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Abstract

Key message Intra-annual tree-ring parameters of Quercus brantii contain high-resolution intra-annual climate
signals which enable us to trace seasonal aspects of climate change and to reconstruct high-resolution climate data
for the semi-arid region.

Abstract Environmental conditions affect growth potential and wood-anatomical features of tree species. Hence, valuable
climate signals can be extracted from intra-annual tree-ring features. In this study, we evaluated the potential of intra-annual
wood parameters of Quercus brantii Lindel growing in the semi-arid southern Zagros Mountains, Iran. We analyzed ear-
lywood width (EWW), latewood width (LWW)), total ring-width (TRW), and several vessel features of the oak species.
Standard chronologies have been developed for ring-width and vessel parameters using dendrochronological and quantita-
tive wood-anatomical approaches. Correlations with local climate data showed that precipitation during the pre-growing
and growing seasons had positive effects on EWW, LWW, TRW, and latewood vessel size. In contrast, earlywood vessel
size showed positive correlations with precipitation in the active growing period (January—April). EWW, LWW, and TRW
showed negative correlations with temperature during the pre-growing and growing seasons. Earlywood and latewood ves-
sel features showed stronger negative correlations with mean monthly temperatures during the vessel formation period. Our
results revealed that EWW, LWW, and earlywood and latewood anatomical variables of the trees contain valuable climatic
signals complementing each other over different seasons. Despite the often low common signal strength of the anatomical
variables shared between trees, they showed strong climate—growth relationships which can be useful for the reconstruction
of seasonally resolved climate parameters in a multi-parameter tree-ring approach.

Keywords Dendroclimatology - Climate proxy - Quantitative wood anatomy - Quercus brantii. Zagros oak woodlands -
Earlywood and latewood vessels

Introduction

Within the Zagros Mountains in West Iran, oak woodlands
cover about 5 million hectares and form around 40% of
Iran’s total forest cover (Sabeti 2002; Sagheb -Talebi et al.
2014). Hence, they play an important role from an ecologi-
Communicated by Liang. cal and economic perspective. However, the oak woodlands
are under strong pressure due to climate change, the occur-
rence of dust storms (Moradi et al. 2017), and anthropo-
genic effects including wide-spread fires and overgrazing
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during the last 7 years (2011-2017), and the 2017 autumn
was reported as the driest autumn on record throughout the
country. The seasonal climate changes and climate extremes
have negatively affected most of the ecosystems and water
sources in Iran (Gohari et al. 2013; Delju et al. 2013; Tabari
and Hosseinzadeh-Talaee 2011). However, it is difficult to
bring the climatic fluctuations and the current oak forest
decline into a long-term context, since information about
regional past climatic fluctuations and existing knowledge
about the history of the oak woodlands and their bioclimatic
requirements are still scarce.

To evaluate the impact of climatic stress on the growth
behavior of tree species and to obtain information on past
climate variability, tree-ring width (TRW) has been widely
used (e.g., D’Arrigo et al. 1997; Jacoby et al. 2004; Akkemik
et al. 2005; Gervais 2006; Griggs et al. 2007; Cufar et al.
2008; Friedrichs et al. 2008; Arsalani et al. 2014; Gildehaus
et al. 2015; Dawson et al. 2015; Leal et al. 2015), but recent
progress in wood-anatomical techniques (Girtner et al.
2015) allow for the inclusion of additional parameters that
might add valuable information about climate parameters to
which ring width does not respond.

In ring-porous oak species, the boundaries of earlywood
(EW) and latewood (LW) can easily be delineated from the
distribution of vessels of strongly varying size. Since the
intra-annual tree-ring features are affected by environmen-
tal conditions during wood formation (Eckstein 2004), the
width of earlywood (EWW), latewood (LWW), and intra-
annual vessel parameters in various oak species have been
used to extract intra-annual climate signals (e.g., Garcia-
Gonzalez and Eckstein 2003; Kern et al. 2013; Gonzalez-
Gonzalez et al. 2014, 2013; Kniesel et al. 2015; Fonti and
Gonzalez-Gonzalez 2004; Tardif and Conciatori 2006; Leal
et al. 2007; Fonti and Gonzalez-Gonzalez 2008; Matisons
and Dauskane 2009; Campelo et al. 2010; Fonti et al. 2013;
Oladi et al. 2014; Matisons et al. 2015; Briuning et al.
2016). Using a multiple tree-ring parameter approach may
enable us to obtain intra-annual climate signals to trace sea-
sonal aspects of climate change.

The most dominant oak species of the Zagros—Anti-
Taurus deciduous oak woodlands is Quercus brantii Lindel
which is the most drought tolerant oak species in the region.
In the central Zagros Mountains, only a few studies have
yet been conducted using TRW of Q. infectoria for study-
ing climate—growth relationships and reconstructing climate
variables (Arsalani et al. 2014; Azizi et al. 2013; Nadi et al.
2016). Also in the southern Zagros, where Q. brantii reaches
its southern bioclimatic limit, dendroclimatic studies on the
species have not yet been accomplished (Arsalani et al.
2018). Since additional climate signals may be obtained
from intra-annual tree-ring features of ring-porous oak spe-
cies (Fonti and Garcia Gonzalez 2008), such analyses may
enable us to resolve intra-annual climate signals and improve
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our knowledge about the effects of the seasonal climate fluc-
tuations on the species’ performance in the southern Zagros
Mountains.

In the present study, we examined, for the first time, the
suitability of TRW, EWW, LWW, and wood-anatomical
parameters in EW and LW of Q. brantii for climate and
environmental reconstructions in the southern Zagros Moun-
tains. The main objectives of this study are (1) to evaluate
the potential of EWW, LWW, and vessel features of Q. bran-
tii as climate proxies; (2) to identify the strongest climate
signals from the intra-annual and annual wood parameters
for climate reconstruction purposes; (3) to understand how
growth—climate relationships of the species vary throughout
a vegetation period. Since regional climate data are only
available for the period 1987-2015, we restricted our analy-
sis to this common period, although the collected trees show
higher ages and the TRW chronology covered 329 years
(1796-2015).

Materials and methods

The Deh-Braftab study site (30°46'N, 51°30’E; 1810 m
a.s.l.) is located close to the species’ natural southern bio-
climatic limit (Fig. 1). In the study forest, the oak trees
are scattered (crown coverage below 20%) and the forest
structure has been partly degraded by human activities. One
characteristic of old Q. brantii trees is heart rot in the inner
heartwood part of the stems. The competition among trees
for light is low, and the soil of the sampling site is calcare-
ous and very shallow. The Zagros oak woodlands cover a
vast area of the Zagros Mountain ranges from Piranshahr
(36°00'N, 45°00'E) in the northwest of Iran to the vicinity
of Firoozabad (29°00'N, 52°30’E) south of Shiraz, with an
average length and width of 1300 and 200 km, respectively
(Ghazanfari et al. 2004). In general, Q. brantii is continu-
ously distributed from 1000 to 2400 m a.s.l. in the Zagros
Mountains, but, in some parts of the southern Zagros, it is
scattered in a wider range from 700 to 2700 m a.s.l. (Jazirehi
and Ebrahimi-Rastaghi 2003). In the northern Zagros Moun-
tains, Q. brantii is intermixed with Q. infectoria and Q.
libani which are less xerophilous oak species (Jazirehi and
Ebrahimi-Rastaghi 2003), whereas, in the central and south-
ern regions of Zagros, Q. brantii is the only oak species. Q.
brantii can tolerate low precipitation (<350 mm/year) and
very low winter temperatures (Djamali et al. 2010) and is
the exclusive oak species in Iran growing in latitudes south
of 34°N (El-Moslimany 1986; Zohary 1973). In the Zagros
region, very low (below freezing) temperatures in autumn
are the causes for cambial dormancy (Arsalani et al. 2018)
and the deciduousness of the oak trees. The ring-porous
structure of the oak species is probably also associated with
a short growing season. The large vessels formed in the
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Fig. 1 Location of the study site and nearest meteorological station

beginning of the growing season have a high hydraulic con-
ductivity, allowing a high stomatal conductance and a high
carbon gain. Deciduousness is the strategy enabling this oak
species to cope with the seasonal patterns of precipitation
and temperature.

The climate of the study site is described using the
instrumental data of Yasuj meteorological station (30°41'N,
51°33’E; 1816 m a.s.l.), which is the closest climate station
to the sampling site (in a distance of 25 km) and provides
29 years of instrumental data (1987-2015). The climate at
the study site is characterized by a long-dry season from
June to September and a wet season from November to April
(Fig. 2a), when precipitation is brought by westerly distur-
bances. Mean annual precipitation is 801 mm, 95% of which
falls during the wet season and mean annual temperature is
15 °C. Mean annual maximum temperature has increased
over the period 1987-2015 (Fig. 2b) and frost days occur in
December, January, and February (Fig. 2c).

In April 2016, 30 samples from 18 trees including 18
increment cores from 12 standing trees and 6 disks (12

5200'0"E

measured radii) from dead trees were collected in the field.
The samples were air-dried and mounted on wooden hold-
ers, and the surfaces of the samples were sanded using
sandpapers with grain sizes from 120 to 1200. We used
both air pressure and high-pressure water blast to remove
tyloses and wood dust inside the vessels (Fig. 3a). To
enhance the contrast of the sample surface for both ring-
width measurements and quantitative wood-anatomical
image analyses, we rubbed white chalk into all large and
small vessels (Fig. 3b). Latewood and, in particular, the
heartwood part of the species are dark. Hence, when the
vessels were filled by white chalk, a strong visual contrast
was obtained, so that the ring boundaries and the vessels
were clearly distinguishable from the darker background.
This procedure helped taking high-quality images from
the surface of the samples for image analyses. It should be
noted that the first row of earlywood cells of the year 2016
was already present on the collected samples, indicating
that wood formation has already started in March.
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Fig.3 Surface pictures from two smoothed cores of Q. brantii, illus- the vessels with chalk (b). Growth direction from right to left. The

trating the tree-ring boundaries and vessel distribution of the species upper part of the image (a) was modified for the labelling
after removing tyloses and wood dust inside the vessels (a) and filling
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EWW, LWW, and TRW were measured from bark to
pith with a LINTAB 6 measuring system (Rinntech, Hei-
delberg, Germany) at a precision of 0.01 mm using the
software TSAP-Win (Rinn 2003). First, two growth curves
of each tree were cross-dated by both visual and statistical
tests (Fritts 1976), and a mean curve was computed for each
sampled tree by averaging the two radii. Then, site chronolo-
gies for the width parameters were established by averaging
all mean curves.

The five samples that showed the highest correlations
of their EW, LW, and TRW growth curves with the mean
chronology were selected for quantitative analysis of wood-
anatomical features. High-resolution digital images (5936
pixels X 3392 pixels) from cross sections of the last 29
growth rings (1987-2015) were obtained using a digital
microscope ZEISS Smartzoom 5. The contrast of vessel
lumen area from the background tissue was increased using
the image processing options of the microscope. This pro-
cedure enables image analysis software to correctly recog-
nize and measure all vessels. WinCELL PRO 2012a (Regent
Instruments, Canada) was applied to analyze earlywood and
latewood vessels from the digital images. Earlywood and
latewood vessels were measured ring by ring separately. EW
was defined by one or two rows of large vessels with an area
of more than 20,000 um?, whereas LW contained a large
number of small vessels with higher density. The boundaries
between EW and LW were distinguished based on the vessel
size differences and were traced manually. We excluded rays
from the measurements and also defined a size (> 1000 pmz)
and shape filter to exclude non-vessel objects that appeared
bright on the images. The accuracy of measurements was
visually checked and in some cases when the filter did not
exclude all non-vessel objects, the image was corrected man-
ually and vessels were re-measured. From the digital images,
the following anatomical variables were computed for each
tree ring: average vessel lumen area (AVLA, um?), number
of vessels (NV), vessel density (VD, n/mm?), and total ves-
sel lumen area (TVLA, %). In addition, maximum vessel
lumen area (MAX pum?) and mean vessel lumen area of ves-
sels larger than the distribution median (M50, um?) were
computed for the earlywood part of the tree rings. The indi-
vidual time series of the variables were cross-dated visually
and statistically using the software TSAP-Win (Rinn 2003).
To remove possible age effects and non-climatic trends in
the time series of wood parameters, all series were detrended
by fitting a 20-year cubic smoothing spline function (Cook
and Peters 1981) in the ARSTAN software. After detrending,
all series were averaged into chronologies using a biweight
robust mean. ARSTAN produces several types of chronolo-
gies. Since standard chronologies (STD) of ring width and
earlywood and latewood anatomical parameters yielded
stronger correlations with climate variables in comparison
with residual (RES) and ARSTAN (ARS) chronologies, we

selected the STD chronologies of all parameters for further
analyses.

The quality of the chronologies was evaluated using
the parameters: mean sensitivity (MS), mean correlation
between trees (Rbt), expressed population signal (EPS;
Wigley et al. 1984), signal-to-noise ratio (SNR), standard
deviation (SD), and first-order autocorrelation (AC1) (Fritts
1976). Similarities between tree-ring variables and rela-
tionships between the chronologies and climate data were
evaluated by calculating Pearson’s correlation coefficients.
In addition to Pearson’s correlation coefficients, we used
principal component analysis (PCA) to characterize the rela-
tion between the 12 ring-width and anatomical variables.

Monthly precipitation from previous October to cur-
rent May (there is no effective precipitation during June to
September at the study site) and mean monthly tempera-
tures (hereafter, MMT) from October of the previous year
to September of the growing season were used to calculate
climate-chronology relationships of TRW, EWW, LWW, and
the wood-anatomical parameters (AVLA, NV, VD, TVLA,
MAX, and M50) over the common period 1987-2015. In
addition to monthly temperature and precipitation, we used
monthly Palmer Drought Severity Index (PDSI) (CRU scP-
DSI 3.25) data for grid points nearest to the study site from
KNMI Climate Explorer (The Royal Netherlands Meteoro-
logical Institute; http://climexp.knmi.nl/) to evaluate the
relationship between ring widths and earlywood and late-
wood anatomical standard chronologies with the drought
index. Statistical analyses of the present study were per-
formed using SPSS version 22 (IBM, SPSS Statistics 2011).

Results

For the study period 1987-2015, the highest values of TRW,
EWW, and LWW occurred in 2004 and the lowest values of
TRW and LWW occurred in 2009, while the lowest value for
EWW occurred in 2010 (Fig. 4a). Most of earlywood ana-
tomical variables showed low values in 1999, 2002, 2005,
2009-2010, and 2013 years (Fig. 4b). In addition, low values
for latewood anatomical variables were observed in 1997
and 2008 (Fig. 4c¢).

A total number of 1461 vessels for EW and 2990 ves-
sels for LW were measured from the 29 studied rings. The
maximum number of EW and LW vessels of the five ana-
lyzed trees were 14 (in 1989) and 30 (in 2002), respectively
(Fig. 5a). AVLA of earlywood ranged from 34,528 to 60,392
um? and AVLA of latewood ranged from 6209 to 12,368
um? (Fig. 5b).

Both LWW and TRW showed higher values of Rbt, EPS,
SNR, and MS statistics in comparison with EWW (Table 1),
indicating a higher synchronicity and common forcing.
For most of the studied tree-ring parameters, the values of
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Fig.4 Standard chronologies
of total ring-width (TRW),
earlywood width (EWW), and
latewood width (LWW) (a) and
earlywood (b) and latewood

(c¢) anatomical variables for Q.
brantii in the southern Zagros
Mountains over the period
1987-2015

Ring-width index

Eearlywood vessel index

Latewood vessel index

- - - — — —

autocorrelation (ACgp) before detrending of the series are
high (> 0.5), indicating a strong influence of a value to the
value of the following year. For example, EWW showed a
high value of ACI, indicating that it is strongly influenced
by previous year’s growth. This emphasizes the necessity
of detrending to remove possible age-related trends from
the series before correlating them with climate variables.
Among anatomical variables, the highest value of chronol-
ogy quality statistics was obtained for latewood NV. In gen-
eral, anatomical variables of both earlywood and latewood
showed rather weak common signals (low-to-moderate Rbt
and EPS values). It should also be noted that only TRW,
LWW, and latewood NV passed the recommended EPS
threshold of 0.85 (Wigley et al. 1984).

LWW (r=0.91) and EWW (r=0.63) were significantly
correlated with TRW (Table 2). None of the earlywood ana-
tomical variables were correlated to TRW, while all late-
wood anatomical variables except VD were significantly
correlated with TRW.
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Inter-correlations among the earlywood anatomical
variables showed significant positive correlations between
TVLA, M50, and AVLA and EWW, while MAX, NV, and
VD were not correlated with EWW. Besides, high and sig-
nificant (p <0.01) correlations were found between AVLA
with M50 (r=0.93), MAX (r=0.72), VD (r=-0.72), and
TVLA (r=0.50). M50 showed significant positive correla-
tions with MAX and TVLA and significant negative cor-
relations with VD. Furthermore, MAX was negatively cor-
related with VD (r=-0.53) and positively correlated with
both AVLA (r=0.72) and M50 (r=0.84). NV showed posi-
tive correlations with EWW and negative correlations with
AVLA, M50, and MAX.

Among the latewood anatomical variables, only VD
showed negative and nonsignificant correlations with
LWW. Correlations among latewood anatomical vari-
ables were significantly negative between AVLA and VD
(r=-0.82). A significant positive correlation was found
between NV and TVLA (r=0.47). In addition, latewood
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Fig.5 Earlywood and latewood
number of vessels (NV) (a)

and average vessel lumen area
(AVLA) (b) of Q. brantii over
the period 1987-2015. The data
for the two variables are raw
data before detrending
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NV showed positive correlations with LWW and TRW and
inverse correlation with AVLA.

Principal component analysis (PCA) showed that the
12 ring-width and anatomical variables of the species can
be divided into two groups (Fig. 6). The two first prin-
cipal components accounted for 60% of the total vari-
ance. PCA#1 was associated with LWW, TRW, LTVLA,
LAVLA, and LNW, whereas PCA#2 was related with
EWW, ETVLA, EAVLA, M50, and MAX. It should be
noted that EVD, ENV, and LVD are affected by other
factors.

All ring-width variables (EWW, LWW, and TRW) of
Q. brantii showed positive relationships with precipitation
from the previous October to the current May (Fig. 7a). In
general, monthly precipitation in January and December
showed the highest positive effect on tree growth. In com-
parison with EWW and LWW, TRW showed higher positive
correlations with monthly precipitation from the previous
October to the current April. Significant positive correla-
tions between TRW and monthly precipitation were found in
December (r=0.47) and January (r=0.53). In addition, sig-
nificant correlations between LWW with precipitation were
found in December (r=0.37) and January (r=0.41), while
the relationship for EWW was only significant in January
(r=0.48). It should be noted that LWW showed higher cor-
relations with precipitation in autumn (October—December)
and also from February to May than EW.

2002 -
2003 -
2004 -
2005 -
2006 -
2007 -
2008 -
2009 -

- v = = -

2001

Inverse correlations between EWW, LWW, and TRW
with MMT were found from the previous October to the
current September (Fig. 7b). Significant negative correla-
tions between EWW and MMT were found in February
(r=-0.48), March (r=-0.39), and May (r=-10.38) of
the growing season. In addition, LWW showed significant
negative correlations with MMT in May (r=—0.37), July
(r=-0.48), and August (r=—0.52). Furthermore, negative
correlations between TRW and MMT were found in March
(r=-0.39), May (r=-0.41), July (r=-0.55), August
(r=-0.59), and September (r=—0.39) of the growing sea-
son. EWW showed significant negative correlations with
winter temperature (January—March), while both LWW and
TRW showed higher negative correlations with summer tem-
perature (July—September).

Among the earlywood anatomical variables, TVLA
(r=0.39) and M50 (r=0.37) were significantly correlated
with precipitation in the previous November and January,
respectively (Table 3). AVLA, MAX, and M50 showed
positive correlations with precipitation during the growing
season (January—April), while the relationships during the
pre-growing season (October—December) were negative.
Relationships between precipitation and NV were mostly
negative from the previous October to May.

AVLA, M50, MAX, and TVLA showed negative cor-
relations with MMT from the previous October to Septem-
ber. Significant negative correlations for AVLA and M50
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Table 1 Chronology statistics for detrended series of Q. brantii over the common interval (1987-2015)
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Latewood anatomical variables

Earlywood anatomical variables

Width variables

TVLA VD AVLA NV TVLA VD

MAX

M50

EWW LWW AVLA NV

TRW

0.06
0.24
0.32
0.06
0.39

0.26
0.63
1.72
0.10
0.31

0.

0.56
0.87
6.84
0.25
0.49
0.09
0.98
0.37

0.18
0.53
1.12
0.11
0.33
0.03
0.96
0.24

0.30
0.68
2.16
0.07
0.08

0.30
0.69
2.18
0.08
0.28

0.

0.31
0.69
2.27
0.15
0.12
0.07
0.99
0.18

0.40
0.77
332
0.13
0.01

0.43
0.79
3.84
0.12
0.52
0.27
0.96
0.21

0.41
0.77
342
0.12
0.15
0.06

0.1

0.59
0.88
7.18
0.22
0.69
0.07
0.99
0.34

0.35
0.73
2.68
0.11
0.72
0.24
0.99
0.20

0.56
0.86
6.36
0.18
0.78
0.16
0.96
0.43

Rbt
EPS

SNR
MS

ACgp
AC1

-0.20

0.99
0.16

27

-0.02

0.99
0.13

07

-0.03

0.1

0.99
0.22

0.1

Mean
SD

0.13

0.17

0.16

TRW total ring width (mm), EWW earlywood width (mm), LWW latewood width (mm), AVLA average vessel lumen area (plmz), NV number of vessel, M50 mean vessel lumen area using 50% of

the vessels larger than the median (pmz), MAX maximum vessel lumen area (pmz), TVLA total vessel lumen area (%), VD vessel density (n/mm?), Rbt mean correlation, EPS expressed popula-

tion signal, SNR signal-to-noise ratio, MS mean sensitivity, ACyp, autocorrelation before detrending, ACI first-order autocorrelation after detrending, SD standard deviation

with MMT were found in January and February. In addi-
tion, MAX showed the highest significant negative cor-
relations with MMT in the previous October (r=—10.39),
January (r=-0.54), and February (r=—0.37). Significant
negative correlations between NV (r=—0.38) and TVLA
(r=-0.42) with MMT were found in November and June,
respectively. Relationships between VD and climate vari-
ables were almost absent. Clear relationships between NV
and precipitation were not found, while the variable nega-
tively correlated with temperature in the previous October to
May. Furthermore, AVLA, M50, MAX, and TVLA showed
significant negative correlations with winter temperature
(January—March).

AVLA, VD, and TVLA of latewood showed positive
correlations with monthly precipitation from the previous
October to the current May (Fig. 8a). TVLA (r=0.38) and
VD (r=0.37) showed significant positive correlations with
monthly precipitation in December and February, respec-
tively. It should be noted that the highest correlations with
monthly precipitation for both AVLA and TVLA were found
during the pre-growing season, whereas negative correla-
tions with MMT occurred from the previous October to the
current September, with highest negative correlations in
August and July (Fig. 8b). NV showed unclear relationships
with precipitation and only moderate negative correlations
with temperature in July and August. VD showed mostly
weak positive relations with temperature during the pre-
growing and growing seasons. AVLA and TVLA showed
significant positive correlations with autumn precipitation
(October—December) and significant negative correlations
with autumn and summer (July—September) temperatures.

Correlations between EWW, LWW, and TRW standard
chronologies with monthly PDSI were positive for EWW
during the growing season and pre-growing season, while
both TRW and LWW showed positive relationships with
PDSI from April to September and negative correlations
from October to March (Fig. 9a). Significant negative cor-
relations between LWW and PDSI were found for the previ-
ous October (r=—0.47) and November (r=—0.42), respec-
tively. Among earlywood anatomical variables, only vessel
density (VD) showed negative correlations with monthly
PDSI during the pre-growing and growing seasons (Fig. 9b).
NV of earlywood showed significant positive correlations
with PDSI in November, December, and January. All late-
wood anatomical variables showed positive correlations with
PDSI from April to September (Fig. 9¢). VD of latewood
showed positive correlations with PDSI during the pre-
growing and growing seasons, while the relationships for
AVLA and TVLA were negative from the previous October
to the current March. In addition, NV negatively correlated
with PDSI from the previous October to the current Janu-
ary, while the correlation from February to September was
positive.
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Table 2 Pearson’s correlations among ring-width and anatomical variables
Earlywood variables Latewood variables
EWW AVLA M50 MAX NV VD TVLA LWW AVLA NV VD TVLA
TRW 0.63*%+  0.18 0.23 0.03 -0.07 -0.05 0.24 0.91**  0.47* 0.68%** —-0.18 0.52%%*
EWW 0.39% 0.50*%*  0.36 0.26 0.04 0.51%*
AVLA 0.93%*  0.72%*  —-0.27  —0.72%%  0.50%*
M50 0.84**  —0.21 —0.63*%*  0.46*
MAX -0.09 -0.53%  0.31
NV 0.31 0.05
VD 0.27
LWW 0.49*%*  0.66%*  —0.25 0.51%*
AVLA -0.23 —0.82*%*  0.20
NV 0.21 0.47*
VD 0.20
***Significance at 0.05 and 0.01 levels, respectively. Variable abbreviations are the same as in Table 1
Fig.6 Principal component
analysis (PCA) of the correla- 1.0
tion matrix of the 12 ring-width LY
and anatomical variables for the o
period 1987-2015 (see Table 1
for the abbreviations of the £
variables) 0.5+ O' e
)
© EVD ETVLA
& © LVD o 8 _
;"‘ 00 [#] EAVLA ot
g OENV o
a M
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1.0
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-1.0 05 0.0 05 1.0
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Discussion signals than EWW and the wood-anatomical variables

In this study, TRW and wood-anatomical parameters of Q.
brantii were analyzed to extract climate signals. A strong
correlation between TRW and LWW (r=0.91; Table 2)
indicates that variations in total tree-ring width are mainly
determined by variations of the width of latewood rather
than that of the earlywood, which is also indicated by the
higher inter-annual variability of the latewood indicated by
MS (Table 1). LWW and TRW showed stronger common

(except latewood NV), which is in line with studies on
other oak species (Kern et al. 2013; Gonzalez-Gonzalez
et al. 2014; Fonti and Garcia-Gonzalez 2008). The com-
mon signals for both earlywood and latewood vessel areas
were low, but, nevertheless, their climate—chronology rela-
tionships were strong (Table 3; Fig. 8). Fonti and Garcia-
Gonzalez (2008) stated that, due to the effects of non-cli-
matic disturbances on the common signal, a higher quality
of a chronology does not guarantee a stronger climate sig-
nal. Low common signals and high climate—chronology
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Fig. 7 Pearson’s correlation [ EWW
coefficients for standard tree- . L WW
N TRW

ring width chronologies (EWW,
LWW, and TRW) with monthly
precipitation from the previous
October to the current May (a)
and mean monthly temperatures
from the previous October to
the current September (b) over
the period 1987-2015. Horizon-
tal dashed gray and black lines
indicate significance at 0.05 and
0.01 levels, respectively
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Table 3 Pearson’s correlation coefficients between the earlywood anatomical standard chronologies with monthly precipitation from the previ-
ous October to the current May and mean monthly temperatures from the previous October to the current September for the period 1987-2015

AVLA M50 MAX NV VD TVLA

T P T P T P T P T P T P
pO -0.20 -0.27 -0.31 -0.17 -0.39 -0.14 —-0.08 —-0.01 0.05 0.28 -0.35 0.08
pN -0.12 -0.15 -0.18 -0.12 —-0.08 -0.20 -0.38 —-0.02 -0.25 0.11 -0.08 0.39
pD -0.34 -0.03 -0.27 -0.09 -0.21 -0.13 -0.01 -0.13 0.34 0.09 —-0.18 0.01
J —0.46 0.29 -0.42 0.37 —0.54 0.21 0.03 0.03 0.41 -0.14 -0.33 -0.21
F -0.38 0.16 -0.39 0.14 -0.37 0.07 0.14 -0.30 0.30 -0.15 -0.35 -0.13
M -0.11 0.14 —-0.08 0.06 -0.12 0.01 -0.09 0.10 0.08 -0.33 -0.30 -0.14
A -0.23 0.12 -0.23 0.16 —-0.11 0.02 0.04 —-0.06 0.17 -0.07 -0.25 0.09
M -0.20 -0.09 -0.18 -0.12 -0.19 -0.12 -0.03 —-0.01 0.11 0.02 -0.27 -0.07
J -0.18 -0.22 -0.20 0.15 -0.03 —0.42
J -0.31 -0.21 -0.16 0.11 0.08 -0.36
A -0.34 -0.24 -0.07 0.11 0.25 —-0.16
S -0.18 -0.20 -0.28 —-0.01 -0.07 -0.36
Oct-Dec -0.23 -0.13 -0.19 -0.15 -0.22 -0.23 -0.16 -0.13 0.15 0.16 -0.26 0.22
Jan—-Mar —0.40 0.29 —-0.37 0.28 —-0.44 0.08 0.03 -0.07 0.34 -0.32 —-0.41 -0.24
Apr—Jun -0.23 -0.23 -0.18 0.04 0.11 -0.33
Jul-Sep -0.31 -0.25 -0.20 0.07 0.10 -0.34

Bold values in the table indicate significance at p <0.05 and bold highlighted value in italics indicates significance at p <0.01. Month symbols
with prefix p indicate the previous year. Abbreviations of earlywood anatomical variables are the same as in Table 1
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Fig.8 Pearson’s correla- 0.6 1
tion coefficients between the (a)
latewood anatomical standard
chronologies (AVLA, NV,
VD, and TVLA) and monthly
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relationships have also been reported for vessel features
of several oak species (Gonzilez-Gonzdlez et al. 2014;
Garcia-Gonzalez and; Eckstein 2003; Fonti and Garcia-
Gonzalez 2008; Fonti and Garcia-Gonzélez 2004; Garcia-
Gonzalez and Fonti 2006).

EWW, LWW, and TRW showed positive correlations
with precipitation during the pre-growing and growing sea-
sons and inverse correlations with MMT from the previ-
ous October to the current September. Positive correlations
between TRW of Q. brantii growing in the central Zagros
Mountains with precipitation and negative correlations with
mean and maximum temperatures have been reported by
Arsalani et al. (2018) and Azizi et al. (2013). TRW of Q.
infectoria in the Zagros oak woodlands shows positive cor-
relations with precipitation and negative correlations with
temperature (Nadi et al. 2016; Arsalani et al. 2014; Azizi
et al. 2013). Furthermore, positive effects of precipitation on
TRW of Q. ilex were reported in the Mediterranean region
(Campelo et al. 2009; Corcuera et al. 2004; Cherubini et al.
2003).

Common responses of EWW and the earlywood anatomi-
cal parameters (AVLA, M50, and MAX) to precipitation
were limited from January to April, which is before the
active growing period. In contrast, LWW showed positive
correlations with precipitation from February to May. The
latewood anatomical parameters (AVLA and TVLA) showed
positive, but not significant relationships with precipitation

Oct-Dec -
Jan-Mar -

from the previous October—May. These findings underline
the positive effects of water supply during the pre-growing
and early growing seasons on the formation of the hydraulic
system in EW and LW, respectively. Most of the high and
low values of the ring-width and earlywood and latewood
anatomical variables coincided with maxima and minima
of the recorded climate data (Fig. 2). Earlywood and late-
wood NV were negatively affected by high temperatures
in the previous autumn (October—December) and current
summer (July and August), although no significant corre-
lations between NV and precipitation were found. Based
on the climate—growth relationships (Figs. 7, 8; Table 3),
the climate factors are probably the main responsible for
controlling width and anatomical parameters of the species.
Low values of AC1 for vessel features (Table 1) indicate
that these wood-anatomical parameters are not dependent
on the previous ring, and based on the climate-growth rela-
tionships, they are mostly affected by environmental con-
ditions during the current growth year. This is confirmed
by the fact that highest negative correlations between tem-
perature on earlywood and latewood vessel areas occurred
during their active growing periods. The previous studies
also found that vessel features are mostly affected by cli-
mate conditions during vessel formation (Fonti and Gar-
cia Gonzalez 2008; Garcia-Gonzalez and Eckstein 2003).
Beside poor climatic response, another reason for the unclear
relationships between NV and VD of earlywood (Table 3)
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Fig.9 Pearson’s correlation
coefficients between ring widths
(a), earlywood (b), and late-
wood (c) anatomical standard
chronologies with monthly
PDSI (CRU scPDSI 3.25) from
the previous October to the cur-
rent September for the period
1987-2015. Horizontal dashed
gray lines indicate significance

at 0.05 level

Correlation

-04

0.2

0.0
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and latewood (Fig. 8) with precipitation and temperature
might also be related to the decreasing trend observed for
earlywood and latewood NV (Fig. 5a) before detrending.
Hence, these vessel features might possibly be affected by
the changing geometry with increasing tree size or age, as
it has been documented for conifer tree species (Anfodillo
et al. 2012). Currently, no information about variations of
wood-anatomical parameters in our study species along the
stem is available, but future studies should test if allometric
relationships may also have an impact on the variation of
anatomical parameters of Q. brantii.

The limiting effect of water supply is confirmed by nega-
tive correlations of the tree-ring width variables EWW,
LWW, and TRW, and earlywood (AVLA, M50, MAX and
TVLA) and latewood anatomical parameters (AVLA and
TVLA) with MMT in the pre-growing and growing sea-
sons. High temperatures increase evapotranspiration and
hence aggravate water stress on the plants, leading to the
formation of smaller vessels which provide higher safety
and less risk of hydraulic failure (Sperry et al. 2008; Hacke
et al. 2017, Fichtler and Worbes 2012; Pfautsch et al. 2016).
However, vessel size and vessel number in EW as well as in
LW vary independent from each other (Fig. 6), as also found
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for temperate and Mediterranean oak species (Gonzalez-
Gonzalez et al. 2014). Hence, the occurrence of smaller
earlywood vessels in EW and LW is not associated with
their number; instead, the number of latewood vessels is
correlated with the size of the latewood (Table 2). This leads
to the conclusion that there is probably no trade-off between
efficiency vs. safety in the hydraulic system of Q. brantii.
Correlations of wood-anatomical parameters in EW
and LW to temperature were similar, but stronger than
those of EWW and LWW. Based on the important role of
temperature for the starting date of the growing season
(El-Moslimany 1986), the active growing period of the
species starts between March and April. The abundant
precipitation during the pre-growing season provides
sufficient soil moisture during earlywood formation.
Correlation of growth and anatomical parameters with
temperature are higher (but of opposite sign) than with
precipitation, which is an effect frequently observed in
semi-arid climates (Arsalani et al. 2014; Nadi et al. 2016).
High temperatures occur in the dry summer season when
the region is affected by the subtropical high-pressure
belt. Therefore, the negative effects of temperature on
latewood formation are stronger than on earlywood
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formation. Especially, latewood vessels are formed under
the dry and hot summer conditions, when wood forma-
tion depends on precipitation that has fallen during prior
months.

Our results showed positive correlations between TRW,
EWW, and LWW, and the vessel size variables of both
earlywood (AVLA, M50, MAX, and TVLA) and latewood
(ALVA and TVLA). In comparison with TRW, EWW,
and LWW, the vessel size variables showed higher nega-
tive correlations with VD (Table 2). Pourtahmasi et al.
(2011) and Stojnic et al. (2013) found similar relation-
ships between TRW, AVLA, and VD of beech species.
Positive correlations between ring-width and the vessel
size variables can be explained by the positive effects of
vessel area on water transport efficiency which allows a
higher stomatal conductance and transpiration rates and
a higher carbon gain, increasing productivity (Poorter
et al. 2010; Stojnic et al. 2013). Earlywood NV showed
positive correlations with EWW and negative correla-
tions with AVLA, M50, and MAX of earlywood. In addi-
tion, latewood NV correlated positively with LWW and
negatively with AVLA of latewood. Gonzélez-Gonzélez
et al. (2014) found similar results for oaks growing in the
Mediterranean region and stated that NV is also related to
ring width and controlled by factors different from those
controlling vessel size. The results of PCA for Q. bran-
tii show that TRW is strongly related to LWW, which
has also been observed for other oak species, e.g., for
Q. robur and Q. pyrenaica (Gonzalez-Gonzalez et al.
2015) and for Q. alba and Q. rubra (Tardif and Concia-
tori 2006).

Intra-annual tree-ring features of Q. brantii showed
statistically significant intra-annual climate signals, pro-
viding high-resolution climate and ecological informa-
tion (Table 4). However, TRW showed strong relation-
ships with both temperature and precipitation variables,
earlywood anatomical parameters of oak species have
been frequently found to record climate signals (Gonzalez-
Gonzélez et al. 2014; Campelo et al. 2010; Fonti and
Garcia-Gonzélez 2004). Our findings not only confirmed
the high potential of EWW and earlywood anatomical
parameters of Q. brantii, but also showed that some ana-
tomical parameters of latewood, specifically AVLA and
TVLA, contain valuable climate signals and are promising
proxies for summer-temperature reconstructions, like they
were successfully derived from other oak species (e.g.,
Kern et al. 2013; Pritzkow et al. 2016).

Since our study is the first to evaluate the potential of
intra-annual wood parameters on any oak species grow-
ing in the Zagros Mountains, no other regional studies
are available to compare our results. The present study
represents a first step for using wood-anatomical features
for climate reconstructions in this sensitive environment.

Table 4 Best represented mean monthly temperature (MMT) and precipitation (P) variables in ring-width (EWW, LWW, and TRW) and earlywood and latewood anatomical variables of

Quercus brantii
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Conclusions

Climate signals of Q. brantii including ring-width and
various anatomical parameters were studied in the south-
ern Zagros Mountains, Iran. The intra-annual tree-ring
features of the species showed valuable intra-annual cli-
mate signals. Although TRW is a useful climate indica-
tor, EWW and LWW and also the anatomical parameters
AVLA, NV, VD, TVLA, MAX, and M50 provide climate
signals with monthly and seasonal resolutions. In addition,
some of the anatomical parameters showed higher climate
correlations than ring-width parameters.

Climate—chronology relationships revealed that pre-
cipitation has positive effects on EWW, LWW, TRW, and
latewood vessel size during the pre-growing and growing
seasons, while the relationship between earlywood vessel
size variables and precipitation is positive in the active
growing period. Ring-width, earlywood, and latewood
vessel size variables showed negative correlations with
MMT during the pre-growing and growing seasons, but
earlywood and latewood anatomical parameters showed
higher negative correlations with MMT during the vessel
formation period.

Expanding the network of wood-anatomical chronologies
would provide valuable information about climate limiting
factors, and could improve our understanding of the growth
rate and ecological performance of the species under vary-
ing climate conditions over different climatic provinces over
Iran. The intra-annual tree-ring features provide high-resolu-
tion climate signals which are crucial for the reconstruction
of high-resolution climate data for the region that is strongly
affected by climate extremes. Intra-annual reconstruction
of different climate parameters will enable the reconstruc-
tion of atmospheric circulation patterns in different seasons
which can be applied in climate modeling and environmental
planning.
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