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A B S T R A C T   

The response of European beech (Fagus sylvatica L.) to climate warming will depend on the ability of their 
populations to adjust tree performance to water shortage. By exploring inter- and intra-annual variations in 
secondary growth and mean vessel area (MVA), we assessed the effects of precipitation on cambial activity and 
hydraulic control during the vessel expansion phase along tree lifes. We sampled beech populations at low and 
high altitude from four mountain ranges across its southwestern distribution edge. We measured a total of 45,897 
rings from 126 trees and 5.5 million vessels from 76 trees. We built chronologies for ring width and MVA be
tween 1950 and 2017, calculated their climate responses and evaluated the effects of region, altitude and 
chronology type (ring-width vs. MVA) by means of ordinations (PCA) and constrained ordinations (pRDA). 
Precipitation controlled ring width and MVA along beech’s southwestern distribution range, but at different time 
domains. Ring width responded primarily to summer precipitation during the previous growing season, whereas 
MVA responded to water availability during the vessel expansion phase, with timing shifting along the ring, 
according to the moment of vessel expansion. Regional differences were significant, but low, compared with the 
effect of chronology type. A large part of the variance explained by region was due to the strong difference 
between Western Pyrenees forests –growing under hyperhumid conditions– and the rest of forests under drier 
and warmer climate. Only minor differences between altitudes were found for the climate control of ring width 
and vessel size at annual scale, and no intra-annual effect on climate control of MVA. The stronger effect of 
chronology type on climatic response compared to the role of geographical location or altitude suggests common 
climate constraints on secondary growth and xylem anatomy along beech dry edge.   

1. Introduction 

The western Mediterranean Region is suffering the effects of climate 
warming due to a faster than average increase in mean temperature 
(Cramer et al., 2018). A warmer climate raises evapotranspiration rates, 
which frequently combined with reduced rainfall, amplify vegetation 
sensitivity to drought (Dai et al., 2018). The frequency and intensity of 
extreme drought events is also rising in southern Europe (Spinoni et al., 
2018), leading to effects at multiple temporal scales, from sharp growth 
reductions to progressive decreases in tree vitality, potentially reaching 
tipping points (Rever et al., 2015), and driving tree dieback and mor
tality in some cases (Allen et al., 2010; Hartmann et al., 2018; 

Hammond et al., 2022). The response of tree species to climate warming 
will depend on their structural and functional plasticity (Greenwood 
et al., 2017), and those species most sensitive to drought are expected to 
diminish their share on forest composition (Etzold et al., 2019). In this 
sense, temperate tree species inhabiting areas within or close to the 
Mediterranean Region are prone to be displaced by climate warming due 
to their lower tolerance to drought than Mediterranean species (Jump 
et al., 2006; Camarero et al., 2010). 

Iberian European beech (Fagus sylvatica L.) populations are strong 
candidates to be severely affected by a warmer and drier climate (Jump 
et al., 2006; Piovesan et al., 2008). A warmer and drier climate is ex
pected to produce growth declines (Martínez del Castillo et al., 2022), 
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reduced recruitment rates (Bolte et al., 2016) and higher mortality 
(Leuschner 2020). Beech reaches its southwestern range edge in the 
Iberian Peninsula, where summer conditions are drier than in its core 
area. In fact, a large part of Iberian beech populations already grows 
under unfavorable macroclimate conditions, being restricted to moun
tain areas with higher pluviometry and/or frequent fogs to temper 
summer drought intensity (Costa et al., 1997; Rozas et al., 2015). It is 
predicted that the climatic context for these species will worsen in future 
decades (IPCC 2021). Thus, the persistence of southern beech pop
ulations is being challenged by a combination of higher drought stress in 
their lower-elevation populations (Serra-Maluquer et al., 2019) and 
more frequent late-spring frost defoliations in the upper beech altitu
dinal limit (Olano et al., 2021; Sangüesa-Barreda et al., 2021). Some 
authors indicated that a withdrawal in the beech lowest/driest localities 
is already occurring (Jump et al., 2006; Piovesan et al., 2008, but see 
Hacket-Pain and Friend, 2017; Sánchez et al., 2021). However, the final 
outcome of the interaction between beech and a novel climate scenario 
will depend on their ability to adjust its life stages to increasing drought 
levels. In this sense, beech response to drought shows a high phenotypic 
plasticity (Aranda et al., 2017; Herbette et al., 2021) as well as a marked 
intraspecific genetic differentiation (Pluess and Weber 2012, Pfen
ninger et al., 2021, Postolache et al., 2021) to deal with drought. Plastic 
responses of beech to climate fluctuations can also be appreciated in the 
inter-annual variation of xylem anatomy and xylogenesis (Sass and 
Eckstein 1995; Prislan et al., 2013, Zimmermann et al.,2021). 

Time series of annual secondary growth are routinely used to un
derstand the climatic constraints of tree growth along environmental 
gradients as well as its temporal shifts (Di Filippo et al.,2007), providing 
a useful tool to reconstruct tree response to climate, but also to forecast 
tree responses to expected climatic trends (Sánchez-Salguero et al., 
2016). The developing field of quantitative wood anatomy provides a 
complementary framework to understand tree physiological responses 
to climate variation (Fonti et al., 2010), since plant may adjust their 
xylem anatomy in response to climate fluctuations (e.g., producing 
wider vessels when water availability is higher). Changes in xylem 
anatomy have direct implications in hydraulic function (Sperry et al., 
2008) and enable to track how species adjust their hydraulic structure to 
different climatic conditions both spatially (García-Cervigón et al., 
2018, 2020) and temporally (Arnič et al., 2021; Olano et al., 2012). 

Our aim was to explore the climate control on ring width (RW) and 
mean vessel area (MVA) along beech altitudinal and latitudinal distri
bution range in the Iberian Peninsula. The mechanism behind vessel 
expansion is relatively well understood with cell turgor playing a pri
mary role, thus it can be clearly linked to environmental variability 
(Rathgeber et al., 2016). Moreover, previous studies indicate that MVA 
variability in beech is independent of secondary growth rate variation 
(Arnič et al., 2021; Sass and Eckstein, 1995), thus both traits might 
provide complementary information. We selected four mountain areas 
to include the existing geographic variability in southwestern beech 
populations, three of them located in the species’ Mediterranean limit, 
where summer droughts are frequent, and a fourth region under climatic 
conditions close to the species optimum in the Western Pyrenees under 
hyperhumid Eurosiberian climate. Within each area we selected two 
populations at contrasting elevation to explore the altitudinal variability 
of climate constraints and their potential effects on wood traits. 

Based on the existing knowledge about our study species, we hy
pothesized that inter-annual variability of MVA is affected by hydraulic 
pressure control on vessel expansion (Rathgeber et al., 2016; Peters 
et al., 2020), and therefore it will be strongly dependent on factors 
controlling soil moisture during the growing season. In contrast, we 
hypothesized that RW depends climate factors promoting resource levels 
(carbohydrates) acquisition to support ring formation (von Arx et al., 
2017), as well as on climatic conditions that mitigate water stress and 
promote cambial activity length and intensity during the growing season 
(Rozas et al., 2015; Hacket-Pain et al., 2016). If secondary growth is 
controlled by cambial activity constraints, MVA and RW control will 

occur over the same temporal domain and they may share a large part of 
their climatic signals. However, if factors related to resource availability 
have a stronger role in driving RW, we expect that a large part of the 
climate signals of RW and MVA will differ. Additionally, we hypothe
sized that factors controlling MVA may reflect the hydraulic conditions 
during the xylogenetic phase of conduit expansion (Arnič et al., 2021; 
Olano et al., 2012). We expect that the timing of climatic control will 
shift from the onset of xylogenesis at the beginning of the ring to the 
cessation of ring expansion at the end of the ring, with a time domain 
that will shift from May to July (August), according to cambial 
phenology of beech in the study area (Martínez del Castillo et al., 2016). 
We also hypothesized these signals will be modulated by region and 
altitude, with stronger water limitation in populations at low altitude 
and close to the Mediterranean dry limit of beech distribution. 

2. Material and methods 

2.1. Study area and sampling design 

We sampled beech forests in four mountain ranges across the south- 
western Fagus sylvatica distribution area (Fig. 1). Three of the mountains 
represented the southern Iberian limit of the species (Cantabrian Range, 
Iberian Range and Moncayo mountain) in close contact with the Medi
terranean bioclimatic Region, whereas the last one (Western Pyrenees) 
was under hyperhumid Eurosiberian climate with high annual and 
summer precipitation levels. Mean annual temperature ranges from 5.1 
℃ at high Western Pyrenees site to 9.4 ℃ at low Iberian Range site. 
Precipitation shows a large gradient (Table 1, Fig. 1), from 2187 mm per 
year (557 from June to August) in the highest Western Pyrenees site to 
less than a third (657 mm per year, 236 from June to August) in the 
lowest Moncayo site. 

In each mountain range we selected four plots of mature forests at 
different altitudes. Two plots were close to the upper limit of the 
continuous forest distribution and two were at lower altitudes (Fig. 1). 
The altitude difference between both altitudes was at least 300 m a.s.l. In 
each plot we selected eight dominant or codominant trees, and each tree 
was georeferenced with submeter level accuracy using a GPS (Trimble 
Geo 7X). We extracted three wood cores at 1.3 m height from each tree 
using Pressler increment borers. Sampling took place in 2017 and 2018, 
although some trees were revisited in 2019 to extract additional cores in 
cases the previously extracted cores lacked enough quality. 

2.2. Ring width chronologies 

Two increment cores per tree were air-dried and mounted on wooden 
supports and progressively sanded until cellular structure could be 
assessed in transverse section. Samples were visually cross-dated and 
measured at a minimum resolution of 0.01 mm using a VELMEX (Inc., 
USA) measuring system. Cross-dating quality was checked with the 
COFECHA program (Holmes, 1983). We standardized ring width time 
series to obtain dimensionless ring-width chronologies without temporal 
autocorrelation. We removed long term trends and tree age/size effects 
on annual ring width using a linear or negative exponential function. 
After this procedure, we applied a cubic smoothing spline with a 50% 
frequency response cut-off of 32 years. Finally, we removed first-order 
autocorrelation in the resulting series, obtaining a residual chronol
ogy. We calculated the Explained Population Signal (EPS) for each re
sidual chronology to estimate chronology common signal (Table 1). 
These analyses were performed using the dplR package (Bunn, 2008) in 
R environment (R Core Team, 2020). 

2.3. . Mean vessel area chronologies 

Anatomical wood cross-sections of 10 μm thickness from cores were 
produced with a sledge microtome (Gärtner et al., 2015). Since cores 
were too large to be cut with the microtome, we miter cut them into 
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Fig. 1. Location and climodiagrams of the sampling sites along the study area. Beech distribution map according to Caudullo et al. (2017).  

Table 1 
Altitude and meteorological traits of the sampling sites and statistics of the RW and MVA chronologies. RW: Ring width, MVA: mean vessel area considering the whole 
growth ring, EPS: expressed population signal. 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., 2017, 2018). This climatic repository provides higher spatial resolution (1 km) but does not fully cover the study period 
(1950–2017).  

Region Altitude (m) Annual/Summer P (mm) Mean T ( ◦C) Period #trees/series EPS 

RW MVA RW MVA 

Cantabrian Range High 1369 1166/274 7.0 1751–2018 15/29 10 0.89 0.38 
Low 1045 1163/271 8.5 1790–2018 16/30 10 0.86 0.52 

Iberian Range High 1599 994/282 6.7 1785–2017 16/38 8 0.90 0.27 
Low 1261 885/264 9.4 1636–2017 15/32 9 0.85 0.42 

Moncayo High 1565 657/236 9.0 1805–2017 17/41 10 0.95 0.58 
Low 1364 660/236 9.3 1810–2017 16/37 9 0.93 0.52 

Western Pyrenees High 1601 2187/557 5.1 1713–2017 15/29 10 0.88 0.59 
Low 1399 2157/524 8.1 1583–2017 16/31 10 0.90 0.47  
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smaller pieces to avoid annual rings loss. These cross-sections were then 
placed on a slide and stained with Alcian blue (1% solution in acetic 
acid) and safranin (1% solution in ethanol). The cross-sections were 
submerged in ethanol solutions of increasing concentration, washed 
with xylol and permanently preserved by embedding them in Eukitt 
glue. Overlapping images covering a complete radius from pith to bark 
were captured with a Nikon D90 digital camera mounted on a Nikon 
Eclipse 50i optical microscope with 40× magnification resulting in 1.63 
µm per pixel resolution. Photographs were merged to a single image 
using PTGUI v8.3.10 Pro (New House Internet Services B.V., Rotterdam, 
The Netherlands). 

We identified vessel outlines using ROXAS v3.0 (von Arx and Dietz, 
2005), a specific image-analysis tool based on Image-Pro Plus (Media 
Cybernetics, Silver Spring, MD, USA). We first adjusted ROXAS settings 
to create different configurations of parameters for automatic vessel 
extraction. We performed a preliminary visual exploration to adjust the 
maximum and minimum vessel size, vessel ovality and several color 
parameters. We used these configurations to automatically analyze all 
samples. The automatic output was then manually edited by drawing 
ring boundaries, deleting erroneously detected vessels (e.g. in paren
chyma rays), and rectifying further misidentifications. For each vessel, 
we obtained its area as well as the distance of its centroid from the 
corresponding ring boundary. We averaged vessel area per ring to create 
a mean vessel area (MVA) chronology. Additionally, we calculated an 
additional ring-width (RW) chronology for each individual from 
anatomical cross-sections and related them to previously developed 
ring-width chronologies. Finally, we built a residual chronology 
following the same procedure as for ring width data. Residual chro
nologies enabled to remove tree height effects on vessel size (Olson 
et al., 2021) as well as extracting high frequency signal linked to 
inter-annual variability. 

In order to establish the intra-annual factors affecting mean vessel 
size, we divided each ring in three segments. First, we set a limit at 70% 
of ring width, separating the last 30% as the final part of the ring where 
vessel size diminishes. Then, we divided the earlier 70% part of the ring 
in two halves of 35%. Each vessel was attributed to one of the three 
sections (S1 at 0–35%, S2 at 35–70%, S3 at 70–100%) considering the 
position of its center in relation to ring boundaries. Finally, we calcu
lated one MVA residual chronology for each of the three sections. Since 
chronologies of contiguous sections are highly correlated (up to 0.66) 
due to a carry-over effect on mean vessel area, we removed its mutual 
dependence by extracting the residuals of the regression between each 
section and the previous one (S2 vs. S1, S3 vs. S2) and dividing it by the 
predicted value (Arzac et al., 2018). This procedure provided uncorre
lated residual chronologies of MVA for each section. 

2.4. . Climate growth correlations 

We downloaded monthly gridded data from the datasets of the 
Climate Research Unit, University of East Anglia (https://crudata.uea. 
ac.uk/; CRU TS 4.05, 0.5◦ × 0.5◦; Harris et al., 2020), for mean tem
peratures and total precipitation in the period 1950–2017, as it fulfills 
all requirements for the subsequent analyses regarding timespan and 
availability. Relations between climate, tree growth and MVA were 
explored from June of the year previous to growth (JUN) to August of 
the growth year (Aug) using monthly values and obtaining Pearson’s 
correlations. We set this period to check for previous summer and 
autumn effects on tree growth and anatomy until August, when xylo
genesis ends in our study area (Martínez del Castillo et al.,2016). 

2.5. . Multivariate analysis of climate response 

We used multivariate analyses to disentangle the effect of chronology 
type (RW, MVA) on climate response matrix. We performed a principal 
component analysis (PCA) on the chronology × climate correlation 
matrix. Climate response matrix included correlation coefficient derived 

values to monthly total precipitation and mean monthly temperature 
from previous June to August of the growing season. Since Pearson’s r 
coefficient shows a quadratic relation to the explained variations, we 
used r2 values instead of r. To distinguish between positive and negative 
effects, we divided r2 by the sign (positive or negative) of the correla
tion. We performed this procedure: (1) to assess the difference in the 
climatic control on RW and MVA in the whole ring, and (2) to assess the 
difference in the climatic control on MVA along the three different and 
consecutive sections of the ring. 

To disentangle the effects of each chronology type, region and rela
tive altitude on climate response matrices, we performed a redundancy 
analysis (RDA). This technique combines multiple regression with PCA, 
relating the dependent matrix (chronology × climate) to an explanatory 
matrix that was comprised of three components: region (a dummy var
iable with three levels), altitude (a binary variable) and chronology type 
(RW and MVA). Chronology was considered a binary variable (RW/ 
MVA) in whole ring analysis but as a discrete parameter (1, 2, 3) for the 
three consecutive sections of MVA chronologies. The significance of the 
whole model, as well as of each explanatory variable, was evaluated by 
means of Monte Carlo tests with 9999 permutations. Then, we per
formed partial redundancy analyses (pRDA) to assess the contribution of 
each explanatory variable to the dependent matrix. For each pRDA, the 
dependent matrix was constrained by each of the explanatory variables 
and controlled for the remaining variables. Adjusted R2 values were 
obtained with the function RsquareAdj(), and multivariate analyses were 
performed with the vegan R package (Oksanen et al., 2020). 

3. Results 

3.1. . Ring width and mean vessel area chronologies 

We measured a total of 45,897 rings from 126 trees (267 cores) and 
5.5 million vessels from 76 trees, leading to 8 RW (Fig. S1) and 8 MVA 
chronologies (Fig. S2). The largest chronology lasted from 1583 to 2020 
(Western Pyrenees low; Table 1), although we focused on the 
1950–2017 period. Mean tree ring width was 1.11 ± 0.78 mm and mean 
vessel area, 1220.70 ± 514.60 µm2, with decreasing size along ring 
sections (S1: 1321.48 ± 664.82 µm2, S2: 1194.45 ± 591.91 µm2, S3: 
764.08 ± 382.72 µm2; see data per site at Table S1). All RW chronolo
gies achieved EPS values larger than 0.85 (Wigley et al., 1984). MVA 
chronologies showed much smaller EPS values (0.274–0.587), in 
agreement with existing literature on vessel traits (Oladi et al., 2014). 
Similar low EPS values were found for the 3 MVA chronologies per tree 
ring fraction. 

3.2. . Ring width and mean vessel area climatic response 

Ring width responded positively to precipitation during previous 
summer in the three southern mountain ranges (Fig. 2). The effect 
extended to July in 5 out of 8 sites and to August in 3 sites. A detrimental 
effect of mean temperature during the previous summer on ring width 
was found, but with a low impact just in two Mediterranean sites, being 
stronger in August (Fig. S3). Surprisingly, precipitation during the 
growing season had a small impact on tree ring width, being relevant in 
April, prior to leaf flushing, in 5 out of 8 sites, and only in one site during 
the growing period, in June at low altitude in the Cantabrian Range. 
High temperatures in May promoted growth in just 3 sites (Fig. S3). 

Regarding MVA, previous year precipitation exerted little effect in 
the high Pyrenean site, being positive in June and negative in July 
(Figs. 2, S3). In contrast, conditions during the growing season had a 
strong effect on MVA. Overall, wet conditions in current May and July 
favored the formation of larger vessels in all sites except the high Pyr
enean site, where the positive effect was restricted to April. Mean tem
perature had a less clear pattern with positive effects in February in two 
sites (Moncayo and Cantabrian Range). In the lowest Mediterranean 
edge sites (Iberian and Cantabrian Range), July-August temperatures 
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had strong negative effects on MVA. The disparate response of MVA and RW to climate was evidenced by 
the PCA biplot (Fig. 3). First axis discriminated between RW and MVA 
chronologies and comprised 44.8% of the total variance (Fig. 3). Second 
PCA axis accounted for a much lower explained variance (16.9%) 
mainly responding to the geographic location of the sites, with W Pyr
enees reaching the highest values. The most relevant climatic factors 
determining PCA structure were related to precipitation. RW chronol
ogies were highly correlated with June and July precipitation in the 
previous year and, to a lower extent, with April precipitation and May 
and June temperature in the growth year. MVA chronologies responded 
mostly to precipitation (May-July), and to August temperature in the 
previous year. pRDA results showed that the chronology type, region 
and altitude explained as much as 65.5% of the 8 × 30 chronology- 
climate response matrix. Chronology type had by far the largest 
explanatory power (33.7%; Table 2), a proportion that increased to 41% 
when the effects of region and altitude were controlled. Region 

Fig. 2. Pearson correlations between residual chronologies of ring width and whole ring MVA (see legend above) with monthly precipitation from previous year 
(uppercase) June to growing year (lower case) August for each site and altitude. Dotted line indicates the threshold for P < 0.05. Shaded area indicates the xylo
genesis period for beech in the study area, according to Martínez del Castillo et al. (2016). 

Fig. 3. PCA biplot of chronology-climate response matrix for ring width (pale 
brown) and MVA (dark blue) residual chronologies (legend above). Up oriented 
triangles indicate high altitude and down oriented triangles low altitude plots. 
Regions are indicated with short names CaRa (Cantabrian Range), IbRa (Iberian 
Range), Monc (Moncayo) and WePy (Western Pyrenees). Blue (precipitation) 
and red (mean temperature) text indicate the position of climate parameters, 
and characters’ size is proportional to their contribution to the ordination. 
Numbers in the inner part of the axes indicate the percentage of 
explained variance. 

Table 2 
RDA variance explained by environmental parameters on chronology-climate 
response matrix for RW residual and whole ring MVA chronologies. Full 
model indicates the variance explained by the contribution of all the con
straining factors. Single column shows the variance explained by each factor 
alone, whereas Conditional column indicates the variance explained by each 
factor after removing the effect of the other two parameters. χ2, F and P corre
spond to the significance of the factor effect after considering the effect of the 
rest of the factors and evaluated through 9999 Monte Carlo permutations. RW/ 
MVA is a binary parameter explaining the identity of the chronology, region is a 
nominal parameter relating to region identity and altitude is a binary parameter 
indicating whether the sampling site is in the low or high position within the 
region.  

RW/MVA pRDA Explained variance df χ2 F P 

Single Conditional 

RW/MVA 0.337 0.410 1 33.8 *10–5 9.78 <0.001 
Region 0.236 0.156 3 23.9 *10–5 2.30 <0.001 
Altitude 0.082 0.065 1 8.3 *10–5 2.39 0.017 
Full Model 0.655       
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explained just 15.6% of the variance after controlling for other factors? 
effects. Finally, altitude explained 6.5% of the variance, albeit its effect 
was significant. 

3.3. . Sequential mean vessel area chronologies climatic response 

The decomposition of MVA into three different sections/chronolo
gies (S1, S2 and S3) showed a positive effect of May precipitation on S1 
in 6 out of 8 sites (Figs. 4, S4). This effect extended into June in two of 
the lowest sites (Cantabrian Range and Moncayo). The precipitation 
signal moved to June in S2 in the Mediterranean edge mountains (4 out 
of 6 plus one marginal), but not in the Pyrenees highest population. 
Finally, S3 had no summer precipitation signals in Pyrenees but showed 
positive effects of June (4 out of 6), July (5 out of 6) and even August (1 
out of 6) in the Mediterranean edge mountains. Previous July precipi
tation contributed negatively in MVA just in the Pyrenean sites, while a 
positive effect of previous June precipitation was detected only in the 
Cantabrian Range. Mean temperature showed a lower impact in MVA, 
with a positive effect of April temperature in S3 in the three Mediter
ranean sites and a negative effect of summer temperature in Cantabrian 
and Iberian Ranges. 

This sequential pattern agreed with that observed for the climate 
response correlation matrix between MVA residual chronologies along 
different sections within the ring (Fig. 5). First axis comprised 34.5% of 
the total variance, discriminating S1 chronologies with strong May 
precipitation positive signals from the rest. S2 and S3 chronologies did 
not show such a clear pattern, albeit S3 chronologies tended to show 
higher values in the first PCA axis. These chronologies were correlated 
with June precipitations during the growth year. The second axis 
explained just 16% of the variance and did discriminate Pyrenean sites 
in the upper values. 

The pRDA analysis showed a preponderance of ring position in the 
structure of MVA climate response signal (Table 3). This factor 
explained 21.4% of the variance and was three times as important as the 
following one (region) which accounted for just 7.7% of the variance 

Fig. 4. Pearson correlations between residual chronologies of MVA along different sections of the annual ring (Sections 1 (yellow), 2 (green) and 3 (black); color 
legend above) with monthly precipitation from previous year June to growing year August. Horizontal dotted lines indicate the threshold for P < 0.05. Shaded area 
indicates the xylogenesis period for beech in the study area, according to Martínez del Castillo et al. (2016). 

Fig. 5. PCA biplot of the climate response correlation matrix for MVA residual 
chronologies along different sections within the ring. Colors correspond with 
ring sections (see legend above): first section (S1: 0–35%; yellow), second (S2: 
35–70%; green) and last section (S3: 70–100%; black). Up-oriented triangles 
indicate high altitude and down-oriented triangles, low altitude plots. Blue 
(precipitation) and red (mean temperature) text indicate the position of climate 
parameters, and characters’ size is proportional to climate parameter contri
bution to the ordination. Numbers in the inner positive part of the axes indicate 
the explained variance of each axis. 
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once the effect of chronology type and altitude were controlled. Inter
estingly, altitude had no significant effect. It is important to note that 
ring position was included as an ordinal parameter, whereas region was 
a dummy factor with three levels. 

4. Discussion 

Secondary growth and mean vessel area (MVA) were controlled by 
precipitation at different time domains in beech’s southwestern distri
bution range. Secondary growth responded primarily to precipitation in 
the previous growing season, whereas MVA increased with water 
availability during vessel expansion. The MVA climate signal shifted 
along the tree ring, recording the hydraulic conditions in which cell 
expansion of each section occurred. The role of region and altitude 
determining climate response was minor compared to chronology type, 
but strong differences occurred between populations close to Mediter
ranean conditions and in the hyperhumid Western Pyrenees. 

Precipitation during late spring and early summer was correlated 
with inter- and intra-annual variability in MVA. Wetter conditions in
crease soil moisture reducing root-to-leave water potential gradient, 
promoting cell turgor, a critical factor to promote vessel expansion of 
developing xylem conduits (Steppe et al., 2015). Wetter conditions in
crease soil moisture reducing root-to-leave water potential gradient, 
promoting cell turgor and conduit expansion. When MVA value for the 
whole ring was considered, the main signal corresponded to May-June 
precipitation, which represents the period when the largest part of the 
ring is formed (Martínez del Castillo et al., 2016). After splitting the ring 
in three different sections, removing intra-annual autocorrelation and 
isolating the climate signal along the temporal sequence of ring forma
tion, the precipitation effect moved from May to July, and eventually to 
August, mirroring the period in which xylogenesis and vessel expansion 
occur along the ring (Martínez del Castillo et al., 2016). Our results 
match the pioneering study of Sass and Eckstein (1995) that also found a 
positive effect of precipitation on beech xylem vessel size at its core 
distribution area, and shows a pattern that has also been reported for 
tracheids in a Mediterranean gymnosperm (Olano et al., 2012). How
ever, it contrasts with previous works in beech that postulate that MVA 
climate signal is concentrated just in the last segments of the ring, while 
initial parts are under internal control (Pourtahmasi et al., 2011; Prislan 
et al., 2018). The presence of a strong precipitation signal in MVA may 
reflect the variability of climate constraints to vessel expansion along 
beech distribution. Dry edge populations experience higher water lim
itation than core populations. In this sense, the identification of a pre
cipitation signal in MVA for a submediterranean beech population 

(Arnič et al., 2021), as well as the absence of precipitation signal in the 
highest site in the Western Pyrenees, would support a stronger climate 
control on vessel expansion for rear edge populations. 

Beech secondary growth showed a lagged response to late spring- 
early summer precipitation in the year previous to growth, corrobo
rating the relevance of previous year conditions on beech secondary 
growth (Hacket-Pain et al., 2016). However, our results did not show a 
climate signal related to temperature (Hacket-Pain et al., 2016). Previ
ous year signal was related to precipitation, in agreement with previous 
works at the rear edge of beech distribution (Piovesan et al., 2008; Chen 
et al., 2015; Rozas et al., 2015; Martínez del Castillo et al., 2018, 2019). 
A potential explanation might relate the existence of larger vessel di
ameters to higher water availability during the previous growing season, 
which results in improved xylem conductivity. Indeed, larger conduc
tivity due to higher vessel size has been linked to growth potential in 
temperate ring-porous species (Klesse et al., 2021; Pérez-De-Lis et al., 
2016). Nevertheless, this relationship may not hold for diffuse-porous 
species, since sapwood rings remain functional reducing the effect of a 
single year on whole stem conductivity (Gasson, 1985). 

Non-structural carbohydrates (NSC) availability seems an alternative 
mechanism to explain the effect of previous year conditions on next year 
growth (von Arx et al.,2017), with two plausible and non-exclusive 
hypotheses. Warm and dry summers trigger next year investment in 
beech reproduction (Kabeya et al., 2017), leading to masting episodes 
(Chiavetta and Marzini 2021) and reducing NSC available for secondary 
growth (Hacket-Pain et al., 2018). However, we found no effect of 
previous year temperature (the main climatic trigger of masting events) 
on secondary growth. Alternatively, wet conditions during summer in
crease photosynthetic rates as well as a longer vegetative period 
(Estiarte and Peñuelas, 2015; Gárate-Escamilla et al., 2020), result in 
higher NSC pools. Xylogenesis pace is very dependent on carbohydrates 
(Oberhuber et al., 2011) and elevated NSC levels might be critical to 
promote a higher xylem cell formation rate (Deslauriers et al., 2009). 
Beech secondary growth occurs over a short period in the species 
southern range (Larysch et al., 2021; Martínez del Castillo et al., 2016; 
Prislan et al., 2018, 2019), in such a way that inter-annual differences in 
secondary growth would be more dependent on growth rate variability 
than on the growing season length (Prislan et al., 2013; Kabeya et al., 
2017), thus resulting in higher annual rings in years with higher NSC 
levels. 

Altitude and geographical location explained very small fractions of 
the climate response. The low variability of altitude is surprising, since 
there is ample evidence showing that limiting factors for tree growth 
shift along altitudinal gradients in Mediterranean mountains, with the 
upper species limit being constrained by temperature, and upper areas 
by water availability (Arzac et al., 2016), as has also been reported for 
beech (Martínez del Castillo et al., 2019) Moreover, the onset of cambial 
activity is strongly dependent on temperature (Rossi et al., 2008), 
leading to earlier cambial onsets and longer growing seasons at lower 
altitudes (Martínez del Castillo et al., 2016; Moser et al., 2010). 
Nevertheless, only minor differences between altitudes were found for 
the climate control of secondary growth and vessel size at annual scale, 
and no intra-annual effect on vessel size climate control was found. 
However, we did not consider other climate factors like extreme tem
peratures and late frosts occurrence, which do have a differential effect 
along altitudinal gradients (Arzac et al., 2016; Olano et al., 2021). 
Regional differences were significant, but low, compared with the effect 
of chronology type, with a large part of this variance being attributed to 
the strong difference between Western Pyrenees forests growing under 
hyperhumid conditions and the rest of forests growing under a drier 
macroclimate and sharing a common signal. 

5. Conclusions 

Our findings demonstrate that secondary growth and mean vessel 
area encode disparate climate signals along Fagus sylvatica southwestern 

Table 3 
RDA variance explained by environmental parameters on climate response 
correlation matrix for MVA residual chronologies along different sections within 
the annual ring. Full model indicates the variance explained by all the envi
ronmental parameters. Single column shows the variance explained by each 
parameter alone, whereas conditional column indicates the variance explained 
by each parameter after removing the effect of the other two parameters. χ2, F 
and P correspond to the significance of parameters effect after considering the 
effect of the rest evaluated through 9999 Monte Carlo permutations. Position is 
an ordinal parameter responding to the position along the tree ring (1,2,3), re
gion is a nominal parameter relating to region identity and altitude is a binary 
parameter indicating whether the sampling site is in the low or high position 
within the region.  

Sequential MVA 
pRDA 

Explained variance df χ2 F P 

Single Conditional 

Ring position 0.210 0.214 1 17.2 
*10–5 

9.78 <0.001 

Region 0.168 0.077 3 13.9 
*10–5 

2.30 0.009 

Altitude 0.031 0 1 2.6 *10–5 2.39 0.493 
Full Model 0.412       
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distribution edge. Vessel area was correlated to short term variation of 
hydraulic conditions during the vessel expansion phase in response to 
water availability. In contrast, the lagged effect of water availability 
during previous growing season was the most relevant factor explaining 
ring-width variability. The combination of vessel anatomy and ring 
width improved our ability to decode the environmental drivers of Eu
ropean beech secondary growth in the species dry distribution edge. 
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Gárate-Escamilla, H., Brelsford, C., Hampe, A., Robson, T., Benito-Garzon, M., 2020. 
Greater capacity to exploit warming temperatures in northern populations of 
European beech is partly driven by delayed leaf senescence. Agric. For. Meteorol. 
284, 107908. 

García-Cervigón, A.I., Fajardo, A., Caetano-Sánchez, C., Camarero, J.J., Olano, J.M., 
2020. Xylem anatomy needs to change, so that conductivity can stay the same: xylem 
adjustments across elevation and latitude in Nothofagus pumilio. Ann. Bot. 125, 
1101–1112. 

García-Cervigón, A.I., Olano, J.M., von Arx, G., Fajardo, A., 2018. Xylem adjusts to 
maintain efficiency across a steep precipitation gradient in two coexisting generalist 
species. Ann. Bot. 122, 461–472. 
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