
1

SILVA FENNICA
Silva Fennica vol. 49 no. 4 article id 1391

Category: research article

www.silvafennica.fi
ISSN-L 0037-5330 | ISSN 2242-4075 (Online)

The Finnish Society of Forest Science 
Natural Resources Institute Finland

Roberts Matisons 1 Jānis Jansons 2, Juris Katrevičs 1 and Āris Jansons 1

Relation of tree-ring width and earlywood vessel size of 
alien Quercus rubra L. with climatic factors in Latvia

Matisons R., Jansons J., Katrevičs J., Jansons Ā. (2015). Relation of tree-ring width and 
earlywood vessel size of alien Quercus rubra L. with climatic factors in Latvia. Silva Fennica 
vol. 49 no. 4 article id 1391. 14 p.

Highlights
•	 Climate-growth relationships of red oak from three sites in Latvia were studied
•	 Tree-ring width was mainly affected by temperature and precipitation in late summer
•	 Vessel size was correlated with temperature parameters in autumn–spring
•	 Sets	of	climatic	factors	significant	for	growth	of	red	oak	differed	between	sites
•	 Changes in climate-growth relationships occurred during 20th century.

Abstract
The effect of climatic factors on wood anatomy of the alien red oak (Quercus rubra L.) growing 
in three experimental plantations in Latvia was assessed by classical dendrochronological tech-
niques. Two tree-ring proxies – tree-ring width (TRW) and mean area of earlywood vessel lumen 
(VLA) – were studied on 33 trees. Annual variation of TRW amongst trees was similar (mean 
r = 0.46), but there was more individuality in VLA (mean r = 0.26); nevertheless, chronologies of 
both proxies had rather synchronous variation amongst the sites. Annual variation of TRW was 
affected	by	factors	related	to	water	deficit	in	late	summer,	as	suggested	by	the	negative	effect	of	
temperature	and	positive	effect	of	precipitation	that	have	intensified	during	the	20th	century,	likely	
due to warming. Although weather conditions during the dormant period did not directly affect 
TRW, temperature during the autumn-spring period has been the main climatic determinant of 
VLA	likely	via	influence	on	overwintering	and	hence	vigour	of	tree.	This	suggests	that	conductive	
properties	of	wood	and	hence	the	susceptibility	to	water	deficit	have	been	affected	by	weather	
conditions before the formation of tree rings. During the 20th century, sensitivity of VLA has 
shifted from temperature in winter to temperature in autumn likely due to climate change. Still, 
the positive effect of these factors suggests that warming of climate would increase VLA and 
hence the risk of embolism and xylem disfunction. Therefore, the importance of availability of 
water for growth of red oak in Latvia is increasing.
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1  Introduction

Climate change causes shifts in distribution of species and northward migration of nemoral species 
has been forecasted in Europe during the 21st century (Hickler et al. 2012; Maiorano et al. 2013). 
Such shifts inevitably have ecological and economic impact (Walther et al. 2002; Hanewinkel et al. 
2012), therefore strategies for adaptation and mitigation of consequences of climate changes need 
to	be	evolved	(Parry	et	al.	2007;	Bright	et	al.	2014).	In	forestry,	the	use	of	species	and	provenances,	
which are robust against climatic factors, has been advised to sustain productivity of commercial 
stands	 under	 changing	 climate	 (Ledig	 and	Kitzmiller	 1992;	Burton	 2011).	 Forest	 distribution	
models (Hickler et al. 2012; Maiorano et al. 2013) predict that Latvia might be in a nemoral forest 
zone by the end of the 21st century. Under such a scenario, oaks might increase their commercial 
potential;	however,	the	intensification	of	hazards	for	native	European	oaks	(both	pedunculate	and	
sessile)	has	also	been	linked	to	climatic	changes	(Brassier	1996;	Thomas	et	al.	2002).	The	alien	red	
oak (Quercus rubra L.), which has been shown to be less affected by environmental factors than 
pedunculate oak (Quercus robur	L.)	(Jones	1959;	Saliņš	1971),	might	be	considered	as	an	alterna-
tive in Latvia. Therefore, information about climate-growth relationships of red oak is necessary 
for better assessment of its potential in forestry.

Climate-growth relationships have been widely studied via retrospective analysis of tree-
ring parameters (Fritts 2001). Tree-ring width (TRW), which is the most commonly used proxy, 
contains information about many environmental factors, thus the effect of a certain factor might 
be	difficult	to	distinguish	(Fritts	2001;	Speer	2010).	For	this	reason,	trees	growing	close	to	their	
distribution limits, where a particular environmental factor is limiting growth, are advantageous 
for climate-growth studies (Speer 2010). Anatomical proxies of tree-ring, such as mean area of 
earlywood vessel lumen (VLA) for ring porous species (i.e. oaks), have been shown to contain 
climatic information, which might not be detectible in TRW (Fonti et al. 2010; Matisons et al. 2012). 
Earlywood vessels in ring porous species are the main water conductors (Carlquist 2001; Tyree and 
Zimmermann 2002); therefore, the analysis of VLA might be useful for a deeper understanding 
of the effect of climatic factors on tree-water relations (Tyree and Cochard 1996; Pallardy 2008; 
Gonzalez-Gonzalez et al. 2014).

The aim of this study was to assess the effect of climatic factors on high-frequency varia-
tion of TRW and VLA of the alien red oak growing in three experimental plantations in Latvia. 
We	hypothesised	 that	 the	sets	of	climatic	 factors	significant	 for	wood	 increment	of	 red	oak	 in	
Latvia have shifted during the 20th century due to changes in climate. Considering rise of mean 
temperature, we assumed that the effect of temperature during the dormant period and spring has 
weakened,	but	the	effect	of	factors	related	to	water	deficit	has	intensified.

2  Material and methods

2.1  Study area

Red oaks growing in three experimental plantations were sampled; two sites were located in the 
western	part	of	Latvia	near	Šķēde	(57°14´N,	22°41´E)	(SKD)	and	Auce	(56°31´N,	22°56´E)	(AUC)	
and	one	site	was	located	in	the	eastern	part	of	Latvia	near	Aglona	(56°10´N,	27°2´E)	(AGL).	Studied	
sites belong to the hemiboreal forest zone (Hytteborn et al. 2005). The absolute elevation of sites 
ranged	from	80	to	150	m	a.s.l.,	the	relief	was	flat	and	soils	were	loamy	and	fertile.	The	planta-
tions were established around 1900, but no additional information (i.e. origin of planted material, 
management history or initial spacing) was available.
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The climatic conditions of the region are mild due to dominant western winds, which bring 
cool	and	moist	air	masses	from	the	Atlantic	Ocean	and	the	Baltic	Sea.	Continentality	increases	
eastwards (Klavins and Rodinov 2010). Mean annual temperature is about +6 °C and +4.5 °C and 
mean monthly temperature ranges from –3.6 to –6.4 °C in January and from +15.2 to +16.9 °C in 
July in the western and eastern regions of Latvia, respectively. Vegetation period extends from 
mid-April to mid-October. Mean annual precipitation sum in the studied sites is ca. 600 mm. 
Temporal distribution of precipitation is uneven and most of the annual precipitation falls during 
May–September period. Summer precipitation tends to be higher in the eastern region. Climatic 
changes	in	Latvia	are	reflected	as	an	increase	of	mean	temperature	(especially	in	April)	(Lizuma	
et	al.	2007)	and	an	extension	of	the	growing	period	(Ahas	et	al.	2000).	Annual	precipitation	has	
a	non-significant	trend	(Briede	and	Lizuma	2007),	but	the	distribution	of	summer	precipitation	is	
becoming more heterogeneous (Avotniece et al. 2010).

Red	oak	is	native	to	North	America	where	its	distribution	reaches	the	50th	parallel	of	north-
ern latitude and where it is commercially important species (Sander 1990). In Latvia, it is an alien 
species,	which	is	mainly	planted	as	urban	landscaping	elements	(Laiviņš	et	al.	2009).	According	
to	data	from	the	National	Forest	Inventory,	plantations	of	red	oak	cover	ca.	90	ha,	particularly	in	
the western part of Latvia. Considering the climatic requirements of red oak of minimum annual 
temperature of 4 °C	and	sum	of	annual	precipitation	ca.	700	mm	(Sander	1990),	Latvian	climate	
matches with the northern, but not the marginal regions of the natural distribution area of the spe-
cies.	This	explains	slightly	higher	robustness	of	red	oak	against	weather	fluctuations	compared	to	
native	pedunculate	oak	described	by	Saliņš	(1971)	and	its	productivity	as	described	by	Dreimanis	
and Šulcs (2006).

2.2  Sampling and measurements

Canopy oaks with healthy crowns were selected for sampling within each site. The number of 
sampled	trees	was	7,	16	and	10	in	SKD,	AUC	and	AGL	sites,	respectively.	From	each	tree,	two	
samples (increment cores) from opposite sides of the stem were collected with a Pressler incre-
ment	borer	at	ca.	1.3	m	stem	height.	In	the	laboratory,	increment	cores	were	air-dried,	fixed	and	
gradually grinded using sandpaper of four roughness grits (100, 150, 240 and 400 grains per inch) 
by vibration sanding machine. Sanded surface of samples was then rubbed with chalk to increase 
the contrast between early- and latewood and to highlight earlywood vessels. It was ensured that 
chalk had remained only in vessel lumina.

Tree-ring width was measured with the precision of 0.01 mm using measurement system 
LINTAB	5	(RinnTECH,	Germany).	Width	of	earlywood	and	latewood	was	not	measured	as	these	
parameters	provide	 little	additional	 information	 for	oak	 (Zhang	1997).	Measurements	of	VLA	
were	made	using	WinCELL	2007a	software	(Regent	Instruments,	Canada).	Sample	images,	with	
24-bit	colour	depth	and	1200	dpi	resolution,	were	acquired	using	EPSON	GT	15000	scanner.	For	
the measurements of VLA, sample images were manually cut into earlywood images of each tree-
ring, ensuring that they contained at least 10 of the larger vessels from the initial two rows, which 
express	the	strongest	environmental	signal	(Garcia-Gonzalez	and	Fonti	2006).	Pixel	classification	
was based on grey levels and threshold values were set manually (intensity ranged from 220 to 238). 
Before	launching	the	batch	function	for	measurements,	correct	recognition	of	earlywood	vessel	
was ensured by inspection of manual analysis of 10–12 randomly selected earlywood images per 
sample;	slight	adjustments	of	parameters	were	made	if	necessary.	Data	filter,	removing	any	objects	
with	size	outside	the	empirically	determined	range	of	9500–70000	μm2, was used to exclude chalk 
debris, small and merged vessels.
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2.3  Data analysis

All measured time series were cross-dated and their quality was checked by both graphical inspec-
tion and statistically, using program COFECHA (Grissino-Mayer 2001). For the assessment of 
yearly variation of TRW and VLA, residual chronologies were produced for each site based on 
cross-dated	time	series	of	trees	using	the	program	ARSTAN	(Cook	and	Holmes	1986).	Double	
detrending (by negative exponential curve followed by cubic spline with rigidity of 64 years 
and	50%	frequency	cut-off)	and	autoregressive	modelling	were	applied.	Mean	sensitivity,	first	
order	 autocorrelation,	 inter-series	 correlation	 (Grissino-Mayer	 2001),	 Gleichläufigkeit	 (GLK)	
and expressed population signal (EPS) (Wigley et al. 1984) indices for description of the datasets 
were	calculated	in	program	R	(R	Core	Team,	2014)	using	library	“dplR”	(Bunn	2008)	(interseries	
correlation and EPS were calculated based on detrended series).

Climatic data (mean monthly temperature and precipitation sums) were obtained from the Cli-
matic Research Unit high-resolution gridded dataset repository (Harris et al. 2014) for grid centres 
located at < 30 km distance from the studied sites. Relationships between the residual chronologies 
of TRW and VLA and climatic factors were assessed by bootstrapped Pearson correlation analysis 
using	the	DendroClim2002	program	(Biondi	and	Waikul	2004).	The	analysis	was	conducted	for	the	
whole period (1910–2010) and for overlapping 50-year moving intervals within it. Climatic data 
were divided into time windows from the previous June to the current September. Such division 
of	climatic	data	has	been	sufficient	for	pedunculate	oak	(Matisons	and	Brūmelis	2012).

3  Results

3.1  Measurements and chronologies

The agreement of measured time series of TRW among trees within a site was good (mean r > 0.40, 
GLK > 0.66) and, after crossdating and quality check, only a few series were omitted from further 
analysis (Table 1). Age trend was present in the crossdated time series of both proxies (Fig. 1 A, C) 

Table 1. Periods covered by crossdated measurement time series of TRW and VLA and statistics of datasets for 
the studied sites for the common period of 1910–2010: number of crossdated trees and samples; range, mean and 
standard	deviation	(St.	dev.)	of	measurements;	mean	sensitivity	(SENS),	autocorrelation	(AC),	inter-series	correla-
tion	(IC),	Gleichläufigkeit	(GLK)	and	expressed	population	signal	(EPS)	of	cross-dated	time	series	(IC	and	EPS	
were calculated for detrended series). 

TRW, 10 mm VLA, 104	μm2 

SKD AUC AGL SKD AUC AGL

Period covered by  
measurements

1902–2013 1907–2013 1906–2013 1902–2013 1910–2013 1909–2013

Number	of	crossdated 
trees (samples)

7	(13) 16 (29) 10 (18) 6 (12) 15 (25) 10 (20)

Min 0.42 0.23 0.15 0.99 0.96 0.97
Max 5.30 7.96 6.99 7.35 8.40 8.88
Mean 2.26 2.93 2.09 3.41 2.71 3.10
St. dev. 0.93 1.01 0.81 1.00 0.92 0.99
SENS 0.18 0.22 0.22 0.17 0.16 0.17
AC 0.83 0.64 0.74 0.74 0.80 0.76
IC 0.48 0.43 0.46 0.27 0.22 0.29
EPS 0.86 0.89 0.87 0.69 0.75 0.83
GLK 0.68 0.69 0.69 0.62 0.61 0.60
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– TRW showed reduction while VLA increased with age. Mean TRW was higher and mean VLA 
was lower in AUC site compared to other two sites (Table 1). Time series of TRW showed better 
agreement among trees in a site compared to VLA, as indicated by higher inter-series correlation 
and synchrony (mean r of 0.46 and 0.26 and mean GLK of 0.69 and 0.61, respectively) (Table 1). 
The EPS values of TRW datasets exceeded 0.85 in all sites, but they ranged only from 0.69 to 
0.83	for	datasets	of	VLA.	Mean	sensitivity	was	higher	for	TRW	compared	to	VLA	(0.21	and	0.17,	
respectively), likely due to greater amplitude of high-frequency variation (Fig. 1 A, C). Autocor-
relation	was	slightly	higher	for	VLA	compared	to	TRW	(0.77	and	0.74,	respectively).

Fig. 1. Mean	time	series	(A	and	C)	and	residual	chronologies	(B	and	D)	of	tree-ring	width	(TRW)	and	mean	area	of	
earlywood	vessel	lumen	(VLA)	of	studied	sites	and	sample	depth	of	the	datasets	(E)	for	sites	near	Šķēde	(SKD),	Auce	
(AUC) and Aglona (AGL). Curves have been produced based on crossdated mean time series of trees.
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For	each	site,	residual	chronologies	of	both	proxies	were	successfully	produced	(Fig.	1	B,	
D). The range of chronology index values was higher for TRW than for VLA (Fig. 1 A, D), but it 
was similar between the sites. Still, during a few recent decades, a decrease in the range of index 
values was observed, particularly for VLA. The agreement of chronologies of TRW was good 
(mean	GLK	=	0.67)	and	correlation	between	chronologies	of	TRW	was	intermediate	(mean	r	=	0.55),	
suggesting similarity of the growth patterns among the sites. Chronologies of VLA also showed 
good agreement (mean GLK = 0.69); however, correlation between chronologies was weaker (mean 
r	=	0.39),	suggesting	stronger	influence	of	local	factors	on	variation	of	VLA.	Nevertheless,	common	
signatures	such	as	decreased	VLA	in	1940	(except	SKD),	1956	and	1979,	decreased	TRW	in	1928,	
1940,	1956	and	1998	and	increased	TRW	in	1957	and	1980	were	observed.

3.2  The effect of climatic factors on TRW

Amongst	the	tested	32	climatic	factors,	seven	showed	significant	correlation	with	chronologies	of	
TRW	(Fig.	2).	The	absolute	value	of	coefficients	did	not	exceed	0.41,	suggesting	that	none	of	the	
tested climatic factors had been strictly limiting. Temperature in previous July-August, apparently, 
was the main climatic factor affecting the high-frequency variation of TRW in all sites, as suggested 
by	the	highest	values	of	correlation	coefficients.	Nevertheless,	some	local	characteristics	in	the	
sets	of	significant	climatic	factors	were	observed.	In	SKD	site,	precipitation	in	previous	November	
and	current	August	showed	significant	correlation	with	TRW.	In	AUC	site,	temperature	in	July	and	
precipitation	in	previous	November	and	current	June	had	a	positive	effect	on	TRW;	however,	the	
values	of	coefficients	were	lower	than	observed	for	temperature	in	previous	summer.	In	AUC	site,	
TRW was affected only by temperature in previous summer.

The relationships between TRW and climatic factors have changed during the 20th cen-
tury, as shown by correlation analysis conducted for moving intervals (Fig. 3). Correlations 
with	temperature	in	previous	August	have	been	significant	during	most	of	 the	analysed	period	
(1910–2010)	 in	all	sites	(Fig.	3),	but	 the	strength	of	such	relationships	has	been	fluctuating.	A	
slight weakening of the effect of this factor was observed in sites in the western part of Latvia, 
while slight increase occurred in AGL site. The effect of temperature in previous July has become 
significant	and	intensified	in	SKD	and	AGL	site	in	the	intervals	after	about	1925–1975	(Fig.	3).	
In	AUC	site,	the	effect	of	temperature	in	previous	September	has	lost	its	significance	in	intervals	
after	1934–1984	while	the	effect	of	temperature	in	current	June	has	been	significant	in	several	
intervals in mid- and later part of the analysed period. The effect of precipitation in current June 
or August in sites in western Latvia (AUC and SKD) and the effect of precipitation in previous 
August	in	eastern	site	(AGL)	have	become	significant	in	intervals	after	about	1930–1980	(Fig.	3).	
In	AGL	site,	precipitation	in	current	September	has	been	significant	 in	several	 intervals	 in	 the	
mid part of the 20th century.

3.3  The effect of climatic factors on VLA

Chronologies	of	VLA	correlated	significantly	with	nine	climatic	factors,	but	the	values	of	coef-
ficients	were	lower	compared	to	TRW	(|r|	<	0.31)	(Fig.	2).	The	effect	of	tested	climatic	factors	on	
VLA differed among the sites; it was the weakest in the AUC site compared to the other two sites, 
as	shown	by	lower	values	of	correlation	coefficients.	In	general,	temperature	in	previous	autumn,	
some	months	in	the	dormant	period	and	spring	had	positive	effect	on	VLA,	while	the	significant	
correlations with precipitation were negative. Temperature in previous September and current 
April	showed	significant	effect	on	VLA	in	all	studied	sites.	Still,	the	effect	of	temperature	in	pre-
vious	October	and	December	and	in	current	January	was	significant	in	two	of	three	studied	sites.	
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Fig. 2. Pearson	correlation	coefficients	calculated	between	climatic	factors	–	mean	monthly	 temperature	(bars)	and	
precipitation sums (lines), and residual chronologies of tree-ring width (TRW) and mean area of earlywood vessel lu-
men	(VLA)	for	sites	near	Šķēde	(SKD),	Auce	(AUC)	and	Aglona	(AGL)	for	the	period	from	1910	to	2010.	Significant	
coefficients	at	α = 0.05 are in dark grey (bars) or indicated by asterisks (lines). Months of the year prior to tree-ring 
formation are in uppercase.
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Significant	effect	of	February	temperature	and	precipitation	in	previous	October	was	observed	in	
SKD site; the effect of precipitation in April and previous September was observed in AUC and 
AGL site, respectively.

During the 20th century, the relationships between climatic factors and VLA have changed, 
as suggested by correlation analysis conducted for moving intervals (Fig. 3). The effect of tem-
perature	in	previous	September	became	significant	in	the	second	part	of	the	analysed	period	in	
all sites, but this occurred earlier in the eastern site (AGL). In AUC and AGL sites, the effect of 
temperature	in	January	has	become	non-significant	in	moving	intervals	after	1945–1995,	but	the	
opposite	was	observed	in	SKD	site,	where	this	factor	became	significant	in	moving	intervals	ending	
after	1984.	The	effect	of	temperature	in	April	has	been	significant	for	VLA	in	AUC	and	AGL	sites	
in	scattered	intervals,	while	in	SKD	site	it	has	been	significant	in	the	beginning	and	ending	of	the	
analysed period. The effect of precipitation in current April and previous September has become 
significant	in	intervals	after	1940–1990	in	AUC	and	AGL	sites,	respectively.	In	SKD	site,	the	effect	
of	February	temperature	has	been	significant	in	intervals	ending	before	1970s.

Fig. 3. Pearson	correlation	coefficients	calculated	between	mean	monthly	temperature	(T),	precipitation	sums	(P)	and	
residual chronologies of tree-ring width (TRW) and mean area of earlywood vessel lumen (VLA) for 50-year moving 
intervals	for	sites	near	Šķēde	(SKD),	Auce	(AUC)	and	Aglona	(AGL).	Significant	correlations	are	indicated	by	bold	
lines.	Climatic	factors	that	had	significant	correlations	in	>	15	intervals	are	shown.	The	dates	represent	the	last	year	of	
moving	intervals.	Months	of	the	year	prior	to	tree-ring	formation	are	in	uppercase.	Note	that	the	plotted	climatic	factors,	
their sequence and encoding differ.
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4  Discussion

4.1  Variation of measurement time series

Similarity of variation of TRW is known for oaks growing within the same stand, suggesting 
explicit	effect	of	certain	environmental	factors	at	local	scales	(Bailie	and	Pilcher	1973;	Matisons	and	
Brūmelis	2012).	In	this	study,	the	agreement	of	time	series	of	TRW	of	red	oak	was	good	(inter-series	
correlation was about 0.46) and EPS values exceeded 0.85 (Table 1) suggesting that environmental 
signals	have	been	clearly	reflected	in	the	datasets	(Wigley	et	al.	1984).	The	agreement	of	time	
series of VLA was lower (mean inter-series correlation was 0.26) and the EPS values of datasets 
were below 0.85 (Table 1), suggesting stronger individuality in variation of vessel size (Wigley et 
al.	1984)	as	previously	observed	for	pedunculate	oak	(Matisons	and	Brūmelis	2012).	This	might	
be also related to sampling technique. Although 5-mm increment cores have been described as 
sufficient	for	vessel	analysis	(Fonti	et	al.	2009a),	apparently,	they	were	not	completely	represent-
ing	the	variability	of	vessel	size	within	a	tree-ring.	Nevertheless,	the	synchrony	of	time	series	of	
VLA within a stand (mean GLK was 0.61) (Table 1) and the common signature years (i.e. in 1940 
and	1956)	(Fig.	1	C,	D)	suggested	the	validity	of	the	datasets	(Table	1).	Matisons	and	Brūmelis	
(2012) also showed that strong environmental signals could be extracted from VLA datasets with 
EPS values within the range of 0.60–0.80.

Autocorrelation of TRW and VLA of red oak (Table 1) was higher compared to native 
pedunculate	oak	(Matisons	and	Brūmelis	2012)	(mean	autocorrelation	was	0.73	vs	0.69	and	0.77	
vs 0.44, respectively), suggesting stronger dependency of wood formation on previous growth and 
on nutrient reserves (Pallardy 2008; Speer 2010), particularly for earlywood. Correlations between 
the chronologies of TRW and VLA of red oak were weaker, compared to that of pedunculate oak 
(Matisons	and	Brūmelis	2012)	(mean	r	was	0.55	vs	0.60	and	0.39	vs	0.64,	respectively)	thus	accord-
ingly variation of radial increment, and particularly earlywood vessels size, of red oak has been 
more	influenced	by	local	factors.	Though	mean	sensitivity	of	TRW	time	series	was	higher	compared	
to	VLA	for	red	oak	(0.21	and	0.17,	respectively)	(Table	1),	it	was	similar	to	that	of	pedunculate	
oak	(0.21	and	0.19,	respectively)	(Matisons	and	Brūmelis	2012),	suggesting	comparable	effect	of	
environmental factors on tree-ring formation of both species. Mean values and the range of TRW 
and	VLA	of	red	oak	(Table	1)	were	similar	to	pedunculate	oak	(Matisons	and	Brūmelis	2012),	but	
the number of sampled red oak stands is too low for such comparison.

4.2  Climatic forcing of TRW and VLA

Although climatic conditions during the 20th century in Latvia have been comparable with that of 
the northern range of natural distribution of red oak (Sander 1990), TRW of red oak in Latvia has 
been	affected	by	water	deficit	in	summer,	as	suggested	by	the	negative	effect	temperature	in	summer	
months (Figs. 2, 3). Late summer is the period when latewood and nutrient reserves, which affect 
growth	in	following	year,	are	formed	(Barbaroux	and	Breda	2002;	Morecroft	et	al.	2003).	The	nega-
tive	effect	of	temperature	at	that	time	can	be	explained	by	the	intensification	of	evapotranspiration	
(Traykovic 2005) leading to drought (Epron and Dreyer 1993) and/or by heat stress (Haldimann 
and Feller 2004) and inhibited assimilation. The observed positive correlation between TRW of red 
oak	and	July	temperature	in	AUC	site	(Fig.	2)	is	difficult	to	explain.	Probably,	it	might	be	related	
to years with moist summers, when increased temperature can facilitate assimilation (Jurik et al. 
1988). The correlations with summer temperature observed for red oak (Fig. 2) were stronger 
than for pedunculate oak (Matisons et al. 2012), but in contrast to pedunculate oak (Matisons and 
Brūmelis	2012),	red	oak	did	not	show	sensitivity	to	temperature	in	autumn-spring	period.	The	
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role	of	water	deficit	in	variation	of	TRW	has	been	supported	also	by	the	positive	correlation	with	
summer	precipitation	(Figs.	2,	3),	but	the	time	lag	of	the	significant	precipitation	variables	suggests	
differences in tree response. In western Latvia, TRW was affected by the precipitation in the current 
year (Fig. 2), suggesting that red oak was able to adjust growth to varying conditions quite quickly. 
In the eastern site, TRW was affected by precipitation in the preceding summer (Fig. 3) suggesting 
that	growth	was	more	affected	by	nutrient	reserves	(Barbaroux	and	Breda	2002).	The	absence	of	
reaction to current precipitation in the site in eastern Latvia in recent decades might be explained 
by embolization of vessels (Tyree and Cochard 1996; Tyree and Zimmermann 2002), when trees 
might not utilize the available moisture due to limited transport capability. Similar climate-growth 
relationships have been common for oaks growing under the Mediterranean climate (Rozas 2005; 
Fonti and Garcia-Gonzalez 2008).

The	size	of	earlywood	vessels	in	red	oak,	which	influence	water-conducting	properties	of	
tree-rings	and	susceptibility	to	embolism	(Tyree	and	Zimmermann	2002),	was	significantly	affected	
by climatic factors (Fig. 2), suggesting that susceptibility of tree-rings to xylem disfunction is also 
influenced	by	weather.	The	effect	of	climatic	factors	on	VLA	(Fig.	2)	was	slightly	stronger	in	site	in	
the eastern part of Latvia where climate is harsher, still the relationships between VLA of red oak 
and climatic factors were weaker than for pedunculate oak (Matisons et al. 2012). Annual variation 
of VLA of red oak was mainly affected by weather conditions prior to xylogenesis (Fig. 2) that 
might	be	explained	by	the	dependence	of	earlywood	formation	on	stored	assimilates	(Barbaroux	
and	Breda	2002;	Pallardy	2008).	Correlation	between	VLA	of	red	oak	and	temperature	in	Septem-
ber of the preceding year (Fig. 2) can be explained by an extension of vegetation season (Ahas et 
al. 2000) and additional assimilation (White et al. 1999), increasing vigour of the trees and hence 
vessel size (Fonti et al. 2009b). The negative effect of precipitation in the preceding September 
(Fig. 2) might be related to a lower amount of solar radiation in precipitation-rich autumns. The 
negative effect of April precipitation, which has been observed also in southern region of distri-
bution	of	oak	(Fonti	and	Garcia-Gonzalez	2008),	is	difficult	to	explain.	The	positive	correlation	
between VLA and temperature in the dormant period (Fig. 2) might be explained by decreased cold 
damage in warmer winters (Pearce 2001). Correlation with April temperature (Fig. 2) might be 
related	to	direct	influence	of	environmental	conditions	on	xylogenesis	(Fonti	and	Garcia-Gonzalez	
2008).	Nevertheless,	this	relationship	was	weaker	than	observed	for	pedunculate	oak	(Matisons	
et al. 2012), suggesting red oak to be more robust against varying weather conditions in spring.

The effect of climatic factors on TRW and VLA has shifted during the 20th century, likely due 
to	changes	of	the	climate	(Briede	and	Lizuma	2007;	Lizuma	et	al.	2007)	as	suggested	by	the	analysis	
of moving intervals (Fig. 3). The correlations between TRW and summer precipitation (Fig. 3) had 
become	significant	in	all	sites	in	the	mid-part	of	the	20th	century	suggesting	that	limiting	effect	of	
water	deficit	has	intensified,	likely	due	to	increasing	temperature	(Traykovic	2005).	Such	effect	also	
seems to be facilitated by the enlargement of VLA, which occurred during recent decades (Fig. 1 D), 
suggesting that the risk of summer embolization and hence to physiological drought has increased 
(Tyree and Cochard 1996). The intensity of the effect of late summer (August) temperature that has 
been	significant	throughout	the	analysed	period	also	has	changed	(Fig.	3).	In	the	sites	in	western	
Latvia, where the climate is milder, the weakening of signatures of late summer (August) temperature 
in the TRW (Fig. 3) might be explained by the adaptation of the trees to increased temperature (Petit 
et al. 2004). Under harsher climate in the site in eastern Latvia, the effect of late summer temperature 
has been intensifying (Fig. 3) suggesting that the favourable temperature regime is being exceeded.

The correlations between temperature during the dormant period and VLA (Fig. 3) mainly 
have	become	non-significant	during	 the	analysed	period	 that	can	be	explained	by	warming	of	
climate	(Lizuma	et	al.	2007).	In	contrast,	temperature	in	the	dormant	period	has	been	significant	
for	pedunculate	oak	during	most	of	the	20th	century	(Matisons	and	Brūmelis	2012).	The	effect	of	
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January	temperature	has	remained	significant	in	SKD	(Fig.	3)	that	is	difficult	to	explain.	Generally,	
the climatic limitation of VLA has shifted to temperature in previous September (Fig. 3) likely in 
response to extension of vegetation season (Ahas et al. 2000). Apparently, the observed negative 
correlations between TRW and September (late summer) temperature (Fig. 2) might be related to 
increased possibility of embolization caused by larger VLA. Considering that negative effect of 
precipitation on VLA of oak has been observed in Central Europe (Fonti and Garcia-Gonzalez 2008), 
the	intensification	of	negative	correlations	with	precipitation	in	AUC	and	AGL	sites	in	the	later	part	
of the 20th century (Fig. 3) might be explained by temperature exceeding a certain threshold. The 
observed positive relationships between temperature and VLA (Fig. 3) suggested that the warm-
ing of climate apparently will continue to increase the susceptibility of red oak to embolization 
and	hence	to	water	deficit	(Tyree	and	Zimmermann	2002),	explaining	the	effect	of	water	deficit	
related factors on radial increment (Fig. 3). Still, vessel size is physiologically determined (Tyree 
and Zimmermann 2002), therefore limiting increase of VLA. Alternatively, considering that at the 
beginning of the analysed period studied trees were young, changes in climatic sensitivity might 
be also age-related (Carrer and Urbinati 2004).

5  Conclusions

Climatic	factors	significantly	affected	TRW	and	VLA	of	the	alien	red	oak	in	Latvia,	but	these	relation-
ships were weaker than for the native pedunculate oak, suggesting red oak to be more robust against 
weather conditions. Red oak has been losing sensitivity to temperature in the dormant period, hence 
at	present	this	factor	appears	non-limiting	for	growth.	Nevertheless,	climate-TRW	relationships	
suggested	that	wood	increment	of	red	oak	was	mainly	affected	by	factors	related	to	water	deficit	in	
late	summer	and	that	this	effect	has	intensified.	Temperature	during	the	autumn-spring	period	has	
significantly	affected	VLA,	suggesting	that	susceptibility	to	water	deficit	and	xylem	disfunction	has	
been climatically predetermined. Considering the positive correlations between VLA and autumn-
spring temperature, warming of the climate in Latvia might increase susceptibility of red oak to water 
deficit	via	altered	wood	anatomy	increasing	the	significance	of	availability	of	water	for	growth.
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