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Seasonal analyses of  cambial cell production and day-by-day stem radial increment can help to elucidate how climate modulates 
wood formation in conifers. Intra-annual dynamics of  wood formation were determined with microcores and dendrometers and 
related to climatic signals in Norway spruce (Picea abies (L.) Karst.). The seasonal dynamics of  these processes were observed 
at two sites of  different altitude, Savignano (650 m a.s.l.) and Lavazè (1800 m a.s.l.) in the Italian Alps. Seasonal dynamics of  
cambial activity were found to be site specific, indicating that the phenology of  cambial cell production is highly variable and 
plastic with altitude. There was a site-specific trend in the number of  cells in the wall thickening phase, with the maximum cell 
production in early July (DOY 186) at Savignano and in mid-July (DOY 200) at Lavazè. The formation of  mature cells showed 
similar trends at the two sites, although different numbers of  cells and timing of  cell differentiation were visible in the model 
shapes; at the end of  ring formation in 2010, the number of  cells was four times higher at Savignano (106.5 cells) than at Lavazè 
(26.5 cells). At low altitudes, microcores and dendrometers described the radial growth patterns comparably, though the den-
drometer function underlined the higher upper asymptote of  maximum growth in comparison with the cell production function. 
In contrast, at high altitude, these functions exhibited different trends. The best model was obtained by fitting functions of  the 
Gompertz model to the experimental data. By combining radial growth and cambial activity indices we defined a model system 
able to synchronize these processes. Processes of  adaptation of  the pattern of  xylogenesis occurred, enabling P. abies to occupy 
sites with contrasting climatic conditions. The use of  daily climatic variables in combination with plant functional traits obtained 
by sensors and/or destructive sampling could provide a suitable tool to better investigate the effect of  disturbances on response 
strategies in trees and, consequently, contribute to improving our prediction of  tree growth and species resilience based on 
climate scenarios.
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Introduction

Picea abies (L.) H. Karst. (Norway spruce) is the most important 
tree species in Europe, and is the key component of the forest 

cover in the Alps, where its natural populations are found across 
steep environmental gradients with large differences in air tem-
perature and soil moisture. Several dendrochronological studies 
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have demonstrated the high plasticity of P. abies ( Mäkinen et al. 
2002,  Battipaglia et al. 2009,  Schuster and  Oberhuber 2013). 
However, how cambial phenological phases are influenced by 
prevailing climatic conditions in forest stands at different alti-
tudes has scarcely been explored ( Gričar et al. 2014). The con-
trol of cambial activity by thermal thresholds in this species was 
found to vary among sampling sites, suggesting that local adap-
tation may also play a significant role in explaining differences 
among populations ( Gričar et al. 2014).  Rossi et al. (2008) 
have demonstrated that in conifers growing in cold climates, 
critical temperatures have significant effects on the timing of 
cambium onset but a small impact on the regulation of cambium 
dormancy. In-depth understanding of individual tree functioning 
and unambiguous interpretation of dendroclimatic signals are 
required to create well-designed process-based models for cli-
mate reconstruction from cambium phenology and for the pre-
diction of P. abies distribution in response to climate change 
( Gričar et al. 2015).

A mechanistic description of xylem formation and its dynam-
ics is required to understand growth responses in a changing 
mountain landscape ( Camarero et al. 2010,  Carrer et al. 2012). 
Changes in the intra-annual dynamics of stem growth and phe-
nology of secondary xylem formation in response to environ-
mental factors are expected to drive vegetation shift and 
productivity in P. abies ( Jyske et al. 2014). Thus, secondary 
xylem plays an important role in the adaptation of P. abies to 
disturbances, facilitating the spatial alteration of architecture and 
morphology in trees during their life cycle ( Gričar et al. 2014). 
Climate-induced wood-anatomical responses in P. abies also 
determine site-specific xylem reactions to environmental con-
straints ( Gričar et al. 2015). It is generally assumed that warm-
ing will increase the length of the growing season in temperate 
ecosystems, where wintertime temperatures are metabolically 
limiting. In these ecosystems, it is postulated that temperature 
can trigger cambial reactivation and xylem formation after winter 
dormancy (e.g.,  Gričar et al. 2007). Increased primary produc-
tivity is expected to result simply from the fact that more days 
are available for carbon assimilation and biomass accumulation 
( Linderholm 2006). However, one of the major potential effects 
of warming climate is an increase in climate-driven tree mortal-
ity, triggered by a combination of drought and hotter tempera-
tures ( Allen et al. 2015). Trees with suppressed growth and 
healthy trees can occur in the same stand, and therefore under-
standing how climatic variations and environmental stresses 
impact the kinetics of wood formation has great ecological and 
economic relevance ( Cuny et al. 2014,  Balducci et al. 2015).

Environmental signals drive the rate and duration of cambial 
division and, as such, regulate the rhythm of radial growth ( Rossi 
et al. 2012). In particular, in mountain environments of temper-
ate zones, the onset of stem growth is mainly controlled by 
critical heat sums (e.g.,  Swidrak et al. 2011) or, depending by 
the species, by reaching a certain temperature threshold 

(Deslauriers et al. 2008). The process of xylogenesis involves 
complex developmental events accompanied by the synchroni-
zation of functional mechanisms, structural traits and ecological 
dynamics ( Eilmann et al. 2010,  Fonti et al. 2010,  Růžička et al. 
2015). Traditionally, climatic signals contained in tree rings have 
been studied, relating monthly mean time series, without consid-
ering growth as a dynamic process ( Monserud 1986,  George 
2014). The adoption of stable isotope ratios, both in whole tree 
rings and in single lignin/cellulose components, has improved 
the use of the tree-ring signals as climate proxies (e.g.,  Gori 
et al. 2013). Climatic events that occur at a finer temporal scale 
may explain growth variations substantially better than the 
impact of changes over longer time scales ( Deslauriers et al. 
2009). This would explain the dynamic coupling of cambial 
activity and xylem production with metabolic processes 
( Battipaglia et al. 2014). Nevertheless, only a few studies have 
tried to integrate physiological and wood-anatomical approaches 
in order to provide a more mechanistic view of radial growth as 
related to environmental stresses (e.g.,  Camarero et al. 2010, 
 Simard et al. 2013).

The activation and cessation of plant growth and its rate, as 
well the cause–effect relationships between cambial activity and 
xylem structure, have been mainly related to seasonal variation 
in temperature and water availability (e.g.,  Eilmann et al. 2011, 
 Cocozza et al. 2012). The complexity of the interaction between 
environmental conditions and growth dynamics is indicated by 
the varying degree of temporal correspondence between stem 
radius variation and specific climate variables ( Zweifel et al. 
2010). The irreversible radial growth and the reversible living-
cell dehydration–rehydration processes are related to depletion 
and replenishment of stem water stored in the inner bark tis-
sues. These processes are detectable through high-resolution 
analysis of stem radius variations performed through point den-
drometer measurements ( Steppe et al. 2006,  Emiliani et al. 
2011). Following cell division, the irreversible cell expansion, 
mediated by turgor pressure, and the deposition of polymers 
inside the cell wall define the final size of the xylem elements 
and, consequently, the radial growth of trees (Deslauriers et al. 
2007a).

In conifers, stem diameter variations are largely correlated 
with the soil water availability and vapour pressure deficit (VPD) 
( Zweifel et al. 2005,  Balducci et al. 2013). The phase duration 
(contraction and expansion), indicating the reversible changes 
in stem radius, depends mainly on whole plant transpiration 
( Steppe et al. 2006). Understanding how plants balance hydrau-
lic and mechanical properties of stems to optimize growth and 
minimize costs associated with water use requires the integra-
tion of structural–functional relationships of the xylem at various 
scales. This xylem plasticity is the result of the modulation of the 
rate and duration of the developmental phases during the xylo-
genesis (i.e., cell division, enlargement, wall thickening and 
 lignification), which are difficult to monitor with continuity. 
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The interrelating analysis of wood anatomy and stem radial vari-
ation can provide a mechanistic interpretation of  xylem 
responses to local environmental conditions, and fulfil functions 
that define climate–growth relationships ( de  Luis et al. 2013, 
 Fonti et al. 2013).

The general aim of this study was to monitor stem growth of 
P. abies by dendrometers and xylem formation using microcores 
in two mountain localities with distinct altitude-related environ-
mental conditions, in Northern Italy (Alps). We explored the sen-
sitivity of tree growth to climate by comparing two forest stands 
of P. abies that represent contrasting climate conditions in the 
Alps, ranging from ∼4 to 11 °C mean annual temperature and 
from 680 to 1780 m a.s.l. altitude. The study addressed whether 
contrasting climate conditions (at the local scale and with day-
to-day resolution) define site-specific sensitivity in intra-annual 
dynamics of secondary growth. An integrated approach was 
applied to investigate plant growth dynamics by combining the 
analyses of cambial cell production and stem diameter fluctua-
tions to determine the sensitivity of P. abies to altitude.

Materials and methods

Study sites

Two monitoring plots were placed in Trentino (Italy) at Savig-
nano and Lavazè. Savignano is at low altitude (680 m a.s.l.; 
45°56′N, 11°03′E), located on cambisol, in a limestone area, 
and representative of forests dominated by Quercus pubescens, 
Q. robur, Fraxinus ornus and Ostrya carpinifolia, with secondary 
presence of Castanea sativa, Pinus sylvestris, Larix decidua and 
P. abies. Lavazè is at high altitude (1780 m a.s.l.; 46°21′N, 
11°29′E), located on podsolic soil, above quarz porphyric rocks, 
and representative of the forest association Picetum subalpinum, 
formed mainly by Picea abies with the presence of P. cembra and 
L. decidua.

At Savignano the climate is mild continental with sub-Mediter-
ranean influences, mean annual temperature is around 11 °C 
and mean annual precipitation is 1150 mm. At Lavazè the cli-
mate is alpine-continental, mean annual temperature is 4 °C and 
mean annual precipitation is 1100 mm.

At each site, a meteorological station was placed in a nearby 
open area ( WMO 1998). Precipitation, air temperature, relative 
humidity and global radiation were recorded. The VPD was cal-
culated by using the Goff–Gratch formulation for saturated water 
vapour pressure ( Goff and  Gratch 1946). Reference evapo-
transpiration (ET0) was calculated using the Penman–Monteith 
equation ( Allen et al. 1998). Relevant meteorological variables 
(including air temperature, solar radiation, precipitation, relative 
humidity, ET0 and VPD) were daily averaged from 2010 to 
2012. In 2010 (the year considered for the xylogenesis analy-
sis), the study sites were characterized by minimum and maxi-
mum air temperatures of −4.1 and 26.7 °C at Savignano 
(5 January and 22 July, respectively), −15.6 and 17.6 °C at 

Lavazè (16 December and 15 July, respectively) (Figure 1). In 
the following process, all parameters had to pass a quality check 
by (i) applying principal component analysis (PCA) ( Richman 
1986) to test environmental and dendrometer parameters for 
possible similarities ( Kniesel et al. 2015), and (ii) computing 
correlations among VPD and ET0 to describe site differences.

The cumulative temperature (°D) associated with early phe-
nological phases was estimated from growing degree-days 
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Figure 1. Environmental variables of mean daily air temperature and 
reference evapotranspiration (ET0, calculated using the Penman–Monte-
ith equation) and stem diameter variation recorded during the 2010 
growing season at the two study sites, Lavazè and Savignano.
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(GDD) as a measure of heat accumulation and was calculated to 
determine whether the occurrence of phenological phases was 
linked to similar weather conditions ( McMaster and  Wilhelm 
1997). At the onset of cambial cell production, GDDdaily was 
calculated for each site according to the following equation:

 GDDdaily
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where Tmax and Tmin are the maximum and minimum daily air 
temperatures, respectively, and Tbase is the base temperature 
above which cambial cell production occurs after a certain 
amount of warming has occurred. Based on previous studies 
( Schmitt et al. 2004,  Gruber et al. 2009,  Treml et al. 2015), a 
Tbase of 5 °C was chosen as a threshold. If  the GDDdaily was 
negative, it was set equal to zero. GDDdaily values were then 
summed from 1 January (DOY 1) until the onset day of cambial 
cell production.

Wood anatomy

In 2010, xylogenesis (phases of tracheid formation) was inves-
tigated by taking microcores and performing histological analy-
ses. At each site, six dominant or co-dominant, healthy and 
vigorous P. abies trees within 25–30 m of each other, with similar 
diameter of 35–40 cm at breast height were selected. The tree 
density, canopy coverage and stand slope were similar between 
the sites. Microcores were collected every 15 days from April to 
November 2010, using a Trephor tool ( Rossi et al. 2006a). The 
sampling consisted of the collection of two microcores (1.8 mm 
in diameter, 15 mm in length) containing the bark, cambial region 
and, at least, the last formed tree-rings from each of the selected 
stems. Immediately after the sampling, the microcores were 
immersed in an ethanol–acetic acid solution (75/25%, respec-
tively), in Eppendorf vials for 24 h, and then stored in 70% alco-
hol solution to preserve the cells forming from degradation. 
Microcores were then dehydrated in ethanol and D-limonene, and 
embedded in paraffin ( Rossi et al. 2006a). Transverse sections 
of 10–15 mm thickness were cut from the samples with rotary 
microtomes, stained with safranin and astrablue, and fixed to 
microscope slides with Canada balsam. Successively each micro-
section was examined under bright-field and polarized light to 
differentiate the developing and mature xylem cells.

Ring formation was assessed by anatomical observations 
using a microscope (DM2000, Leica Microsystems, Germany) 
equipped with a digital camera (DFC 280, Leica Microsystems). 
After capturing the images, pictures were analysed by ImageJ 
(public domain software, National Institutes of Health, USA). The 

numbers of cells at the stage of cambial zone (CZ), enlargement 
(E), wall thickening (WT) or maturity (M) were counted along 
four radial files in each microsection ( Rossi et al. 2006b). The 
assignment of each cell to a specific developmental stage was 
based on objective visual criteria. CZ cells are typically flattened, 
flexible, with only very thin primary wall, and not lignified ( Gričar 
et al. 2006). An increased CZ number was used as an indicator 
for the onset of mitotic activity. Enlarging cells are generally 
characterized by thin primary cell walls, with radial diameter at 
least twice that of the dividing CZ cells. WT cells may be dis-
criminated by polarized light, because of the birefringence of 
the secondary cell wall. The appearance of red colour in the 
secondary cell wall stained by Safranin indicated the start of 
lignification. The end of wall thickening corresponds to the com-
plete lignification of xylem cells; fully mature tracheids were rec-
ognized by red-stained cell walls and empty lumina. The data 
were then averaged for successive analysis. Lumen diameter 
(LD) and cell wall thickness (CWT) were measured in all sec-
tions for each radial file. Mean data (average of four radial files 
for each of three trees) for cell number, CWT and LD were calcu-
lated and analysed for each phenological phase at both sites. LD, 
CWT and cell number within each phenological phase were used 
to describe the intra-annual dynamics of tree ring formation of 
P. abies at the two sampling sites, and to compare structure, tim-
ing and duration of xylem formation between the two altitudes. 
As a reasonable anatomical proxy of xylem resistance to embo-
lism, the ratio (CWT/LD)2 was calculated ( Hacke et al. 2001).

The R (R Development Core Team 2007) package mgcv 
( Wood 2006) was used for fitting the cell number by the Gen-
eral Additive Model (GAM). The weekly count of cells in each 
differentiation phase was expressed as a function of the day of 
the year ( Cuny et al. 2013). For each site, we took the average 
cell number predicted by fitting the GAM models to calculate the 
beginning of the development zone for each cell. From these 
dates, the residence time of each cell in the E and WT phases 
was computed ( Cuny et al. 2013).

Stem radius variation

Stem radius variation was detected using high-resolution auto-
matic point dendrometers ( Emiliani et al. 2011), and the den-
drometer signals were monitored daily from January 2010 to 
December 2012 on five individual P. abies trees at each site. The 
analysis of dendrometer measurements was limited to 2010 
data in order to match the xylogenesis investigation. The point 
dendrometers used measure the linear displacement of a sens-
ing rod pressed against the bark. The operating principle of the 
linear variable transducer (AB Electronics Ltd, Romford, UK) in 
response to stem radius variation has been described previously 
( Giovannelli et al. 2007,  Cocozza et al. 2012). Calibration of 
the transducer was performed according to the manufacturer’s 
instructions on a bimonthly basis. The dendrometers were 
installed on the trunk at breast height (130 cm), and shielded 
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from direct sunlight and weather damage by aluminium foils. 
Raw data were recorded every 15 min and hourly and daily aver-
ages were calculated.

For the stem cycle approach, extraction of stem radius varia-
tion was performed daily by dividing the stem cycle into three 
distinct phases, covering ∼24 h (Deslauriers et al. 2007b): (i) 
the contraction phase, the period between the morning maximum 
and daily minimum; (ii) the expansion phase, the total period 
from the daily minimum to the following morning maximum; and 
(iii) the stem radius increment phase, the part of the expansion 
phase from the time the stem radius exceeds the morning maxi-
mum until the next maximum. The daily mean and daily maximum 
were calculated from the 96 raw data points in the 24 h cycle.

Radial growth–wood anatomy nexus

The analysis of radial fluctuation cycles (expansion, contraction 
and increment stem phases) was conducted following the cam-
bium phenology. Onset, maximum and end of the cell E phase 
were considered useful for sorting time periods to disentangle 
the relationships between the contraction and increment phases 
of daily stem diameter variation (obtained by dendrometer 
records). The relationship between the contraction phase and 
the stem diameter increment was analysed to identify the range 
of stem diameter fluctuations, as determined by the short-term 
rhythm of water-induced stem radius changes (contraction 
phase) and the seasonal growth dynamics (diameter increment), 
and to select the maximum and minimum thresholds. The rela-
tionship between the contraction phase and the diameter incre-
ment resulted in a heterogeneous distribution of  values 
comprising an envelope between two boundaries. The superior 
boundary defined the uppermost limit, and the inferior boundary 
the lowermost limit, in such a way that the envelope values cor-
responded to the range of diameter fluctuations. At each site, 
the thresholds were determined selecting at least 15 points for 
the superior and inferior borders of the regression dataset. Scat-
ter plots of the contraction phase versus the diameter increment 
in two plots were enclosed by linear interpolations (maximum 
and minimum thresholds).

To follow the course of weather patterns and plant signals at 
the two sites (Figure 3), cumulative ET, cumulative GDD, stem 
contraction and (CWT/LD)2 were determined. The latter param-
eter is directly related to the vulnerability of xylem to embolism 
(see  Hereş et al. 2014). Daily averages of stem contraction, as 
recorded by dendrometers, were calculated matching cell 
counts, i.e., following the time resolution of anatomical measure-
ments. Again, the sum of daily (CWT/LD)2 values was calculated 
for the time interval occurring between two consecutive micro-
core sampling days.

Statistical analysis

Principal component analysis (PCA) was used to determine the 
influence of environmental variables on stem diameter variations 

( Oberhuber et al. 2014). The components considered were 
determined on the basis of the Kaiser–Guttman criterion (eigen-
values >1). The z-standardized values of environmental data, 
diameter increment and radial contraction and expansion from 
the dendrometer records were used. Environmental variables 
and the stem radius parameters extracted from dendrometer 
records were depicted as vectors, and the direction of the vector 
value and the correlations among vectors and component axes 
were determined.

The sum of daily diameter increment and the radial lumen 
diameter and cell wall thickness (LD + CWT), considered as the 
sum of daily values, was interpolated by a modelling approach 
( Giovannelli et al. 2007) using Gompertz functions. The Gom-
pertz functions were fitted by nonlinear regressions using Orig-
inPro v8.0 (OriginLab, Northampton, MA, USA) to estimate the 
pattern of intra-annual secondary growth (y) against time (t, in 
DOY):

 y a e k x c= − − −( ( ))

 

where the parameters a, k and c are the growth asymptotes, 
time axis placement and rate of change of the curve, respec-
tively.

Analysis of covariance was used to test for equality of regres-
sion coefficients.

Results

Climate conditions

At Savignano ET0 reached a maximum peak of 3.34 mm (DOY 
100) and a minimum of 0.03 mm (DOY 7). At Lavazè the max-
imum peak of ET0 was 3.88 mm (DOY 179) and the minimum 
was 0.07 mm (DOY 11) (Figure 1). VPD values at Savignano 
were in a wider range (up to 1.6 kPa) than Lavazè (up to 1 kPa). 
The relationship between ET0 and VPD clearly separated the two 
sites, with differences between Lavazè and Savignano increasing 
at higher VPD, highlighting lower values of the fitting curve for 
Savignano than for Lavazè (Figure 2). Highly significant correla-
tions were observed between ET0 and VPD (R2 = 0.77 and 0.69 
at Savignano and Lavazè, respectively) (P < 0.001). Differences 
in cumulative ET0 and GDD were observed between sites, with 
the highest cumulative ET0 and GDD at Savignano (Figure 3a 
and b). At both sites ET0 increased progressively during the 
season, whereas, GDD showed a gradual increase at Savignano, 
levelling off from about DOY 230 at Lavazè.

Wood anatomy

At Savignano on the first sampling day (DOY 106) the cambial 
zone showed from seven to nine cells (when GDD was 36.6 °C), 
while the dormant cambium was usually composed of four or 
seven cells. At Lavazè the mitotic activity started at the begin-
ning of May (DOY 123) (when GDD was 11.07 °C). The first 
and the last E cells were observed on DOY 123 and DOY 256, 
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respectively, at Savignano, and on DOY 137 and DOY 228, 
respectively, at Lavazè (Figure 4a). The onset of cell WT con-
firmed differences in span of the growing season between the 
two sites, starting on DOY 123 at Savignano and DOY 186 at 
Lavazè, and ending on DOY 256 (when GDD was 775.95 °C) 
at Savignano and DOY 242 (when GDD was 227.43 °C) at 
Lavazè (Figure 4b).

In 2010 at the end of ring formation, the number of cells was 
four times higher at Savignano (106.5 cells) than at Lavazè 
(26.5 cells) (considering mature cells on DOY 327).

The maximum cell production (maximum number of E cells) 
occurred at the beginning of July (DOY 186) at Savignano and 
at the middle of July (DOY 200) at Lavazè, with the same trend 
for WT cells (Figure 4a and b). The mean E cell number was 
7.4 ± 3.4 at Savignano and 3.1 ± 2.7 at Lavazè; the mean WT 
cell number was 7.5 ± 3 at Savignano and 2.5 ± 2.2 at Lavazè. 
The number of M cells increased gradually at Savignano from 
the end of May (DOY 151) to the middle of October (DOY 
286), when all the cells were fully mature. At Lavazè the first M 
cells were observed at the beginning of July (DOY 186) and 
reached the maximum production at the middle of September 
(DOY 270), when all the cells were fully mature (Figure 3c). The 
mean number of M cells in the growing season was 72 ± 41 at 
Savignano and 18 ± 11 at Lavazè.

Even though the number of cells and timing of wood forma-
tion showed evident differences between the two sites, the 
structural parameters LD and CWT showed a rather shallow 
range of values. LD was stable and measurable only in differen-
tiating cells, ranging from 11.7 to 33.3 µm with a mean value of 
24.9 ± 6.8 µm at Savignano, and from 20.2 to 31.4 µm with a 
mean value of 24.9 ± 4.6 µm at Lavazè. In M cells (when the 
secondary cell wall is completed), CWT ranged from 3.2 to 7.8 
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Figure 2. Relationship between estimated water loss due to reference 
evapotranspiration (daily ET values) and vapour pressure deficit (daily 
VPD values) during the growing season (5 March to 30 September 
2010) at Lavazè (closed circles and continuous line) and Savignano 
(open circles and dashed line).

Figure 3. Cumulative daily values of reference evapotranspiration (cumu-
lative ET), growing degree days (cumulative GDD), contraction phase and 
(CWT/LD)2 at Lavazè (grey columns) and Savignano (open columns) 
(n = 3; bars, standard deviation) (see details in Materials and methods).
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µm with a mean value of 6.3 ± 1.3 µm at Savignano, and from 
4.2 to 7.7 µm with a mean value of 6.4 ± 1.2 µm at Lavazè.

Intra-annual dynamics of wood formation, after fitting the GAM 
models, showed different patterns between the two sites, 
although analogously described by bell-shaped curves ( Figure 4). 
The number of cells in E phase showed an early and distinguished 
higher peak at Savignano than at Lavazè ( Figure 4a and d). At 
Savignano the number of E cells increased from the beginning of 
May onwards to culminate at the middle of June, after which it 
decreased with similar rate until mid-September. At Lavazè the 
number of E cells increased rapidly from the end of May to the 
middle of July, and then decreased rapidly until the end of August. 
The number of cells in the WT phase also showed different trends 
at the two sites, with an earlier peak and a longer period of the 
phase at Savignano than at Lavazè (Figure 4b and e). At Savig-
nano a gradual increase in WT cells undergoing wall thickening in 
late spring led to a first peak at the end of June, after which the 
number of thickening cells decreased rapidly until mid-October. 
At Lavazè the number of thickening cells increased  rapidly from 

the middle of June, reached the maximum at the beginning of 
August, and decreased rapidly till the middle of September (Fig-
ure 4b and e). Fitting the GAM models to the M cells showed 
similar patterns for the two sites, although different number of 
cells and timing of cell differentiation were visible in the model 
shapes. At Savignano the trend followed a progressive and com-
paratively steeper increase with a visible change around the first 
half of September; at Lavazè the trend was relatively more grad-
ual, from the middle of July to the end of August, and compressed 
between two constant periods (Figure 4c and f).

The critical period and duration of each phenological phase 
were computed by fitting GAM models (Table 1), as well as the 
residence time of cells in E and WT phases, and the total forma-
tion time of tracheids in the annual ring of 2010 for P. abies at 
the two sites (Figure 5).

Differences in radial growth between sites

Over the course of the entire growing season, the largest stem 
diameter variation occurred at Savignano (Figure 1). The number 
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Figure 4. Boxplot of the number of cells (above) and their fitting by generalized additive models (GAMs) (below), in the enlargement, wall thickening 
and mature zone during wood formation in P. abies at Lavazè (dark grey) and Savignano (light grey). Box and lines represent the mean values of four 
radial files for each of three individuals over the growing season.

Table 1. Critical period and duration time of cell enlargement (E), wall thickening (WT) and mature (M) phases, computed by fitting the GAM model 
functions, for P. abies at Lavazè and Savignano. First indicates the beginning of the phenological phases, Last indicates the end of these phases, and 
Period of growth indicates the duration in days of total xylogenesis.

Site First E First WT First M Last E Last WT Period E Period of growth

Lavazè 167.6 185.4 200.3 255.5 256.8 87.9 89.2
Savignano 106 114 146.2 258.3 284.9 152.3 178.9
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of principal components retained, with an eigenvalue greater 
than 1, was two at Lavazè and three at Savignano, explaining 
77.9 and 77.3% of the total variance, respectively. At Lavazè the 
PC1 included environmental variables (radiation and VPD), 
whereas the PC2 comprised diameter variations (expansion and 
increment), explaining 50.6 and 27.2% of the variance, respec-
tively. At Savignano the PC1 and PC3 included environmental 
variables (radiation and ET0, respectively), whereas the PC2 
comprised diameter increment, explaining 42.3, 22.0 and 13.0% 
of the variance, respectively (Table 2; Figure 6).

The diameter increment was positively associated to the con-
traction phase at both sites (Figure 7). The relationship between 
diameter increment and contraction was developed by a bound-
ary line analysis, designed to graphically represent the maximum 
and minimum response thresholds. The variability range of radial 
growth defined by linear functions was fitted to the margins of 
the regression dataset.

In the period from the beginning of the enlargement to the 
maximum number of cells, the slopes of maximum and minimum 
threshold functions were higher at Lavazè than at Savignano 

(P < 0.001), showing different intercepts between sites 
(P < 0.001). In the period from the maximum number of E cells 
to the end of E phase, the slope of the maximum threshold func-
tion was higher at Savignano (P < 0.001), and the slope of the 
minimum threshold function was higher at Lavazè (P < 0.001), 
with similar intercepts (Figure 7).

Radial growth

The initiation of radial growth was faster at Savignano (April, 
DOY 106) than at Lavazè (June, DOY 168). Contraction pat-
terns followed a bell-shaped pattern (Figure 3c). The strongest 
contraction occurred on DOY 200 at both sites. At Lavazè this 
date corresponded to the stage of maximum number of E cells, 
while at Savignano the maximum of E cell production was on 
DOY 186. After DOY 200, the intensity of contraction decreased.

The (CWT/LD)2 showed a step increase at Lavazè, peaking on 
DOY 256 and levelling off thereafter; at Savignano the increase 
in (CWT/LD)2 was relatively more gradual and peaked on DOY 
270, dropping soon after (Figure 3d).

The stem diameter increment obtained by dendrometer 
records (as the sum of daily diameter increment) matched rather 
tightly the sum of radial lumen diameter and cell wall thickness 
(LD + CWT) estimated from the analysis of xylogenesis (Fig-
ure 8). The datasets of stem diameter increment and LD + CWT 
were best fitted by Gompertz model functions, describing the 
radial growth of P. abies at the two sites (Figure 8).

Discussion

Response to environmental conditions

Mediterranean-facing mountainsides of the Alpine belt are highly 
variable environments, where even small changes in altitude can 
lead to significant variation in temperature and precipitation. Sen-
sitivity and adaptation of tree populations to such environments 
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Figure 5. Cell residence in enlargement (light grey) and wall thickening 
(dark grey) phases and total duration of tree ring formation in P. abies 
computed by fitting GAM models.

Table 2. Principal components’ eigenvalues (>1), percentage of vari-
ance associated with each component and cumulative variance; only fac-
tor loadings of stem diameter variations and environmental variables with 
values >0.4 were shown.

Lavazè Savignano

PC1 PC2 PC1 PC2 PC3

Eigenvalue 4.6 2.5 3.8 2.0 1.2
% of variance 50.6 27.2 42.3 22.0 13.0
Cumulative % 50.6 77.9 42.3 64.3 77.3
Expansion 0.510
Contraction
Diameter increment 0.534 0.575
Air temperature
Relative humidity
Radiation 0.445 0.462
Precipitation
ET0 0.626
VPD 0.423
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are likely to result in genetic and physiological clines associated 
with altitude. We found common patterns in tree– climate relations 
between sites, with growth responses being related to weather 
conditions, reflecting the high adaptation potential of P. abies, 
though this species predominates in the late successional stage 
( Ellenberg and  Leuschner 2010). However, changes in the sen-
sitivity of tree-ring width to climate drivers were reflected in the 
variability of radial growth, highlighting altitude-specific patterns 
of intra-annual wood formation when compared with latitude-
related patterns ( Jyske et al. 2014). Phenotypic plasticity, defined 

as the species’ approach to change traits in relation to the envi-
ronment, was detectable through  anatomical traits and dendrom-
eter thresholds, showing differential carbon investment in xylem 
tissue of trees at different altitudes.  King et al. (2013) suggested 
that tree-ring width variations in L. decidua and P. abies are more 
climate driven than genetically driven at regional and larger scales. 
However, other studies, combining different scales of observation 
to investigate tree species adaptation along altitudinal transects, 
evidenced a strong relationship between genetic differences and 
environmental variations at micro- and macrogeographic scales 

Targeting the climatic signal in tree growth 9

Figure 6. Principal component analysis of environmental factors (ET0, VPD, radiation, air temperature, precipitation and relative humidity) and daily 
stem radius change (expansion, contraction and stem diameter increment) of P. abies at Lavazè and Savignano.
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and identified genetic markers significantly correlated with tem-
perature and/or precipitation in P. abies ( Scalfi et al. 2014), as 
well as in other Alpine conifers ( Mosca et al. 2012).

Xylem production in P. abies was strongly affected by altitude-
driven, site-specific environmental conditions. Indeed, ET0 
increased with rising VPD and the efficiency of water use by 
trees fell more rapidly at Lavazè than at Savignano, when VPD 
increased with the increasing radiation at high altitude 
( Figure 2). High VPD is expected to down-regulate the cell tur-
gor pressure, inhibiting cell enlargement and growth ( Zweifel 
et al. 2005,  Steppe et al. 2006). The two sites showed similar 
seasonal climatic trends with relatively higher temperature and 
ET0 at Savignano than at Lavazè. The PCA analysis revealed high 
levels of variance of parameters at both sites, strongly support-
ing the concept that the parameters considered followed similar 
relationships at Lavazè and Savignano, regardless of the alti-
tude. The PCA suggested a common trend in parameter vari-
ance, represented by radiation as the main environmental factor, 
the first component, and stem diameter increment as the tree 
response, the second component. This defined a similar variance 
of the plant-system response in both sites. However, at Lavazè 
the principal components (PC1 and PC2) were highly repre-
sented by two parameters, supporting the main effects of envi-
ronmental factors (radiation and VPD), and the additional effects 
of plant traits (diameter increment and expansion). Stem diam-
eter increment and precipitation, contraction and relative humid-
ity, expansion and air temperature were closely associated (low 
angles between vectors) at both sites, which was attributed to 
the towering role of the tree transpiration processes. The smaller 
correspondence of stem growth with precipitation (and conse-
quently with soil moisture) pointed to a major contribution to 
transpiration of water stored in the stem rather than in the soil 

( Čermák et al. 2007,  Hölttä et al. 2010), particularly at Savig-
nano. Nevertheless, the component of plant traits reminds one 
of the wide plasticity of growth processes in P. abies in response 
to varying environmental (altitudinal) effects. As an example, 
 Oberhuber et al. (2015), in an inner Alpine dry valley, found 
species-specific sensitivity, observing that P. abies strongly 
draws upon water reserves in the living tissues of the bark in 
comparison with co-occurring L. decidua and P. sylvestris. Decou-
pling between foliage renewal, mainly driven by irradiance, and 
wood production may be expected, the maximum growth rates 
being observed when the leaf area is fully developed ( Michelot 
et al. 2012).

Adaptation to local environment

Cambial activity and xylem formation were highly responsive to 
temperature, as observed for other conifers of temperate and 
boreal environments (e.g., Rossi et al. 2007, Deslauriers et al. 
2008,  Gruber et al. 2009,  Oberhuber and  Gruber 2010,  Swidrak 
et al. 2011,  Balducci et al. 2013). However, functional patterns 
and climate thresholds separated the two sites distinctively, indi-
cating the relevance of potential P. abies adaptation to local envi-
ronmental conditions ( Gričar et al. 2014). The variability in radial 
growth on a seasonal or daily basis was due to a combination of 
average climatic conditions and specific climatic events ( Duchesne 
and  Houle 2011). The use of daily climatic variables in combina-
tion with plant functional traits obtained by sensors and/or 
destructive sampling could provide a suitable tool for better inves-
tigating the effect of varying climate conditions on water use 
strategies in trees. This would contribute to improving our predic-
tion of tree growth and mortality based on climate scenarios.

Higher mean and cumulative GDD were required for the onset 
of cambial activity at Savignano (low altitude) than at Lavazè 
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Figure 7. Maximum and minimum thresholds defined by the relationship between the contraction phase and the stem diameter increment (obtained 
by dendrometer records), considering the period of wood formation (a) from the beginning of cell enlargement to the maximum number of cells in 
enlargement (Lavazè, DOY 168–200; Savignano, DOY 106–186), and (b) from the maximum rate to the end of phase (Lavazè, DOY 201–256; 
Savignano, DOY 187–269). The maximum and minimum thresholds at two sites were defined by linear functions (P < 0.001). Lavazè: closed circles 
and continuous line; Savignano: open circles and dashed line.
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(high altitude). The cambium of P. abies was able to start cell 
division under contrasting altitude-related temperature regimes, 
substantiating the major role of temperature in the initiation of 
cambial activity. This was experimentally observed in studies of 
stem heating (earlier initiation and higher rates of cell produc-
tion) and cooling (later reactivation and lower rates of cambial 
activity) ( Gričar et al. 2007). A similar trend between the onset 
of cambial activity and elevation was observed by  Moser et al. 
(2010) for the conifer L. decidua along an altitudinal gradient in 
the Swiss Alps, and by  Prislan et al. (2013) for the broadleaved 
F. sylvatica from Slovenia. However, it is noteworthy that, at the 
highest tree vegetation limit, the differences in the intra-annual 
wood formation are amplified. Besides, in <150 m difference in 
altitude significant differences in wood phenology between tim-
berline and treeline can be observed ( Treml et al. 2015). The 
interplay between phenotypic plasticity and genetic determi-
nants needs to be tested for establishing how the growth rate 

will affect the inherent capacity of P. abies to adapt to climate 
change.

Insights from wood anatomy

The patterns of intra-annual wood formation highlighted specific 
curve dynamics and the influence of altitude. The growing sea-
son of P. abies was much shorter at Lavazè than at Savignano. 
The GAM models showed a specific fitting for the two sites 
( Figure 4). The function for E and WT cell phases was clearly 
skewed to the left (or shifted earlier in the growing season) at 
Savignano, culminating earlier than at Lavazè. The accumulation 
of M cells was described by functions that clearly separated the 
two sites, Savignano accumulating more M cells than Lavazè.

In conifers, the dynamics of intra-annual wood formation as 
well as the timing and duration of cambial activity, E and WT 
processes have been previously described as delayed bell-
shaped curves (e.g.,  Rossi et al. 2006a,  Lupi et al. 2010,  Cuny 
et al. 2013,  Jyske et al. 2014). At Savignano the developmental 
stage of the derivative cambial cells was characterized by longer 
E phase, higher number of cells produced and longer growth 
period. This suggested a more active cambial activity in late sea-
son. At Lavazè cell E phase took place in a short period, preserv-
ing the cell size regardless of the number, highlighting the 
plasticity of trees to cope with contrasting environmental pat-
terns (e.g.,  Camarero et al. 2010). Larger stem radius variations 
detected through dendrometers at Savignano than at Lavazè 
corresponded to higher numbers of cells produced during xylo-
genesis at lower elevations and under milder conditions 
( Figures 1 and 4).

The onset and completion of the xylem formation in P. abies 
was mainly determined by temperature rather than other climate 
drivers ( Gričar et al. 2015). At low altitude, cambial production 
started earlier and stopped later than at high altitude. Local site 
conditions concurred to a certain degree in modulating the sea-
sonal dynamics of xylem development, which is primarily con-
strained by the genotype ( Gryc et al. 2012,  Park et al. 2012, 
 Ružicka et al. 2015). Indeed, the cessation of cambial activity at 
relatively high temperature at Lavazè might represent an adapta-
tion to more severe environmental conditions at high altitude 
than at low altitude (Savignano). This behaviour would avoid the 
investment of energy into wood (and phloem) increments, 
because unnecessary, even though temperature is still high. 
Enough time is needed for the development of the last-formed 
tracheids in P. abies before winter ( Rossi et al. 2008). However, 
along a latitudinal gradient tracheid production initiated earlier 
and ceased later in the early-successional and cold-adapted P. 
sylvestris than in P. abies ( Jyske et al. 2014). In P. abies, tem-
perature was found critical for cambial activity and cell develop-
ment at the beginning of the growing season; other factors, such 
as photoperiodic growth constraint, could prevail in the second 
part, increasing the variability in cessation timing (e.g.,  Gričar 
et al. 2007).

Targeting the climatic signal in tree growth 11

Figure 8. Stem diameter increment defined by dendrometer records (tri-
angles) and by the sum of radial lumen diameter and cell wall thickness 
(LD + CWT) (circles) at Lavazè (closed symbols) and Savignano (open 
symbols). Gompertz model functions were fitted to the experimental 
data of each site (dashed line for stem diameter increment, continuous 
line for LD + CWT) ( )

( ( ))
y a e k x c= − − −

.
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The variability in timing, duration and rate of cell production is 
related to the dynamics of the developing xylem, in agreement 
with  Cuny et al. (2013), highlighting strong differences in wood 
production, intensity and timing of cell development in relation 
to altitude. Timing of the peak of E and WT cells was defined by 
altitude, suggesting a clear effect of site conditions on the flow 
of reserve substances. Indeed, the early peak of E and WT cells 
at low altitude demonstrated the prompt mobilization of 
resources from storage. This organization is required for the high 
division rate in the cambium and the high entry rates into the 
enlarging reservoir, as well as the long cell residence times 
( Cuny et al. 2013).

Understanding dendrometer signals

Dendrometer signals (stem radius variation) showed distinct 
site-specific patterns (Figure 1), comparable relations with 
meteorological factors (Figure 6) and different threshold ranges 
between the two sites (Figure 7). The daily stem radius incre-
ments recorded during the growing period were assumed to 
correspond to the maximum rate of cell division and E phase. 
Indeed, when intensive secondary cell wall formation occurs, 
radial increment cannot be expressed because it takes place 
inside the enlarged cell ( Deslauriers et al. 2003a). Dendrome-
ter thresholds were defined by the relationship between the 
contraction phase and the diameter increment in order to assess 
the signal efficiency and to check the tree growth. Yet, the slope 
of the threshold functions changed with altitude. According to 
 Brown et al. (1999), a maximum-response threshold is achieved 
when further control does not produce an increased response; 
a minimum-response threshold indicates the degree of control 
that must be achieved before additional control measures can 
produce a response. In the present study, the threshold analysis 
was useful for identifying critical periods, defining functions that 
can indicate long-term losses in productivity before they occur.

At Lavazè intra-annual variations in stem diameter revealed 
weaving peaks of radial increment, which could be the conse-
quence of  distinct stem rehydration–dehydration cycles. 
Strong correlations between the contraction phase and the 
diameter increment were found, as well as bounded data 
points between maximum and minimum thresholds (Figure 7). 
Margin analysis of  upper and lower threshold in stem radial 
increment may be conveniently used in general predictions of 
plant functionality, e.g., the start of stem radial growth and the 
stem enlargement from cell division and expansion. However, 
the dendrometer signal for the initiation of radial growth in the 
early spring can be confused with the rehydration of internal 
tissues prior to the beginning of cambial activity ( Kozlowski 
and  Winget 1964). Extracted daily radial increments might 
follow ring width increase with minor differences, and an over-
estimation could be observed at the end of the growing sea-
son ( Deslauriers et al. 2003b). Consequently, it is quite 
difficult to identify the exact beginning of cambial activity and 

xylem cell expansion based on the dendrometer measure-
ments ( Hölttä et al. 2010).

Combination of approaches

The model of stem radial growth developed here for P. abies by 
merging patterns of dendrometer signals and wood anatomy 
was sensitive to site-specific environmental drivers of tree 
growth (micrometeorological factors defined by altitude). The 
apparently different plasticity between sites was reflected in the 
ratio (CWT/LD)2 (Figure 3). Plants grown at Lavazè showed ear-
lier increases in cell wall lignification than at Savignano. There-
fore, P. abies at high altitude strategically exploited the higher 
temperature of the period, undertaking a prearrangement of 
wood anatomy to face physiological drought, whereas P. abies at 
low altitude delayed the organization of conduit structure for 
limiting xylem vulnerability to embolism. According to  Hacke and 
 Sperry (2001), the xylem vulnerability to cavitation depends on 
the mechanical strength of the conduits. Thus, in environments 
with more prominent physiological drought (high elevation) cell 
wall thickening of tracheids should happen sooner. In P. abies at 
high elevation, lignin deposition might also occur earlier, helping 
to maintain the mechanical integrity of the xylem ( Gindl et al. 
2001). This would suggest a role in cell wall reinforcement for 
an acquired cavitation resistance along altitudinal gradients.

At low altitude, dendrometers and microcores described 
growth functions with similar patterns (Figure 8). The dendrom-
eter function underlined the higher upper asymptote of maxi-
mum growth in comparison with the LD + CWT function. In 
contrast, at high altitude, the Gompertz function fitted by the two 
approaches exhibited different trends and R2. The modelling 
approach tackled the complexity of the process-based tree func-
tioning determined by high-resolution measurements of stem 
radius variation ( De  Schepper and  Steppe 2010) and of annual 
tree-ring formation (e.g., cell dimensions) ( Fonti and  Jansen 
2012). Growth processes of P. abies at its upper distribution 
limit were not exclusively controlled by altitude effects. Trees at 
the two sites showed similar patterns in anatomical traits in 
response to environmental constraints determined by different 
elevations. However, trees at high altitude showed anatomical 
traits that might suggest preferential investment in avoiding cell 
wall collapse and xylem cavitation in comparison with trees at 
low altitude.

In conclusion, these results add to the current understanding 
of how the number of cambial cells formed in P. abies is trans-
lated into the production of the xylem ring. Our analysis did not 
allow unequivocal establishment of whether the observed tree 
responses to climate are more likely to indicate adaptive plastic-
ity or vulnerability to random climatic conditions. However, it 
demonstrated the significance of combining structural and func-
tional approaches to study the sensitivity of stem radial incre-
ment to altitude, and the importance of using high-resolution 
data when analysing its variation. Savignano showed a four 
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times higher rate of cell production than Lavazè, which led to a 
prolonged xylem differentiation and to the formation of wider 
tree rings at lower altitude. This demonstrated the main role of 
xylogenesis in distinguishing cambial activity and radial growth 
in P. abies of different altitudes. These outcomes imply that 
increasing temperatures will increase tree growth, shifting 
P. abies ranges towards higher altitudes, although several uncer-
tainties remain.
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Hereş AM, Camarero JJ, López BC, Martínez-Vilalta J (2014) Declining 
hydraulic performances and low carbon investments in tree rings pre-
date Scots pine drought-induced mortality. Trees 28:1737–1750. 

Hölttä T, Mäkinen H, Nöjd P, Mäkelä A, Nikinmaa E (2010) A physiologi-
cal model of softwood cambial growth. Tree Physiol 30:1235–1252. 

Jyske T, Mäkinen H, Kalliokoski T, Nöjd P (2014) Intra-annual tracheid 
production of Norway spruce and Scots pine across a latitudinal gradi-
ent in Finland. Agric For Meteorol 194:241–254. 

King GM, Gugerli F, Fonti P, Frank DC (2013) Tree growth response 
along an elevational gradient: climate or genetics? Oecologia 
173:1587–1600. 

Kniesel BM, Günther B, Roloff A, von Arx G (2015) Defining ecologically 
relevant vessel parameters in Quercus robur L. for use in dendroecology: 

a pointer year and recovery time case study in Central Germany. Trees 
29:1041–1051.

Kozlowski TT, Winget CH (1964) Diurnal and seasonal variation in radii 
of tree stems. Ecology 45:149–155. 

Linderholm HW (2006) Growing season changes in the last century. 
Agric For Meteorol 137:1–14. 

Lupi C, Morin H, Deslauriers A, Rossi S (2010) Xylem phenology and 
wood production: resolving the chicken-or-egg dilemma. Plant Cell 
Environ 33:1721–1730. 

Mäkinen H, Nöjd P, Kahle H-P, Neumann U, Tveite B, Mielikäinen K, Röhle 
H, Spiecker H (2002) Radial growth variation of Norway spruce 
(Picea abies (L.) Karst.) across latitudinal and altitudinal gradients in 
central and northern Europe. For Ecol Manag 171:243–259. 

McMaster GS, Wilhelm WW (1997) Growing degree-days: one equation, 
two interpretations. Agric For Meteorol 87:291–300. 

Michelot A, Simard S, Rathgeber C, Dufrêne E, Damesin C (2012) Com-
paring the intra-annual wood formation of three European species 
(Fagus sylvatica, Quercus petraea and Pinus sylvestris) as related to leaf 
phenology and non-structural carbohydrate dynamics. Tree Physiol 
32:1033–1045. 

Monserud RA (1986) Time-series analyses of tree-ring chronologies. 
For Sci 32:349–372.

Mosca E, Eckert AJ, Di Pierro E, Rocchini D, La Porta N, Belletti P, Neale 
DB (2012) The geographical and environmental determinants of 
genetic diversity for four alpine conifers of the European Alps. Mol 
Ecol 21:5530–5545. 

Moser L, Fonti P, Büntgen U, Esper J, Luterbacher J, Franzen J, Frank D 
(2010) Timing and duration of European larch growing season along 
altitudinal gradients in the Swiss Alps. Tree Physiol 30:225–233. 

Oberhuber W, Gruber A (2010) Climatic influences on intra-annual stem 
radial increment of Pinus sylvestris (L.) exposed to drought. Trees 
24:887–898. 

Oberhuber W, Gruber A, Kofler W, Swidrak I (2014) Radial stem growth 
in response to microclimate and soil moisture in a drought-prone mixed 
coniferous forest at an inner Alpine site. Eur J For Res 133:467–479. 

Oberhuber W, Kofler W, Schuster Wieser G (2015) Environmental effects 
on stem water deficit in co-occurring conifers exposed to soil dryness. 
Int J Biometeorol 59:417–426. 

Park YS, Weng YH, Mansfield SD (2012) Genetic effects on wood quality 
traits of plantation-grown white spruce (Picea glauca) and their rela-
tionships with growth. Tree Genet Genomes 8:303–311. 
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