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SUMMARY

Vessel features of broadleaf trees may contain information about both 
spatial and temporal variations of environmental conditions. We report 
quantitative data about annual vessel characteristics for Oriental beech 
(Fagus orientalis Lipsky) in the Caspian forest in the Alborz Moun-
tains, northern Iran. Time series of tree-ring width and of various vessel 
variables were constructed over a 50-year period for three sites along 
an altitudinal gradient from 1260 to 2200 m a.s.l. We evaluated the de-
pendencies between ring width and vessel variables and estimated the 
influence of altitude and climate on these variables.
Mean ring width and average vessel-lumen area decreased towards the 
high-elevation site whereas total vessel-lumen area was independent from 
altitude, and vessel density increased. Above-average warm summer and 
autumn seasons in the year prior to growth were negatively correlated 
with ring width and average vessel-lumen area whereas precipitation in 
the current June showed a positive association; vessel density responded 
exactly opposite to these climatic variables. Total vessel-lumen area was 
the only variable that reacted differently from site to site, mainly posi-
tively to temperature at 1200 m a.s.l. and negatively at 2000 and 2200 m  
a.s.l., whereas a consistent response to precipitation was lacking. The 
results indicate that vessel variables are meaningful indicators of changes 
in dynamics of wood formation in relation to climate along an altitudinal 
gradient in the Caspian mountains. As for climate reconstruction, we have 
to conclude that for our study area, vessel variables do not add much to 
information derived from ring width.   
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INTRODUCTION

The basic wood anatomy of trees is genetically determined. Therefore, it is possible to 
identify a tree genus, or sometimes even a species, from its microscopic wood charac-
teristics (Parsapajouh & Schweingruber 1998). However, environmental conditions 
can modify the proportion and the size and morphology of wood anatomical elements 
(Baas 1973, 1990; Schweingruber 2001; Wimmer 2002; Wheeler et al. 2007). Among 
the different cell types in the wood of broadleaf trees, vessels have often been in the 
focus of tree physiological studies as they play a crucial role for water transport and 
storage. Carlquist (1975) showed that vessel diameter and length as well as vessel 
density of a species may vary with site conditions. According to Villar-Salvador et al. 
(1997), this variability can be used to study the adaptation of tree species along climate 
gradients in the long run.
 However, many studies also investigated intense but short-time environmental ef-
fects, e.g. of local air or soil pollution on the size and density of vessels (e.g., Eckstein  
et al. 1974, 1976, 1977; Grill et al. 1979; Kartusch & Halbwachs 1985). The impact of  
climate on the variability of annual vessel characteristics (for a review, see Fonti et al.  
2010) has been studied mainly in ring-porous trees (e.g., Woodcock 1989; Pumijum-
nong & Park 1999; St. George et al. 2002; García-González & Eckstein 2003; Fonti &  
Garcia-Gonzalez 2004; Tardif & Conciatori 2006; Bhattacharyya et al. 2007). Less 
attention has been given to diffuse-porous or semi-ring-porous trees (e.g., Schume  
et al. 2004; Campelo et al. 2010). In a study on European beech (Fagus sylvatica L.)  
at a dry site in central Switzerland, Sass and Eckstein (1995) showed that, among 
several parameters, the vessel area was the most strongly related to climate, mainly 
to precipitation. 
 Recently, Overdieck et al. (2007) found that under elevated CO2 the mean area of 
the largest vessels of European beech decreased by 5.8%, hence causing a decrease in 
the water-conducting capacity.
 Fagus is a widely distributed tree genus in the temperate broadleaf forests of the 
northern hemisphere. Oriental beech (Fagus orientalis Lipsky) occurs in the Caspian 
forest of Iran, where its habitat is restricted to the montane belt along the northern 
slope of the Alborz Mts facing towards the Caspian Sea. In the Caspian forest, Oriental 
beech is one of the dominating tree species and accounts for 17.6% of the total for-
est area, 30% of the standing volume and 23.6% of the stem number (Sagheb-Talebi  
et al. 2004). The altitudinal range of Oriental beech stretches from 500 to 2200 m  
a.s.l., thus spanning different climate conditions. Its wood is of high economic value 
in Iran and used for furniture and veneer production.
 Due to its high ecological and economic importance, more knowledge about the 
ecological plasticity of this regionally dominant tree species is needed to estimate its 
adaptability to changing growing conditions.
 This exploratory analysis aims (1) at studying the variability of ring width and ves-
sel variables of Oriental beech along an altitudinal gradient and (2) at testing if the 
inter-annual variability of vessel variables encodes information on climate.
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MATERIAL  AND  METHODS

Study sites, local climate and field work
 Three Oriental beech sites were selected in the research forest of Tehran University 
near Nowshahr city in the central part of the Caspian forest (36° 29' N / 51° 38' E).  
They are located along an altitudinal gradient at 1260 m (site A), 2000 m (site B) and 
2200 m a.s.l. (site C) on the northern slope of the Alborz Mts. facing towards the Cas- 
pian Sea (Table 1). The deciduous forest stands at all three sites are dominated by  
Oriental beech with hornbeam, elm and alder admixed. At each site, one to two incre-
ment cores of 5 mm diameter from 8 to 17 trees were sampled parallel to the topo-
graphic contour lines of the slope to avoid the effect of tension wood.

 Instrumental climate data were collected from the nearest meteorological station 
in Nowshahr (36° 39' N, 51° 30' E, 21 m a.s.l.), located only 5–10 km apart from  
the study sites. The climate records cover a period of 25 years, from 1977 to 2001. The 
annual sum of precipitation in the area is 1300 mm, with a dry season from June to  
August and a wet season from September to May; the annual mean temperature is 16 °C.  
Despite the difference in altitude between the meteorological station and the study sites 
we are confident that we will be able to use this dataset for linear correlation analyses 
assuming a linear temperature lapse rate along the height gradient. This is supported by 
a study by Böhm et al. (2001) who showed for the European Alps that even in moun-
tain regions with a complex topography, temperatures are highly correlated over short 
horizontal distances. Recently, Liang et al. (2011) confirmed that the valley bottom 
temperature and precipitation records confidently reflect the conditions at the upper 
timberline on the southeastern Tibetan Plateau.

Lab work and data acquisition
 The cores were mounted on wooden holders and their cross-section surfaces were 
smoothed with razor blades to make wood-anatomical structures distinctly visible. 
The quality of the smoothed wood surface is of crucial importance for the quality of 
the images needed for image analysis (Spiecker et al. 2000). The sample surface was 
coloured with black stain. After drying, white chalk was rubbed into the open vessels 
to maximize the contrast between vessel lumina and surrounding cell walls (Sass & 
Eckstein 1994).
 Next, the ring widths (RW) were measured to the nearest 0.01 mm with a LINTAB 
II measuring system connected to the program WinTsap (®Rinntech, Heidelberg, 
Germany).

Table 1. Information on the study sites and ring-width chronologies.

 Site Latitude Longitude Altitude No. of Series Time period
  N E (m) trees /cores length
      (years)
 

 A 36° 27' 51° 30' 1260 8 / 14 269 1747–2005
 B 36° 24' 51° 29' 2000 17 / 20 327 1679–2005
 C 36° 20' 51° 29' 2200 12 / 23 113 1894–2006
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 For each site, the five trees with 
the highest inter-correlation be-
tween the ring-width series were 
selected to measure the vessel vari-
ables from 2001 back by 50 rings. 
Gray-scale photographs (magnifi-
cation 6-times) were prepared with 
an online digital camera attached to 
a stereomicroscope (Fig. 1). Using 
an image-analysis system (Win-
CELL PRO Version 2004a, Régent 
Instruments 2004), we measured 
the TVLA (total vessel-lumen area 
per unit area in %), the AVLA (av-
erage vessel-lumen area of at least 
100 vessels per tree ring), and the 
VD (vessel density expressed in 
number of vessels per mm2). To 
avoid a possible bias by the ex-
tremely broad rays of beech, in-
teractively shaped measuring fields 
containing only narrow wood rays 
were delineated.

1976

1977

1975

1974

1973

1972 500 µm

Figure 1. Sequence of wide and nar-
row tree rings of Oriental beech near 
Nowshahr; vessels appear white due to  
contrasting with chalk.

Data analyses
 The individual time series of ring width and vessel variables (RW, TVLA, AVLA 
and VD) were cross-dated visually and statistically using program WinTsap (Rinn 
2003). Some statistical descriptors were given, such as coefficient of variance (CV) 
(to compare the spread of the data of various variables of different means and standard 
deviations), Rbt (correlation between the time series of trees), mean sensitivity (year-
to-year variability within the time series), autocorrelation (persistence within the time 
series) (Fritts 1976).
 The raw time series usually contain age-related trends and autocorrelation. By fit-
ting a 20-year cubic-smoothing spline with a frequency cut-off of 50% and applying 
autoregressive modelling, low frequency variation and the autocorrelation were re- 
moved from the individual series of ring width and vessel parameters (Cook et al. 1990; 
program ARSTAN). Site chronologies were calculated for all parameters by calculating 
bi-weight robust means of the individual time series (Cook & Peters 1997).
 The influence of climate on ring width and vessel variables was quantified by calcu-
lating Pearson’s correlation coefficients between monthly means of average, maximum 
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and minimum temperature and monthly sums of precipitation for a 15-month window 
from July prior to the growing season until current September from 1977–2001. Besides, 
seasonal means of temperature and precipitation of varying length were calculated and 
tested for their correlation with all variables.

RESULTS

Raw data of ring width and vessel variables
 RW of Oriental beech ranged from 0.45 to 6.23 mm at site A and from 0.55 to 5.91 
mm at site B; at the highest altitude (site C) the range of ring-width variation (0.13 to 
2.71 mm) was considerably smaller (including four locally missing rings). At the upper 
tree line (site C), also AVLA and TVLA were smallest but VD was highest as compared 
to the lower sites (Table 2). The coefficient of variation (CV) was much higher for 
RW (49.5–54.4%) than for all vessel variables (14.9–18.4%). The ring-width series  
of the individual trees within each of the three sites were highly correlated among each 
other (Rbt = 0.48–0.73), whereas the Rbt for the vessel variables was much lower, in 
few cases even close to zero (Table 2). This general pattern of lower values in correla-
tion between trees (Rbt) and lower year-to-year variability (mean sensitivity) of the 
vessel characteristics as compared to ring width has been for the first time described 
by Fonti and Garcia-González (2008) for European oak; however, unexpectedly, the 
response to climate was stronger for vessel size than for ring width. At all sites, the 
first-order autocorrelation of all time series, except of AVLA, was moderately high 
and of the same order of magnitude. The mean sensitivity was generally high for ring 
width but low for vessel variables. Figure 2 gives a visual impression of the similarity 
between the times series of ring width and vessel variables for five trees growing at 
site B. For all further calculations, standardized time series of ring width and vessel 
variables were used.

Table 2. Statistical characteristics of the raw data of ring width and vessel variables for 
the three sites.
 Statistical characteristics –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
 Site Variable                  Average ± SD  CV (%) R bt Autocorr. Mean sens.

 A RW 2.20 + 0.74 (mm) 49.5 0.73 0.50 0.52
 1260 (m) AVLA 1823 ± 150 (µm2) 14.9 0.28 0.05 0.09
  TVLA 25 ± 3 (%) 18.4 0.13 0.47 0.10
  VD 139 ± 16 (n/mm2) 16.2 0.13 0.39 0.10

 B RW 2.01 ± 0.65 (mm) 49.5 0.48 0.58 0.34
 2000 (m) AVLA 1826 ± 150 (µm2) 15.5 0.25 -0.09 0.10
  TVLA 27 ± 2 (%) 18.3 0.09 0.60 0.05
  VD 150 ± 16 (n/ mm2) 22.7 0.32 0.38 0.09

 C RW 1.13 ± 0.55 (mm) 54.4 0.68 0.65 0.40
 2200 (m) AVLA 1062 ± 110 (µm2) 17.9 0.14 0.40 0.09
  TVLA 23 ± 2 (%) 18.0 0.10 0.51 0.07
  VD 223 ± 30 (n/mm2) 17.9 0.38 0.60 0.10

SD = standard deviation; CV = coefficient of variance; R bt = mean correlation between trees; Autocorr. = 
1st order autocorrelation; Mean sens. = mean sensitivity.
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Relationship between ring width and vessel variables within sites
 Annual variation in the three vessel variables and ring width were statistically com-
pared over the common period of 50 years (Table 3). Simplistically, RW was positively 
correlated with the average vessel lumen area (AVLA) and negatively correlated with 
both total vessel-lumen area (TVLA) and vessel density (VD). We also tested the as-
sociation between vessel variables in a given year with the ring widths of the previous 

Figure 2. Time series of ring width (RW), average vessel lumen area (AVLA), total vessel lumen 
area (TVLA) and vessel density (VD) from five study trees at site B.
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year (results not shown). However, in contrast to ring-porous wood, where a strong 
influence of prior year’s latewood width on the subsequent year’s earlywood vessel 
area was described by Fonti and García-Gonzáles (2004), we found no such correlation 
in the diffuse-porous Oriental beech. Concerning the relationships among the vessel 
variables within the same site, AVLA was the most consistent, that is to say, it was 
positively related to TVLA (within sites A and C) and highly negatively related to VD 
(at all sites).

Between-site comparison of the chronologies of ring width and vessel variables
 The RW chronologies of all three sites, but especially of the high elevation sites B 
and C were highly similar to each other (Table 3). The highest growth similarity, how-
ever, occurred between the lowest and the middle site, whereas the weakest similarity 
was found between the lowest and the highest site.
 Whereas also the VD-chronologies significantly correlated between all sites, the 
AVLA- and TVLA-chronologies did not, that is to say, they correlated only between 
sites A and B, respectively B and C, but not between A and C.

Effect of climate on ring width and vessel variables
 Here, we focused on correlations between minimum temperature (Tmin) and ring 
width as well as vessel variables which were slightly higher than correlations with 
maximum and mean temperature (Fig. 3). Due to the correlations of RW with AVLA 
(positive) and with VD (negative), the highly similar climate/growth correlation pat-
terns of RW and AVLA are merely a mirror image to the response pattern of VD. In 
contrast, TVLA did not show any evidence for a similar climatic response between 

Table 3. Similarity between ring width and vessel variables (Pearson’s correlation) of  
Oriental beech within and between sites A, B and C. 
 Site Variable A B C
   1260 (m) 2000 (m) 2200 (m)
   RW AVLA TVLA VD RW AVLA TVLA VD RW AVLA TVLA VD

 A RW     .58***    .53***
  1260 m AVLA .29*     .53***    n.s.
  TVLA -.43** .34*     .44**    n.s.
  VD -.73*** -.60*** .40**     .52***    .59***

 B RW         .55***
  2000 m AVLA     n.s.     .43**
  TVLA     -.32* n.s.     .32*
  VD     n.s. -.72*** n.s.     .45**

 C RW
  2200 m AVLA         .49***
  TVLA         n.s. .43**
  VD         -.69*** -.55*** n.s.

 * = p < 0.05;  ** = p < 0.01; *** = p < 0.001; n.s. = not significant.
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Figure 3. Correlation of ring width (RW) and vessel variables (AVLA, TVLA, VD) with monthly 
means of minimum temperature and monthly sums of rainfall from previous July to current 
September; bars indicate sites (white: site A, 1260 m; gray: site B, 2000 m; black: site C, 2200 m  
a.s.l.).
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sites or with RW, AVLA and VD. At this stage of research, the vessel variables AVLA 
and VD reflect a similar relation to climate as RW along the altitudinal gradient, that 
is to say, a cool summer and autumn during the preceding year combined with a warm 
spring (April, May) and a rainy June during the year of growth result in the formation 
of a wide tree ring, large vessels and low vessel densities, and vice versa.
 Since lower temperatures during summer and autumn of the year prior to growth 
are beneficial for the growth of Oriental beech, we calculated the seasonal average 
of Tmin from previous July to November and correlated it with VD (Fig. 4); the same 
was done for June precipitation. High vessel densities at all sites along the altitudinal 
gradient were associated with low June precipitation in the growth year and with high 
minimum temperature during the late summer and autumn of the previous year.
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Figure 4. Site chronologies of vessel density (VD) from the three sites differing in elevation  
(upper three curves) in comparison to minimum temperature from prior July to November (re-
versed scale!) and of June rainfall (deviations from the 1977–2001 mean) (lower two curves); 
correlation coefficients are given in the inset, bold digits mark significance at p < 0.05.

DISCUSSION

Ring width and vessel variables are controlled by internal and external factors via cam-
bial activity (Esau 1977; Kozlowski et al. 1991). External influences, such as climate 
and soil-related factors (Kramer & Kozlowski 1979; Mitchell et al. 1992; Nambiar 
1995; Landsberg & Gower 1997), may act directly or indirectly on the cambial divi-
sion rate, vessel differentiation and vessel enlargement (Doley & Leyton 1968; Zahner 
1968; Little & Savidge 1987; Lachaud 1989; Little & Sundberg 1991; Aloni 1992; Stark 
1992). Internal factors are effective mainly during the initial phase of wood forma-
tion, because of the vital relevance of new vessels for water supply (Sass & Eckstein 
1995). Later in the growing season, environment and especially climatic conditions 
get a stronger weight for cambial activity.
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 Few large vessels contribute much more to the total conductivity of the xylem than 
many small vessels since the conductive capacity grows with the fourth power of the 
conduit diameter (Zimmermann 1983; Tyree & Ewers 1991; Roderick & Berry 2001; 
Steppe & Lemeur 2007). European beech produces more wide vessels at the beginning 
and more small vessels towards the end of the growing season (Sass & Eckstein 1995) 
and thus shows the same general wood-anatomical features as Oriental beech.
 From a silvicultural point of view, the growth conditions for Oriental beech in the 
Alborz Mts. are optimum in a belt between 900 and 1600 m a.s.l. (Sagheb-Talebi et al. 
2004). Our study revealed that ring patterns and variation in vessel variables of Orien-
tal beech, except total vessel-lumen area, are quite similar within a wide altitudinal 
range from 1260 to 2000 m. However, at the upper limit of Oriental beech at 2200 m, 
considerably smaller ring width and smaller vessels occur, but due to the higher vessel 
density the total vessel-lumen area is the same as at lower elevations.
 The growth of Oriental beech in the Caspian forest is mainly influenced by tempera-
ture during summer and autumn of the previous year and by precipitation during June 
of the current growing season. Although the climatic dataset was not well-qualified 
for a comprehensive and robust dendroclimatological analysis, the exploratory results 
appear to be meaningful and consistent. Above-average warm and dry conditions to- 
wards the end of the vegetation period may enhance the intensity of respiration and thus  
reduce the amount of carbon compounds available for wood-formation in the next spring  
(Fonti & Garcia-Gonzalez 2004), although Hoch et al. (2003) did not reveal any short-
age in non-structural carbohydrates in any of 10 mature temperate forest tree species 
throughout the growing season – including European beech even during extensive fruit  
production.
 The local weather conditions during June are characterized by hot (Tmean =22.6 °C) 
and rather dry (P = 54.7 mm) conditions, which may cause drought stress to beech in 
early summer, leading to a reduced growth during latewood formation. Precipitation 
during June and July was found to be critical for beech growth also in mountain for- 
ests in Italy (Piovesan et al. 2005). Possibly, this growth-climate correlation pattern 
reflects the seasonally different influence of climate on the earlywood and latewood 
parts of the annual ring. A strong influence of prior year’s climate on the earlywood for- 
mation was found for European beech, whereas latewood was influenced by rainfall 
during summer (June and July) by Sass & Eckstein (1995).
 However, it has to be mentioned that temperature from July to November prior to 
growth and precipitation during June of the growth year are significantly correlated to 
each other. Presently, it is not clear whether the effect of both climatic parameters result 
from this correlation or whether both climatic variables have their own influence on 
the wood anatomy of beech. Thus, future studies on Oriental beech should endeavor 
to record vessel variables and probably other wood-anatomical features, such as fiber-
wall thickness separately for different fractions of the tree ring, such as early-formed 
and late-formed wood. These measurements should be complemented by intra-annual 
studies of the cambium dynamics (e.g. Oladi et al. 2011) to document the seasonality 
of wood formation at different altitudes.
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 Our study on wood anatomy of Oriental beech focused on the central part of its 
distribution in northern Iran. Further studies should include its full ecological range 
along an east-west climate gradient along the southern coast of the Caspian Sea. In 
addition, instrumental climate information from higher elevation in the Alborz Mts. is 
needed to derive better estimates about local temperature and humidity conditions in 
the cloudy upper mountain forest belt. This is mandatory to develop reliable models of 
the growing capacity of Oriental beech under changing climatic conditions, which may 
change most drastically at higher altitudes (Beniston 2003; Diaz & Bradley 1997).
 In conclusion, our study discovered that vessel variables do not per se provide an 
added value to tree-ring research; rather, this has to be explored in any individual case. 
Here, the total vessel-lumen area turned out to contribute climatic information other 
than tree-ring width.
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