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Abstract
1. Rear- edge tree populations are experiencing a combination of higher tempera-

tures and more intense droughts that might push individuals beyond their toler-
ance limits. This trend towards rising atmospheric [CO2] is concurrent with an 
increase in intrinsic water use efficiency (iWUE), which theoretically enhances 
photosynthesis and decrease evapotranspiration rates, consequently improving 
tree resistance to drought. However, it remains unclear whether iWUE is favour-
ing tree growth under current climate conditions, particularly when climate and 
iWUE legacy effects are simultaneously considered.

2. We evaluated this question with an extensive sampling along Iberian rear- edge 
(dry) populations comprising four mountain ranges and two distinct altitudes. We 
simultaneously examined the effects of climate and iWUE on secondary growth 
using annually resolved basal area increments (BAIs) for the period 1901– 2017. 
We used linear mixed models including second- order autocorrelation and 1- year 
legacy effects of iWUE and summer drought.

3. BAI and iWUE increased across the studied period. iWUE increase was driven 
by changes in atmospheric CO2 concentration and water availability during the 
growing season. Climate and iWUE exerted direct and lagged effects on beech 
growth. Water availability during growing season was the main driver of tree 
growth, combining direct and indirect effects through its impact on iWUE. Legacy 
effects of water availability and iWUE were more important than growing season 
conditions. The net effect of iWUE shifted when lagged effects were considered, 
resulting in a net negative impact on tree growth.

4. Synthesis: Our results reveal that climate and iWUE legacy effects must be con-
sidered to assess the net iWUE effect on secondary growth. Considering lagged 
effects, the current increase in iWUE is constraining tree growth. Modelling ef-
forts of tree growth response to climate warming should include climate and 
iWUE legacy effects to adequately assess terrestrial ecosystem carbon balance.
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1  |  INTRODUC TION

This century, atmospheric CO2 concentration has increased above 
the 400 ppm mark. Under increased CO2 levels, trees experience the 
duality of the stress caused by warmer temperatures and drought, 
and the advantage of increased intrinsic water use efficiency. The 
relative interplay between both factors could push species towards 
the limits of their climate niches (Antão et al., 2022). A progressive 
rise in temperature might lead to taxonomic replacement through 
changes in the relative fitness of the species (Loarie et al., 2009). 
Even if the entire species should cope equally with these pressures, 
populations close to the distribution edge may experience nonlinear 
responses to climate constraints as they are already growing under 
conditions approaching their tolerance limits (Illés & Móricz, 2022). 
Understanding the combined impacts of climate change and higher 
intrinsic water use efficiency (iWUE) in rear- edge populations is 
paramount, since these forests can play the role of the proverbial 
canary in a coal mine in foreseeing how a warmer climate will affect 
future forest distribution and productivity.

Higher atmospheric CO2 concentrations increase photosyn-
thetic rates (A) by alleviating C uptake limitation (Sun et al., 2014). 
In parallel, higher CO2 concentrations have been shown to decrease 
stomatal conductance (gs) during drought (Medlyn et al., 2001), 
thereby enabling plants to mitigate the impact of water scarcity 
(Soulé & Knapp, 2006). Higher primary production (A) and lower 
water loss (gs) result in higher iWUE. However, the effects of CO2 
increase on plant drought response are complex and involve physio-
logical adjustments at different scales in time and space (De Kauwe 
et al., 2021; Jiang et al., 2021). This research avenue is of great in-
terest because it could lead to a negative feedback mechanism on 
climate system (Wang et al., 2020). In fact, despite the presence 
of other limiting factors (Terrer et al., 2019), these positive effects 
may overtake climatic constraints as photosynthetic activity has in-
creased globally (Huntingford & Oliver, 2021). However, it is not yet 
known whether the balance between CO2 fertilization and drought 
stress will be positive in drought- prone areas such as Mediterranean 
forests (Keenan et al., 2011).

Despite the wealth of studies relating iWUE and tree growth, no 
conclusive support for a positive relationship has emerged (Peñuelas 
et al., 2011). The lack of evidence has been attributed to climate 
change constraints overcoming the beneficial effects of iWUE on 
tree growth (Norby et al., 2010). To account for this climate effect, 
the correct formulation should be that the influences of climate and 
iWUE on growth are simultaneous. As a result, the question shifts 
from whether iWUE drives higher tree growth over time to whether 
iWUE favours tree growth under current climate conditions (Heilman 
et al., 2021). Moreover, an adequate consideration of such a ques-
tion must incorporate some degree of climate legacy (Marqués 
et al., 2022; Ogle et al., 2015), including lagged effects of iWUE, since 
resilience to drought and future tree growth have already been re-
lated to previous iWUE (Wen et al., 2022; Wu et al., 2020).

Mediterranean rear- edge beech Fagus sylvatica L. populations 
are already experiencing a warmer and drier climate. Warmer 

springs have a positive effect, promoting longer growing seasons 
(Jeong et al., 2011), albeit at the expense of a higher risk of late 
frost defoliation (Olano et al., 2021; Sangüesa- Barreda et al., 2021). 
Beech is a drought sensitive species (Ruehr et al., 2009), albeit is 
hydraulic vulnerability, measures as a 50% loss of conductivity 
(P50), shows a significant variation between −2.8 and −3.8 MPa 
(Stojnić et al., 2018; Walthert et al., 2021). Summer droughts af-
fect beech trees by causing a moderate to severe reduction in 
gas exchange, driving premature leaf wilting and shedding (Bigler 
& Vitasse, 2021). Thus, the reduction in summer precipitation is 
particularly worrisome, especially in combination with warmer 
temperatures, which amplify the evapotranspirative demand. In 
fact, growth declines in rear- edge populations have already been 
reported (Jump et al., 2006), and studies have predicted a rapid 
decline (Martínez del Castillo et al., 2022). Strikingly, despite their 
vulnerability to drought, beech forests in Spanish rear- edge popula-
tions growing under dry summer conditions show a lower response 
to growing season precipitation than in core (wet) populations 
(Muffler et al., 2020), while experiencing a strong legacy effect 
from the previous summer's precipitation (Hacket- Pain et al., 2016; 
Marqués et al., 2022; Olano et al., 2022). iWUE has been reported 
to favour beech growth (Gonzalez de Andres et al., 2018; Rezaie 
et al., 2018), so its recent increase associated with higher atmo-
spheric CO2 concentration may serve to mitigate the adverse 
effects of warmer and drier conditions. Moreover, beech popula-
tions occupy a large altitudinal gradient at their rear edge (Costa 
et al., 1997), with constraints shifting from greater water limita-
tions at lower (dry) elevations to lower temperatures at higher al-
titudes. Thus, we expect that the impact of climate warming and 
rising iWUE may vary across altitudes.

To understand the simultaneous effect of changes in iWUE and 
climate on tree growth for the period 1901– 2017, we collected wood 
samples from beech forests in four mountainous regions along the 
southwestern Iberian coast. In each region, we accounted for the 
altitudinal effect by sampling at both the upper and lower boundar-
ies of the forests. Our first step was to elucidate the relative contri-
butions of atmospheric CO2 and climate variability on beech iWUE. 
Subsequently, we tested the combined effect of iWUE and climate 
on growth. We hypothesized that beech growth is positively influ-
enced by climatic factors that promote xylogenesis, such as spring 
temperatures (Rossi et al., 2008), and those that favour cambial cell 
division, such as wet and cool summers that favour water availability 
during the growing season (Peters et al., 2021), with iWUE exert-
ing a positive effect by reducing water loss (Heilman et al., 2021). 
We also hypothesized that the previous year's conditions will exert 
a similar lagged (legacy) effects on tree growth through changes 
in hydraulic structure and/or resource levels among other factors 
(Galiano et al., 2011; Huang et al., 2021; Olano et al., 2022; Peltier 
et al., 2016; Zweifel & Sterck, 2018). Moreover, we expected di-
verging tree growth responses, dependent on altitude; low- altitude 
populations will respond more strongly to precipitation and iWUE, 
whereas high- altitude populations will be more responsive to higher 
spring temperatures.
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2  |  MATERIAL S AND METHODS

2.1  |  Study area and sampling design

We sampled beech forests in four mountain ranges in the Iberian 
Peninsula across the species southwestern distribution range 
(Figure 1). In each mountain range we selected four plots of mature 
forest at different altitudes (Table S1): two plots at the upper bound-
ary of the local forest and two at the lower boundary (Figure 1). The 
plots sampled ranged from 1045 to 1619 m a.s.l. In each plot, we se-
lected eight dominant or codominant trees that were georeferenced 
with submeter- level accuracy using a GPS (Trimble Geo 7X), and 
from these we extracted three wood cores per tree at 1.3 m height 
using Pressler increment borers. Sampling took place between 2017 
and 2018, with some trees being revisited in 2019 for additional core 
collection.

2.2  |  Basal area increment

Two of three cores for each tree sampled were air- dried and mounted 
on wooden supports. The cores were gradually sanded down with 
increasingly finer sandpaper until the cellular structure could be as-
sessed. Tree- ring series of the cores were visually cross- dated and 

measured with a minimum resolution of 0.01 mm using a VELMEX 
(Inc.) measuring system, and the cross- dating quality checked using 
COFECHA (Holmes, 1983). We converted ring- width measurements 
into basal area increments (BAIs), which were used as a measure of 
secondary growth rates, since BAI provides a more robust estimate 
of growth than ring width (Biondi & Qeadan, 2008). BAI was calcu-
lated as the annulus between consecutive annual rings, assuming a 
circular shape of the stem using the bai.out() function in the dplR 
package (Bunn, 2008) in R (R Core Team, 2022).

2.3  |  Estimation of intrinsic water use efficiency

To assess changes in annual intrinsic water use efficiency, we 
evaluated 13C/12C isotope ratios (δ13C) in tree rings correctly 
dated within the studied period (1901– 2017). For each mountain 
and altitude, we selected the 10 oldest individuals that showed 
high Pearson correlations with the local master chronology and 
had no missing rings. The third core from each of these individuals 
was used to obtain its 13C/12C signature. The first step was to 
create a cross- sectional planar surface on the cores using a sledge 
microtome (H. Gärtner/F. H. Schweingruber, WSL, Birmensdorf, 
Switzerland). High resolution images of the core's surface were 
obtained using the CaptuRING device (García- Hidalgo et al., 2022). 

F I G U R E  1  Beech Fagus sylvatica distribution (in red) across Central and Southern Europe (a), detail of four sampling locations (b) and 
sampling schema across Piedras Luengas (Palencia) sampling location, showing 300 m altitudinal gradient (c).
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The images were used to properly cross- date the tree- ring series 
from these cores with the previously created master chronologies 
using CooRecorder 9.6 (Cybis Elektronik & Data AB). The second 
step was to separate the annual rings from each core with a scalpel 
under a binocular lens (Nikon SMZ8000, Nikon), merging the rings 
corresponding to the same year for each mountain range and 
altitude. The samples for each year of formation, and for each site 
and altitude, were homogenized and powdered using a mixer mill 
(Retsch MM400, Retsch GmbH). Cellulose was not extracted as 
several studies show good correlations between δ13C in cellulose 
and wood, and therefore both show similar relationships with 
atmospheric CO2 and climate (Roden & Farquhar, 2012; Taylor 
et al., 2008). The wood powder was weighed into tin cups and 
combusted at 1000°C in an elemental analyser (NA1500 series 2, 
Carlo Erba Instruments), CO2 was separated by gas chromatography 
and carried by a current of helium towards an interface attached 
to an isotope ratio mass spectrometer (Deltaplus XP, Thermo 
Electron) where the ratio 13C/12C was analysed. The measurements 
obtained were expressed as the relative difference between the 
sample 13C/12C ratio (parts per thousand, ‰) and the standard 
V- PDB, resulting in δ13Cplant. This parameter was used to calculate 
isotopic discrimination (Δ; Farquhar & Richards, 1984; McCarroll 
& Loader, 2004). We then calculated the iWUE (expressed in μmol 
of CO2 per mol of H2O), using available data of δ13C in atmospheric 
CO2 (Graven et al., 2017) and atmospheric CO2 concentrations 
(see Supplementary Materials for a detailed description of iWUE 
calculation).

2.4  |  Statistical analyses

In the first stage, we assessed the temporal trend of iWUE and BAI 
along the studied period (1901– 2017) at different altitudes. We per-
formed linear mixed- effects models considering iWUE and BAI as 
dependent variables and including the following as fixed factors: 
time in years as a continuous term, altitude as a two- level nominal 
factor, and the interaction between both terms. Mountain range was 
conceived as a random intercept. Predictors were tested in a back-
ward model selection using ΔAICc (Burnham & Anderson, 2002).

Next, we performed two different modelling approaches: (i) to 
elucidate the relative importance of atmospheric CO2 concentration 
and climate variability on beech iWUE; and (ii) to test the effect of 
the combination of iWUE and climate on BAI. Prior to modelling, 
all continuous independent variables were standardized to z- scores 
to make all estimated coefficients comparable. Then, we built a full 
generalized additive mixed model (for iWUE) and a full linear mixed- 
effects model (for BAI) using, in both cases, mountain range as a 
random intercept. In addition, since iWUE and BAI showed strong 
temporal autocorrelation, both the first-  and second- order tempo-
ral autocorrelations were considered. In both modelling approaches, 
we performed model selection to test the validity of variables and 
interaction terms as predictors of iWUE and BAI. The model selec-
tion was computed using maximum likelihood (ML). The model with 

the lowest ΔAICc was the best model and computed again using 
restricted maximum likelihood (REML; Zuur et al., 2009). The best 
models were finally compared using ΔAICc with the equivalent null 
models, in which all covariates were set as constant but retained a 
random structure. Normalized residuals were extracted and checked 
for normality and homoscedasticity in all the best models to verify 
models' assumptions.

To test the combined effects of CO2, current and past summer 
climate conditions, and altitudinal position on iWUE, we performed a 
general additive mixed model (gamm). We fitted CO2 with a smooth 
function to enable potential nonlinear responses of iWUE due to the 
sharp change in atmospheric CO2 concentration over the study pe-
riods. The remaining terms were fitted as linear functions. The full 
gamm included altitudinal position (low vs. high), summer and past 
summer accumulated precipitation and summer mean temperature, 
as well as the interactions between summer temperature and pre-
cipitation, and altitude and summer precipitation for past and cur-
rent growth years. Summer conditions were selected because it is 
when the greatest carbon fixation occurs.

Since BAI is determined by a set of concurring factors, including 
conditions from the immediate past few years, we designed a more 
sophisticated model that considers the effects of iWUE (current and 
previous year), summer climatic conditions (current and previous), 
May temperature and altitude on BAI. The climate parameters were 
selected according to previous information on the main climate drivers 
of growth in these forests (Olano et al., 2022). We performed a linear 
mixed model for the studied period (1901– 2017). Full model included 
the following terms: altitude (low vs. high), previous and current year 
iWUE, summer temperature and precipitation, and the interactions of 
summer temperature and precipitation for previous and current grow-
ing year, as well as the interactions of altitude with May temperature 
and current and previous summer precipitation and iWUE.

All analyses were performed in R (R Core Team, 2022). Statistical 
models were performed using lme function from nlme (Pinheiro 
et al., 2017) and gamm function from mgcv package (Wood, 2017). 
Model selection was performed using the dredge function of MuMIn 
(Barton & Barton, 2015).

3  |  RESULTS

BAI and iWUE increased during the study period, albeit showing 
strong interannual variability (Figure 2, Table 1). BAI was affected by 
the interaction between altitude and year, with BAI increasing more 
rapidly at high- altitude sites (Figure 2). In contrast, the best model 
for iWUE only included the effect of year.

The best generalized additive mixed model included the effect of 
CO2 as well as summer precipitation and temperature on iWUE, with 
the nonrandom part of the model explaining a large fraction of total 
variance (R2

m
 = 0.34). iWUE increased in response to enhanced CO2 

levels, but not in a linear fashion as reflected by the estimated de-
grees of freedom of 2.283 in the smooth term reflect (Table 2). The 
rate of iWUE increase slowed at higher CO2 concentrations, with a 
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F I G U R E  2  Temporal trends of (a) basal area increment (BAI) and (b) intrinsic water use efficiency (iWUE) for 1901– 2017 models. Solid 
(blue and orange) lines report averaged time series for each altitude and shaded areas depict their mean confidence limits. Straight lines 
show the predicted values obtained in linear mixed- effects models (Table 1). In the case of iWUE, since no significant differences between 
altitudes were found, only one regression line is shown.

BAI iWUE

Predictors Estimates SE p Estimates SE p

(Intercept) −71.43 8.88 <0.001 −247.83 11.95 <0.001

Year 0.04 0.00 <0.001 0.16 0.01 <0.001

Altitude [Low] 27.62 12.54 0.028

Year × Altitude [Low] −0.01 0.01 0.024

Observations 944 944

Marginal R2 0.112 0.365

Conditional R2 0.184 0.531

p < 0.05 in bold.

TA B L E  1  Results of basal area 
increment (BAI) and intrinsic water use 
efficiency (iWUE) best models (Table S2) 
fitted to assess altitudinal and temporal 
effects.

iWUE Predictors Estimates SE p

Linear terms Intercept 71.84 3.23 <0.001

T Sum 2.10 0.42 <0.001

P Sum −1.16 0.21 <0.001

T Sum × P Sum −0.61 0.20 0.002

Smooth term CO2 (edf = 2.283) 4.23 1.54 0.006

Observations 928

Marginal R2 0.340

Conditional R2 0.687

p < 0.05 in bold.

TA B L E  2  Summary of the best 
generalized additive mixed model for 
intrinsic water use efficiency (iWUE). T 
Sum stands for summer mean T, P Sum for 
summer accumulated precipitation and 
edf for estimated degrees of freedom of 
the smooth term.
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slope shift at about 338 ppm (Figure 3). Precipitation had a negative 
effect and temperature a positive effect, the interaction of the two 
resulting in an enhanced iWUE in dry and warm summers (Figure S1).

BAI was controlled by a complex set of factors including iWUE 
and climate factors at different timepoints, as well as their interac-
tion with altitude (Table 3). BAI benefitted from warm conditions 
during the early growing season (May temperature) and, to a lesser 
extent, by the wet conditions during summer. Previous summer con-
ditions had a stronger impact on BAI with cool and wet summers 
having a positive effect (Table 3, Figure S2). The effect of previous 
summer precipitation was modulated by altitude, with precipitation 
making more of an impact at low altitudes (Figure 4a). The effect 
of iWUE on BAI was complex: growth year iWUE had a positive 
effect on BAI, while previous year iWUE exerted a negative effect 
on BAI, given secondary growth was reduced following years with 
high iWUE. However, this effect again varied with altitude, with a 
stronger effect being observed at higher altitudes (Figure 4b). The 

estimated coefficient for the previous year's iWUE was four times 
higher than that for the current year's iWUE resulting in an overall 
strong negative effect of iWUE on secondary growth rate.

4  |  DISCUSSION

Climate and iWUE exerted a combination of direct and lagged effects 
on beech growth in rear- edge populations in the Iberian Peninsula. 
Water availability, dependent on both precipitation and temperature 
in the summer, was the main driver of tree growth, affecting it both 
directly and through the control of iWUE at different timescales. 
The effect of iWUE shifted dramatically from positive to negative 
when 1- year lagged responses were considered. These results reveal 
the complexity with which climate and iWUE drive beech growth in 
dry regions. Furthermore, this highlights the need to consider legacy 
effects to determine the influence of iWUE on tree growth.

iWUE has increased in response to the rise in atmospheric CO2 
concentration, which has steadily increased, culminating in current 
levels being 25% greater than those at the beginning of 20th cen-
tury. This phenomenon occurred across the board, regardless of the 
location. However, the impact of CO2 on iWUE was not temporally 
uniform, with the intensity of the effect decreasing in the latter 
part of the study period, as observed for other terrestrial ecosys-
tems (Adams et al., 2020). The causes behind this pattern are not 
clear; this reduction has been attributed either to a CO2 saturation 
effect (Waterhouse et al., 2004), or to the occurrence of nutrient 
or climate limitations on photosynthetic activity (Norby et al., 2010; 
Wang et al., 2020). However, in our case climate limitation could be 
discarded as a cause, since iWUE increased in response to dry and 
warm (limiting) climate conditions. This response seems to be the 
norm in water- limited areas in the Mediterranean climate (Andreu- 
Hayles et al., 2011; Olano et al., 2014, 2017; Peñuelas et al., 2011), 
suggesting that carbon gain reduction is more intense than stoma-
tal conductance reduction. Therefore, warmer, and drier conditions, 
such as those found in Mediterranean areas, would be expected to 
exacerbate rather than decrease iWUE values.

iWUE increase was concurrent with an overall higher second-
ary growth rate, as indicated by the positive relationship between 
BAI and iWUE (Table 3). A parallel increase in iWUE and BAI follows 
the global trend of CO2 fertilization effect, driving higher global ter-
restrial carbon uptake with a relative reduction in water use (Cheng 
et al., 2017). Nevertheless, this fertilization effect is not ubiquitous, 
with a frequent disconnection between iWUE and growth being 
observed (Andreu- Hayles et al., 2011; Peñuelas et al., 2011). This 
could be interpreted as a decoupling of iWUE and BAI in the case 
of severe drought. Tree age and forest management are additional 
factors explaining the decoupling of secondary growth and iWUE 
since the level of intertree competition is usually the main factor ex-
plaining tree growth (Gómez- Aparicio et al., 2011; Luo et al., 2020). 
Therefore, age structure and forest management history should be 
considered to accurately explain the relationship between iWUE and 
secondary growth (del Río et al., 2017; Linares et al., 2010).

F I G U R E  3  Effect of CO2 on intrinsic water use efficiency 
(iWUE). Triangles depict observations by altitude (blue upper 
looking upward, high altitude, orange looking downward, low 
altitude) and the solid line is the iWUE prediction from the 
generalized additive mixed model where CO2 is expressed as a 
smoothing function of with 2.283 estimated degrees of freedom. 
Altitude did not show significant effect in this relationship.
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A more thorough analysis of secondary growth drivers improved 
our insight into the combined impact of iWUE and climate on BAI. 
Secondary growth was promoted by climatic factors, with a direct 
effect on xylogenetic activity; the conditions that promoted second-
ary growth were warmer conditions at the beginning of the grow-
ing season (May) and higher water availability during the summer. 
Furthermore, cambial cell division requires a temperature threshold 
to be met to initiate (Rossi et al., 2008), and warmer conditions pro-
mote longer growing seasons (Jeong et al., 2011), which could re-
sult in larger secondary growth rates (Chen et al., 2022), particularly 
in Mediterranean mountain forests (Gao et al., 2022; Martínez del 
Castillo et al., 2016). Moreover, higher temperature increases cam-
bial cell division rate, particularly in the initial stages of the grow-
ing season (Rossi et al., 2014). However, in forests where growth is 
drought constrained, the major limitation on xylogenesis shifts from 

being temperature to water availability later in the growing season 
(Cabon et al., 2020; Camarero et al., 2010; Olano et al., 2014), with 
cambial division rate as well as vessel lumen size being determined 
by cell turgor (Olano et al., 2022; Peters et al., 2021). Interestingly, 
iWUE had a positive effect on BAI suggesting that a higher effi-
ciency in water use during the growing season might limit water 
loss and maintain cell turgidity, as well as increased rates of cell di-
vision. This agrees with the observed overall positive relationship 
between iWUE and secondary growth during dry periods (Heilman 
et al., 2021).

Interestingly, the conditions during the previous year's growing 
season were the most relevant in the model, revealing the impor-
tance of delayed effects of climate and iWUE on beech secondary 
growth (Ogle et al., 2015). The impact of wet and cool conditions 
in the previous summer was higher than growing season summer 

Predictors Estimates SE p

(Intercept) 8.60 0.58 <0.001

iWUE 0.20 0.12 0.103

iWUEt−1 −0.88 0.20 <0.001

Altitude [Low] −0.76 0.72 0.294

T May 0.53 0.11 <0.001

P Sum 0.22 0.09 0.014

T Sumt−1 −0.78 0.17 <0.001

P Sumt−1 0.55 0.13 <0.001

WUE t−1 × Altitude [Low] 0.65 0.25 0.010

T Sumt−1 × P Sumt−1 0.33 0.08 <0.001

Altitude [Low] × P Sumt−1 0.29 0.17 0.081

BAI Observations 928

Marginal R2 0.120

Conditional R2 0.138

p < 0.05 in bold.

TA B L E  3  Summary of the best linear 
mixed model for basal area increment 
(BAI). T Sum stays for summer mean 
T, and P Sum for summer accumulated 
precipitation.

F I G U R E  4  Graphical representation of predicted basal area increment (BAI) computed by the marginal effects of (a) summer precipitation 
of the previous year and (b) previous year intrinsic water use efficiency (iWUE).
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precipitation. The strong response of secondary growth to previous 
summer conditions within beech rear- edge populations is well doc-
umented (Hacket- Pain et al., 2016; Martinez del Castillo et al., 2019, 
2022; Olano et al., 2022; Rozas et al., 2015) and it has been hypoth-
esized that dry and warm conditions promote beech masting in the 
next year, draining tree resources for secondary growth (Hacket- 
Pain et al., 2015; Nussbaumer et al., 2021). In the case of iWUE, 
our model also shows that this lagged effect is related to a stronger 
response of iWUE to the previous year's conditions, which is four 
times higher than in the current year (Table 3). Furthermore, con-
trary to our expectations, an opposite effect was observed for pre-
vious and current years iWUE, resulting in an overall negative effect 
of iWUE on beech growth.

Beech trees respond to drought by minimizing cavitation risks 
and diminishing water loss through stomata down- regulation 
(Leuschner, 2020). Evapotranspiration reduction occurs at the ex-
pense of lowering overall gas exchange, with a resulting reduction 
in carbon uptake (Bréda et al., 2006), in turn causing an overall in-
crease in iWUE. The effect of this stomata closure, and the resulting 
decrease in carbon uptake, has an effect on phloem transport from 
leaves to consumer and storage organs (Dannoura et al., 2019; Ruehr 
et al., 2009). Temporal changes in nonstructural carbohydrates 
(NSCs) have been proposed as a secondary growth legacy mechanism 
(Kannenberg et al., 2019). Therefore, the combination of low precip-
itation during the previous summer and high iWUE could have an 
adverse effect on carbon assimilation, affecting NSC storage and its 
availability for canopy formation and the onset of secondary growth 
during the subsequent growing season (Wong et al., 2003), as well 
as a potentially higher inversion to reproduction (Hacket- Pain et al., 
2015). In response to drought stress, carbon storage is prioritized 
over growth (Galiano et al., 2017) to prevent the higher mortality 
risk associated with low NSC levels (Fierravanti et al., 2019; Galiano 
et al., 2011). Xylogenesis demands large NSC loads (Deslauriers 
et al., 2009; Oberhuber et al., 2011), with interindividual variability in 
NSC levels correlated with individual performance: individual trees 
with higher stem NSC loads exhibit higher secondary growth rates 
(DeSoto et al., 2016; Pérez- de- Lis et al., 2016; von Arx et al., 2017). 
Moreover, the effect of NSC storage in the previous year might be 
concurrent with changes in xylem configuration associated with 
water availability since vessel size and its conductive capacity are di-
rectly controlled by water availability during vessel formation (Olano 
et al., 2022). Under dry conditions, beech produces xylem with 
higher resistance to embolism and lower conductivity at the expense 
of a reduction in lagged secondary growth (Herbette et al., 2021) 
due to higher xylem production costs (Hacke et al., 2001). Thus, the 
combination of xylem structure, cavitation history and cavitation re-
pair costs (McDowell & Sevanto, 2010; Trifilò et al., 2014) might neg-
atively impact on growth (Anderegg et al., 2013). The lagged effect 
of the previous year's conditions might therefore be a consequence 
of concurrent changes in NSC levels and the tree's hydraulic path-
way (Galiano et al., 2011; Pérez- de- Lis et al., 2017).

In contrast to previous evidence of drought decline at beech 
lowest populations in Eastern Spain (Jump et al., 2006; Peñuelas & 

Boada, 2003), secondary growth increased along the study period, 
probably due to the increasingly earlier onset of the growing season. 
Although observed at both elevations, there was a larger secondary 
growth increase at higher altitudes, since greater limitations in water 
availability at lower altitudes might reduce the gains associated with 
longer growing seasons, as suggested by the stronger response to 
precipitation. Interestingly, larger growth rates at high altitudes have 
been sustained despite the recent increase in the frequency of late 
frost events (Olano et al., 2021; Sangüesa- Barreda et al., 2021). This 
suggests that the benefits of a warmer growing season may out-
weigh the reductions in growth due to sporadic late frost defolia-
tions. In contrast to previous results in beech rear edge, we found no 
differences in iWUE trend across altitudes (Peñuelas et al., 2008). 
However, the effect of previous year iWUE differed across altitude, 
with higher altitude showed a higher negative responsiveness to the 
previous year's iWUE, suggesting greater limitations caused by the 
previous year's reserves.

Our results remark that climate effects and temporal legacies 
must be combined to adequately assess the effect of iWUE on 
secondary growth. In fact, the initial positive impact of iWUE on 
tree growth was reversed by the following year's delayed effect. 
Moreover, considering this delayed effect on tree growth revealed 
a strong environmental control over beech growth. Thus, the lower 
responsiveness of Iberian rear- edge beech populations to summer 
drought (Muffler et al., 2020) is only an effect of the considered 
timescale, hence the inclusion of temporal legacy effects is critical 
to understand beech's response to future climatic contexts.

AUTHOR CONTRIBUTIONS
J. M. Olano and G. Sangüesa- Barreda conceived the study. J. M. 
Olano and H. Hernández- Alonso performed statistical analyses. J. 
M. Olano, G. Sangüesa- Barreda, M. García- Hidalgo, A. I. García- 
Cervigón and V. Rozas performed field sampling. M. García- Hidalgo 
and G. Sangüesa- Barreda prepared chronologies, and M. A. García- 
López and H. Hernández- Alonso prepared samples for isotopic 
analysis. A. Delgado- Huertas did isotopic analyses. J. M. Olano did 
the first draft. All authors contributed to improve that version and 
approved the final version.

ACKNO WLE DG E MENTS
We thank the Environmental Services in Castilla y León (Palencia 
and Soria), La Rioja, Aragón and Navarra for sampling permis-
sions and to environmental agents for field assistance and indica-
tions. Special thanks to Jaime Madrigal- González for assistance 
with mixed models, and to Juan Carlos Rubio, Alfonso Martínez 
and Manuel Rojo for assistance in sample preparation. Sam 
and David Brown edited the text. Spanish Ministry for Science 
and Innovation (Ministerio de Ciencia e Innovación) [spRING 
CGL2017- 87309- P, PROWARM PID2020- 118444GA- 100 and 
LAUREL PID2019- 109906RA- I00 projects funded by MCIN/
AEI/10.13039/501100011033]; Junta de Castilla y León- 
Consejería de Educación [IR2020- 1- UVA08; VA171P20] and EU 
LIFE Soria Forest Adapt [LIFE19 CCA/ES/001181] and UE FEDER 

 13652745, 2023, 10, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14164 by C

sic O
rganización C

entral O
m

 (O
ficialia M

ayor) (U
rici), W

iley O
nline L

ibrary on [22/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.13039/501100011033


2168  |   Journal of Ecology OLANO et al.

Funds. GS- B was supported by a Postdoctoral grant IJC2019- 
040571- I funded by MCIN/AEI/10.13039/501100011033, and 
MG- H was supported by a Predoctoral grant PRE2018- 084106 
funded by MCIN/AEI/10.13039/501100011033 and ‘ESF 
Investing in your future’.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflict of interest.

PEER RE VIE W
The peer review history for this article is available at https://
w w w.w e b o f  s c i e n  c e . c o m /a p i /g a t e w  ay/w o s/p e e r-  r e v i e 
w/10.1111/1365- 2745.14164.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly avail-
able at Zenodo: https://doi.org/10.5281/zenodo.8108737 (Olano 
et al., 2023).

ORCID
J. M. Olano  https://orcid.org/0000-0002-4526-5462 
A. I. García- Cervigón  https://orcid.org/0000-0001-6651-2445 

R E FE R E N C E S
Adams, M. A., Buckley, T. N., & Turnbull, T. L. (2020). Diminishing CO2- 

driven gains in water- use efficiency of global forests. Nature Climate 
Change, 10, 466– 471. https://doi.org/10.1038/s4155 8- 020- 0747- 7

Anderegg, W. R. L., Kane, J. M., & Anderegg, L. D. L. (2013). Consequences 
of widespread tree mortality triggered by drought and temperature 
stress. Nature Climate Change, 3, 30– 36. https://doi.org/10.1038/
nclim ate1635

Andreu- Hayles, L., Planells, O., Gutiérrez, E., Muntan, E., Helle, G., 
Anchukaitis, K. J., & Schleser, G. H. (2011). Long tree- ring chronolo-
gies reveal 20th century increases in water- use efficiency but no en-
hancement of tree growth at five Iberian pine forests. Global Change 
Biology, 17, 2095– 2112. https://doi.org/10.1111/j.1365- 2486. 2010. 
02373.x

Antão, L. H., Weigel, B., Strona, G., Hällfors, M., Kaarlejärvi, E., Dallas, T., 
Opedal, Ø. H., Heliölä, J., Henttonen, H., Huitu, O., Korpimäki, E., 
Kuussaari, M., Lehikoinen, A., Leinonen, R., Lindén, A., Merilä, P., 
Pietiäinen, H., Pöyry, J., Salemaa, M., … Laine, A. L. (2022). Climate 
change reshuffles northern species within their niches. Nature 
Climate Change, 12, 587– 592. https://doi.org/10.1038/s4155 8- 
022- 01381 - x

Barton, K., & Barton, M. K. (2015). Package ‘MuMIn’. Version 1.18- 439.
Bigler, C., & Vitasse, Y. (2021). Premature leaf discoloration of European 

deciduous trees is caused by drought and heat in late spring and 
cold spells in early fall. Agricultural and Forest Meteorology, 307, 
108492. https://doi.org/10.1016/j.agrfo rmet.2021.108492

Biondi, F., & Qeadan, F. (2008). A theory- driven approach to tree- ring 
standardization: Defining the biological trend from expected 
basal area increment. Tree- Ring Research, 64, 81– 96. https://doi.
org/10.3959/2008- 6.1

Bréda, N., Huc, R., Granier, A., & Dreyer, E. (2006). Temperate forest 
trees and stands under severe drought: A review of ecophysiologi-
cal responses, adaptation processes and long- term consequences. 
Annals of Forest Science, 63, 625– 644.

Bunn, A. G. (2008). A dendrochronology program library in R (dplR). 
Dendrochronologia, 26, 115– 124.

Burnham, K. P., & Anderson, D. R. (2002). Monte Carlo insights and ex-
tended examples. In K. P. Burnham & D. R. Anderson (Eds.), Model 
selection and multimodel inference (pp. 206– 266). Springer. https://
doi.org/10.1007/978- 0- 387- 22456 - 5_5

Cabon, A., Peters, R. L., Fonti, P., Martínez- Vilalta, J., & De Cáceres, M. 
(2020). Temperature and water potential co- limit stem cambial 
activity along a steep elevational gradient. New Phytologist, 226, 
1325– 1340. https://doi.org/10.1111/nph.16456

Camarero, J. J., Olano, J. M., & Parras, A. (2010). Plastic bimodal xylogenesis 
in conifers from continental Mediterranean climates. New Phytologist, 
185, 471– 480. https://doi.org/10.1111/j.1469- 8137.2009.03073.x

Chen, Y., Rademacher, T., Fonti, P., Eckes-Shephard, A. H., LeMoine,  
J. M., Fonti, M. V., Richardson, A. D., & Friend, A. D. (2022). Inter-
annual and inter-species tree growth explained by phenology of xy-
logenesis. New Phytologist, 235, 939– 952. https://doi.org/10.1111/
nph.18195

Cheng, L., Zhang, L., Wang, Y.- P., Canadell, J. G., Chiew, F. H. S., Beringer, 
J., Li, L., Miralles, D. G., Piao, S., & Zhang, Y. (2017). Recent increases 
in terrestrial carbon uptake at little cost to the water cycle. Nature 
Communications, 8, 110. https://doi.org/10.1038/s4146 7- 017- 
00114 - 5

Costa, M., Morla, M., & Sainz, H. (1997). Los bosques ibéricos. Planeta.
Dannoura, M., Epron, D., Desalme, D., Massonnet, C., Tsuji, S., Plain, C., 

Priault, P., & Gérant, D. (2019). The impact of prolonged drought on 
phloem anatomy and phloem transport in young beech trees. Tree 
Physiology, 39, 201– 210. https://doi.org/10.1093/treep hys/tpy070

De Kauwe, M. G., Medlyn, B. E., & Tissue, D. T. (2021). To what extent 
can rising [CO2] ameliorate plant drought stress? New Phytologist, 
231, 2118– 2124. https://doi.org/10.1111/nph.17540

del Río, M., Barbeito, I., Bravo- Oviedo, A., Calama, R., Cañellas, I., Herrero, 
C., Montero, G., Moreno- Fernández, D., Ruiz- Peinado, R., & Bravo, 
G. (2017). Mediterranean pine forests: Management effects on car-
bon stocks. In F. Bravo, V. LeMay, & R. Jandl (Eds.), Managing Forest 
ecosystems: The challenge of climate change (Vol. 34, pp. 301– 327). 
Springer. https://doi.org/10.1007/978- 3- 319- 28250 - 3_15

Deslauriers, A., Giovannelli, A., Rossi, S., Castro, G., Fragnelli, G., & 
Traversi, L. (2009). Intra- annual cambial activity and carbon avail-
ability in stem of poplar. Tree Physiology, 29, 1223– 1235. https://doi.
org/10.1093/treep hys/tpp061

DeSoto, L., Olano, J. M., & Rozas, V. (2016). Secondary growth and 
carbohydrate storage patterns differ between sexes in Juniperus 
thurifera. Frontiers in Plant Science, 7, 723. https://doi.org/10.3389/
fpls.2016.00723

Farquhar, G. D., & Richards, R. A. (1984). Isotopic composition of plant 
carbon correlates with water- use efficiency of wheat genotypes. 
Functional Plant Biology, 11, 539– 552.

Fierravanti, A., Rossi, S., Kneeshaw, D., De Grandpré, L., & Deslauriers, A. 
(2019). Low non- structural carbon accumulation in spring reduces 
growth and increases mortality in conifers defoliated by spruce 
budworm. Frontiers in Forests and Global Change, 2, 15. https://doi.
org/10.3389/ffgc.2019.00015

Galiano, L., Martínez- Vilalta, J., & Lloret, F. (2011). Carbon reserves and 
canopy defoliation determine the recovery of Scots pine 4 yr after 
a drought episode. The New Phytologist, 190, 750– 759. https://doi.
org/10.1111/j.1469- 8137.2010.03628.x

Galiano, L., Timofeeva, G., Saurer, M., Siegwolf, R., Martinez- Vilalta, J., 
Hommel, R., & Gessler, A. (2017). The fate of recently fixed carbon 
after drought release: Towards unravelling C storage regulation in 
Tilia platyphyllos and Pinus sylvestris. Plant, Cell & Environment, 40, 
1711– 1724. https://doi.org/10.1111/pce.12972

Gao, S., Liang, E., Liu, R., Babst, F., Camarero, J. J., Fu, Y. H., Piao, S., Rossi, 
S., Shen, M., Wang, T., & Peñuelas, J. (2022). An earlier start of the 
thermal growing season enhances tree growth in cold humid areas 
but not in dry areas. Nature Ecology & Evolution, 6, 397– 404. https://
doi.org/10.1038/s41559-022-01668-4

 13652745, 2023, 10, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14164 by C

sic O
rganización C

entral O
m

 (O
ficialia M

ayor) (U
rici), W

iley O
nline L

ibrary on [22/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14164
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14164
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14164
https://doi.org/10.5281/zenodo.8108737
https://orcid.org/0000-0002-4526-5462
https://orcid.org/0000-0002-4526-5462
https://orcid.org/0000-0001-6651-2445
https://orcid.org/0000-0001-6651-2445
https://doi.org/10.1038/s41558-020-0747-7
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1111/j.1365-2486.2010.02373.x
https://doi.org/10.1111/j.1365-2486.2010.02373.x
https://doi.org/10.1038/s41558-022-01381-x
https://doi.org/10.1038/s41558-022-01381-x
https://doi.org/10.1016/j.agrformet.2021.108492
https://doi.org/10.3959/2008-6.1
https://doi.org/10.3959/2008-6.1
https://doi.org/10.1007/978-0-387-22456-5_5
https://doi.org/10.1007/978-0-387-22456-5_5
https://doi.org/10.1111/nph.16456
https://doi.org/10.1111/j.1469-8137.2009.03073.x
https://doi.org/10.1111/nph.18195
https://doi.org/10.1111/nph.18195
https://doi.org/10.1038/s41467-017-00114-5
https://doi.org/10.1038/s41467-017-00114-5
https://doi.org/10.1093/treephys/tpy070
https://doi.org/10.1111/nph.17540
https://doi.org/10.1007/978-3-319-28250-3_15
https://doi.org/10.1093/treephys/tpp061
https://doi.org/10.1093/treephys/tpp061
https://doi.org/10.3389/fpls.2016.00723
https://doi.org/10.3389/fpls.2016.00723
https://doi.org/10.3389/ffgc.2019.00015
https://doi.org/10.3389/ffgc.2019.00015
https://doi.org/10.1111/j.1469-8137.2010.03628.x
https://doi.org/10.1111/j.1469-8137.2010.03628.x
https://doi.org/10.1111/pce.12972
https://doi.org/10.1038/s41559-022-01668-4
https://doi.org/10.1038/s41559-022-01668-4


    |  2169Journal of EcologyOLANO et al.

García- Hidalgo, M., García- Pedrero, Á., Colón, D., Sangüesa- Barreda, 
G., García- Cervigón, A. I., López- Molina, J., Hernández- 
Alonso, H., Rozas, V., Olano, J. M., & Alonso- Gómez, V. (2022). 
CaptuRING: A do- it- yourself tool for wood sample digitization. 
Methods in Ecology and Evolution, 13, 1185– 1191. https://doi.
org/10.1111/2041- 210x.13847

Gómez- Aparicio, L., García- Valdés, R., Ruíz- Benito, P., & Zavala, M. A. 
(2011). Disentangling the relative importance of climate, size and 
competition on tree growth in Iberian forests: Implications for for-
est management under global change. Global Change Biology, 17, 
2400– 2414. https://doi.org/10.1111/j.1365- 2486.2011.02421.x

Gonzalez de Andres, E., Camarero, J. J., Blanco, J. A., Imbert, J. B., Lo, 
Y. H., Sangüesa- Barreda, G., & Castillo, F. J. (2018). Tree- to- tree 
competition in mixed European beech– Scots pine forests has 
different impacts on growth and water- use efficiency depend-
ing on site conditions. Journal of Ecology, 106, 59– 75. https://doi.
org/10.1111/1365- 2745.12813

Graven, H., Allison, C. E., Etheridge, D. M., Hammer, S., Keeling, R. F., 
Levin, I., Meijer, H. A. J., Rubino, M., Tans, P. P., Trudinger, C. M., 
Vaughn, B. H., & White, J. W. C. (2017). Compiled records of carbon 
isotopes in atmospheric CO2 for historical simulations in CMIP6. 
Geoscientific Model Development, 10, 4405– 4417. https://doi.
org/10.5194/gmd- 10- 4405- 2017

Hacke, U. G., Sperry, J. S., Pockman, W. T., Davis, S. D., & McCulloh, K. 
A. (2001). Trends in wood density and structure are linked to pre-
vention of xylem implosion by negative pressure. Oecologia, 126, 
457– 461. https://doi.org/10.1007/s0044 20100628

Hacket- Pain, A., Cavin, L., Friend, A., & Jump, A. (2016). Consistent lim-
itation of growth by high temperature and low precipitation from 
range core to southern edge of European beech indicates wide-
spread vulnerability to changing climate. European Journal of Forest 
Research, 135, 897– 909.

Hacket-Pain, A. J., Friend, A. D., Lageard, J. G. A., & Thomas, P. A. (2015). 
The influence of masting phenomenon on growth– climate rela-
tionships in trees: Explaining the influence of previous summers' 
climate on ring width. Tree Physiology, 35, 319– 330. https://doi.
org/10.1093/treep hys/tpv007

Heilman, K. A., Trouet, V. M., Belmecheri, S., Pederson, N., Berke, M. 
A., & McLachlan, J. S. (2021). Increased water use efficiency leads 
to decreased precipitation sensitivity of tree growth, but is off-
set by high temperatures. Oecologia, 197, 1095– 1110. https://doi.
org/10.1007/s0044 2- 021- 04892 - 0

Herbette, S., Charrier, O., Cochard, H., & Barigah, T. S. (2021). Delayed 
effect of drought on xylem vulnerability to embolism in Fagus syl-
vatica. Canadian Journal of Forest Research, 51, 622– 626. https://doi.
org/10.1139/cjfr- 2020- 0256

Holmes, R. L. (1983). Computer- assisted quality control in tree- ring dat-
ing and measurement. Tree- Ring Bulletin, 43, 69– 78.

Huang, J., Hammerbacher, A., Gershenzon, J., van Dam, N. M., Sala, 
A., McDowell, N. G., Chowdhury, S., Gleixner, G., Trumbore, S., 
& Hartmann, H. (2021). Storage of carbon reserves in spruce 
trees is prioritized over growth in the face of carbon limitation. 
Proceedings of the National Academy of Sciences of the United 
States of America, 118, e2023297118. https://doi.org/10.1073/
pnas.20232 97118

Huntingford, C., & Oliver, R. J. (2021). Constraints on estimating the 
CO2 fertilization effect emerge. Nature, 600, 224– 225. https://doi.
org/10.1038/d4158 6- 021- 03560 - w

Illés, G., & Móricz, N. (2022). Climate envelope analyses suggests sig-
nificant rearrangements in the distribution ranges of Central 
European tree species. Annals of Forest Science, 79, 35. https://doi.
org/10.1186/s1359 5- 022- 01154 - 8

Jeong, S. J., Ho, C. H., Gim, H. J., & Brown, M. E. (2011). Phenology shifts 
at start vs. end of growing season in temperate vegetation over the 
Northern Hemisphere for the period 1982– 2008. Global Change 
Biology, 17, 2385– 2399.

Jiang, M., Kelly, J. W. G., Atwell, B. J., Tissue, D. T., & Medlyn, B. E. 
(2021). Drought by CO2 interactions in trees: A test of the water 
savings mechanism. New Phytologist, 230, 1421– 1434. https://doi.
org/10.1111/nph.17233

Jump, A. S., Hunt, J. M., & Peñuelas, J. (2006). Rapid climate change- 
related growth decline at the southern range edge of Fagus 
sylvatica. Global Change Biology, 12, 2163– 2174. https://doi.
org/10.1111/j.1365- 2486.2006.01250.x

Kannenberg, S. A., Novick, K. A., Alexander, M. R., Maxwell, J. T., 
Moore, D. J. P., Phillips, R. P., & Anderegg, W. R. L. (2019). Linking 
drought legacy effects across scales: From leaves to tree rings to 
ecosystems. Global Change Biology, 25, 2978– 2992. https://doi.
org/10.1111/gcb.14710

Keenan, T., Serra, J. M., Lloret, F., Ninyerola, M., & Sabate, S. (2011). 
Predicting the future of forests in the Mediterranean under cli-
mate change, with niche-  and process- based models: CO2 mat-
ters! Global Change Biology, 17, 565– 579. https://doi.org/10.1111/
j.1365- 2486.2010. 02254.x

Leuschner, C. (2020). Drought response of European beech (Fagus sylvatica 
L.)— A review. Perspectives in Plant Ecology, Evolution and Systematics, 
47, 125576. https://doi.org/10.1016/j.ppees.2020.125576

Linares, J. C., Camarero, J. J., & Carreira, J. A. (2010). Competition mod-
ulates the adaptation capacity of forests to climatic stress: Insights 
from recent growth decline and death in relict stands of the 
Mediterranean fir Abies pinsapo. Journal of Ecology, 98, 592– 603. 
https://doi.org/10.1111/j.1365- 2745.2010.01645.x

Loarie, S., Duffy, P., Hamilton, H., Asner, G. P., Field, C. B., & Ackerly,  
D. D. (2009). The velocity of climate change. Nature, 462, 1052– 
1055. https://doi.org/10.1038/natur e08649

Luo, Y., McIntire, E. J. B., Boisvenue, C., Nikiema, P. P., & Chen, H. Y. 
H. (2020). Climatic change only stimulated growth for trees under 
weak competition in central boreal forests. Journal of Ecology, 108, 
36– 46. https://doi.org/10.1111/1365- 2745.13228

Marqués, L., Peltier, D. M. P., Camarero, J. J., Zavala, M. A., 
Madrigal- Gonzalez, J., Sangüesa- Barreda, G., & Ogle, K. (2022). 
Disentangling the legacies of climate and management on tree 
growth. Ecosystems, 25, 215– 235. https://doi.org/10.1007/s1002 
1- 021- 00650 - 8

Martinez del Castillo, E., Longares, L., Serrano- Notivoli, R., Sass- Klaassen, 
U., & De Luis, M. (2019). Spatial patterns of climate– growth rela-
tionships across species distribution as a forest management tool in 
Moncayo Natural Park (Spain). European Journal of Forest Research, 
138, 299– 312.

Martínez del Castillo, E., Longares, L. A., Gričar, J., Prislan, P., Gil- 
Pelegrín, E., Čufar, K., & De Luis, M. (2016). Living on the edge: 
Contrasted wood- formation dynamics in Fagus sylvatica and 
Pinus sylvestris under Mediterranean conditions. Frontiers in Plant 
Science, 7, 370.

Martinez del Castillo, E., Zang, C. S., Buras, A., Hacket- Pain, A., Esper, J., 
Serrano- Notivoli, R., Hartl, C., Weigel, R., Klesse, S., de Dios, V. R., 
Scharnweber, T., Dorado- Liñán, I., van der Maaten- Theunissen, M., 
van der Maaten, E., Jump, A., Mikac, S., Banzragch, B.- E., Beck, W., 
Cavin, L., … de Luis, M. (2022). Climate- change- driven growth de-
cline of European beech forests. Communications Biology, 5, 163.

McCarroll, D., & Loader, N. J. (2004). Stable isotopes in tree rings. 
Quaternary Science Reviews, 23, 771– 801. https://doi.org/10.1016/ 
j.quasc irev.2003.06.017

McDowell, N., & Sevanto, S. (2010). The mechanisms of carbon starva-
tion: How, when, or does it even occur at all? New Phytologist, 186, 
264– 266. https://doi.org/10.1111/j.1469- 8137.2010.03232.x

Medlyn, B., Barton, C., Broadmeadow, M., Ceulemans, R., De Angelis, P., 
Forstreuter, M., Freeman, M., Jackson, S., Kellomaki, S., Laitat, E., 
Rey, A., Roberntz, P., Sigurdsson, B. D., Strassemeyer, J., Wang, K., 
Curtis, P. S., & Jarvis, P. G. (2001). Stomatal conductance of forest 
species after long- term exposure to elevated CO2 concentration: A 
synthesis. New Phytologist, 149, 247– 264.

 13652745, 2023, 10, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14164 by C

sic O
rganización C

entral O
m

 (O
ficialia M

ayor) (U
rici), W

iley O
nline L

ibrary on [22/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/2041-210x.13847
https://doi.org/10.1111/2041-210x.13847
https://doi.org/10.1111/j.1365-2486.2011.02421.x
https://doi.org/10.1111/1365-2745.12813
https://doi.org/10.1111/1365-2745.12813
https://doi.org/10.5194/gmd-10-4405-2017
https://doi.org/10.5194/gmd-10-4405-2017
https://doi.org/10.1007/s004420100628
https://doi.org/10.1093/treephys/tpv007
https://doi.org/10.1093/treephys/tpv007
https://doi.org/10.1007/s00442-021-04892-0
https://doi.org/10.1007/s00442-021-04892-0
https://doi.org/10.1139/cjfr-2020-0256
https://doi.org/10.1139/cjfr-2020-0256
https://doi.org/10.1073/pnas.2023297118
https://doi.org/10.1073/pnas.2023297118
https://doi.org/10.1038/d41586-021-03560-w
https://doi.org/10.1038/d41586-021-03560-w
https://doi.org/10.1186/s13595-022-01154-8
https://doi.org/10.1186/s13595-022-01154-8
https://doi.org/10.1111/nph.17233
https://doi.org/10.1111/nph.17233
https://doi.org/10.1111/j.1365-2486.2006.01250.x
https://doi.org/10.1111/j.1365-2486.2006.01250.x
https://doi.org/10.1111/gcb.14710
https://doi.org/10.1111/gcb.14710
https://doi.org/10.1111/j.1365-2486.2010.02254.x
https://doi.org/10.1111/j.1365-2486.2010.02254.x
https://doi.org/10.1016/j.ppees.2020.125576
https://doi.org/10.1111/j.1365-2745.2010.01645.x
https://doi.org/10.1038/nature08649
https://doi.org/10.1111/1365-2745.13228
https://doi.org/10.1007/s10021-021-00650-8
https://doi.org/10.1007/s10021-021-00650-8
https://doi.org/10.1016/j.quascirev.2003.06.017
https://doi.org/10.1016/j.quascirev.2003.06.017
https://doi.org/10.1111/j.1469-8137.2010.03232.x


2170  |   Journal of Ecology OLANO et al.

Muffler, L., Weigel, R., Hacket- Pain, A. J., Klisz, M., van der Maaten, E., 
Wilmking, M., Kreyling, J., & van der Maaten- Theunissen, M. (2020). 
Lowest drought sensitivity and decreasing growth synchrony to-
wards the dry distribution margin of European beech. Journal of 
Biogeography, 47, 1910– 1921. https://doi.org/10.1111/jbi.13884

Norby, R., Warren, J., Iversen, C., Medlyn, B. E., & McMurtrie, R. E. 
(2010). CO2 enhancement of forest productivity constrained by 
limited nitrogen availability. PNAS, 107, 19368– 19373. https://doi.
org/10.1038/npre.2009.3747.1

Nussbaumer, A., Gessler, A., Benham, S., de Cinti, B., Etzold, S., Ingerslev, 
M., Jacob, F., Lebourgeois, F., Levanic, T., Marjanović, H., Nicolas, 
M., Sever, M. Z. O., Priwitzer, T., Rautio, P., Roskams, P., Sanders, T. 
G. M., Schmitt, M., Šrámek, V., Thimonier, A., … Rigling, A. (2021). 
Contrasting resource dynamics in mast years for European beech 
and oak— A continental scale analysis. Frontiers in Forests and Global 
Change, 12, 689836. https://doi.org/10.3389/ffgc.2021.689836

Oberhuber, W., Swidrak, I., Pirkebner, D., & Gruber, A. (2011). Temporal 
dynamics of nonstructural carbohydrates and xylem growth in 
Pinus sylvestris exposed to drought. Canadian Journal of Forest 
Research, 41, 1590– 1597. https://doi.org/10.1139/x11- 085

Ogle, K., Barber, J. J., Barron- Gafford, G. A., Bentley, L. P., Young, J. M., 
Huxman, T. E., Loik, M. E., & Tissue, D. T. (2015). Quantifying eco-
logical memory in plant and ecosystem processes. Ecology Letters, 
18, 221– 235. https://doi.org/10.1111/ele.12399

Olano, J. M., Brito, P., González- Rodríguez, Á. M., Martín- Esquivel, J. 
L., García- Hidalgo, M., & Rozas, V. (2017). Thirsty peaks: Drought 
events drive keystone shrub decline in an oceanic Island mountain. 
Biological Conservation, 215, 99– 106. https://doi.org/10.1016/j.
biocon.2017.09.008

Olano, J. M., García- Cervigón, A. I., Sangüesa- Barreda, G., Rozas, V., 
Muñoz- Garachana, D., García- Hidalgo, M., & García- Pedrero, A. 
(2021). Satellite data and machine learning reveal the incidence 
of late frost defoliations on Iberian beech forests. Ecological 
Applications, 31, e02288.

Olano, J. M., Hernández- Alonso, H., Sangüesa- Barreda, G., Rozas, V., 
García- Cervigón, A. I., & García- Hidalgo, M. (2022). Disparate re-
sponse to water limitation for vessel area and secondary growth 
along Fagus sylvatica southwestern distribution range. Agricultural 
and Forest Meteorology, 323, 109082. https://doi.org/10.1016/j.
agrfo rmet.2022.109082

Olano, J. M., Linares, J. C., García- Cervigón, A. I., Arzac, A., Delgado, 
A., & Rozas, V. (2014). Drought- induced increase in water- use effi-
ciency reduces secondary tree growth and tracheid wall thickness 
in a Mediterranean conifer. Oecologia, 176, 273– 283. https://doi.
org/10.1007/s0044 2- 014- 2989- 4

Olano, J. M., Sangüesa- Barreda, G., García- López, M. A., García- Hidalgo, 
M., Rozas, V., García- Cervigón, A. I., Delgado- Huertas, A., & 
Hernández- Alonso, H. (2023). Data from: Intrinsic water use effi-
ciency and climate legacies dominate beech growth at its rear edge. 
Zenodo. https://doi.org/10.5281/zenodo.8108737

Peltier, D. M. P., Fell, M., & Ogle, K. (2016). Legacy effects of drought 
in the southwestern United States: A multi- species synthesis. 
Ecological Monographs, 86, 312– 316. https://doi.org/10.1002/
ecm.1219

Peñuelas, J., & Boada, M. (2003). A global change- induced biome shift in 
the Montseny mountains (NE Spain). Global Change Biology, 9, 131– 
140. https://doi.org/10.1046/j.1365- 2486.2003.00566

Peñuelas, J., Canadell, J. G., & Ogaya, R. (2011). Increased water- use effi-
ciency during the 20th century did not translate into enhanced tree 
growth. Global Ecology and Biogeography, 20, 597– 608. https://doi.
org/10.1111/j.1466- 8238.2010.00608.x

Peñuelas, J., Hunt, J. M., Ogaya, R., & Jump, A. S. (2008). Twentieth century 
changes of tree- ring δ13C at the southern range- edge of Fagus sylvat-
ica: Increasing water- use efficiency does not avoid the growth de-
cline induced by warming at low altitudes. Global Change Biology, 14, 
1076– 1088. https://doi.org/10.1111/j.1365- 2486.2008.01563.x

Pérez- de- Lis, G., García- González, I., Rozas, V., & Olano, J. M. (2016). 
Feedbacks between earlywood anatomy and non- structural car-
bohydrates affect spring phenology and wood production in 
ring- porous oaks. Biogeosciences, 13, 5499– 5510. https://doi.
org/10.5194/bg- 13- 5499- 2016

Pérez- de- Lis, G., Olano, J. M., Rozas, V., Rossi, S., Vázquez- Ruiz, R. A., 
& García- González, I. (2017). Environmental conditions and vas-
cular cambium regulate carbon allocation to xylem growth in 
deciduous oaks. Functional Ecology, 31, 592– 603. https://doi.
org/10.1111/1365- 2435.12789

Peters, R. L., Steppe, K., Cuny, H. E., De Pauw, D. J. W., Frank, D. C., 
Schaub, M., Rathgeber, C. B. K., Cabon, A., & Fonti, P. (2021). 
Turgor— A limiting factor for radial growth in mature conifers along 
an elevational gradient. New Phytologist, 229, 213– 229. https://doi.
org/10.1111/nph.16872

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Heisterkamp, S., Van 
Willigen, B., & Maintainer, R. (2017). Package ‘nlme’. Linear and non-
linear mixed effects models, version 3.1.

R Core Team. (2022). R: A language and environment for statistical  
computing. R Foundation for Statistical Computing. https://www.R- 
proje ct.org/

Rezaie, N., D'Andrea, E., Bräuning, A., Matteucci, G., Bombi, P., & 
Marco Lauteri, M. (2018). Do atmospheric CO2 concentration in-
crease, climate, and forest management affect iWUE of common 
beech? Evidences from carbon isotope analyses in tree rings.  
Tree Physiology, 38, 1110– 1126. https://doi.org/10.1093/treep hys/
tpy025

Roden, J. S., & Farquhar, G. D. (2012). A controlled test of the dual- 
isotope approach for the interpretation of stable carbon and  
oxygen isotope ratio variation in tree rings. Tree Physiology, 32, 
490– 503. https://doi.org/10.1093/treep hys/tps019

Rossi, S., Deslauriers, A., Gričar, J., Seo, J.- W., Rathgeber, C. B. K., 
Anfodillo, T., Morin, H., Levanic, T., Oven, P., & Jalkanen, R. (2008). 
Critical temperatures for xylogenesis in conifers of cold climates. 
Global Ecology and Biogeography, 17, 696– 707.

Rossi, S., Girard, M. J., & Morin, H. (2014). Lengthening of the duration 
of xylogenesis engenders disproportionate increases in xylem 
production. Global Change Biology, 20, 2261– 2271. https://doi.
org/10.1111/gcb.12470

Rozas, V., Camarero, J. J., Sangüesa- Barreda, G., Souto, M., & García- 
González, I. (2015). Summer drought and ENSO- related cloudiness 
distinctly drive Fagus sylvatica growth near the species rear- edge in 
northern Spain. Agricultural and Forest Meteorology, 201, 153– 164.

Ruehr, N. K., Offermann, C. A., Gessler, A., Winkler, J. B., Ferrio, J. P., 
Buchmann, N., & Barnard, R. L. (2009). Drought effects on alloca-
tion of recent carbon: From beech leaves to soil CO2 efflux. The New 
Phytologist, 184, 950– 961. https://doi.org/10.1111/j.1469- 8137. 
2009.03044.x

Sangüesa- Barreda, G., Di Filippo, A., Piovesan, G., Rozas, V., Di Fiore, L., 
García- Hidalgo, M., García- Cervigón, A. I., Muñoz- Garachana, D., 
Baliva, M., & Olano, J. M. (2021). Warmer springs have increased 
the frequency and extension of late- frost defoliations in south-
ern European beech forests. Science of the Total Environment, 775, 
145860.

Soulé, P. T., & Knapp, P. A. (2006). Radial growth rate increases in nat-
urally occurring ponderosa pine trees: A late- 20th century CO2 
fertilization effect? New Phytologist, 171, 379– 390. https://doi.
org/10.1111/j.1469- 8137.2006.01746.x

Stojnić, S., Suchocka, M., Benito- Garzón, M., Torres- Ruiz, J. M., Cochard, 
H., Bolte, A., Cocozza, C., Cvjetković, B., de Luis, M., Martinez- 
Vilalta, J., Ræbild, A., Tognetti, R., & Delzon, S. (2018). Variation in 
xylem vulnerability to embolism in European beech from geograph-
ically marginal populations. Tree Physiology, 38, 173– 185. https://
doi.org/10.1093/treep hys/tpx128

Sun, Y., Gu, L., Dickinson, R. E., Norby, R. J., Pallardy, R. G., & Hoffman, 
F. M. (2014). Impact of mesophyll diffusion on estimated global 

 13652745, 2023, 10, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14164 by C

sic O
rganización C

entral O
m

 (O
ficialia M

ayor) (U
rici), W

iley O
nline L

ibrary on [22/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jbi.13884
https://doi.org/10.1038/npre.2009.3747.1
https://doi.org/10.1038/npre.2009.3747.1
https://doi.org/10.3389/ffgc.2021.689836
https://doi.org/10.1139/x11-085
https://doi.org/10.1111/ele.12399
https://doi.org/10.1016/j.biocon.2017.09.008
https://doi.org/10.1016/j.biocon.2017.09.008
https://doi.org/10.1016/j.agrformet.2022.109082
https://doi.org/10.1016/j.agrformet.2022.109082
https://doi.org/10.1007/s00442-014-2989-4
https://doi.org/10.1007/s00442-014-2989-4
https://doi.org/10.5281/zenodo.8108737
https://doi.org/10.1002/ecm.1219
https://doi.org/10.1002/ecm.1219
https://doi.org/10.1046/j.1365-2486.2003.00566
https://doi.org/10.1111/j.1466-8238.2010.00608.x
https://doi.org/10.1111/j.1466-8238.2010.00608.x
https://doi.org/10.1111/j.1365-2486.2008.01563.x
https://doi.org/10.5194/bg-13-5499-2016
https://doi.org/10.5194/bg-13-5499-2016
https://doi.org/10.1111/1365-2435.12789
https://doi.org/10.1111/1365-2435.12789
https://doi.org/10.1111/nph.16872
https://doi.org/10.1111/nph.16872
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1093/treephys/tpy025
https://doi.org/10.1093/treephys/tpy025
https://doi.org/10.1093/treephys/tps019
https://doi.org/10.1111/gcb.12470
https://doi.org/10.1111/gcb.12470
https://doi.org/10.1111/j.1469-8137.2009.03044.x
https://doi.org/10.1111/j.1469-8137.2009.03044.x
https://doi.org/10.1111/j.1469-8137.2006.01746.x
https://doi.org/10.1111/j.1469-8137.2006.01746.x
https://doi.org/10.1093/treephys/tpx128
https://doi.org/10.1093/treephys/tpx128


    |  2171Journal of EcologyOLANO et al.

land CO2 fertilization. PNAS, 111, 15774– 15779. https://doi.
org/10.1073/pnas.14180 75111

Taylor, A. M., Brooks, J. R., Lachenbruch, B., Morrell, J. J., & Voelker, S. 
(2008). Correlation of carbon isotope ratios in the cellulose and 
wood extractives of Douglas- fir. Dendrochronologia, 26, 125– 131. 
https://doi.org/10.1016/j.dendro.2007.05.005

Terrer, C., Jackson, R. B., Prentice, I. C., Keenan, T. F., Kaiser, C., Vicca, 
S., Fisher, J. B., Reich, P. B., Stocker, B. D., Hungate, B. A., Peñuelas, 
J., McCallum, I., Soudzilovskaia, N. A., Cernusak, L. A., Talhelm, A. 
F., Van Sundert, K., Piao, S., Newton, P. C. D., Hovenden, M. J., … 
Franklin, O. (2019). Nitrogen and phosphorus constrain the CO2 
fertilization of global plant biomass. Nature Climate Change, 9, 684– 
689. https://doi.org/10.1038/s4155 8- 019- 0545- 2

Trifilò, P., Barbera, P. M., Raimondo, F., Nardini, A., & Lo Gullo, M. A. (2014). 
Coping with drought- induced xylem cavitation: Coordination of 
embolism repair and ionic effects in three Mediterranean ever-
greens. Tree Physiology, 34, 109– 122. https://doi.org/10.1093/
treep hys/tpt119

von Arx, G., Arzac, A., Fonti, P., Frank, D., Zweifel, R., Rigling, A., Galiano, 
L., Gessler, A., & Olano, J. M. (2017). Responses of sapwood ray 
parenchyma and non- structural carbohydrates (NSC) of Pinus syl-
vestris to drought and long- term irrigation. Functional Ecology, 31, 
1371– 1382. https://doi.org/10.1111/1365- 2435.12860

Walthert, L., Ganthaler, A., Mayr, S., Saurer, M., Waldner, P., Walser, M., 
Zweifel, R., & von Arx, G. (2021). From the comfort zone to crown 
dieback: Sequence of physiological stress thresholds in mature 
European beech trees across progressive drought. Science of the 
Total Environment, 753, 141792. https://doi.org/10.1016/j.scito 
tenv.2020.141792

Wang, S., Zhang, Y. G., Ju, W., Chen, J., Ciais, P., Cescatti, A., Sardans, 
J., Janssens, I. A., Wu, M., Berry, J. A., Campbell, E., Fernández- 
Martínez, M., Alkama, R., Sitch, S., Friedlingstein, P., Smith, W. K., 
Yuan, W., He, W., Lombardozzi, D., … Peñuelas, J. (2020). Recent 
global decline of CO2 fertilization effects on vegetation photosyn-
thesis. Science, 370, 1295– 1300. https://doi.org/10.1126/scien 
ce.abb7772

Waterhouse, J. S., Switsur, V. R., Barker, A. C., Carter, A. H. C., Hemming, 
D. L., Loader, N. J., & Robertson, I. (2004). Northern European trees 
show a progressively diminishing response to increasing atmo-
spheric carbon dioxide concentrations. Quaternary Science Reviews, 
23, 803– 810. https://doi.org/10.1016/j.quasc irev.2003.06.011

Wen, T., Qu, Y., Lu, K., Guan, C., & Zhao, C. (2022). Combining tree- 
ring width and carbon isotope data to investigate stem carbon 
allocation in an evergreen coniferous species. Agricultural and 
Forest Meteorology, 316, 108845. https://doi.org/10.1016/j.agrfo 
rmet.2022.108845

Wong, B. L., Baggett, K. L., & Rye, A. H. (2003). Seasonal patterns of 
reserve and soluble carbohydrates in mature sugar maple (Acer 
saccharum). Canadian Journal of Botany, 81, 780– 788. https://doi.
org/10.1139/b03- 079

Wood, S. N. (2017). Generalized additive models: An introduction with R 
(2nd ed.). Chapman and Hall/CRC.

Wu, G., Liu, X., Chen, T., Xu, G., Wang, B., Kang, H., Li, C., & Zeng, X. 
(2020). The positive contribution of iWUE to the resilience of 

Schrenk spruce (Picea schrenkiana) to extreme drought in the west-
ern Tianshan Mountains, China. Acta Physiologiae Plantarum, 42, 
168. https://doi.org/10.1007/s1173 8- 020- 03158 - 1

Zuur, A., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). 
Mixed effects models and extensions in ecology with R. Springer.

Zweifel, R., & Sterck, F. (2018). A conceptual tree model explaining legacy 
effects on stem growth. Frontiers in Forests and Global Change, 1, 9. 
https://doi.org/10.3389/ffgc.2018.00009

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Graphical representation of summer precipitation × 
temperature based on the best gamm model. Lines and colours 
depict predicted intrinsic water use efficiency (iWUE) values and 
points represent observations.
Figure S2. Graphical representation of summer precipitationt−1 ×  
temperaturet−1 based on the best lme model. Lines and colours 
depict predicted basal area increment (BAI) values and points 
represent observations.
Table S1. Altitude and meteorological traits of the sampling sites and 
mean tree age (± standard error). Annual and summer (June– August) 
precipitation and mean temperature obtained from gridded data 
from CHELSA v2.1 for the 1980– 2018 period (Karger et al., 2018a, 
2018b). This climatic repository provides higher spatial resolution 
(1 km) but does not fully cover the study period (1901– 2017).
Table S2. Backward AICc model selection among models accounting 
for linear trends in basal area increment (BAI) and intrinsic water use 
efficiency (iWUE). Candidate models are ordered from the more 
complex model to the simplest and show the Akaike Information 
Criterion corrected for small samples (AICc), the difference between 
the AICc of the best model and the candidate model (ΔAICc) and the 
number of parameters in the model (df).
Supplementary Materials. Intrinsic water use efficiency (IWUE) 
calculation.
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