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       Xylem is a fundamental element of tree hydraulic and me-
chanical architecture ( Tyree and Zimmermann, 2002 ) and is 
also an important pathway through which the hydrological and 
carbon cycles are connected ( Fonti and Jansen, 2012 ). While 
xylem structure defi nes water transport and mechanical support 
to the leaves, which are essential for photosynthetic production, 
building and maintaining a continuously functional xylem re-
quires a major proportion of the carbon assimilated. Because 
xylem production occurs under limited resources, the resulting 
structure is shaped by the competing demands of water trans-
port, mechanical support, and storage of water and nonstructural 
carbohydrates for defense and resistance to stress ( Carlquist, 1975 ; 
 von Arx et al., 2012 ). 

 Xylem functional demands are variable over a tree’s lifetime. 
As a tree grows in size, the hydraulic resistance as well as the 

mechanical pressure increases. During the lifespan of a tree, 
environmental conditions for fi xing carbon (such as solar radia-
tion, nutrients, moisture, and warmth) are continuously changing 
and modifying the carbon pool available for xylem production. 
In addition, predicted climate changes will strongly modify the 
growing conditions over the majority of the globe ( IPCC, 2007 ). 
Thus, to maintain tree performance under changing conditions, 
appropriate adjustments in the xylem are required. 

 Through xylem phenotypic plasticity, trees are able to a cer-
tain extent to continuously adjust to changing growing condi-
tions (e.g.,  Bryukhanova and Fonti, 2013 ). Xylem formation 
can in fact be plastic enough to produce new tissue fi tting chang-
ing ontogenetic and environmental demands ( Meinzer et al., 
2011 ). These adjustments occur when, year after year, new lay-
ers of xylem cells are formed to replace the old and nonfunc-
tional ones. An extensive body of literature has already related 
the cellular structure of the xylem to its functioning (e.g., 
 Carlquist and Hoekman, 1985 ;  Tyree and Ewers, 1991 ;  Carlquist, 
2001 ;  Choat et al., 2007 ;  Wheeler et al., 2007 ;  Sperry et al., 
2008 ;  Poorter et al., 2010 ). For example, variation in anatomi-
cal characteristics such as size, density, and grouping of conduits, 
cell wall thickness, pit structure, and percentage of ray parenchyma 
have been demonstrated to play a central role in regulating tree 
hydraulic and mechanical functioning ( Baas and Schweingruber, 
1987 ;  Larson, 1994 ;  Gartner, 1995 ;  Mattheck and Kubler, 1995 ; 
 Pittermann et al., 2010 ;  von Arx et al., 2012 ). 

 In temperate and boreal conifers, tree rings are mainly com-
posed of two types of tracheids, the earlywood cells, which are 
produced early in the growing season and are primarily responsible 
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  •  Premise of the study:  Xylem structure determines the hydraulic and mechanical properties of a stem, and its plasticity is funda-
mental for maintaining tree performance under changing conditions. Unveiling the mechanism and the range of xylem adjust-
ment is thus necessary to anticipate climate change impacts on vegetation. 

 •  Methods:  To understand the mechanistic process and the functional impact of xylem responses to warming in a cold-limited 
environment, we investigated the relationship between temperature and tracheid anatomy along a 312-yr tree-ring chronology 
of  Larix sibirica  trees from the Altay Mountains in Russia. 

 •  Key results:  Climate-growth analyses indicated that warming favors wider earlywood cell lumen, thicker latewood walls, 
denser maximum latewood, and wider rings. The temperature signal of the latewood was stronger ( r  > 0.7) and covered a longer 
and more stable period (from June to August) than that of earlywood and tree-ring width. Long-term analyses indicated a di-
verging trend between lumen and cell wall of early- and latewood. 

 •  Conclusions:  Xylem anatomy appears to respond to warming temperatures. A warmer early-growing season raises water con-
duction capacity by increasing the number and size of earlywood tracheids. The higher-performing earlywood tracheids pro-
mote more carbon fi xation of the latewood cells by incrementing the rate of assimilation when summer conditions are favorable 
for growth. The diverging long-term variation of lumen and cell wall in earlywood vs. latewood suggests that xylem adjust-
ments in latewood increase mechanical integrity and support increasing tree size under the ameliorated growing conditions.  

  Key words : climatic conditions;  Larix sibirica ; Pinaceae; tracheid lumen; tracheid wall; tree-ring anatomy; wood density; xy-
lem anatomical traits. 
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~3 °  and a total precipitation of 152 mm. The original sampling included 25 trees 
of different ages and consisted of two cores per trees taken at stem breast height 
using a 5-mm-diameter increment borer. 

 Tree-ring dating and wood density survey —   Tree-ring width (TRW) was 
measured for one core per tree with a 0.01 mm precision using the LINTAB V 
3.0 measuring system connected to TSAP software (Rinn Tech GmbH, Germany). 
Tree-ring widths of the 25 individual cores were visually cross-dated, and dat-
ing was verifi ed using the quality-control program COFECHA ( Holmes, 1983 ). 
Wood density was measured for the second set of 25 cores from the same trees. 
Density profi les of tree rings were obtained with a 0.01-mm resolution using the 
microdensitometer DENDRO-2003 (Walesch Electronics, Switzerland) ac-
cording to the method described by  Schweingruber (1996) . The maximum den-
sity (MXD) values of each annual ring profi le as well as automatically measured 
tree-rings widths were used to characterize each tree ring and to build chronolo-
gies. To check the quality of cross-dating, we compared the TRW chronologies 
from density measurements and annual ring width measurements. 

 Cell anatomical survey —   Because of the amount of work required to mea-
sure detailed features of tracheids over long time series, cell anatomical mea-
surements were performed on a subsample of fi ve trees. Trees in the subsample 
were chosen based on the length of the tree-ring series (covering at least the last 
300 yr) and on their fi t with the tree-ring width master chronology ( r  > 0.7). 
Tracheid anatomy was measured for the cores of the fi ve selected trees along 
the common period, i.e., for the dated rings from 1695–2007. Cell dimen-
sions were measured ring by ring from digital images of the core transversal 
microsection using image analysis software AxioVision Rel. 4.8.2 (Carl Zeiss, 
Oberkochen, Germany). Microsections (20 µm thick) were prepared using a 
sliding microtome (Reichert, Germany) and stained with methylene blue. Im-
ages of each ring cross section were captured using a digital camera connected 
to a microscope (Axio Imager A1m, Carl Zeiss, Oberkochen, Germany) with 
400 ×  magnifi cation. For each ring, tracheids were measured cell by cell along 
fi ve radial fi les ( Fig. 1 ).  The radial fi les were selected among those with larger 
tangential cell diameter to avoid bias due to smaller size at the tips of the trac-
heid. For each selected radial fi le, we counted the number of tracheids (NT), 
and for each tracheid we measured the radial lumen size (LD), the cell wall 
thickness (CWT), and the radial cell diameter ( D ). From these cell measure-
ments, the cell wall area (CWA = 2CWT( T  +  D  – 2CWT)) and the cell lumen 
area (LUM =  DT  – CWA) were calculated assuming a constant tangential cell 
diameter  T  of 30 µm, which is characteristic for these radial fi les. Further, trac-
heid anatomical traits were calculated for different tree-ring sectors, i.e., by 
averaging the values of the trait for all the tracheids measured within the same 
tree-ring sector, defi ned as the whole ring (WHOLE), composed of the early-
wood (EW) and the latewood (LW). In addition, since the cells in the transition 
zone between earlywood and latewood might encode a mixed signal, analyses 
were also performed for the sectors considering only the fi rst (First) and last 
(Last) two cells of the radial fi les in each ring, respectively. Tracheid assign-
ment to earlywood and latewood was applied according to the ratio between LD 
and the value of CWT doubled, i.e., a tracheid was assigned to belong to LW if 
LD/CWT < 3. The threshold ratio of 3 was determined as the minimum fre-
quency between the bimodal density distribution obtained from the LD to CWT 
ratio of all measured cells (according to  Bryukhanova and Fonti [2013] ). Fi-
nally, the number of cells (NT) and the ring widths (TRW, EWW, LWW) were 
calculated for the respective ring sectors WHOLE, EW, and LW. 

 Detrending and climate–growth relationships —   Before averaging into site 
chronologies, the density and anatomical individual time-series were standard-
ized to remove age-related trends ( Cook and Kairiukstis, 1990 ). The density 
series was standardized using Regional curve standardization (RCS-detrending, 
 Esper et al., 2003 ). The anatomical time series and TRW were detrended using 
a negative exponential function. 

 The effect of temperature and precipitation on the interannual variability of 
tree-ring growth was quantifi ed by the strength of the common signal (i.e., a 
measure of the common variability among the tree-ring series) and of the cli-
matic signal (i.e., a measure of the relationship between the common variability 
among the tree-ring series and the annual climatic variability). The common 
signal was quantifi ed using the mean correlation between all the trees (Rbt). 
The climatic signal was quantifi ed through correlations between the detrended 
chronologies and the monthly climatic data from the nearby meteorological 
stations. These calculations were performed by calculating Pearson’s correla-
tion with each month from May of the previous year to September of the current 
year, as well as using a moving window of 30 d running over the whole growing 

for water transport, and the latewood tracheids, which are pro-
duced after the earlywood cells and serve as mechanical support. 
These cells, resulting from a sequential process of cell division, 
expansion, and secondary wall thickening, are produced at dif-
ferent times during one growing season and are chronologically 
disposed along radial fi les ( Wodzicki, 1971 ;  Rossi et al., 2006a ). 
Since the expansion phase determines the size of the tracheid, 
and the phase of maturation regulates the thickness of the cell 
wall, depending on the anatomical trait and the tracheid consid-
ered, we might expect differing structural adjustments in re-
sponses to climatic variations ( Vaganov et al., 1999 ,  2006 ). The 
ability of a genotype to adjust the phenotype over the life of a 
tree is a result of short- to long-term responses to environmental 
variability and can be used to link the environment with xylem 
structure. 

 Tree-ring anatomy, i.e., the study of anatomical structures 
along dated tree-rings, is a tool available to plant ecologists to 
better understand xylem phenotypic plasticity ( Vaganov et al., 
2006 ;  Eilmann et al., 2010 ;  Fonti et al., 2010 ). Because the ra-
dial patterns of wood structure refl ect the changing demands 
placed upon woody plants as they grow and experience differ-
ing environmental conditions, the study of their variation over 
time and in response to differences in climate offers the op-
portunity to evaluate how well trees will respond to predicted 
global changes. A limited capacity for phenotypic adjustment 
might have detrimental consequences for tree productivity and 
mortality. Widespread forest mortality episodes related to drought 
or temperature stress have been documented in multiple biomes 
and on all vegetated continents ( Breshears et al., 2009 ;  Allen 
et al., 2010 ), demonstrating that many forest ecosystems are al-
ready impacted by climate change ( Bigler et al., 2006 ;  McDowell 
et al., 2008 ). Understanding the mechanism of responses and 
their functional impact, as well as identifying differences be-
tween species and/or genotypes, will contribute to better pre-
dictions of vegetation change associated with projected climate 
change. 

 In this study, we demonstrate how studies of tree-ring anat-
omy may help reveal plastic responses in xylem to changing 
growing conditions. Here we investigated short-term to long-
term xylem anatomical changes to varying warming conditions 
by analyzing a 312-yr tree-ring chronology of high altitude and 
mature  Larix sibirica  Ldb. (Pinaceae) growing on a temperature 
limited site from the Altay Mountains in Russia. In particular, 
we compared the strengths and shifts in climatic signal of dif-
fering anatomical traits of cells built at differing times (earlywood 
or latewood cells) and fulfi lling differing functions (hydraulic 
conductivity or mechanical support). 

 MATERIALS AND METHODS 

 Wood samples —   The tree-ring material analyzed in this study was collected 
in 2008 with the primary aim of reconstructing past temperatures by means of 
several tree-ring proxies ( Myglan et al., 2012 ,  Sidorova et al., 2012 ). The mate-
rial was collected from  Larix sibirica  Ldb. (Pinaceae) trees growing in the Altay 
Mountains in southern Siberia (Tuva Republic, Russia; 50 ° 23 ′ N, 89 ° 04 ′ E). The 
trees, located at the upper tree line between 2280 and 2340 m a.s.l. were alive 
and up to 600 yr old. Tree architecture and stand structure were typical of a 
growth-limited site characterized by small, stunted trees that were sparsely and 
irregularly distributed either singly or in clusters. The forested sites of the area 
located at this elevation are underlain by permafrost with a seasonally thawing 
layer of 80–100 cm and are usually snow-free from the end of May to the begin-
ning of September. The region is characterized by a cold and dry continental 
climate. Records from the nearby climatic station of Mugur-Aksy (1850 m 
a.s.l., 1970–1994) located 20 km away indicated an annual mean temperature of 
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wide and was built from 10  ±  7.5 cells (5.56  ±  2.9 earlywood 
and 4.45  ±  2.4 latewood cells). The average cell diameter was 
2.7 times larger for earlywood than for latewood cells and was 
44.25  ±  6.69  μ m and 16.50  ±  2.99  μ m, respectively. The time 
series of the ring widths clearly demonstrates that at least two 
of the fi ve trees selected for anatomical measurements showed 
the typical age-related decreasing trend in ring width during the 
juvenile period (calendar year < 1680), but over the common 
period used in this study there is no sign of the presence of ju-
venile wood ( Fig. 2 ).  In contrast, after a period in growth reduc-
tion around 1780, the time series shows a slight increase in 
growth. A similar increasing pattern is also observed for LD of 
the earlywood and CWT of the latewood ( Fig. 3 ).  

 The cell anatomical time series displayed a common vari-
ability comparable to tree-ring width with Rbt >0.48, except for 
the traits of the ring sectors First and Last, for CWT in EW, and 
for D, LD, and LUM in LW ( Table 2 ).  The common signal 
proved to be relatively stable over time, since Rbt calculated for 
the period 1901–2007 varied very little in comparison to the 
entire common period (1695–2007). 

 The climate–growth relationships shown for all anatomical 
traits and across all ring sectors are summarized in  Fig. 4   with 
the aim of supplying a global overview of climatic responses 
over a century-long temperature data set. Only the correla-
tions with the CRU TS3 temperature data from 1901–2007 are 
shown, since the results from Kosh-Agach (1934–1993) were sim-
ilar, and since the correlations with precipitation were mostly 
not signifi cant ( P  > 0.05, df = 106) except for a positive signal 

season from February to October. The latter correlations were performed to 
take into account the effect of short-term weather infl uences and shifts in xylo-
genesis. A 30-d window was taken since the phase of cell differentiation usu-
ally takes more than 30 d ( Anfodillo et al., 2012 ). Monthly instrumental climate 
records were available for the stations of Kosch-Agach (50 ° 02 ′ N, 88 ° 68 ′ E, 
1758 m a.s.l., 1934–1993 for precipitation and 1958–1993 for temperature); 
Ak-Kem (49 ° 55 ′ N 86 ° 32 ′ E, 2056 m a.s.l., 1969–1994); and Mugur-Aksy 
(50 ° 23 ′ N, 90 ° 26 ′ E, 1850 m a.s.l., 1970–1994). Gridded CRU TS3 data (be-
tween 45 ° N–55 ° N and 70 ° E–100 ° E; http://climexp.knmi.nl,  Mitchell and 
Jones, 2005 ) were used to expand the instrumental period from 1901 to 2007. 
Daily temperature was also obtained from http://climexp.knmi.nl for Mugur 
Aksy and for the low elevation stations of Uch-Aral (46 ° 17 ′ N, 80 ° 93 ′ E, 388 m 
a.s.l., 1936–2005); Zajsan (47 ° 47 ′ N, 84 ° 92 ′ E, 603 m a.s.l., 1936–2005); Karaganda 
(49 ° 80N, 73 ° 15E, 553 m a.s.l., 1936–2005); and Balhash (46 ° 80N, 75 ° 08E, 
350 m a.s.l., 1936-2005). In general, temperature trends were similar among 
the stations with correlation coeffi cients between 0.6–0.8 for the summer sea-
son. In contrast, precipitation records showed different patterns due to strong 
regional differences (correlations between 0.35–0.45). Thus, for climate–
growth relationships we used the high-altitude data of Kosh-Agach because it 
has the longest coverage and is the closest to the site (within 104 km). The CRU 
TS3 data were also used to increase the time span of the weather data. Moving 
window correlations of average daily temperatures were calculated using the 
Mugur-Aksy data. 

 RESULTS 

 The trees selected for the xylem anatomical measurements 
were growing quite slowly and produced relatively few trache-
ids per year ( Table 1 ).  On average, over the period in common to 
all fi ve trees (1695–2007), the annual ring was 0.328  ±  0.286 mm 

 Fig. 1. Example of a tree-ring image and relative descriptions of the xylem anatomical traits and ring sectors considered.   
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than ring width and tracheid size. Cell anatomical signals ap-
peared stronger in LW than in EW. 

 To compare the timing of responses between the anatomi-
cal traits, we explored the climate–growth relationships for 
windows between 10 to 60 d moving over the growing sea-
son using the nearby, high elevation station of Mugur-Aksy 
(1970–1994). The results obtained with a 30 d running win-
dow are shown in  Fig. 5 .  This detailed analysis fully confi rms 
previous results ( Fig. 4 ); there is a strong summer temperature 
signal in many of the anatomical traits. Over the period from 
May to September, responses for CWT and CWA, LD, and 
LUM and for the number of tracheids (NT) and the respective 
ring widths (TRW, EWW, and LWW) were similar. We ob-
served that almost all anatomical traits across all ring sectors 
were increasingly correlated (positively or negatively) during 
the second half of May. Differences among anatomical traits 
appeared relative to the sign (negative for D, LD, and LUM in 

with April. The correlations with temperature clearly indicated 
that the major response occurs in current year May to August, 
with small variation among anatomical traits. The previous 
year’s May, June, and October temperatures also correlated 
positively with cell size, but the correlations were lower ( r  < 
0.4) than those of the current growing season. These last cor-
relations reached maximum values of 0.36 for TRW in June, 
0.37 for earlywood LD in June, 0.53 for latewood CWT in July, 
and 0.48 for MXD in July ( P  < 0.01, df = 106). The same cli-
matic signals were reiterated and in some cases even appeared 
strengthened when June to August (JJA) monthly temperatures 
were averaged ( r  = 0.36 for TRW, 0.41 for earlywood LD, 
0.64 for latewood CWT, 0.60 for MXD,  P  < 0.01, df = 106). 
However, despite the overall common response to the May to 
August temperatures, xylem anatomical traits varied in the 
magnitude of their climatic signal. For example, we observed 
that cell wall thickness related traits responded more strongly 

 Fig. 2. Undetrended time series of tree-ring width (TRW, black lines), earlywood width (EWW, orange lines), and latewood width (LWW, blue lines) 
of the fi ve trees considered for xylem anatomical measurements. The horizontal dotted lines indicates the 0 level for LWW (blue), EWW (orange), and 
TRW (black), respectively. The vertical gray line indicates the left margin of the common period (1695–2007) of the fi ve cores.   

  TABLE  1. Average and standard deviation (in brackets) of xylem anatomical traits for the common period 1695–2007 of all fi ve cores measured 
( N  = 1529). 

Ring sector Width (mm) NT  D  ( μ m) LD ( μ m) CWT ( μ m) LUM ( μ m 2 ) CWA ( μ m 2 )

WHOLE 0.328 (0.286) 10.0 (7.5) 31.84 (5.56) 25.01 (5.04) 3.42 (0.60) 600 (117) 356 (74)
EW 0.254 (0.151) 5.56 (2.9) 44.25 (6.69) 38.77 (6.34) 2.74 (0.39) 951 (148) 377 (74)
LW 0.076 (0.053) 4.45 (2.4) 16.50 (2.99) 7.57 (1.74) 4.24 (0.89) 155 (33) 326 (77)
First — 2 44.53 (6.71) 40.02 (6.70) 2.25 (0.32) 1019 (173) 317 (53)
Last — 2 11.37 (3.92) 4.31 (4.06) 3.53 (0.56) 98 (98) 243 (42)

 Notes:  Width = tree ring width; NT = number of tracheids;  D  = radial diameter; LD = radial lumen diameter; CWT = cell wall thickness; LUM = lumen 
area; CWA = cell wall area; WHOLE = all tracheids, EW = earlywood tracheids, LW = latewood tracheids; First = fi rst two tracheids formed in the radial 
fi le; Last = last two tracheids formed in the radial fi le (see  Fig. 1 ).
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the whole growing season, from mid May to mid August. For 
EW and LW, comparable results were found, although time 
discrimination was less apparent for some cells. In EW, the 
positive temperature signal of cell size remained apparent over 
a longer period (until early July), since EW usually included 
more cells than in First. Analogously, the LD and LUM re-
sponses in LW instead tended to include more EW-like signal 
than Last, especially for the second part of the summer ( Fig. 5 ). 
The signal of the number of cells and their respective widths 
(EWW and LWW) were similar to the signal of LD. The re-
sults obtained for density indicated that MXD displayed 
similar results to CWT in LW (with a correlation reaching a 
maximum of 0.73 for CWT in late May). Finally, when the re-
sponse found for WHOLE was taken into consideration, the 
correlation of CWT and CWA with temperature reinforced the 
common response observed for both EW and LW, which was 

WHOLE, LW, and Last), the strength (e.g., from not signifi -
cant for LD and LUM, to signifi cant for CWT and CWA in 
WHOLE, signifi cance level of  P  = 0.01) and the duration of 
the correlation (e.g., decreasing in the fi rst half of July for 
many traits in EW but keeping strong until mid August for 
some traits in LW;  Fig. 5 ). A comparison between the correla-
tions obtained in First and Last ring sectors indicated that all 
anatomical characteristics of the fi rst cell built in the season 
positively responded to the temperature of late May. Both lu-
men and wall thickness increased when the second half of 
May was warm. The correlations in Last, in contrast, indicated 
that the tracheid size (D, LD, and LUM) of the last cells built 
in the season was similarly infl uenced by early growing sea-
son temperatures, but with an inverse relationship. With regard 
to the thickness of the cell wall (CWT and CWA), the response to 
temperature was positive, and the signal was maintained over 

 Fig. 3. Undetrended time-series of lumen radial diameter (LD, above graph) and radial cell wall thickness (CWT, below graph) of earlywood (orange 
lines) and latewood (blue lines) cells of the fi ve trees considered for xylem anatomical measurements. The vertical gray line indicates the left margin of the 
common period (1695–2007) of the fi ve cores.   

  TABLE  2. Common signal (Rbt) of xylem anatomical traits from the period 1695-2007 common to all the cores and to the period 1901 to 2007 (in 
brackets). 

Ring sector Width (mm) NT  D  ( μ m) LD ( μ m) CWT ( μ m) LUM ( μ m 2 ) CWA ( μ m 2 )

WHOLE 0.58 (0.53) 0.54 (0.49) 0.54 (0.55) 0.54 (0.52) 0.56 (0.60) 0.50 (0.50) 0.57 (0.57)
EW 0.57 (0.55) 0.54 (0.51) 0.55 (0.49) 0.58 (0.47) 0.38 (0.36) 0.56 (0.41) 0.48 (0.44)
LW 0.50 (0.45) 0.48 (0.45) 0.42 (0.46) 0.16 (0.25) 0.59 (0.62) 0.13 (0.27) 0.57 (0.60)
First — — 0.39 (0.22) 0.40 (0.23) 0.16 (0.17) 0.41 (0.22) 0.21 (0.18)
Last — — 0.32 (0.12) 0.43 (0.31) 0.36 (0.28) 0.44 (0.34) 0.27 (0.18)

 Notes:  Width = tree ring width; NT = number of tracheids;  D  = radial diameter; LD = radial lumen diameter; CWT = cell wall thickness; LUM = lumen 
area; CWA = cell wall area; WHOLE = all tracheids, EW = earlywood tracheids, LW = latewood tracheids; First = fi rst two tracheids formed in the radial 
fi le; Last = last two tracheids formed in the radial fi le (see  Fig. 1 ).
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and extending the temperature signal of those traits encoding an 
early season response such as TRW and LD. An increase of MJ 
temperature from 7.2 °  to 9.9 ° C induced the temperature signal 
of TRW to expand from June–July to May–July, while slightly 
decreasing in strength (blue vertical sector enclosed by dashed 
lines in June, top left plot). Similarly, the LD signal appeared 
earlier in the season, but with a slightly increasing strength of 
the correlations. The magnitude of the shift corresponds to an 
anticipation of ~1 wk/ ° C of warming. In contrast, the pattern of 
correlation observed for MXD and CWT, which are very simi-
lar to each other, were more stable over time. The correlations 
(red band from May to August in the right plots) remained >0.4 

particularly strong from mid May to early July (with maxima 
of 0.72 and 0.65, respectively). In contrast, the positive re-
sponse of D, LD, and LUM for EW tended to disappear, due to 
the confounding opposite responses encoded in the EW and 
LW cells. Comparing the response of TRW and NT with CWT 
and CWA, we observed that the climatic signal of TRW and 
NT tended to disappear in early July, while it remained present 
about one month longer for CWT and CWA ( Fig. 5 ). 

 When analyzing how the climatic signal changed along a 
temperature gradient ( Fig. 6 ),  as defi ned by May–June (MJ) 
temperatures of the climatic years recorded at the high elevation 
site of Mugur-Aksy, we observed that warming was anticipating 

 Fig. 4. Climate–growth relationships between the detrended chronologies of the xylem anatomical traits and the monthly average temperatures (Grid-
ded CRU TS3 45 ° N–55 ° N and 70 ° E–100 ° E for the period 1901–2007) from previous year May (m) to current year September (S), and for the average of 
June to August (JJA) and May to June (MJ). Lowercase letters refer to months of the previous year, uppercase letters to the months of the current year. 
Results are presented for the different ring sectors separately. Horizontal gray dotted lines indicate signifi cance level  P  < 0.01. The dashed rectangle indi-
cates a period characterized by strong correlations. WHOLE = whole tree-ring; EW = earlywood, LW = latewood; First = only fi rst two cell in the ring; 
Last = only last two cell in the ring.   
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 Fig. 5. Moving correlations between the detrended chronologies of the xylem anatomical traits and the daily average temperature from the climatic 
station of Mugur-Aksy (50 ° 23 ′ N, 90 ° 26 ′ E, 1850 m a.s.l., 1969–1994). The window is 30 d wide and is moved in steps of 1 d from mid April to mid Sep-
tember of the current year. Horizontal dotted lines indicate signifi cance level  P  < 0.01.   



8 AMERICAN JOURNAL OF BOTANY [Vol. 100

the earlywood CWT and latewood LD, indicating diverging 
long-term trends between lumen and cell wall. 

 DISCUSSION 

 Responses to temperature —    The results obtained in this 
study showed that the fi ve analyzed trees, which were growing 

and were stable over the growing season independently from 
the temperature gradient. 

 A long-term perspective of the variability in TRW, early-
wood LD, latewood CWT, and MXD in relation to the climatic 
data, is shown in  Fig. 7 .  When detrending was applied, the 
TRW, MXD, earlywood LD, and latewood CWT displayed a 
long-term increase starting around 1780 with highest values in 
the last decades. A similar increase is, however, not present for 

 Fig. 6. Correlations of detrended tree-ring width (TRW), maximum latewood density (MXD), earlywood lumen diameter (LD), and latewood cell wall 
thicknes (CWT) with 30-d moving window of Mugur-Aksy daily temperature (1850 m a.s.l., 1969–1994) from March to November (along the  x -axis) 
calculated for a 10-yr window moving along the 26 yr ranked according to their MJ (left plots) and JJA temperature (right plots), from the coldest to the 
warmest (along the  y -axis). The y-axis label indicates the MJ (left graphs) and JJA temperature (right graphs) averaged over the selected 10 yr. Dotted lines 
delineate the main response to temperature as discussed in the text.   
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 Fig. 7. Anomalies from the 1961–1990 average for the detrended tree-ring width (TRW), lumen diameter (LD), and cell wall thickness (CWT) for 
earlywood (EW) and latewood (LW), and maximum latewood density (MXD) chronologies over the common period (1695–2007). Detrending was applied 
using a negative exponential function. Temperature anomalies for May–June (MJ for TRW and LD) and June to August (JJA for CWT and MXD) of CRU 
TS3 (colored polygons, 1901–2007) and for Mugur-Aksy (green line, 1850 m a.s.l, 1969–1994) are shown for comparison. The  r  value indicates the cor-
relation between the anatomical traits and the climatic data (CRU TS3).   



10 AMERICAN JOURNAL OF BOTANY [Vol. 100

season, variations in temperature affect radial expansion, whereas 
latewood cell wall thickness depends on the total amount of as-
similates accumulated during the season, which depends on the 
duration and rate of carbon assimilation ( Rossi et al., 2012 ). 
Determination of the onset, duration, and termination of cell 
differentiation, radial expansion, wall thickening, and lignifi ca-
tion for high-elevation conifers has indicated that the formation 
of thicker cell walls in latewood tracheids is also related to the 
duration of the process ( Rossi et al., 2006b ). 

 Our results strongly support the hypothesis that early-season 
temperature in cold-limited environments primarily determines 
the water conduction capacities of the earlywood cells by infl u-
encing both the number and the lumen diameter of tracheids. 
The wall thickness of the latewood cells, which are produced 
later in the season, benefi t in two ways from the warming con-
ditions: fi rst, the longer and warmer growing season favors more 
carbon assimilation, and second, more effi cient water transport 
of the earlywood cells allow maximization of the assimilation 
rate during favorable conditions. 

 These response mechanisms could also partially explain why 
the latewood density signal (measured either as MXD or as 
CWA) from sites above 1000 m a.s.l. is in general stronger than 
that of other cell traits ( Figs. 4, 5 ) and for TRW ( Buntgen et al., 
2010 ). The latewood density signal encompasses the additive 
effect of temperature on the duration and rate of carbon assimi-
lation, as well as being more stable over time than TRW ( Fig. 6 ) 
such that the correlation is less infl uenced by the year-to-year 
variability of the growth onset. 

 Functional impact —    In conifers, earlywood cells are pri-
marily responsible for water transport, while latewood cells 
serve as mechanical support. Relatively small changes in the 
wood structure can have a large functional impact ( Tyree 
and Zimmermann, 2002 ;  Fonti and Jansen, 2012 ). The widen-
ing of earlywood lumina with increasing temperatures would 
result in improved conduction of water in earlywood tracheids 
( Figs. 4, 5 ). According to the Hagen–Poiseuille equation, the 
volumetric fl ow rate passing through a cylinder is proportional 
to the fourth power of its diameter. Thickening of latewood 
cells leads to increased mechanical strength, since many me-
chanical wood properties are directly related to wood density 
( Zobel and Buijtenen, 1989 ). 

 We therefore interpret the observed long-term changes in 
xylem including widening of the earlywood lumen and thicken-
ing the latewood cell walls as long-term adjustments of the xy-
lem structure to global warming. This adjustment is consistent 
with increased demands of mechanical integrity as the tree in-
creases in size (including the leaf volume) due to ameliorating 
growing conditions. We admit the role of ameliorated growing 
conditions remains speculative, as it is diffi cult to attribute the 
response only to climate-related changes, especially when the 
climate data coverage as limited as in our case study. Wood 
properties at a specifi c location also refl ect the plant’s hydraulic 
and mechanical requirements at the time when the wood was 
formed ( Lachenbruch et al., 2011 ). The typical age–size related 
radial pattern of variation of xylem anatomical traits usually 
involves rapid interannual changes in the fi rst few years of 
tree growth followed by a reduction in the changes as trees age 
( Zobel and Buijtenen, 1989 ). Ontogenetic trends thus should be 
clearly detectable in the juvenile wood, but they should disap-
pear as the tree height and canopy mass stabilize with aging. 
Ontogenetic changes might be due not only to an increasing 
demand for water and support as the trees grows, but also for 

in a temperature-limited environment, were able to continuously 
adjust their xylem structure. In the long-term, we observed a 
diverging pattern of variation between the increasing earlywood 
lumen and latewood cell wall thickness and the rather stable 
earlywood cell wall thickness and latewood lumen. The climate–
growth analyses of the short-term plastic responses indicated 
that warmer growing seasons promoted the production of wider 
earlywood lumen, thicker latewood walls, denser latewood, and 
wider ring widths. These results are in line with numerous pre-
vious observations demonstrating that the long-term variation 
of xylem cell anatomy in tree rings responds to various chang-
ing environmental conditions ( Fonti et al., 2010 ) including tem-
perature ( Yasue et al., 2000 ), date of snow melt (e.g.,  Kirdyanov 
et al., 2003 ;  Panyushkina et al., 2003 ), and moisture availability 
(e.g.,  Eilmann et al., 2009 ;  Campelo et al., 2010 ;  Bryukhanova 
and Fonti, 2013 ). The strength of the common signal obtained 
for the cell anatomical traits, often with Rbt values > 0.48, was 
relatively high in comparisons with previous studies, confi rm-
ing that the growth processes of all the trees were responding to 
a common factor. The generalized and also relatively strong re-
sponse of all traits to temperature, but not to precipitation, with 
correlation to growing season temperature in some cases reach-
ing values > 0.7, clearly indicated that growth processes were 
mainly determined by temperature. The temperature signal was 
strongly expressed in the current year, but some infl uence of the 
previous season could be detected ( Fig. 4 ), likely due to a carry-
over effect of the previous growing conditions on current wood 
production via the mobilization of previously stored assimilates 
( Kagawa et al., 2006 ;  Vaganov et al., 2009 ). 

 Mechanism of response —    Despite the generalized common 
response to temperature observed for all anatomical traits and 
the various ring sectors, differences observed in the timing and 
strength of the responses to temperature increase our under-
standing of the mechanism behind xylem structural adjustments. 

 The climate–growth relationships revealed differing climatic 
responses between earlywood LD and latewood CWT. Our re-
sults indicated that earlywood cells positively respond to early 
season temperature ( Figs. 4, 5 ) and that their response moves 
forward in the season by 1 wk/ ° C of warming in May to June 
(MJ,  Fig. 6 ). This observed shift is comparable to the earlier 
growing season onset of ~7 d/ ° C quantifi ed by monitoring cam-
bial activity for mature  Larix decidua  trees growing along an 
altitudinal gradient in the Alps ( Moser et al., 2010 ) and con-
fi rms observations of an offset in the timing of the initiation of 
cambial activity and of rapid cambial cell division at the begin-
ning of the vegetation period along the northern timberline in 
Eurasia ( Kirdyanov et al., 2003 ). This earlier onset has conse-
quences also for TRW, since the extension of duration of the 
growing season translates into more numerous earlywood cells, 
as confi rmed by our results. The temperature signal in TRW 
was from May to June and was shorter than that observed for 
CWA and MXD ( Figs. 4, 5 ), indicating that latewood produc-
tion relies on the carbon assimilation of the whole growing 
season, likely spanning from May to August. This timing cor-
responds to the time for cellular differentiation usually observed 
for northern hemisphere trees growing in cold-limited condi-
tions (e.g.;  Deslauriers et al., 2008 ;  Rossi et al., 2006b ). Identi-
fi cation of a varying time-window for the temperature responses 
suggests the existence of causal relationships between the ana-
tomical adjustments. The differing climatic fi ngerprint between 
earlywood LD and latewood CWT is related to the timing of the 
physiological processes: during the fi rst part of the growing 
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other reasons. For example, according to the West, Brown and 
Enquist (WBE) model ( West et al., 1999 ) increased size of 
water conducting cells compensates for increased fl ow resis-
tance caused by friction over longer paths and increased 
effect of gravity ( Anfodillo et al., 2006 ). Ability to identify de-
viations from the radial ontogenetic pattern of variation would 
allow us to identify how trees use structural plasticity to adjust 
function. 

 In this study, we removed age-size related trends by applying 
a negative exponential function ( Fig. 7 ). Although important to 
interpreting the remaining long-term variation, it is still notable 
that cell wall thickness of earlywood cells (CWT), despite 
showing a common year-to-year variation to LD, does not fol-
low the same long-term increase as LD ( Fig. 3 ). Similarly, but 
with an inverse relationship, the diverging long-term trend oc-
curred for the latewood cells. Assuming that cell wall thickness 
of water-conducting earlywood tracheids has the primary func-
tion of supplying resistance to (drought-induced) embolism, we 
suggest that in the Altay Mountains the trees we measured did 
not experience enough drought stress to require hydraulic rein-
forcement, and thus adjustments were solely oriented at im-
proving the water transport capacity. 

 Conclusion and take-home message —    This study demon-
strates the potentials and limitations of our approach. On one 
hand, the results provide a detailed understanding of how tree-
ring anatomy can provide a mechanistic and functional un-
derstanding of xylem plastic responses for a conifer species 
growing in a cold-limited environment. In particular, the analy-
sis of climate–growth relationships performed separately for 
the earlywood and latewood tracheids (i.e., for cells built at dif-
fering times and fulfi lling differing functions) help to identify 
the causal relationships for plastic responses in xylem and their 
possible role. On the other hand, due to limitations in our knowl-
edge of the ontogeny of radial patterns of anatomical traits and 
how they are infl uenced by the environment, we need more in-
formation to interpret the functional signifi cance of short-term 
and long-term variability in xylem anatomy. 

 For a broader application of tree-ring anatomy in global change 
research, a concerted effort involving diverse disciplines (func-
tional ecology, wood anatomy, plant physiology and dendro-
chronology) is required to better link cause–effect relationships 
between genesis and structure and function of xylem. We also need 
to explore plasticity of other functionally relevant anatomical fea-
tures (e.g., amount of radial rays, cell grouping, pit characteristics) 
in many climates and species to assemble a complete picture of the 
range of possible xylem adjustments and their functional impacts. 
By elucidating a mechanistic understanding of the connections 
between the hydrological and carbon cycles in different species in 
the context of climate, we will be able to better predict the response 
of vegetation to anticipated changes in global climate. 
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