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Abstract

Aim: Spatial variations of environmental conditions translate into biogeographical
patterns of tree growth. This fact is used to identify the origin of timber by means of
dendroprovenancing. Yet, dendroprovenancing attempts are commonly only based
on ring-width measurements, and largely neglect additional tree-ring variables. We
explore the potential of using wood anatomy as a dendroprovenancing tool, and in-
vestigate whether it increases the precision of identifying the origin of oak wood.
Since different tree-ring variables hold different information on environmental con-
ditions prevailing at specific times of the growing season—which vary between
source regions—we hypothesize that their inclusion allows more precise
dendroprovenancing.

Location: Europe, Spain.

Taxon: Quercus robur L., Quercus petraea (Matt.) Liebl., Quercus faginea Lam., Quercus
pyrenaica Willd.

Methods: We sampled four oak species across Northern Spain, i.e. from the Basque
country and Cantabria and—in the Basque country—from low to high elevation (topo-
graphic/latitudinal gradient). We measured multiple tree-ring variables to (a) extract
complementary variables; (b) present statistical relations among them; (c) analyse re-
gion-specific variation in their patterns based on time-series of individual trees; and
(d) determine underlying climate-growth relationships. Leave-one-out analysis was
used to test whether a combination of selected variables allowed dendroprovenanc-
ing of a randomly selected tree within the area.

Results: A combination of latewood width (LW) and earlywood vessel size was used
to pinpoint the origin of oak wood with higher precision than ring width or LW only.
Variation in LW pinpointed the wood to east and west areas, whereas variation in
vessels assigned wood to locations along a latitudinal/topographic gradient. The cli-
matic triggers behind these gradients are respectively an east-west gradient in June-
July temperature and a north-south gradient in winter/spring temperatures. The

leave-one-out analyses supported the robustness of these results.
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1 | INTRODUCTION

Trees are affected by a set of spatially and/or temporarily varying
environmental factors, such as precipitation, temperature, competi-
tion, soil type, and many others. The combined effect of these local
environmental factors on tree growth is reflected in the width and
structure of the tree rings, and can be used to characterize a given
species growing under specific site conditions (Babst etal., 2013;
Holz, Hart, Williamson, Veblen, & Aravena, 2018; Martin-Benito &
Pederson, 2015; Vicente-Serrano, Camarero, & Azorin-Molina, 2014).
In dry Mediterranean areas, where trees have limited access to ground
water, drought-induced water shortage was observed as the main
growth-limiting factor (de Luis et al., 2011; Martin-Benito, Beeckman,
& Cainiellas, 2013; Olano et al., 2014). Under increased vapour-pres-
sure deficit trees transpire more, which leads to a faster depletion
of plant-available soil moisture. A decreasing soil-water potential
initiates stomatal closure in the leaves to prevent drought-induced
mortality (McDowell et al., 2008). The associated reduction of photo-
synthesis limits tree growth and leads to the formation of narrow tree
rings (Bréda, Huc, Granier, & Dreyer, 2006). In contrast, at higher lati-
tudes and elevations, temperature has been found as the main factor
limiting tree growth (Grudd, 2008; Kérner & Paulsen, 2004; McCarroll
et al., 2013; Yang, He, Melvin, Zhao, & Briffa, 2013). Low temperatures
limit the trees’ photosynthetic rate, which leads to reduced growth
rates (Petit, Anfodillo, Carraro, Grani, & Carrer, 2011). Trees growing
under moderate conditions, e.g. in Central European lowlands or in
Atlantic regions, exhibit more complex relationships between environ-
ment and growth with often multiple growth-limiting factors (Gricar,
de Luis, Hafner, & Levani¢, 2013; Souto-Herrero, Rozas, & Garcia-
Gonzalez, 2018a) but their growth patterns are still indicative for the
specific environment-growth interactions at a given site through time.

Environmental information on growing conditions as stored in
tree rings is widely used to predict growth responses of trees to cli-
mate change (Holz et al., 2018; Williams, Michaelsen, Leavitt, & Still,
2010), to model potential future species distribution (Gutiérrez, Snell,
& Bugmann, 2016; van der Maaten et al., 2017), to quantify forest
resistance to drought events (Gazol, Camarero, Anderegg, & Vicente-
Serrano, 2017) and to reconstruct growth-limiting climate factors
during the pre-instrumental period (Cufar, De Luis, Zupanéi¢, &
Eckstein, 2008; Rydval et al., 2017; Schofield, Barker, Gelman, Cook,
& Briffa, 2016). Information on spatial variation of climatic signals in
tree rings is also important for archaeological and historical studies,

as it serves as a basis for dating and determining the geographical

ring-porous oak species.
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origin of historical timbers (“dendroprovenancing”) (Speer, 2010). This
can be used to identify source areas of wood, as well as for recon-
structing wood-trade networks (Dominguez-Delmas et al., 2015).
Nowadays, dendroprovenancing is becoming more and more import-
ant also in terms of detection of illegal logging (Kagawa & Leavitt,
2010; Vlam et al., 2018). Moreover, ancient timber contains informa-
tion about past forest-management practices (Haneca, Boeren, Van
Acker, & Beeckman, 2006), and reflects technological choices, such
as selection of species for particular elements of ships or buildings,
and also types of tools used for wood processing (Billamboz, 2003;
Castro, 2008; Tegel, Elburg, Hakelberg, Stauble, & Bintgen, 2012).
Dendroprovenancing was successfully applied to identify the ori-
gin of foundation piles under historical buildings in the Netherlands
(Sass-Klaassen, Vernimmen, & Baittinger, 2008) or wood from ship-
wrecks (Bridge, 2011; Dominguez-Delmas, Nayling, Wazny, Loureiro,
& Lavier, 2013), and to unravel the Baltic wood trade (Wazny, 2002).
Dendroprovenancing of wood from shipwrecks is considered as the
most challenging, since boats and ships may be found far away from
the construction place (Bridge, 2012), which is not necessarily related
to the timber source areas and, single shipwrecks may contain wood
from different origins (Haneca, Cufar, & Beeckman, 2009).

Until now, dendroprovenancing is almost exclusively based on
correlation analyses between ring-width series and a set of refer-
ence ring-width chronologies. A statistically significant match leads
to dating and provenancing of a given ring-width sequence (indi-
cated by the area covered by the reference chronology) (Fowler &
Bridge, 2017). In some specific areas, stable isotopic ratios have also
shown great potential to be used in provenancing studies (Bridge,
2012). In combination with dendrochronological methods, car-
bon, oxygen and sulphur isotopes have been used to improve the
spatial resolution of provenancing (e.g. Kagawa and Leavitt 2010;
Horacek 2012), discriminate between species (Horacek, Jakusch, &
Krehan, 2009), and to identify wood origin (Gori, Wehrens, La Porta,
& Camin, 2015). Strontium stable isotopes have also demonstrated
good potential for provenancing cedar ship timber (Rich et al., 2016).
However, the isotopic composition of wood can be influenced by
biological and physicochemical processes not related to geograph-
ical/climatic factors (Hajj, Poszwa, Bouchez, & Guerold, 2017) and
for archaeological wood further care is needed as processes such as
diagenesis in soils can modify wood composition (Hajj et al., 2017).
Extending dendroprovenancing with techniques that use geograph-
ically and climatically bound proxies has the potential to strongly

improve its accuracy.
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Recently, the potential of using additional wood-anatomical vari-
ables besides ring width has also been investigated. Esteban, Martin,
de Palacios, and Fernandez (2012) found that variation of wood bi-
ometry of a pine species was higher and more pronounced among
provenances than within populations. A first attempt to include an-
nual changes in maximum latewood density of a tree ring showed
that the probability of successfully dating historical samples can be
greatly increased (Wilson et al., 2017). The recent development of
new techniques (Gartner & Nievergelt, 2010), and improvements in
image analyses (von Arx & Carrer, 2014) opened new perspectives
for using more quantitative wood-anatomical variables for dendro-
provenancing studies (Haneca et al., 2009).

In this study, we explored and tested the possibility to use a multi-
variable approach on ring-porous oak, a species group that is widely
used in historic constructions. In the context of the multidisciplinary
project ForSEAdiscovery (htttp://forseadiscovery.eu), we investigated
whether using oak earlywood (EW) vessel properties and latewood
width (LW) can improve the precision of ring width based dendroprov-
enancing and, if so, what anatomical variables drive the improvement
in such a multi-variable approach. We hypothesize that integrating EW
vessels and LW leads to a more precise determination of the source
area of a given oak timber, because both variables contain different
and complementary climate signals which designate the wood to spe-
cific areas where combinations of these climate signals prevail.

2 | MATERIALS AND METHODS

2.1 | Study sites and species

Samples were collected from nine oak forest stands in the Basque
Country (six sites) and Cantabria (three sites) in Northern Spain
(Figure 1).

These forests were selected because they served as wood-source
areas for shipbuilding in the 16th to 18th centuries (Martinez Ruiz,
1999). We sampled trees in the Basque country (eastern sites) and in
Cantabria province (western sites) (Figure 1) with an elevational gra-
dient in the Basque country (from 80 to 1,181 m a.s.l.). The eastern
sites (AZK, UZK, OIR, GOR/GQY, OTE and SVA) are located along a
phytogeographical gradient (Table 1), with a gradual change of veg-
etation from Euro-Siberian in the North to more Mediterranean to-
wards the South, and a gradient in elevation ranging from 80 m a.s.|
close to the coast to 954 m a.s.l. further inland (Table 1). The north-
eastern sites (AZK, UZK and OIR) have typical Euro-Siberian vege-
tation dominated by Quercus robur. AZK and UZK were intensively
used for charcoal production in the past but are not managed nowa-
days. OIR is a private-owned forest patch in the village of Oiartzun,
with trees scarcely distributed on pasture land. The central eastern
site (GOR/GOY) is located in the transitional zone between Euro-
Siberian and Mediterranean vegetation and Quercus pyrenaica is the
dominant tree species with some inclusions of Q. petraea. This site
was heavily managed (coppiced) until the mid-20th century but was
not managed since. Whereas the southeastern sites OTE and SVA
consist of Mediterranean forests dominated by Q. faginea, with OTE
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on steep hills and were not used/managed in the past, SVA mostly
consists of old trees in flat pastureland (called dehesa in Spanish).
All western sites (BRR/BRY, ONQ and ORT; Figure 1) feature typical
transitional vegetation between Atlantic and Mediterranean phyto-
geographical regions, with the dominance of Q. pyrenaica in ORT and
Q. petraea in ONQ. These sites share a similar mild climate, without a
pronounced summer drought, and an altitudinal range from 1,037 to
1,181 m a.s.l. In our analyses we separate eastern from western sites
(as categorical variables), and further separate eastern sites in north-
ern, central and southern categories (NE, CE and SE respectively).
Selected oak species vary in their habitat and ecology and hence
show specific distributional patterns. Quercus robur and Q. petraea
are widely distributed in Europe whereas Q. faginea and Q. pyrenaica

are largely restricted to the Iberian Peninsula (Table 2).

2.2 | Acquisition of ring-width and vessel-size
time series

Sampling was performed in May/October 2015 and in October
2016. Between seven and 25 trees were sampled per site (Table 1).
The variation of sample size per study site was caused by the dif-
ferent number of suitable trees at each site. Although oak species
are prone to hybridize and many taxa were described for the Iberian
Peninsula (Amaral Franco, 1990), we are confident of our species
identification as we carefully identified each tree sampled at stands
with coexisting oak species. The largest and apparently oldest oak
trees with no visible damage to crowns or stems were selected and
two to four 5-mm cores were extracted from each tree.

Samples were air dried, glued onto wooden holders, cut using a slid-
ing microtome (Gartner & Nievergelt, 2010), and sanded with progres-
sively finer sandpaper (grain sizes from P180 to P1200, FEPA Abrasives).
Tyloses (parenchyma outgrowths into vessels) and wood dust were
removed using a high-pressure water blast, after which each core was
stained using black ink. Chalk was rubbed on the samples to fill EW ves-
sels, thus achieving better contrast of the vessels for image analyses.

Total ring width (TRW), EW and LW were measured using
a Velmex measuring table (Velmex TA Unislide; Velmex Inc.,
Bloomfield, NY) coupled with a stereo-microscope (Olympus SZ60).
Crossdating was done in two steps: first visually and then statisti-
cally. Visual crossdating was done by first matching the ring-width
patterns of individual trees, and then different trees from the same
site. Statistical crossdating was done using corecHA 6.02P (Grissino-
Mayer, 2001). Crossdating is considered as the most important prin-
ciple of dendrochronology (Fritts, 1976), as it allows linking each tree
ring to the exact calendar year of its formation.

For measurement of the EW vessel area, a sequence of over-
lapping images with a resolution of 13,780 dpi was taken from the
wood surface using a digital camera (Canon EOS 600D) coupled to
the stereo-microscope (Figure 2). The images were stitched using
PTGui 9.2.0 (New House Internet Services B.V., Rotterdam, The
Netherlands). We measured vessels on a subset of trees and cores
showing the highest inter-correlation (Table 1) as vessel measure-
ments are labour intensive, and thus can be conducted on a limited
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FIGURE 1 Location of study sites and distribution of sampled trees at each site (a-i). Dots represent selected forest stands (see Table 1
for an explanation of the abbreviations of site names), triangles represent selected tree individuals, Quercus robur—in yellow, Quercus
pyrenaica—in blue, Quercus petraea—in green and Quercus faginea—in red, respectively. Sites with double names indicate the collection of two
different species from the same forest stand. Transparent red, transparent green and transparent purple refer to the Mediterranean, Atlantic
and Alpine biogeographical regions, respectively (https://www.eea.europa.eu/wileyonlinelibrary.com]). Layer Credits: Source: Esri [Colour

figure can be viewed at wileyonlinelibrary.com]

number of trees only. Moreover, some cores were broken or had
cracks, which made them less suitable for wood-anatomical analyses.

Earlywood vessels were measured semi-automatically in IMAGEJ
1.8.0 (Schneider, Rasband, & Eliceiri, 2012) using the VesselJ plugin
(I. Garcia-Gonzalez, unpubl. data) and following the steps described

in Souto-Herrero etal. (2018a). This plugin allows for efficient

discrimination of the bright chalk-filled vessel-lumen area from the
dark-stained background (the remaining wood structures). After
scanning and stitching, images were converted to 8-bit black-and-
white and vessels were distinguished from the background using
gray-scale thresholds. To ensure that undesired objects were ex-

cluded, additional filters were applied removing elliptical objects (less
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than twice as long as wide) and objects smaller than 10,000 pm?. This
particular size threshold was taken from Fonti and Garcia-Gonzalez
(2004) and Fonti, Solomonoff, and Garcia-Gonzalez (2007) to ex-
clude the smaller vessels formed later in the season, which may blur
the climatic signal (Garcia-Gonzalez & Fonti, 2006), and also because
most of the signal is recorded by the largest vessels, usually located
in the first row (Garcia-Gonzalez, Souto-Herrero, & Campelo, 2016;
Gonzélez-Gonzélez, Rozas, & Garcia-Gonzalez, 2014). The images
with the detected vessels were then checked for detection errors
and manual image corrections were performed where needed.

To assign each vessel to the corresponding dated tree ring, and
to identify vessels belonging to the first-formed row at the begin-
ning of the tree ring, we used the software package "Autovasos”
(Garcia-Gonzalez, unpubl. data), again following Souto-Herrero et al.
(2018a). From the EW-vessel measurements, 11 variables related
to size, position, and water-conducting capacity were derived from
each tree ring: hydraulically weighted vessel diameter (D,), mean
vessels area, maximum vessel size, number of vessels (NV), total ves-
sels area, mean area of the first row vessels, hydraulic diameter (Dh)
of vessels not belonging to the first row, mean area of vessels not
belonging to the first row, maximum size of vessels not belonging
to the first row, NV not belonging to the first row, and total area of
vessels not belonging to the first row. D, was calculated according
to the equation:

where D, (in pm) is the diameter of the vessel n (Sperry, Nichols,
Sullivan, & Eastlack, 1994). D, has been shown to be related to pre-
vailing environmental conditions and to maximize the climatic signal
(Pérez-de-Lis, Rossi, Vazquez-Ruiz, Rozas, & Garcia-Gonzalez, 2016;
Souto-Herrero, Rozas, & Garcia-Gonzalez, 2017).

Before further processing, the individual time series of each
variable were detrended to remove trends related to age and forest
dynamics, using a cubic smoothing spline (Cook, Briffa, Shiyatov, &
Mazepa, 1992) with a frequency response of 50% at a wavelength of
32 years. We subsequently used individual time series to compute

site and regional chronologies. Site chronologies included only trees

of each site x species combinations, while regional chronologies in-
cluded trees from the predefined geographical regions, namely west,
east as well as NE, CE and SE (in the east) regions of the study area
(see Appendix S1 in Supporting Information for the detailed informa-
tion on site TRW and D, chronologies).

2.3 | Acquisition of a complementary
set of variables

Many of the 14 measured or derived variables (3 ring width and 11
vessel-related variables) are correlated and carry redundant infor-
mation (Garcia-Gonzaélez et al., 2016). To reduce the number of vari-
ables to a subset of different, statistically meaningful variables, we
used principal component analysis (varimax-rotated PCA) using the
site chronologies calculated from the detrended individual time se-
ries. The selection was based on the ordination of variables accord-
ing to the first two principal components (PCs). The resulting set of
complementary variables, that contained different patterns of vari-
ation likely related to site-specific and climate-related signals, were

included in subsequent analyses.

2.4 | Geographic patterns of time-series variability

Discrimination between patterns of annual variation in the selected
variables was done based on the detrended individual time series of
the trees from the nine study sites. Principal component gradient
analyses (PCGA) (Buras et al., 2016) was performed in a time interval
covered by most study trees (1888-2014). PCGA is based on load-
ings on the first two PCs obtained from an ordinary PCA, defining
a gradient among time series based on their polar coordinates—in
particular the angle—of the loadings (Buras et al., 2016). PCGA was
used to test whether our predefined biogeographical gradients were
reflected in the loadings which represent single trees on the first
two PCs. To obtain statistical confidence in the observed patterns,
we tested whether the polar angles representative of the loadings
differed between source regions using Wilcoxon rank sum test. This
individual tree approach, i.e. using time series of individual trees in-
stead of site chronologies, was chosen since one of the aims was

to investigate whether individual series of the selected variables

TABLE 2 Overview on study species characteristics, distribution and ecology

Species Distribution

Europe (Eaton, Caudillo, Oliveira, & de Rigo,
2016)

Europe (Eaton et al., 2016)

Quercus robur

Quercus petraea

Quercus pyrenaica Morocco, Iberian Peninsula and South-

Western France (Nieto Quintano, Caudillo, &

de Rigo, 2016)

Quercus faginea (subsp. Iberian Peninsula (Blanco Castro et al., 2005)

faginea)

Elevation Bedrock/Soil

0-1,300 m a.s.l. (Eaton et al., Fertile, moist soils (Eaton et al.,

2016) 2016)

0-2,000 m a.s.| (Eaton et al., Fertile, moist soils (Eaton et al.,
2016) 2016)

0-2,100 m a.s.l. (Nieto Quintano Siliceous mountains, rarely
etal, 2016) limestone and dolomites

(Nieto Quintano et al., 2016)

600-1,200 m a.s.l. (Blanco Castro
et al., 2005)

Basic soils (Jiménez Sancho,
Diaz Fernandez, Martin
Albertos, & Gil Sanchez,
1998)
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express site- and/or region-specific patterns. If so, this would indi-
cate that their origin can be correctly identified. For application as a
provenancing tool, this is especially relevant as often only time series

of a single or a few trees are available for dendroprovenancing.

2.5 | Climate effect on PCGA gradient

The gradient obtained from the PCGA was further used to explore
mechanisms possibly driving it. To do this, we focused on climate
correlations of single tree-ring series, instead of calculating con-
ventional climate-growth relationships based on site chronologies
(Chen et al., 2015; Dorado-Lifdn, Akhmetzyanov, & Menzel, 2017).
We downloaded gridded CRU TS 4.01 temperature and precipita-
tion data over the period 1901-2016 (Harris, Jones, Osborn, & Lister,
2014) from the KNMil climate explorer (https://climexp.knmi.nl/start.
cgi) and correlated these climate data with each single ring-width
and vessel series. To account for non-normally distributed data, we
used Spearman's rank correlation in these analyses. Afterwards, we
investigated whether these correlations varied significantly along
the determined PCGA gradient using Spearman's rank correlation. In
this analysis a strong correlation would indicate a directional varia-
tion of climate correlations along the PCGA gradient.

Moreover, to test the effect of the geographical origin on climate
correlations, we also compared the individual climate correlations
between the geographical categories using Wilcoxon rank sum test
(for the comparison between east and west), as well as Kruskal-
Wallis test (for the north, central and southeastern sites). Finally, we
computed so-called regional chronologies, i.e. the average over all
individual time series representative of each geographical category
and performed the corresponding climate correlations. This was

done to support the results from the single tree climate correlations.

2.6 | Species effect on PCGA gradient

In addition to testing the resemblance of geographical categories
in the PCGA-loadings, we also explored whether the variation of
PCGA-loadings was related to species. That is, we tested—in a similar
manner as for the geographical categories—whether the PCGA-load-

ings differed between the species. This was done, on the one hand,

FIGURE 2 Wood surface images of:

(a) Quercus robur, (b) Quercus petraea, (c)
Quercus pyrenaica and (d) Quercus faginea.
EW, LW and V indicate earlywood,
latewood and vessels, respectively [Colour
figure can be viewed at wileyonlinelibrary.
com]
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on all time-series per parameter (i.e. latewood width and vessels).
On the other hand, we also did this analysis on the basis of data con-
sidering only those sites where two of the study species (Q. petraea
and Q. pyrenaica) were co-existing (BRR/BRY and GOR/GQY).

2.7 | ldentifying the area of origin

To test whether the origin of a randomly selected tree can be iden-
tified from PCGA, we performed a “leave-one-out” approach. For
this, we successively selected each tree from the data set to test
whether its origin could be correctly identified by means of PCGA.
In order to do so, we excluded the respective tree from the data
pool, and performed a PCGA on the remaining data set as explained
in section 2.2. This analysis was done separately for LW and ves-
sel time-series. Afterwards, we correlated the left-out time-series
with the scores of the first two PCs of the corresponding PCGA and
transformed these correlation values into PC-loadings. From these
loadings we computed Euclidean distances to the loadings of all the
other trees (those which were kept in the data for the PCGA) and
computed the categorical mean Euclidean distances referring to
geographical origins. If the mean Euclidean distance of the left-out
tree to the other trees from the same geographical origin was lower
in comparison to trees from a different geographical origin, we de-
fined this as a correct assignment. As a measure of success of this
approach, the percantage of correct assignments was calculated.

All calculations were done in R 3.4 (R Development Core Team,
2017) using the "dpIR” (Bunn, 2010), "psych” (Revelle, 2017) and "tre-
eclim” (Zang & Biondi, 2015) packages.

3 | RESULTS

3.1 | Selection of complementary variables

Based on the similarity of loadings on the first two PCs of Varimax
rotated PCA, the number of variables for further analyses was re-
duced from 14 to three, i.e. NV, D, and LW, since they appeared

to carry unique and complementary information for most of the

study sites likely related to site-specific environmental signals (see
Appendix S2).
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3.2 | PCGA

The common overlap period for the PCGA of LW data was 127 years
(1888-2014) and incorporated 64 individual trees representing all
study sites and species. The PCGA demonstrated that LW time se-
ries were grouping according to geographical categories, i.e. there
was a clear separation between the loadings representing trees of
eastern and western origin (Figure 3) (p < 0.01, Wilcoxon test). Trees
showed a similar grouping according to the loadings as derived from
NV time series; however, there were more mismatches compared to
LW (see Appendix S3).

D,, time series revealed no clear separation of loadings, nei-
ther across sites nor between the regions (see Appendix S4).
Nevertheless, the application of PCGA only considering trees from
the eastern sites, i.e. northeast—central east—southeast (NE—CE—
SE), allowed grouping the trees according to the geographical cate-
gories based on D, (Figure 4). In this analysis, the common overlap
period used for the PCGA was 102 years (1913-2014) involving 35
trees. A Kruskal-Wallis test indicated significant differences of load-
ings between trees from NE, CE and SE (p < 0.01). At the same time,
it was not possible to distinguish the CE trees from the other two
sites on the basis of LW and NV (see Appendix S5).

3.3 | Climate effect on PCGA gradient

Correlation analyses between the gradient derived from the PCGA
of LW time series and climate correlation scores indicate a strong
effect for average June-July temperature on the PCGA gradient (see
Appendix Sé). Trees from the eastern sites were limited in LW for-
mation by summer temperatures, whereas those from the western
sites did not show any significant relationship between LW and early
summer temperature (Figures 5a,b).

The strength of the climate correlations also varied along the
PCGA gradient as derived from D, (see Appendix S7). Vessel size
(D,) of trees in NE, located at lower elevation and closer to the sea
was negatively correlated with February temperature, whereas for
CE and SE correlations with February temperatures were weaker
(Figure 6a,b). At the same time, D, of trees from SE, i.e. the higher
and more southern sites were mostly positively correlated with aver-
age March-May temperature, while this relationship was not found
for the other regions (Figure éc,d).

Principal component gradient analyses indicated no species-
specific effects on the observed gradient neither for LW nor for
D, when involving all tree and oak species (see Appendix S8). This
observation was supported when applying PCGA only to data from
sites (GOR/GOY and BRR/BRY) where two species co-existed (see
Appendix S9).

3.4 | “Leave-one-out” analyses

The “leave-one-out” analysis indicated that most trees were correctly
assigned to their specific site of origin based on LW and D, (Table 3).
That is, for LW 89% and 100% of eastern and western trees were

assigned correctly respectively. However, when analysing LW of only
the eastern sites, no samples were assigned to the central east site. At
the same time, D, chronologies successfully detected samples com-
ing from northeast (81%), central east (58%) or southeast (91%).
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FIGURE 3 Loadings plot for the principal component gradient
analyses based on latewood width. Each arrow represents the
loadings on the first two principal components from one tree. Value
labels on the x- and y-axes (0.19 and 0.07) represent the amount of
explained variance by the respective component [Colour figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 4 Loadings plot for the principal component gradient
analyses based on hydraulic diameter but only considering the
eastern sites. Each arrow represents the loadings on the first two
principal components from one tree. Value labels on the x- and
y-axes (0.19 and 0.09) represent the amount of explained variance
by the respective component [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 5 Relationships between climate correlations and the principal component gradient analyses (PCGA)-rank derived from
latewood time series. (a) Correlations between latewood width time-series and average June-July temperatures for individual trees plotted
against individual tree PCGA-ranks. PCGA-rank refers to the rank of a tree-ring series in the gradient defined by PCGA. (b) Correlations

of individual tree latewood width series with average June-July temperature, separated according to geographic origin. Black dots in (b)
represent the correlation coefficient of regional chronologies with average June-July temperature. Blue and red colors refer to eastern and
western trees respectively. Note that the y-axes span the interval from -0.5 to 0.5 [Colour figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION

4.1 | Added value of including complementary tree-
ring variables into dendroprovenancing of oak

Our results indicate that a higher precision of provenancing can be
achieved for ring-porous oak wood when combining wood-anatomi-
cal variables such as LW and size of EW-vessels, rather than using
TRW (or LW) alone, as is usually the case in dendroprovenancing (e.g.
Dominguez-Delmas et al., 2014; Haneca & Debonne, 2012). We found
that annual variation patterns in LW and vessel D, of the study species
were related to the biogeographical origin, especially for D, . Both varia-
bles are probably reflecting different climatic signals (winter and spring
temperature for D,, summer temperature for LW [Figures 4 and 5]),
and therefore conditions during distinct periods of the year that largely
determine the growth of oak in a specific area. LW allowed us to as-
sign oaks to Basque (eastern) and Cantabrian (western) sites (Figure 3),
whereas D, discriminated oak populations across a latitude and eleva-
tion gradient (NE-CE-SE in Figure 4), which also represented increas-
ing continentality. Thus, combining LW and D, allows for resembling
region-specific climate conditions over different parts of the growing
season, which hence can be used to pinpoint the origin of wood.

The proposed combined approach is also interesting for other areas,
such as the maritime part of Central Europe, where classical dendro-
provenancing of oak fails (Bridge, 2000), probably due to its complex
signal in TRW (Bridge, 2012). Moreover, TRW and LW of Q. pyrenaica
in northwestern Spain were found to be influenced by forest dynamics,
which is hardly the case for EW vessels (Souto-Herrero, Rozas, & Garcia-
Gonzalez, 2018b). This is especially interesting for archaeological studies,
as wood used for (ship-) construction often comes from managed forests.

Wood-anatomical analyses can also be applied to waterlogged
timber, whereas there still is a knowledge gap about the change of
wood composition under waterlogged or buried conditions. Isotopic
analyses do not necessarily improve wood provenancing precision of
living trees as well (Vlam et al., 2018), therefore they need to be further
tested for different species and regions. However, isotopes might con-
tain site-specific signals complementary to wood-anatomical variables
(e.g. maximum summer temperature and precipitation in §'3C and
5'%0 in temperate regions [Treydte et al., 2007], strontium—reflects
the soil signature [Hajj et al., 2017]). A combined multi-proxy dendro-
provenancing method thus is the most promising approach for future
studies. And integration with other techniques recently tested for den-
droprovenancing, e.g. Fourier transform infrared spectroscopy (Traore,
Kaal, & Cortizas, 2018), seems to broaden this potential.

Our results also demonstrate that a tree-centred approach, i.e.
using single trees as a main source of information to understand
variability in growth responses, as proposed for ecological studies
(Sass-Klaassen et al., 2016) allows pin-pointing tree origin at both
inter- and intra-regional scales. Such approach also overcomes the
problem that often only few trees are available for dating and prove-

nancing pieces of art (paintings, musical instruments, etc.).

4.2 | Spatial variation of climatic signal in different
tree-ring variables
4.2.1 | Climatic signal in latewood width

Analyses of spatial variation of the climatic signal revealed that

the main factor discriminating (based on LW time series) tree
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origin into Basque (eastern) and Cantabrian (western) sites was
average June-July temperature (Figure 5a). The effect of average
June-July temperature on tree growth was changing from no sig-
nificant in the west to significantly negative in the east (Figure 5b,
see Appendix 510) with the signal mostly driven by the lowest and
highest sites. In general, radial growth of deciduous oaks in the
Mediterranean is negatively related to high temperature during
summer (Rozas, 2001, 2005; Souto-Herrero et al., 2018b; Tessier,

Nola, & Serrebachet, 1994), i.e. the period with maximum growth
activity (Castagneri, Regev, Boaretto, & Carrer, 2017). High summer
temperature increases drought stress due to elevated evapotran-
spiration, leading to reduction of photosynthesis, favouring reserve
storage and consequently slowing of growth rates (Bréda et al.,
2006; Sala, Woodruff, & Meinzer, 2012). In contrast to oaks from
Basque (eastern sites), trees from Cantabria (western sites) did not

show any significant response to summer temperature (Figure 5b).
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TABLE 3 Rates of success for the leave one out approach. West,
East indicate success rates of assigning trees to eastern and
western sites, respectively. NE, CE and SE indicate success rates of
assigning trees to north, central and southeastern sites,
respectively. For the latter, only trees from eastern sites were used

West East NE CE SE
LW 100% 89% 81% 0% 100%
D, 61% 35% 81% 58% 91%

The lack of summer signal was observed before in oaks growing in
Northern Spain under an Atlantic climate, and was explained by for-
est dynamics, i.e. disturbances and management activities resulting
in abrupt growth changes which probably masked the effect of cli-
mate (Souto-Herrero et al., 2018a, 2018b). At the same time, LW of
trees both from eastern and western regions showed positive cor-
relations with summer precipitation (see Appendix 511), a common
signal for the southeast of Central Europe (Cufar et al., 2014) and the
Mediterranean region (Nola, 1996; Tessier et al., 1994).

4.2.2 | Climatic signal in earlywood vessels across a
latitudinal/topographic gradient

The grouping of the oaks growing in the Basque country (eastern
sites) into a northern (NE), central (CE) and southern (SE) group was
reflected in a varying response of D, to temperature in February and
March-May (Figure 6). Although oak trees initiate cambial division in
February/middle March (see Pérez-de-Lis et al. (2016) and Gonzalez-
Gonzélez, Garcia-Gonzalez, and Vazquez-Ruiz (2013) for Q. robur and
Q. pyrenaica), high winter temperatures are apparently related to the
formation of smaller vessels. This effect was strongest in oaks from
NE, and has been reported earlier for Castanea sativa Mill. in the
Swiss Alps (Fonti & Garcia-Gonzalez, 2004; Fonti et al., 2007) and
for Quercus petraea and Q. pyrenaica from Northern Iberia (Gonzalez-
Gonzélez et al., 2014). A negative February temperature effect has
been previously explained by the temperature sensitivity to the
plant hormone auxin (Fonti et al., 2007), which controls the cambial
activity and is involved in vascular differentiation (Fukuda, 2004;
Kepinski, 2006). High winter temperature is assumed to increase
cell sensitivity to auxin, resulting in an earlier and faster process of
vessel differentiation, which leads to the formation of smaller ves-
sels (Aloni & Zimmermann, 1983). This temperature effect on vessel
size can also be attributed to carbohydrate dynamics. Higher winter
temperatures enhance respiration rates and thus can lead to the de-
pletion of assimilates stored. As cambial resumption of ring-porous
oaks starts before bud break (Copini et al., 2016; Kudo et al., 2014;
Pérez-de-Lis et al., 2016), and vessel functionality occurs just before
the leaf expansion (Guada, Garcia-Gonzalez, Pérez-de-Lis, Vazquez-
Ruiz, & Montserrat-Marti, 2018; Kitin & Funada, 2016) the formation
of EW vessels relies on the amount of stored carbohydrates from
the previous growing season. A shortage of carbohydrates as an ef-
fect of high winter temperatures can therefore be associated with

the formation of smaller vessels (Gonzalez-Gonzalez, Vazquez-Ruiz,
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& Garcia-Gonzalez, 2015). In contrast, high average temperatures
during March-May have a positive effect on vessel size at the south-
eastern (the most inland) sites. During spring, warmer conditions are
known to foster bud break, and thus produce new sources of auxin
(Sorce, Giovannelli, Sebastiani, & Anfodillo, 2013) to be transported
along the stem, so that cambial activity is initiated (Schrader et al.,
2003) thereby favouring vessel expansion (Uggla, Moritz, Sandberg,
& Sundberg, 1996).

4.3 | Species effect on variation of selected tree-
ring variables

The ring-porous oak species used in this study are very simi-
lar if not identical in their wood structure (Crivellaro et al., 2013;
Schweingruber & Baas, 1990) but differ in their ecology, and conse-
quently in their geographical distribution. However, this difference
was not reflected in the variation of their ring width and vessel size
patterns as indicated by the PCGA (see Appendix S8), which shows
an overriding effect of site-specific conditions. It is evident that dif-
ferences in species ecology determine their distribution in the study
area, which is probably the reason why we did not find sites where
all four species coexist. In fact, the two sub-Mediterranean oaks (Q.
pyrenaica and Q. faginea), apparently the most xeric species, could
not be compared to each other because they have opposite soil re-
quirements (acidic and basic respectively). Therefore, we could only
check for species-specific differences on two coexisting species (Q.
petraea and Q. pyrenaica) at two study sites.

Our results support the impression that both ring width and
vessel size respond more to specific site conditions than to genetic
background (see Appendix S9). Furthermore, at both sites where we
could compare two species, one of them was Q. pyrenaica. This is a
sub-Mediterranean mountain species, with specific adaptations to
these drier environments: xerophytic leaf habit, late flushing, and a
more conservative wood formation strategy compared to nemoral
oak species (Pérez de Lis et al., 2016). Despite these differences, its
growth responses were similar to those of the other species occur-
ring at the same sites. This is in contrast with previous works com-
paring nemoral and sub-Mediterranean oaks at the same site, where
species-specific responses were observed (Gonzalez-Gonzélez et al.,
2014).

The inclusion of wood anatomical features and their directional
and plausible climate responses across biogeographical gradients
allow for more precise provenancing of oak wood in Northern Spain.
These results are probably extendable to other areas, and a larger set
of species and wood anatomical proxies (e.g. wood density [Wilson
et al., 2017]; parenchyma fractions [Morris et al., 2018]) should be
explored. Moreover, as ring-porous oak species in Northern Spain
exhibit specific biogeographical distributions, integration of DNA
analyses for species identification or genome sequencing (Schroeder
et al., 2016) could further supplement the tool-box for dendroprove-
nancing. We believe that with a multi-variable approach we achieve
a higher precision in dendroprovenancing and pinpoint origin of tim-
ber on a finer scale.
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5 | CONCLUSION & OUTLOOK

We showed that a novel approach—comprising multiple variables
(LW and vessel area) and combining multivariate techniques (PCGA)
with statistical validation procedures (leave-one-out)—can increase
the precision of pin-pointing the origin of oak timber. Further stud-
ies emphasizing on other regions, species (e.g. coniferous trees), and
tree-ring variables (e.g. stable isotopes, wood density) are however
needed to extend our knowledge on the ability of this approach
to the refine dendroprovenancing. In addition, an individual tree-
based approach may reveal more insights into spatial variations of
climate-growth relationships, most likely depending on specific site
conditions.
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