchange incorpor ated into such mod els, to include the known

physiological and environmenta l processes influenci ng D13C, and
to evaluate the resulting simulations with lo ng-term stable C iso-
tope data.

Simpler analytical models can provide an integrativ e app roach

to understanding whole-pl ant responses to environmenta l
changes via the gener al hypothe sis that plants optimize their
physiology towards maximizi ng fitness (Medlyn , 2013;et al.
Dewar , 2018). However, the tradeoff between the benefitset al.
and costs of sto matal opening (C gain at the expe nse of water
loss) and investments in photosyn thetic bioch emistry (requiring
N and energy) is still not completely und erstood; in particular,
the specifi c nature of the costs remains an open question. Differ-

ent optimization hypotheses for th e control of sto matal conduc-
tance have been proposed review ed in Buckley (2017) and–

Dewar (2018) that make diff erent predictions of stomatalet al. –

responses to the environme nt. The Co wan Farquhar optimality–

hypothesis states that leaves maximize the difference betw een
photosynthesis and the C cost of transpiration, that is, / ,A E– k

where is the photosynthesis rate, is the rate of transpirationA E
and is an ‘exchange rate’ between C and water (Cowan & Far-k

quhar, 1977; K atul , 2010; Buckley & Schyma nski, 2014;et al.
Sperry , 2017). has usually been determined as a functionet al. k

of soil moisture (Manzoni , 2013) and of xylem water poten-et al.
tial (Wolf , 2016; Sper ry , 2017). The Cowan Farquharet al. et al. –

optimality hypothe sis, however, does not account for the costs of
maintaining both water flow and phot osynthetic capacity
(Givnish, 1986). Follow ing the least-cost optimality hypothesis

proposed by Wright (2003), Prentice (2014) intro-et al. et al.
duced the alternative crit erion that leaves minimize the summed
unit costs of transpiration and carboxylat ion, that is,
(aE E b+ VVcmax )/ , whereA a E is the sapwood maintenance cost

per unit of transpiration capacity and b V is the cost associated
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with the maintenance of photosyn thetic (carboxylation) capacity
(V cmax) (Rog ers, 2014). Dewar (2018) analys ed another cri-et al.
terion, following Givnish (1986), whereby the cost of stomatal
opening arises from nons tomatal reductions in photosynthesis

induced by leaf water stress. The authors explored different
hypotheses in which reduced leaf water potential leads to a reduc-
tion in eithe r V cmax or mesophyll conductance. Predicted sto m-
atal responses were broadly similar to those der ived fro m the

least-cost opt imality hypothe sis (Dewar , 2018), althoughet al.
the reduction of V cmax rather than mesophyll conductanc e pro-
vided a better fit across different PFTs (Gimeno , 2019).et al.

Here we test the theoretical framework implie d by the least-

cost optimality hypothesis for predicting long-term cha nges in v

across the globe, during a period of steadily increasing ca (c.
85 ppm over 1951 2014). Spatial patterns of predicted by the– v

least-cost hypothesis have been supported by analyses of leaf
D 13C data at the regional (Bloomfield , 2019) and globalet al.
scales (Wang , 2017b). However, simulations of and itset al. v

trends over recent decades using this model still await evaluation
against long-term observations. Here we first reconstruct changes

in over 1951 2014 using a global tree-ringv – d13C (d13CTR) net-
work of 103 sites. We then compare model predictions and recon-
structions for their spatial and temporal patterns and examine the
sensitivity of predicted and isotope-derived v t o the e nvir onme ntal

drivers of the model and other constraints. Our aim is to address
the following questions: can temporal variations in as indexedv –

by long-term d13 CTR measurements be predicted by the least-–

cost hypothesis; how well do these predictions of reproduce thev

ratio’s observed dependency on environmental drivers; and are
there any other potential environmental controls on that shouldv

be considered in order to improve these predictions?

Materials and Methods

Observational dataset of v

We compiled 103 absolutely dated d13CTR chronologies from
published and unp ublished materials representing different PFTs
(deciduous broadleaf forest (DBF, 29) and evergreen needle-n =

leaf forest (EN F, 74)) and environmental contexts in the tem-n =

perate and boreal zones, with at least 30 yr of records over the
1951 2014 perio d when most data were available (F ig. 1; Sup-–

porting Information Table S1; Dataset S1). d13C TR (i.e. the ratio

of 13 C t o 12C of the wood component compa red with an interna-
tionally accepted standard materia l) was derived from cellulose
(with just two exceptions where bulk wood was used ) an d fro m
either the whole ring (WR, 65; includi ng both ea rlywood andn =

latewood) or only latewood (LW, 38; Table S1). The analyti-n =

cal error in the d13CTR measurements was typically 0.15 . &

D 13C for each series was calculated as:

D 13 C ¼ d13 CO2  ðd13C TR  Þd

1 þ ðd 13C TR  Þd =1000
Eqn 1

where d13CO 2 is the stable isotopic composition of atmospheric
CO 2 in the year of ring formation, an d ( ) qua ntifies the sumd & 

of discriminations beyon d those ass ociated with the production
of the primary photosynthetic assimilates: 1.9 between leaf&

organic matter and bulk wood (Badeck , 2005), andet al.
2.1 1.2 between leaf organic matter and -cellulo se (F rank & a

et al., 2015). For each yea r, D13 C was used to derive viso (i.e. the
isotope-derived ) with the model from Farquhar (1982)v et al.
including an explicit fractiona tion term for photorespiration as
recommended by seve ral studies (e.g. Ubierna & Farquhar, 2014;

Schubert & Jahren, 2018; Lavergne , 2019) but assuminget al.
effectively infinite boundary laye r and mesoph yll cond uctances,
and negligible fractionation during mitochon drial respiration
(Ghashghaie , 2003; Evans & Von Caemmerer, 2013):et al.

D13C ¼ þ a b að Þv iso  f
C

ca
Eqn 2

where , and represent isotope fractionations as a result ofa b f
CO 2 diffusion in air (4.4 ; Craig, 1953), effective Rubisco car-&

boxylation (26 30 ) and photorespiration (8 16 ; Ubierna &– & – &

Farquhar, 2014), respectively. (Pa) is the COΓ* 2 compensation
point in the absenc e of mitochondrial respiration, that is, the
value of c i at which the ra te of photosyn thetic CO 2 uptake equals
that of photorespiratory CO 2 evolution, calculated from the tem-

perature and pressure response, Γ Γ* = *25 P atm /P 0 exp[DH a (T –

298)/( 298)], withRT 9 Γ* 25 the photorespiratory compensation
point at 25 C,° DH a the activation energ y for (Bernacchi ,Γ* et al.
2001), the temperature, the universal gas cons tant (MoldoverT R
et al. P, 1988), and atm and P0 the ambient and sea-level atmo-
spheric pressur es, respectively. Note that we did not consider
mesophyll conductance (g m) in our calcula tions because informa-
tion on g m , which is highly variable between specie s (von Caem-

merer & Evans, 2015) and may fluctuate ove r long time periods
(Flexas , 2008), is generally lacking. Neverth eless, given theet al.
influence of gm in the full discriminatio n model, we provide a
sensitivity analysis in the Suppor ting Information (Notes S1;

Fig. S1).
From Eqns 1 and 2, viso can be written as:

v iso ¼

d13 CO2  d
13 CTR dð Þ

1þ d13 CTRdð Þ =1000

 
 þa f C

c a

b a Eqn 3

The choice of the values in Eqn 3 for the fractionation factors
related to Rubisco carboxyla tion ( ), photorespiration ( ) andb f
postphotosynthetic processes ( ) does not affect the tren d esti-d
mates of viso but only modulates the mean v iso values (Fig. S1).
In the followin g, we have used the mean values from their range
of uncertainties of 28 and 12 (Ubierna & Farquhar,b = & f = &

2014). Post photosynthetic fractionations were assumed equal for
all species ( 2.1 for cellulose and 1.9 for bulk wood)d = & &

because information quantifyin g these effects for ind ividual
species is sparse (Bowling , 2008; Seibt , 2008; Win gateet al. et al.
et al. et al., 2008; Gessler , 2014). Thus, we inevitably made some
approximations that may have contributed to uncertainty in the
reconstructed viso values. Finally, to minimiz e the poten tial effect
of mixing an d turnover of nonstructural carbohydrate pools of
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different ages and metabol ic histor y in d13 CTR (Gessler ,et al.
2014), we have aggregated the res ulting viso series into boxcar
averages over a 5 yr period.

Prediction of following the optimality hypothesisv

The theoretical model The theory to predict (v vpred , hereafter)
following the least-cost optim ality hypothesis was introduced

(Prentice , 2014; Wang , 2017b; Stocker , 2019a)et al. et al. et al.
and applied in several recent studies (Dong , 2017; Wanget al.
et al. , 2017a; F€urstenau Togash i , 2018; Bloomfield ,et al. et al.
2019; Smith , 2019). One of the strengths of the mod el iset al.
that there is no distinction among PFTs and biomes, except for
the well-established dif ferences between C3 and C 4 plants, and
therefore no fixed parameter defines the behaviour of the vegeta-
tion as in most current models (Rogers , 2017). Thus, vege-et al.
tation functi ons are allowed to evolve freely with environmental
changes. The model is driven by P atm, observ ed air temperature
( ), vapour pressure deficit ( ) andT D ca at the selected time step
(here, monthly) as follows:

vpred ¼
c i

c a

¼ C

c a

þ 1
C

ca

 
n

nþ p
D

Eqn 4a

where

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b
K þ C

1 6: g

s

Eqn 4b

n vmodulates the sensitivity of pred to , (unitless) is theD b

ratio of cost factors for carboxylation and transpirat ion (b V /aE ) at
25 C, * (unitless) is the viscosity of water relative to its value at° g

25 C, and (Pa) is the effective Michaelis constant for Rubisco-° K
limited photosynthesis at ambient partial pressure of O 2 (O, Pa)
given by:

K K¼ C 1 þ O

KO

 
Eqn 5

where K C (Pa) and K O (Pa) are the Michael is const ants of
Rubisco for carboxylation and oxygenation, respectively. andK
g* are known functions of andT P atm, an d can be estimated fol-
lowing Bernacchi (2001) and Huber (2009), respec-et al. et al.
tively. P atm is calculated from eleva tion ( ) following Allenz et al.
(1998). Only one free parameter is used here, , whose valuesb

were estimated indepe ndently for ENF and DBF based on the
tree-ring netwo rk of d13 C data using Eqn 4 under the mean envi-
ronmental conditions over the studied period (see Notes S2;
bENF = 176 and bDBF = 191). Note that our assum ption of a con-

stant is a practical approximation based on environme ntal con-b

ditions as may vary over tim e (e.g. as a result of changes in soilb

moisture content; Stocker , 2018, 2019b). Thus, the theoret-et al.
ical model does not explic itly account for potential effects of

changes in soil moi sture on (the poten tial impacts of soil mois-v

ture limitati on on are discussed further in the following). Also,v

as ca > Γ* under field cond itions, the theory predicts that is onlyv

slightly dep endent on c a. Overall, optimal following the theoryv

is expected to incre ase with increasing but to decrease withT

(a)

(b) (c)

Fig. 1 (a) Location of the selected 103 tree-

ring sites with carbon isotopic measurements

(see Supporting Information Table S1 for
details). Zoom over North America (b) and

Europe (c) where the network is denser.

Latitude and longitude are in decimal
degrees. PFT, plant functional type

(deciduous broadleaf forest (DBF, = 29)n

and evergreen needleleaf forest (ENF,
n = 74)).
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increasing andD c a, and dec reasing Patm (i.e. incre asing ) (Wangz
et al., 2017a).

Driving data Latitude and longitude were used to extract mini-

mum and maximum temperatures (T min and T max, C) and°

actual vapour pressure (e a , hPa) for each site from monthly 0.5°
resolution data provid ed by the Climatic Research Unit (CR U
TS4.01; Harris , 2014). When not provided by the authorset al.
(Table S1), values (km) used to inferz P atm were obtained from
the WATCH Forcing Data methodology applied to ERA -
Interim data (WFDEI) with 0.5 resolution (Weed on ,° et al.
2014) using the latitude and longitude of the site. Estimated z
values from the WFDEI dataset were in reasonably good agr ee-
ment with those provided by auth ors, when available (r 2

= 0.77,
P < 0.001; Fi g. S2). Monthly atmospheric CO 2 concentrations
(in ppm) for the 1958 2014 period were derived from– in situ
direct meas urements provided by the Scripps Institut ion of
Oceanography (http://scrippsco2.ucsd.e du/data/atmospher ic_c
o2/). For the 1951– 1958 period, we interpolated the monthly
CO 2 values using the mean seasonal cycle reco rded over

1958 2014 and the yearly CO– 2 values from a merged product
based on ice core data and direct measurements (Fig. S3).in situ
The c a dataset was first corrected for the elevation effect and
converted into Pa before being used for the analyses as follows:

ca (Pa) 10=
–6 [CO 2] ppm Patm . Atmospheric d13 CO 2 data for the

historical period of interest we re extracted from a recent compila-
tion by Graven (2017).et al.

We calculated the monthly mean daytime air (T T daytime, C) to°

consider only the part of the day when photosynthesis occurs, as:

T daytime ¼ T max
1

2
þ

p
1  x 2ð Þ½ 

2 arccos x

 
þ Tmin

1

2


p
1  x 2ð Þ½ 

2 arccos x

 

Eqn 6a

where

x ¼  tan tan Eqn 6b/ d

with the latitude (/ °) and D the average solar dec lination for the
month (Jones, 2013).

Given our hypothesis of infinite boundary layer conductance in
Eqn 3, we assumed equality of leaf and air temperatures. Monthly
mean daytime (D Ddaytime, kPa) was calculated following Allen
et al. (1998) using T daytime , P atm and monthly mean ea as:

D daytime ¼ 0 611 e:
8 635: T daytime

237 3: þ Tdaytime  0 10: e a
P atm

P 0
Eqn 7

Model evaluation

For evaluating model predictions against reconstructions, the

monthly vpred values initially calculated following Eqn 4 using
the monthly mean daytime values of climate predic tors (i.e.
T daytime, D daytime) and c a were aggregated as medians over the
most productive mont hs of the growing season to produce the

growing-season vpred series. At each site, the peak grow ing-season
months, when most of the C to build the tree ring is fixed, were
estimated based on a literature review (see Table S1). When no
information was available, we assumed a growing season centred

over summer months, i.e. June August for the northern hemi-–

sphere. We then aggre gated the resulting yea rly vpred series as 5 yr
boxcar averages before comparing them with independently esti-
mated, also 5-yr-ave raged viso .

All statis tical an alyses were cond ucted in th e open-sour ce sta-
tistical environment R (R Core Team & R Developm ent Core
Team, 2018). We first compared the spatial and temporal pat-
terns of between reconstructions and predictions before investi-v

gating potential biases in the predictions. The agreement between
vpred and viso values was assessed using the adjusted -squaredR
(R 2

adj ), the root mean square error (RMSE ), the Akaike informa-
tion criterion (AIC; Akaike , 1973) and the Bayesian information

criterion (B IC) using the R packag e PERFORMANCE (L€udecke
et al., 2019); overall, lower RMSE, AIC and BIC values indicate
greater explanat ory power. The temporal changes in at each sitev

for both reconstr uctions and predictions were quantified using

the Theil-Sen estimator from the R package TREND (Pohlert,
2018), which calculates a trend as the median of the slopes of all
lines through pairs of points (Sen, 1968). Before estimating
Theil-Sen trends, vpred and viso values were converted into per-

centages of chang es in relative to the site mean, in order tov

make the trends more comparable with each other:

vð%Þ ¼ vt  vmean

vmean

 100 Eqn 8

w h e r e vt a n d vm e a n a r e t h e v a l u e s f o r v a t t h e t i m e r e s o l u t i o n

c o n s i d e r e d ( 5 y r  ) a n d f o r t h e w h o l e 1 9 5 1 –2 0 1 4 p e r i o d , r e s p e c -
t i v e l y . T h e r e s u l t i n g v t r e n d e s t i m a t e s w e r e c o m p a r e d b e t w e e n
r e c o n s t r u c t i o n s a n d p r e d i c t i o n s u s i n g d i f f e r e n t l i n e a r r e g r e s s i o n
m o d e l s . W e fi r s t a p p l i e d t h e o r d i n a r y l e a s t - s q u a r e s ( O L S )

m e t h o d f o r r e d u c i n  g t h e r e s i d u a l s i n t h e l i n e  a r r e  g r e s  s i o n a  n d
t h e n a p p l i e d t h e M - e s t i m a t o r s m e t h o d t o p e r f o r m r o b u s t l i n e a r
r e g r e s s i o n s ( R L M ) u s i n g t h e R p a c k a g e M A S S ( V e n a b l e s & R i p -
l e y , 2 0 0 2 ) . T h e M - e s t i m a t o r s m e t h o d i s g e n e r a l l y l e s s s e n s i t i v e

t o o u t l i e r s t h a n t h e O L S m e t h o d . T o a s s e s s t h e e f f e c t o f t e m p o -
r a l c h a n g e s i n g r o w i n g - s e a s o n a v e r a g e T d a y t i m e a n d Dd a y t i m e

( h e r e a f t e r T g a n d D g, res pe ct ive ly ) on v t r e n d s , w e a d d i t i o n a l l y
c a l c u l a t e d T g a n d D g t r e n d s f o l l o w i n g t h e s a m e a p p r o a c h a s

d e s c r i b e d e a r l i e r .
As a further examination of the sk ill of the least-cos t hypothe -

sis, we inve stigated the relative dependencies of vpred and viso val-
ues on the four drivers of the model using multiple linear

regression. To do so, we first calculated the logit-tr ansformed viso

and vpred values, as logit logv = e[ /(1 )]. Logit transformationv – v

stabilizes variance in quantities with a (0,1) range and also simpli-
fies the comparison of the sensitivity of to environmental vari-v

ables. We also estimated the model bias (B) i n v predict ions at
each site as:

B ¼
vpred  viso

viso

 100 Eqn 9
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Linear regressions of logit viso , logit vpred and again st theB
four primary drivers (T g, natural log-transformed Dg , c a and z ) as
predictors were applied using OLS. The variance explained by
each of the fixed effects was calculated via commonality analyses

using the R package YHAT (Nimon , 2013). We also testedet al.
two linear mixed-effect models (Bolker , 2009; Zuur ,et al. et al.
2009) using the R package LME4 (Bates , 2015) whichet al.
included the four fixed effects described earlier but also a random

effect related to site to account for site group ing on variance par-
titioning. One model included only random intercepts, while
another inc luded both random intercepts and slope s. The vari-
ance explained by the fixed effects and that explain ed by the

entire mod els, includi ng both fixed and random effects, were also
calculated.

Finally, to investigate the potential influences of soil water
availability on , we tested different multiple linear models ofv

logit viso and which include d the primary drivers of the least-B
cost hypothesis and one index of plan t-available soil water as pre-
dictors. Three alternative indices of droug ht severity or soil water
availability were tried: a drought index based on climate water

balance (the Standardized Precipitation-Evapotrans piration
Index, SPEI) inferre d from the 0.5 gridded monthly SPEIbase°

dataset (Beguerıa , 2010); the surface soil moisture contentet al.
(h, m3 m3 ) data extracted at each site from the 0.25 resolution°

product of the European Space Agency Climate Change Initiative
(Dorigo , 2017); and an estimate of the ratio of actual evapo-et al.
transpiration to equilibrium evapotranspiration (Priestley Taylor–

coefficient, ) calculated at each site using the Sa PLASH model

(Davis , 2017) (see Notes S3 for more deta ils).et al.
All linear models were compared using analys is of variance

(ANOVA), RMSE, AIC and BIC. The partial residuals of mos t
models were computed using the R package EFFECTS (F ox &

Weisberg, 2018) and the respective residual plots were visually
examined again st environmental variables.

Data and code availability statement

The impleme ntation of the least-cos t optimality hypothesis in R
is available via the R package RPMODEL (Stocker , 2019a ).et al.
The R code used for all the numeric al analyses presented here is

available through https://github.com/Ali elav/NP_Lavergneeta
l2019. The isotope-derived and predicted v data over the 1951–

2014 period are provid ed in Dataset S1. Except for data explicitly
specified as availa ble upon request in Table S1, all the tree-ring
d13C data are ava ilable in the Dataset S1.

Results

Model-data comparison of valuesv

Over the 1951 2014 period,– vpred and viso values were in reason -
able agreement (R 2

adj = = =0.39, RMSE 0.062, AIC –3015,

BIC 3000, 0.001; Fi g. 2b), but were more consistent for= – P <

ENF than DBF sites (R 2
adj = = =0 .38, RMSE 0.063, AIC –2140,

BIC 2126 for ENF vs= – R 2
adj = = =0.21, RMS E 0.054, AIC –

907, BIC 896 for DBF, 0.001; Fig. 2a).= – P < vpred values from

high-elevation sites (i.e. with low P atm ) tend ed to be lower than
those from low-elevation sites (i.e. high P atm), although the
reconstructed values did not show this distinction as clearly as the
predicted values (Fig. 2b).

Model-data comparison of long-term trends in v

The median trends across sites were not significantly differentv

from zero, either for the isoto pe-based reconstruction s (ranging
across sites between 1.41 and 1.89 % per 5 yr) or for the model
predictions (ranging across sites between 0.27 and 0.27% per–

5 yr) ( 0.20, Student’s -test; Fig. 3a). These results indicateP > t
that on average ac ross sites, both viso and vpred stayed nearly con-
stant while c a increased by 2.05% per 5 yr. Recons tructed and
predicted trends were not significantly different ( 0.906,v P =

Student’s -test). However, the variability of trends betw eent v

sites was larger in viso than in vpred (interquartile range 0.60 vs=

0.12; 0.001, -test). No significant differences inP < F viso trends
were detected betw een ENF and DBF series or between latewood
and whole ring series ( 0.40, Student’ s -test). tren ds tendedP > t v

to be lower at sites with increased T g and D g , but these differ-
ences were only significant for the predic ted trends (Fig. 3c,d).
Predicted and isotope -derived historica l trends were onlyv

slightly related to each oth er for all sites (R 2
adj = 0.08,

(a) (b)

Fig. 2 Predicted vs isotope-derived 5 yr

boxcar averages of over 1951 2014.v –

Median and standard deviations are shown
for each plant functional type (PFT) (a) or for

all PFTs (b). The bold lines are the ordinary

least-squares regressions for each PFT (a) or
combined (b). The dashed grey line is the

1 : 1 line. DBF, deciduous broadleaf forests

( = 29); ENF, evergreen needleleaf forestsn

( = 74).n R2
adj , adjusted R2 ( 0.001); RMSE,P <

root mean square error of the predictions.

Elevation is in km.
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RMSE 0.507 , AIC 159, BIC 166), as show n using either= = =

OLS or RLM ( 0.003; Fig. 3b). The relation ship betweenP < v iso

and vpred trends was mainly driven by ENF sites (R 2
adj = 0.11,

RMSE 0.135 , AIC 78, BIC 73, 0.003 for ENF vs= = = P =

R 2
adj = = = = =0.03, RMSE 0.069, AIC 67, BIC 63, P 0.199

for DBF).

Model-data comparisons against environmental drivers

The partial residuals of logit viso values increased with increasing

T g but decreased with increasing log eD g, c a and (i.e. decreasingz
Patm ), consistent with those of logit vpred (Table 1; Fig. 4). When
ignoring c a as environmental driver of viso, the variance expla ined
by the statist ical model was similar to the one including c a

(R 2
adj = 0.37; see Table S2), the second model being only slightly

improved (ANOVA, 0.036). The relatively small contribu-P =

tion to the explained variance of the uni que effect of c a compared
with the other drivers (Table 1) suggests that c a had only a minor

effect on viso. When significant, the logit viso responses to chang-
ing T g, log e Dg and c a varied and diverged from the general pat-
tern at some sites (Fig. 4a c); however, no clear pattern for these–

discrepancies emer ged.

The linear mixed-effects models for logit viso with Tg , log e Dg,
ca and (indexin gz P atm ) as fixed effects, and site as a random
effect, performed better than the model conside ring only fixed

effects (lower AIC and BIC, significant ANOVA test, 0.001;P <

R2
cond = 0.94 vs R 2

adj = 0.39; Tab les 1, S2a). The mod el with ran-
dom intercepts and slopes yielded lower AIC and BIC values

than the one with only random interce pts. Both models, how-
ever, tended to assign most of the variance in logit viso to the ran-
dom effects ( 64%), whereas the fixed effects only contributedc.
c. 30% of the variance (Table S2a).

Model biases vs environmental constraints

Overall, the theoretical model for v showed a significant positive

bias with increasing z (decreasi ng Patm), mainly as a res ult of two
sites (P < 0.001; Fi g. 5c) but no bias related to T g , l oge Dg or ca were
detected (Figs 5 a,b). Neverthel ess, there were significant biases with
changing T g, log eDg or ca at some individual sites (Fig. 5a,b) but

the magnitudes and sig ns o f these biases varied among sites.
Including one of the indices of soil water availability (i.e. orh

a v) as additional driver of logit iso in the linear regression model
slightly im proved the model fits (lower AIC and BIC; significant

ANOVA, 0.05) but both the dep endencies of lo gitP < viso on z
and on ca were then no longer significant (Table S2b). The mod el
showed a significant negative bias with increasing andh a

(Fig. 6b,c), indicating an overe stimation of at low soil moisturev

sites and underestimation of at high soil moisture sites at leastv

over the 1979 2014 period. Note that model biases related to–

these additional drivers diverge d from the general responses at

some individual sites.

(a) (b)

(c) (d)

Fig. 3 Temporal changes in isotope-derived

(ISO) and predicted (PRED) over the 1951v –

2014 period for the selected 103 tree-ring

sites (see Supporting Information Table S1).

The Theil-Sen trends of the percentage of

changes relative to the site mean (%
(5 yr)1) are presented considering all sites

(a, b), or at each site depending on the

historical trends in growing-season average
climate variables (daytime temperature Tg

(c), vapour pressure deficit Dg (d)) (ns,

nonsignificant trend; increase, positive

trend). In (a), (c) and (d), the -values fromP
the Student’s -tests performed between thet

different groups of trends are indicated. In

(b), the 95% confidence intervals of the
Theil-Sen trends are shown in light grey. The

dashed grey line is the 1 : 1 line. The coloured

lines with associated 95% confidence

intervals are for different regression models:
ordinary least squares (OLS, blue) and robust

(RLM, red) linear models. The -value forP

these models are also indicated. R2
adj ,

adjusted R2; RMSE, root mean square error

of the predictions.
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Table 1 Summary statistics for the environmental dependencies of reconstructed and predicted logit v.

Predictor Estimate SE -value Unique Totalt R 2
adj RMSE AIC BIC

Reconstruction DTg 0.068*** 0.005 12.745 24.65 14.63 0.37*** 0.306 522 552
LogeDg – –0.520*** 0.056 9.202 12.85 6.03

z – –0.118*** 0.026 4.458 3.02 67.93

ca – –0.009* 0.004 2.096 0.67 36.28

Intercept 1.625*** 0.145 10.924
Prediction DTg 0.061*** 0.001 153.40 33.04 13.15 0.98*** 0.023 5208 5178< – –

LogeDg – –0.504*** 0.004 119.95 20.20 7.08

z – –0.040*** 0.002 20.17 0.57 62.33
ca – –0.004*** 0.001< 11.71 0.19 35.39

Intercept 1.401*** 0.011 126.39

DTg, difference between growing-season mean temperature Tgand 25 C; log° e-transformed vapour pressure deficit; logeDg, partial pressure of CO2 cor-

rected for elevation effect (c a); , elevation; -value, Student’s -test; ‘Unique’/‘Total’, contributions to the explained variance (z t t R 2) of unique effect (Unique)

and both unique and common effects (Total) for each environmental driver (in % of R2); R2
adj , adjusted R2; RMSE, root mean square error; AIC, Akaike

information criterion; BIC, Bayesian information criterion. The statistical significance of the models is indicated: ***, 0.001; *, 0.05.P < P <

(a) (b) (c) (d)

Fig. 4 Partial residual plots showing temporal and spatial variations in the 5 yr boxcar average of logit derived from tree-ring stable carbon isotope data asv

a function of growing-season average climate variables (daytime temperature Tg (a), loge-transformed vapour pressure deficit Dg (b)), partial pressure of
CO2 (ca) corrected for elevation effect (c) and elevation ( ) indexingz P atm (d) over 1951 2014. The different colours correspond to different sites. The solid–

colour lines indicate the modelled response from the multiple linear regression models for each site, and the solid black lines are those for all sites combined

(see Table 1 for statistics). The grey shaded area represents the 95% confidence interval of the regression. Only significant trends at 95% ( 0.05) areP <

shown.

(a) (b) (c) (d)

Fig. 5 Partial residual of the model bias (%) in predicted by the theoretical model plotted against growing-season mean daytime climate variablesv

(temperature Tg (a), loge-transformed vapour pressure deficit Dg (b)), partial pressure of CO2(ca) corrected for elevation effect (c) and elevation (d) overz

1951 2014. The different colours correspond to different sites. The solid colour lines indicate the modelled response from the multiple linear regression–

models for each site, and the solid black lines are those for all sites combined. The grey-shaded area represents the 95% confidence interval for the

regression line. Only significant regression lines ( 0.05) are shown.P <
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Discussion

The aim of our study was to evaluate l ong-term values and trends
of as predicted by the least-cos t hypothesis against a large net-v

work of stable C isotope-derive d series from tree rings. Ourv

results are compelling, as they demonstrate that despite unc er-
tainties related to the use of tree-ring d13C data as proxy of leaf-
gas exch anges (see also Notes S4), the model predicted 39% of
the variance in ac ross sites and years. However, only 8% of thev

variance in tren ds across years was explain ed by the model, inv

part because of the larger site-to-site variabil ity in trendsv

reported in the tree-ring datase t compare d with the pre dictions.
In the followin g sections, we address both the skills and limita-

tions of the model for predicting plant stomatal and photosyn -
thetic adjustments to environmenta l conditions. We also discuss
potential additional drivers of to consider in future studies.v

Main drivers influencing and biases in the modelv

Rising Tg increases photosynthetic costs by increasing the
Michaelis constant of Rubisco ( ), while reducing water trans-K
port costs as a result of the reduced viscosity of water ( *). Bothg

effects com bined with the increase in the photorespiratory com-
pensation point ( ) with higherΓ* T g are expected to lead to higher
ξ (Eqn 4). However, D g tends to increase with rising T g , so the

effect of tem perature on , being influenced in opposi te ways byv

ξ and Dg (Wang , 2017a), is not straightforward to predic t.et al.
Increasing Dg tends to increase the water transport required per
mole of C fixed, and thus the transpiration costs, leading to lower

v. Decreasing P atm decreases as a result of the reduce d partialK,
pressure of O 2 , thereby increasing the affinity of Rubisco for
CO 2 and reducing the carboxylation capacity required per mole
of C fixed. At the same time (all else being equal) the actual

vapour pressure decline s while the saturated vapour pressure
remains constant, implyin g an increase in D g . Thus, as Patm

decreases ( incre ases), both effects pre ferentially enhan cez
Rubisco capacity relative to water transport capacity, favouring a

lower (Kv €orner & Diem er, 1987; K€orner , 1991; Terashimaet al.
et al. et al. c, 1995; Wang , 2017a). Finally, elevated a increases
photosynthesis by inc reasing the carboxylat ion rate, while also
increasing the transpira tion efficiency of plants via a dec rease in

stomatal conductanc e. As a result, the direct effect of ca on isv

difficult to ass ess at first glance.

In general, rising Tg tended to cause an increase of logit viso ,
suggesting that the tem perature dependencies of , and *K Γ* g

had a stronger impact on than that ofv D g (Fig. 5a). As expe cted,
lower viso values were observed with increasi ng Dg and (Fig. 5b,z
c), consistent with previous studies (K€orner & Diemer, 1987;
K€orner , 1991; Zhu , 2010). Overa ll, the slight decre aseet al. et al.
in logit viso with rising ca implies that c i increases less than pro-
portionally to an increase in ca . The stron ger unique effects of Tg

and D g relative to P atm and ca on logit viso (Table 1) suggests that
both Tg and D g are the dominant drivers of change in at manyv

sites. The apparently divergent respons es (relative to the general
pattern) of logit viso to T g , Dg and ca at some sites may be indica-

tive of site-specific characteristics not include d in the model that
also contributed to changes in v iso. It is also plausible that both
T g and Dg data inferred from the 0.5 resolution CRU dataset,°

or even the c a data mainly derived from the Mauna Loa Observa-
tory (Hawa ii), were not fully capturing microclimatic diff erences
between or within sites.

The environme ntal dependencies of were, for the most part,v

captured correc tly by the theoretical model (Table 1). Nonethe-

less, the model tended to underestima te the negative impact of
decreasing Patm (increasing z) o n v values (Table 1; Fig. 6c), sug-
gesting that the observational data were more sen sitive to lower

P atm (higher ) than predicted by the theory. The positive bias inz
predicted at high -elevation sites was mainly a result of twov

ENF sites, both located in the mountains of Kashmir (Table S1;
Treydte , 2009), and thus could also be an artefact of siteet al.
selection. The se sites were characterised by the lowest mean T g

and D g values and wettest condition s in the network for the sites
located at altitudes 2.5 km. It is thus plausible that the com->

bined effects of relative ly low Tg and low Dg on have dampenedv

the negative effect of low P atm (high ) on predic ted values. It isz v

worth noting that the dependency of on depends on the rela-v z
tive humidity and the actual vapour pressure. As a result, the pre-
dicted coefficie nt for the elevational dependency of in the linearv

regression (here 0.040; Table 1) is not expected to be of the
same magnitude as the theor etical coefficient estimat ed under
standard condition s ( 25 C, relat ive humidity 50%) in theT = ° =

former study (i.e. Wang , 2017b: 0.0815; see Notes S5).et al. 

(a) (b) (c)

Fig. 6 Partial residual plots of the model bias (%) in predicted by the theoretical model plotted against growing-season average water availability orv

drought indices over 1979 2014: (a) Standardized Precipitation-Evapotranspiration Index, SPEI; (b) surface soil moisture content, ; (c) Priestley Taylor– h –

coefficient, (see Supporting Information Table S2b). The different colours correspond to different sites. The solid colour lines indicate the modelleda

response from the multiple linear regression models for each site, and the solid black lines are those for all sites combined. The grey-shaded area represents

the 95% confidence interval for the regression line. Only significant trends at 95% ( 0.05) are shown.P <
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Other potential controls on v

The large variability in the magnitud e of viso trends among sites
(Fig. 3) and the different dep endences of v iso to the environmen-

tal constraints at some sites (Fig. 5) suggest that other controls on
v not captured by the model ar e operating an d may explain part
of the remain ing variance in viso that was mostly assigned to ran-
dom effects by the linear mixed-effects models (Table S2a). For

instance, the least-cos t hypothesis considers the influence of
atmospheric dema nd for water on but does not predic t how dryv

soils fu rther infl uence (Verhoef & Ege a, 2014; Rogers ,v et al.
2017). Here we found that, independent of the individual effects

of T g , Dg , ca and on , the mod el tended to und erestimate val-z v v

ues at high soil moisture and to overestimate values at low soilv

moisture (Fig. 7b,c). In a meta-analys is of drying experiments,
Zhou (2013) demon strated that the parame teret al. g 1 of the

Medlyn (2011) model, based on the Cowan Farquhar opti-et al. –

mality hypothesis (mathematically equivalent to in the least-ξ

cost model) is reduced by low soil moisture , and that this occurs
at a less negative predawn water potential than the dec line in

V cmax that occurs in very dry soils. Thus, under drying condition s
with red uced soil water availability, is expected to dec rease via av

reduction of . Nonetheless, becauseξ D g and soil moisture are
tightly coupled at weekly to mon thly timescales (Sulman ,et al.
2016; Gentine , 2019), their relative contributi ons onet al.
changes in may b e diffic ult to disentangle (Buckley, 2017;v

Zhou , 2019; Yi , 2019), complicating the inclusion ofet al. et al.
soil water limitati on in the framework of the least-cost optimality

hypothesis. Recent researc h testing empirical par ameterizations
of the effect of soil moisture on gross prima ry production sug-
gests that the value for , held constant here, should in factb

decline with decreasing soil moisture content (Stocker ,et al.
2018, 2019b). Further resea rch at sites with differe nt soil water
availability and different evaporative demand should help in
implementing soil moisture effe ct in the mod el throug h a theo-
retically motivated reduction of .b

Some studies have suggested that incre ases in leaf N conte nt
with fossil fuel combustion and agricultural emissions (Galloway
et al., 2008) might stimulate photosyn thetic capacity (Walker
et al., 2014) and incre ase stomatal conducta nce, resultin g in

changes in ∆13 C and . Based on experiments where N and S fer-v

tilizers were applied directly to tree canopi es, Guerrieri et al.
(2011) found strong effects of both on ∆

13C and , with thev

magnitude of changes related to the element and the time since
application or cessation. Their results generally agreed with previ-
ous work demonstrating that the effect of N fertilization on tree-
ring ∆13C is short-liv ed (Brooks & Coulombe , 2009). Ne verthe-
less, the causa l mechanisms underlying ∆

13C responses to both

climate and N depo sition are not wel l establ ished (Leonardi
et al. V, 2012). Based on an ob servational global dataset of cmax,
Smith (2019) show ed that the dependence ofet al. Vcmax on leaf

N was overestimated in vegetation models, as also suggested by
Rogers (2014) and that– V cmax can be predicted accurately fro m
T g , Dg , and light availability alone. These findings sugg est thatz
leaf N deposition is not a primary driver of photosyn thetic capac-

ity, but rather that the photosynthetic demand itself constrains

leaf N conte nt (Dong , 2017). Thus, even though changes inet al.
leaf N concentrations accompanying changes in V cmax can affect
both ∆

13C and , we suggest that the environmental drivers ofv

such variations are im plicitly included in the lea st-cost optimal-

ity mod el.
Even though some processes influenci ng may be missing,v

our compilation of 103 tree-ri ng D13 C records supports the theo-
retical optimal responses of to a combination ofv T g, Dg , P atm

and c a over the period 1951 2014 as predicted by the least-cost–

hypothesis (Prentice , 2014; Wang , 2017b). Crucially,et al. et al.
the theory predicts to be only slightly dependent onv ca , imply-
ing that rising ca leads to a quasi-proportio nal increase in ci and

an increase in the biochemical ra te of C upta ke (Farquhar ,et al.
1980). As ca rises, the ra tio of toΓ* c a declines an d the average
responses of tov ca converges to zero (Eqn 4). This response is
supported by expe rimental studies showing no change or a small

decrease in , on average, with sustained COv 2 enrichment
(Ainsworth & Long, 2005) and by historical studies (Keeling
et al., 2017; Schubert & Jahren, 2018). This response, howev er,
also contrasts with several studies using leaf and wood d13C m e a -

surements from CO2 enrichment experiments and/or palaeo-
records apparent ly showing an increase of with risingv c a at c a

values ranging from 200 to 600 ppm (Voelker , 2016; Hareet al.
et al., 2018), or even a large decrease of with susta ined COv 2

enrichment (Battip aglia , 2013). It is worth noting that theseet al. 
studies did not include the photorespiration term in the discrimi-
nation model. The appar ently strong influence of rising c a on v

in these studies might be an artefact caused by disregarding this

effect, as was also indicated by Schubert & Jahren (2018) and
Lavergne (2019) . Our analysis of partial residua ls ofet al.
logit v iso suggests that, across geographically and phylogenet ically
diverse trees, the average respo nse of viso to c a is weak (Table 1;

Fig. 5), as predicted by the least-cost hypothesis.
Our results have strong implications for the underst anding of

the coupled terrestrial C and water cycles, because they indicate

that the increase in iWU E expe cted with rising atmospheric CO 2

can be offset by increasing T g (or, potentially, by decreasi ng D g

and/or increasing soil moi sture availability). Also, for the same
increase in atmosph eric CO 2, iWUE may increase with decreas-
ing P atm (increasing ). Our research complements recentz
attempts to quantify the relative contributi ons of environmenta l
drivers to chang es in plant water use (Frank , 2015; Dekkeret al.
et al. et al., 2016; Ada ms , 2019) by highlighting eco- evolutionary

optimality mechanisms underlying these changes.
Current vegetation and land-surface mod els suffer from large

uncertainties, mainly as a result of incomplete or inaccurate rep-
resentations of the fu ndamental processes governing not only
leaf-level gas exch ange (Raczka , 2018), but also compe ti-et al.
tion, C allocation, demography an d res ponses to disturbances
such as wildfir es and insect attacks. Improving th e representation
of ecop hysiological responses to the environment is only part of a

much bigger problem with current terrestrial models. It is a cen-
tral part, nonetheless, and our research sugg ests a way forward –

based on optimalit y theory for the represen tation of the cou-–

pled terrestria l C and water cycles in next- generation Earth sys-

tem models.
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