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Abstract
Aim: Plant growth and phenology respond plastically to changing climatic conditions 
in both space and time. Species-specific levels of growth plasticity determine biogeo-
graphical patterns and the adaptive capacity of species to climate change. However, 
a direct assessment of spatial and temporal variability in radial growth dynamics is 
complicated, because long records of cambial phenology do not exist.
Location: Sixteen sites across European distribution margins of Juniperus communis L. 
(the Mediterranean, the Arctic, the Alps and the Urals).
Time period: 1940–2016.
Major taxa studied: Juniperus communis.
Methods: We applied the Vaganov–Shashkin process-based model of wood forma-
tion to estimate trends in growing season duration and growth kinetics since 1940. 
We assumed that J. communis would exhibit spatially and temporally variable growth 
patterns reflecting local climatic conditions.
Results: Our simulations indicate regional differences in growth dynamics and plas-
tic responses to climate warming. The mean growing season duration is the longest 
at Mediterranean sites and, recently, there has been a significant trend towards its 
extension of up to 0.44 days/year. However, this stimulating effect of a longer grow-
ing season is counteracted by declining summer growth rates caused by amplified 
drought stress. Consequently, overall trends in simulated ring widths are marginal 
in the Mediterranean. In contrast, durations of growing seasons in the Arctic show 
lower and mostly non-significant trends. However, spring and summer growth rates 
follow increasing temperatures, leading to a growth increase of up to 0.32 %/year.
Main conclusions: This study highlights the plasticity in growth phenology of widely 
distributed shrubs to climate warming: an earlier onset of cambial activity that offsets 
the negative effects of summer droughts in the Mediterranean and, conversely, an 
intensification of growth rates during the short growing seasons in the Arctic. Such 
plastic growth responsiveness allows woody plants to adapt to the local pace of cli-
mate change.
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1  | INTRODUC TION

Woody plants respond to climate change by modifying the tim-
ing and duration of climate-driven biological processes, includ-
ing photosynthesis (Xia et al., 2015; Xu et al., 2016), gas exchange 
and transpiration (Frank et  al.,  2015; Oishi et  al.,  2010), leaf and 
shoot phenology (Menzel et  al.,  2006) and cambial activity (Rossi 
et al., 2016). The plasticity of phenological and growth processes is 
largely species specific and has significant consequences for species 
performance and distribution (Vitasse et  al.,  2010). Plasticity rep-
resents an advantage that can enable widespread species to colo-
nize large areas (Ghalambor et al., 2007; McLean et al., 2014) and to 
reduce the risks of extinction under environmental change (Rehfeldt 
et al., 2001; Valladares et al., 2014). Moreover, understanding both 
temporal and spatial variability in physiological processes is crucial 
in assessing the net global effects of climate–ecosystem feedback 
loops (Peñuelas et al., 2009). For instance, because increasing tem-
peratures cause the intensification of both respiration and cambial 
dynamics, specific terrestrial ecosystems have been reported ei-
ther to increase (Froelich et al., 2015; Richardson et al., 2009) or to 
weaken (Buermann et al., 2013; Hu et al., 2010) their net ecosystem 
productivity. However, the knowledge on species-specific levels of 
spatial variability and temporal trends in growth dynamics is still 
insufficient, despite its importance for distributional patterns and 
long-term adaptability to environmental change.

The understanding of temporal plasticity and spatial variabil-
ity in cambial dynamics or xylogenesis (i.e., the timing and rate of 
cell production during the year) is especially important for treeless 
ecosystems in cold and dry environments, where harsh climatic con-
ditions hinder tree existence (Körner, 2012; Pellizzari et al., 2017). 
Representing distributional margins of woody plants, these shrubby 
ecosystems often exhibit high sensitivity to climate change. Indeed, 
a shrub expansion caused by climate warming or wetter condi-
tions has been reported recently for the Arctic tundra (Myers-
Smith et al., 2011; Payette & Filion, 1985), alpine areas (Hagedorn 
et  al.,  2014; Hallinger et  al.,  2010) and dry regions (Caldeira 
et  al.,  2015). Moreover, shrub ecosystems host some of the most 
widespread woody plant species (Adams, 2008; Mao et al., 2010), 
whose climate–growth responses vary significantly along geograph-
ical gradients (Buchwal et  al.,  2020; Pellizzari et  al.,  2017; Shetti 
et al., 2018a). This suggests the ability of cambial dynamics to cope 
with different local climatic conditions.

The growth conditions of woody plants can be reconstructed 
or forecast from annual rings on temporal scales from seasons to 
millennia (Schweingruber, 1996). By analysing tree-ring variables, 

climatic niches can be described for individual sites, regions 
and even for the whole hemispheres (Babst et  al.,  2013; Cook 
et  al.,  2020; Harvey et  al.,  2020), as has been the effect of cli-
mate change on the redistribution of climatic constraints (Babst 
et  al.,  2019; D’Arrigo et  al.,  2008). However, ring width inte-
grates growth conditions over several growing seasons (Mäkinen 
et  al.,  2002; Peltier et  al.,  2018), which makes it challenging to 
assess processes at sub-annual or seasonal temporal resolution. 
At the same time, there is a lack of sites with > 15 years of data 
on intra-annual cambial dynamics (Cuny et  al.,  2015; Delpierre 
et al., 2019) and, in addition, links between leaf phenology inferred 
from remote sensing data and cambial phenology might be weak 
or decoupled (Seftigen et al., 2018). Consequently, the variability 
of growth dynamics across large spatial scales and multidecadal 
periods can be assessed at present only by indirect methods using 
numerical models. The timing and rate of cell division and differ-
entiation are tightly climate driven (Delpierre et  al.,  2019; Rossi 
et al., 2016; Vaganov et al., 2006); hence, it might be possible to 
estimate the timing of growth phenology based on climatic data. 
Equations calculating parameters of cambial dynamics from the 
course of the past climate might be calibrated with thresholds 
estimated using empirical evidence from xylogenesis monitor-
ing (Prislan et  al.,  2019). Alternatively, ring-width chronologies 
might be decomposed into intra-annual growth segments using 
climate-driven process-based models (Guiot et al., 2014; Vaganov 
et al., 2006). In forward mode, these models can simulate growth 
rates for each temporal segment based on a given set of climatic 
conditions. Previously, climate-driven process-based models were 
used to reconstruct intra-annual growth dynamics for various tree 
species in cold and dry, but also mild environments (Anchukaitis 
et al., 2006; Sánchez-Salguero et al., 2017; Shishov et al., 2016). In 
contrast, they have seldom been used to describe the dynamics of 
shrub growth (but see Sánchez-Salguero & Camarero, 2020).

Here, we assessed the growth dynamics and climate–growth 
interactions of the widely distributed shrub Juniperus communis 
L. at 16 sites across Eurasia and Greenland from 39 to 70° N. The 
individual sites, spread across the Mediterranean, the Arctic, the 
Alps and the Urals, represent three global ecotones at the margins 
of the European distribution of woody perennials (dry, cold arctic 
and alpine tree lines, respectively). The widespread distribution of 
J. communis (Thomas et al., 2007) suggests that this species develops 
site-specific growth patterns. Moreover, the relatively recent expan-
sion of this gymnosperm to the circumboreal area during periods of 
climatic instability (4.6‒0.3  Ma; Mao et  al.  2010) might indicate a 
significant plasticity to climate changes.
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We assembled annual ring-width chronologies of J.  communis 
for each site and used the climate-driven process-based Vaganov–
Shashkin (VS) model of wood formation (Vaganov et  al.,  2006) to 
simulate daily growth rates and cambial kinetics since January 1940. 
Observed annual growth rates served for the calibration/verification 
of the models. We assessed temporal trends in simulated growth 
rates throughout the growing season (to answer the question, “Are 
junipers growing faster?”) and in simulated growing season duration 
(to answer the question, “Are junipers growing for longer?”). We hy-
pothesized that: (1) intra-annual growth dynamics are highly region 
specific; (2) regions with dominant temperature control over shrub 
growth (near Arctic and alpine tree lines) show significant trends 
towards a longer growing season (Körner, 2012; Rossi et al., 2016) 
and faster growth rates (Hallinger et  al.,  2010) resulting from an 
increase in temperature over the study period; however, (3) in the 
Mediterranean, where the spring temperature increase is counter-
balanced by summer drought intensification (Pellizzari et al., 2017; 
Sánchez-Salguero & Camarero, 2020), we expect a significant exten-
sion of the growing season accompanied, nevertheless, by declining 
annual growth rates.

2  | MATERIAL S AND METHODS

2.1 | Study region

We simulated intra-annual growth dynamics of J. communis for 16 
sites located in contrasting biomes across Eurasia and Greenland 
(Figure  1). Juniperus communis is the most widely distributed 
woody plant around the globe. It is an evergreen, long-living shrub 
that inhabits both dry and cold environments across the Northern 
Hemisphere (Adams,  2008; Thomas et  al.,  2007). To character-
ize its growth dynamics limited by low temperature, we assembled 
five sampling sites in the Arctic (Greenland, Norway, Sweden and 
Finland), four sites in the Italian Alps (near oceanic alpine tree line) 
and three sites along the Urals in Russia (near continental alpine tree 
line). Predominantly drought-limited growth can be expected in the 
Mediterranean, where we sampled four mountain sites (three in 
north-eastern Spain and one in southern Italy). The sites are distrib-
uted across broad latitudinal, longitudinal and elevational gradients 
between 39‒70° N, 52° W‒65° E and 20‒2,300 m a.s.l., respectively.

2.2 | Data collection and processing

All wood samples were taken from prostrate juniper shrubs. Specific 
sampling strategies and site conditions differed between sites 
mainly in the number of cross-sections sampled and radii measured 
(Table 1; Supporting Information Table S1). To ensure compatibility of 
datasets among sites, we used cross-dated series of ring widths rep-
resentative of individual shrubs. To do this, we averaged series first 
from radii to cross-sections and, in the next step, from cross-sections 
to individual shrubs. Biological growth trends from ring-width series 

were removed using a flexible spline with 50% frequency cut-off 
at 30  years. This approach retains only high-frequency variability 
and removes most of the mid- and low-frequency trends (Cook & 
Peters,  1981). Finally, mean standard site chronologies were ob-
tained by biweight robust averaging of individual detrended series. 
To ensure representative sample depth for subsequent analyses, 
each chronology was cropped to contain only the period since 1940. 
All steps of the processing of ring-width data were performed in R 
v.3.6.3 (R Core Team, 2020) using the “dplR” package (Bunn, 2008).

Daily mean temperature and precipitation totals were obtained 
for each site from the CRU JRA 1.1 gridded database with 0.5° res-
olution (Harris,  2019). For all sites, there were significant trends 
towards higher temperatures over the last decades (Supporting 
Information Figure S1). The Mediterranean and the Alps have ex-
perienced the greatest increase in temperature during the summer 
(June‒August), whereas the Arctic and the Urals have seen an in-
crease in temperature mainly in winter and spring (January‒May). 
Although some sites in the Arctic have experienced a significant in-
crease in precipitation, the other three regions exhibit mostly non-
significant trends.

2.3 | Reconstruction of daily growth dynamics using 
a process-based model

We used two working blocks of the VS model (Vaganov et al., 2006) 
to simulate daily values of dimensionless growth functions in the 
response to climate (“environmental block”) and daily dimensions, 
growth rates and states of cambial cells (“cambial block”). The model 
inputs include daily resolved temperature and precipitation, with 
site latitude used to estimate the intra-annual trend in daylength. 
Daily soil water content is calculated using balance equations re-
flecting processes of precipitation, interception, drainage, evapo-
transpiration and snow dynamics (Thornthwaite & Mather,  1955). 
Site-indexed chronology represents additional mandatory input that 
might be used for quantifying the model precision and, alternatively, 
iterative tuning of the site-specific parameters (used as a target vari-
able to maximize the coherence between the simulation and the tar-
get; Shishov et al., 2016). For the purpose of this study, we used the 
versions of the VS model implemented in VS-Oscilloscope (Shishov 
et  al.,  2016) and MATLAB code made available by Anchukaitis 
et al. (2020). Before running the analysis, we identified small differ-
ences between both implementations and modified the latter to be 
consistent with the former (mainly related to the definition of the 
growing season cessation and the soil moisture model).

In the first step of the environmental block, the VS model es-
timates partial growth rates (non-dimensional functions of growth 
limitation) in relationship to temperature (GrT) and soil moisture 
(GrM) for each day. The piecewise functions of temperature and 
moisture growth limitation (Figure 2a) are defined by the groups of 
four parameters: threshold daily temperature/soil moisture below 
(T1/M1) or above which (T4/M4) growth cannot be sustained; and 
lower (T2/M2) and upper (T3/M3) margins of temperature/moisture 
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optimum. In addition to climatic partial growth rates, the VS model 
also estimates, for each day, the partial growth rate to photope-
riod (GrE) as the ratio of daylength to the daylength of the summer 
solstice calculated from the site latitude (Figure  2b). Integral daily 
growth rate (GrINT) is calculated as the minimum of partial growth 
rates in relationship to temperature and moisture multiplied by GrE 
(Figure 2c).

Dimensionless daily GrINT represents the final output of the en-
vironmental block and single input into the cambial block, where 
position-specific radial growth rates (Vj) are determined for theo-
retical cambial cells aligned in radial file (Figure 2d). Cambial block 
is activated only during the growing season, with the onset and 
cessation delimited using the heat-sum approach (Rossi et al., 2016) 
as the first/last day when the cumulative temperature (Tbeg) 
during a specific number of preceding days (tbeg) exceeds a spe-
cific threshold. According to Vj and the position inside the cambial 
zone, three possible fates are determined for each cell each day: 
radial growth inside the cambial zone; differentiation (i.e., transition 
from the cambial zone to the differentiation zone); or dormancy. 

Cells forming the cambial zone grow proportionally to Vj until they 
reach a threshold size to enter the mitotic cycle and divide. Finally, 
simulated tree ring-width chronology might be determined as the 
normalized annual sum of GrINT (Tychkov et  al.,  2019; Figure  2e) 
or the normalized number of differentiated tracheids (Anchukaitis 
et  al.,  2020). We used the former approach in the present study, 
owing to similar variance of the simulated chronologies to observed 
site chronologies. However, there was a strong correlation between 
both types of simulated chronologies (mean Pearson's r = .89, R2 = 
.79, d.f. = 71, p < .001).

The VS model has an intermediate complexity in the represen-
tation of processes controlling wood formation (Guiot et al., 2014), 
building on the assumption of multiple nonlinearities in the response 
of cambial activity to temperature, soil moisture and photoperiod 
(Vaganov et al., 2006). As a sink-oriented model, it focuses on the 
cambial activity (Körner,  2015) but ignores the importance of the 
rate of photosynthesis (e.g., CO2 concentration, stomatal regula-
tion), distribution of growth across tree compartments or tree/shrub 
physiological acclimatization. In addition, simulation outputs hold for 

F I G U R E  1   Overview of sampling sites. The colour scale indicates the correlation between the observed and simulated ring-width 
chronology during the specific period. The yellow area in the inset indicates the native range of Juniperus communis (according to Caudullo 
et al., 2017). For site codes, see Table 1
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an idealized site-specific average tree regardless of its dendrometry 
and social status but might not be attributable to individual trees 
or shrubs at sites with complex stand demography. Consequently, 
the correlations between observed and simulated annual ring-
width chronologies for coniferous tree species typically span be-
tween .50 and .70 (Anchukaitis et al., 2006; Evans et al., 2006; Yang 
et al., 2017), hence capturing between .25 and .50 of observed vari-
ability in chronology.

2.4 | Vaganov–Shashkin model calibration

The VS model parameters at specific site might be set to previously 
justified default values (Evans et al., 2006; St. George et al., 2008) or 
iteratively tuned against local site chronologies (Shishov et al., 2016). 
To balance high between-site variability in growth conditions but re-
strict the number of variable parameters, we set all the parameters 
of the cambial block and most parameters of the soil moisture model 

F I G U R E  2   Visual representation of the Vaganov–Shashkin model algorithm. (a) The shape of response functions converting daily 
temperature and soil moisture into dimensionless partial growth responses to temperature/soil moisture. (b) Intra-annual pattern of the ratio 
of daylength to daylength of the summer solstice (example for the site located at latitude 69.75° N). (c) The equation used to calculate the 
integral growth rate and classification scheme of days based on the dominant climatic limiting factor. (d) Determination of position-specific 
cell growth rates and three possible daily “fates” for each cambial cell inside radial file for two theoretical days with different values of 
GrINT. (e) Visual representation of hypothesized changes of the past intra-annual pattern of GrINT attributable to climate change. Triangles 
indicate the onset and cessation of the growing season determined using the cumulative-temperature threshold. The past pattern of GrINT 
is indicated by the black line, and red and blue lines represent hypothesized shifts towards “longer but not faster” and “longer and faster” 
growth, respectively. Abbreviations: d, day; GrE, ratio of daylength to daylength of summer solstice; GrINT, integral daily growth rate; GrT and 
GrM, partial daily growth rates to temperature and soil moisture; j, relative position of the cell inside radial file; M, soil moisture; RW, annual 
ring width; T, temperature; y, year
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to their defaults (Evans et al., 2006; Vaganov et al., 2006). In con-
trast, we iteratively tuned 13 parameters to maximize the correlation 
between observed and simulated chronologies using VS-Oscilloscope 
(Shishov et al., 2016). Tuned parameters included response functions 
parameters (T1–T4 and M1–M4), threshold cumulative temperature 
and period to onset/cease cambial activity (Tbeg and tbeg), rooting 
depth (lr), drainage coefficient (Λ) and initial soil moisture (M0). The 
choice of tuned parameters reflected previous studies showing high 
sensitivity of the simulated chronology to variation of the specific 
parameters (Anchukaitis et al., 2020; Tumajer et al., 2021; Tychkov 
et al., 2019).

We adopted the three-stage approach presented by Büntgen 
et al. (2021) to quantify temporal stationarity of the model parame-
ters. Initially, we performed iterative calibration of tuneable parame-
ters for the period 1940–1980 to maximize the correlation between 
observed and simulated chronologies. Next, the calibrated parame-
ters were used to simulate growth during the 1981–2006/2016 in-
dependent verification period (for the last years of individual sites, 
see Table 1). We assessed the stationarity of the parameters by: (1) 
comparing correlation coefficients between observed and simulated 
chronologies for calibration and verification periods; and (2) using 
a bootstrapped transfer function stability test (Buras et al., 2017). 
The latter approach estimates parameters of a linear regression (in-
tercept, slope and R2) between simulated and observed ring-width 
chronologies for both calibration and verification subperiods and 
quantifies the overlap of their bootstrapped confidence intervals. 
We were not able, inversely, to set the late period for calibration 
and the early period for verification, because the VS model assumes 
mechanistically that dormant cambium at the end of the year de-
termines the initial status of the cambial zone in the following year 
(Anchukaitis et  al.,  2020; Vaganov et  al.,  2006). After quantifying 
temporal stability on the independent verification period, we slightly 
adjusted calibrated parameters to maximize simulation coherence 
with observed chronologies during the entire 1940–2006/2016 
period. This approach both enables the assessment of temporal 
stationarity of parameters and maximizes the robustness of the re-
sponse function over the full period. However, the final calibration is 
not fully independent of the tuning process, and the final simulations 
assume variable levels of consistency with observations (indicated 
by R2). By using the single final set of constant parameters over the 
full period, we assume that there is a strong physiological control de-
termining threshold values of growth response to the environment 
(Rathgeber et al., 2016; Rossi et al., 2008), while acclimatization or 
evolutionary processes resulting in possible shifts of those thresh-
olds are marginal over the considered timespan (Evans et al., 2006; 
Vaganov et al., 2006).

2.5 | Simulated growing season 
phenology and kinetics

We extracted the following data from the VS model outputs: simu-
lated ring-width chronologies; daily values of simulated growth rates 

(GrINT, GrT and GrM); daily numbers of cells transiting from the cam-
bial zone into the differentiation zone; and days of the year (DOY) 
with onset/cessation of cambial activity. To assess trends in climatic 
limitation of growth rates, we calculated slopes of linear trends in 
GrT, GrM and GrINT for each DOY since 1940. Likewise, we quantified 
trends in simulated chronologies and in the duration of the growing 
season (determined as the number of days between onset and ces-
sation of cambial activity). To quantify the cell differentiation rate 
during the year, we calculated the number of cells differentiated per 
day in 15-day moving windows shifted by 1 day. Trends in cell dif-
ferentiation rate since 1940 were assessed for each DOY using linear 
regressions.

To describe between-site similarities in climatic limiting factors, 
we performed hierarchical clustering of sites based on their monthly 
means of GrT and GrM (24 parameters for each site). Monthly means 
were preferred instead of simulated daily values to prevent over-
fitting. The hierarchical clustering delineates nested groups of sites 
and identifies similarity thresholds (Ward average-link method was 
applied here) between individual nests where the theoretical group-
ing changes (Rokach & Maimon, 2005).

2.6 | Vaganov–Shashkin model robustness

Vaganov–Shashkin model simulations represent an estimate of intra-
 and inter-annual juniper growth, because the model reflects only 
climatic variables and their nonlinear effects on cambial dynamics 
(Vaganov et al., 2006). We performed a set of verification exercises 
to quantify the robustness of the simulations. To verify whether 
the simulated tracheid numbers reflect between-site variability in 
mean ring widths, we regressed site mean numbers of cells pro-
duced per year (simulation) against mean raw ring width (observa-
tion). Likewise, we regressed trends in simulated ring widths against 
trends in observed raw chronologies.

In addition to comparing simulated and observed site chronolo-
gies, the VS model output can be compared against xylogenesis data 
to assess the precision of simulated intra-annual growth phenology 
and kinetics (Buttò et al., 2020; Tumajer et al., 2021). We compared 
the simulated intra-annual pattern of tracheid number with xylogen-
esis observations of J. communis at the PEN site located in eastern 
Spain (Figure 1) during 2014. To the best of our knowledge, J. com-
munis xylogenesis monitoring does not exist for any of the other 
study sites. The comparison of the simulations with a single year of 
observations is informative but does not provide a full verification of 
the intra-annual performance of the model. In addition, a single year 
of xylogenesis observations does not permit a validation of inter-
annual variability in the duration of the growing season.

3  | RESULTS

Chronologies simulated by the model calibrated during the full 
period of 1940–2006/2016 were significantly (p < .01) correlated 
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with observed chronologies for all 16 sites (Figures 1 and 3). The 
values of the model parameters are listed for each site in the 
Supporting Information (Table  S2). Correlations (R2) between 
observed and simulated chronologies vary between .32 and .66 
(.10–.44). The greatest model coherence is observed in the case 
of the Mediterranean [mean correlation .54 (.29)], followed by the 
Urals [.49 (.24)] and the Arctic [.44 (.20)]. In contrast, the model 
outputs for the Alps are less skilful [.38 (.15); Table 1]. The mean 
correlations (R2) for simulations based on independent calibration 
(1940–1980) and verification (1980–2006/2016) periods equalled 
.50 (.26) and .42 (.20), respectively (Figure 1; Table 1). Correlations 
were >  .3 for all sites in the calibration period. In contrast, cor-
relations dropped below this threshold for the KOB site in the 
Arctic and all sites in the Alpine region during the verification pe-
riod. Bootstrapped transfer function stability tests indicated tem-
poral stability of all regression components for most of the sites 
(Supporting Information Table S3).

Simulated intra-annual growth patterns differ considerably 
between the regions (Figure  4). Three different types of sites can 
be distinguished based on the simulated dominant climatic limit-
ing factor during the growing season: low temperature (the Arctic, 

the Northern and Polar Urals); drought (the Mediterranean and the 
Southern Urals); or high soil-moisture content (Eastern Alps; Figure 4; 
Supporting Information Figure S2). The growing season lasts on av-
erage 237 days in the Mediterranean region, with only spring and 
autumn (approximately before DOY 150 and after DOY 300) being 
predominantly temperature limited. During the middle of the grow-
ing season, growth rates are restricted by low moisture availability. 
In contrast, the Arctic experiences short growing seasons (109 days 
on average). Cambial activity is limited almost exclusively by low 
temperatures in this region, with only occasional occurrence of days 
with drought or moist limitation or climatically optimal conditions. 
The growth dynamics of J. communis in the Northern and Polar Urals 
are restricted by low temperatures during spring and autumn and 
by soil moisture variation in summer. In contrast, drought limitation 
dominates in the southern Urals. The average duration of the grow-
ing season in the Urals is 116 days and declines with increasing lat-
itude. Finally, the model suggests a growth limitation by the moist 
conditions for sites in the Eastern Alps (mainly SEL and partly CDL) 
and by suboptimal soil moisture in the Western Alps (VEN and RHE). 
The mean simulated duration of the growing season in the Alps is 
151 days.

F I G U R E  3   Comparison between observed (red) and simulated (blue) site-indexed ring-width chronologies. The x-axes indicate years, and 
y-axes show indexed simulated and observed ring widths. The statistics in the top right corner of each panel indicate the Pearson correlation 
coefficient between simulated and observed chronologies (respective R2 of linear model). All correlations are significant (p < .01). For site 
codes, see Table 1
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Simulated integral growth rates (GrINT) and simulated rates of 
tracheid differentiation during sequential independent 15-day win-
dows show coherent intra-annual patterns and trends (Figure  5; 
Supporting Information Figures S3–S5). Both simulated variables ex-
perience positive trends during early summer (before DOY 160) and, 
in part, also during late autumn (after DOY 300) at Mediterranean 
sites, which is driven by increasing temperature (GrT). However, 
growth rates drop during summer because of a decline in soil mois-
ture (GrM). Consequently, none of the sites in the Mediterranean 
exhibits any significant trend in simulated ring width (trends vary 
between −0.06 and 0.10 %/year; mean 0.01 %/year). In the Arctic, 
simulated integral growth rates and the smoothed cambial kinetics 
during summer couple positive trends in GrT. Although those trends 
for individual DOYs mostly lack statistical significance, when cumu-
lated over the entire year they result in simulated ring-width increase 
of 0.01‒0.32 %/year (on average, 0.17 %/year). The trend in annual 
growth rates is statistically significant at the KIR site in the Arctic. 
In the Urals, growth rates generally increase before DOY 180–200, 
being driven by increasing GrT, but they decline afterwards because 
of decreasing GrM owing to drought (SUR) or marginally decreasing 

GrT owing to temperature decline (PUR). Cumulatively, the trend in 
simulated ring width shows a latitudinal gradient from −0.04 %/year 
at the SUR site (southern Urals) to 0.25 %/year at the PUR site (Polar 
Urals). Increases of integral growth rates and simulated cell differen-
tiation rates per 15-day window occur across the entire growing sea-
son in the Eastern Alps (sites SEL and CDL). In contrast, the trends in 
summer GrINT are mostly non-significant in the Western Alps (sites 
VEN and RHE). Trends in simulated ring width span between 0.11 
and 0.52 %/year (on average, 0.32 %/year) in the Alps.

Model simulations suggest statistically significant trends in 
growing season duration for eight of sixteen sites (Supporting 
Information Figure S6). The steepest trends in growing season du-
ration were found for the Mediterranean sites, where the slopes of 
linear regressions reach up to 0.44 days/year (three of four sites with 
p < .01). Likewise, a significant positive trend was simulated for the 
dry Southern Ural (SUR) site of 0.17  days/year. Significant trends 
were also documented for three sites in the Alps (0.19–0.30 days/
year) and the FIN site in the Arctic (0.21 days/year).

The observed progress of tracheid formation is tightly synchro-
nized with simulations during the growing season of 2014 at the 

F I G U R E  4   Outputs of the Vaganov–Shashkin model on a daily scale. Matrices present the integral growth rates (GrINT), indicated by 
the colour scale, for each day (rows) and year (columns). Colours depict the climatic parameter with dominant control over cambial activity 
each day. For site codes, see Table 1. Abbreviations: GrM, partial growth rate to soil moisture; GrT, partial growth rate to temperature; M, soil 
moisture; T, temperature
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PEN site (Supporting Information Figure S7). Site means of raw ring 
widths and simulated cell numbers and slopes of their trends are 
positively but non-significantly correlated in both cases (Supporting 
Information Figure S8).

4  | DISCUSSION

4.1 | Geographical patterns and trends in juniper 
growth phenology

Our simulations of J.  communis wood formation demonstrate pro-
nounced regional differences in growth dynamics and in its respon-
siveness to climate change.

Simulated growth dynamics for Mediterranean sites reflect 
the bimodality of both primary (Montserrat-Martí et  al.,  2011) 
and secondary (Camarero et  al.,  2010) meristem activity typical 
for this region. The growth is characterized by a very early start 
of the growing season, growth maximum during late spring, sup-
pressed growth in summer, a second growth maximum during 

autumn, and winter dormancy. Moreover, the VS model sug-
gests a significant redistribution of seasonal growth rates, most 
probably owing to climate change, leading to shifting bimodality 
and enhancing the amplitude between spring/autumn and sum-
mer growth rates. Most apparently, growth rates decline during 
summer months because of reduced soil moisture. However, the 
temperature-driven increase of spring and autumn growth rates, 
together with the extension of the growing season, counterbal-
ance the negative effect of increasing summer drought stress on 
total growth over the entire growing season. Consequently, sim-
ulated ring widths exhibit rather stable trends since 1940. Our 
results suggest that the earlier start of radial growth in junipers 
compared with coexisting trees in drought-prone Mediterranean 
mountains (García-Cervigón Morales et al., 2012) might be a factor 
determining their better performance under recent climate change 
(Pellizzari et  al.,  2017). With an earlier onset of growth, J.  com-
munis can form a significant part of the annual ring during spring, 
when water availability is not a limiting factor, and rising tempera-
tures affect growth positively. For the same reason, however, the 
growth of Mediterranean shallow-rooting juniper shrubs becomes 

F I G U R E  5   Mean intra-annual patterns and linear trends of (a) simulated dimensionless growth rates, and (b) cumulative differentiated 
cell numbers and mean daily differentiation kinetics during subsequent independent 15-day windows since 1940. One representative 
site is shown for each region; for other sites, see the Supporting Information (Figures S3–S5). Mean intra-annual patterns in growth rates, 
cell numbers and cell differentiation kinetics since 1940 are shown in line charts in the upper parts of both panels, and their linear trends 
per 100 years for each day of year (DOY) are shown as bar charts in the bottom parts of both panels. Colours refer to partial growth rate 
to temperature (red), partial growth rate to soil moisture (blue), partial growth rate to daylength (yellow), integral growth rate (black), 
cumulative number of differentiated cells (green) and daily rate of cell differentiation (orange). Buffers indicate ±SD. Significant trends 
(p < .05) are denoted as filled bars. Percentages annotated in the top right corner of (a) indicate trends in cumulative annual integral growth 
rates per year (*p < .05; n.s. p > .05)
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highly sensitive to winter–spring dry spells (Sánchez-Salguero & 
Camarero, 2020).

The growth of J.  communis in the Arctic is controlled by tem-
perature, with marginal importance of drought or high soil moisture 
limitation restricted to the driest (KIR) and wettest (ABI) sites, re-
spectively. Simulated cambial dynamics suggest a very short grow-
ing season, with a single peak in growth rate synchronized with the 
annual temperature maximum around the summer solstice. The 
mean simulated growing season duration in the Arctic is 109 days, 
which is similar to the global minimum for tree line existence 
(94 days; Körner, 2012). Both the very short length of the growing 
season and the low simulated growth rates explain the dominance of 
shrubs over trees throughout most of the Arctic tundra. Shrubs can 
sustain a growing season of 45 days and require smaller amounts of 
new biomass to persist each year (Körner, 2012). Although the VS 
model suggests trends towards wider rings on average of 0.17 %/
year, surprisingly, the mean trend in simulated growing season du-
ration is only 0.06 days/year in the Arctic. This stands in contrast to 
studies reporting an extension of the growing season through the 
Arctic from both remote sensing and in situ data (Chae et al., 2015; 
Weijers et al., 2013). This can be linked to differences in cambial and 
leaf phenology (Sass-Klaassen et al., 2011) and different spatial ex-
tents of their estimates (site-specific cambial phenology vs. areally 
extensive leaf phenology derived from remote sensing; Seftigen 
et al., 2018). In addition, there are weak trends in June temperature, 
which probably plays a key role in the timing of the onset of cam-
bial activity in the Arctic. Trends for all Arctic sites span between 
0.001 and 0.01 ℃/year, apparently resulting in a weak stimulation 
of earlier growth onset in cold regions (Rossi et al., 2008). Further 
research should verify whether the “Arctic greening” inferred from 
remote sensing data (Myers-Smith et al., 2011) corresponds to a lon-
ger growing season or higher growth rates of tundra shrubs.

The Urals span a wide latitudinal climatic gradient; hence, intra-
annual growth patterns vary significantly between sites, because 
the environmental conditions controlling growth differ (Shetti 
et al., 2018a, 2018b). The southernmost site, SUR, is characterized 
by dominant drought limitation in summer. With increasing latitude, 
the importance of drought control over cambial activity declines. 
This is in line with differences in climatic signal determined using lin-
ear methods; the chronologies for the NUR and PUR sites are posi-
tively correlated with temperature, whereas the response of the SUR 
chronology is non-significant or even negative (Shetti et al., 2018b). 
Moreover, individual sites in the Urals experience the redistribution 
of growth rates during the year because of climate change in differ-
ent ways. As for the Mediterranean region, growth rates at the SUR 
site increase during the early parts of the growing season (DOY 150–
180) and decline in the moisture-limited season (DOY 200–280). In 
addition, significant extension of the growing season was simulated 
at the SUR site. Growth rates at the PUR site also increase during the 
early part of the growing season and decrease after DOY 220. The 
most likely reason for those decreases, contrary to drying at the SUR 
site, resides in slightly decreasing mean August temperature (−0.005 
℃/year; Supporting Information Figure S1) and stable mean summer 

temperatures (Hagedorn et al. 2014) in the northern Urals. Declining 
August temperatures were counterbalanced by increases in spring 
growth, because the model suggests a 0.25 %/year increase in ring 
widths for the PUR site. As a consequence, the tree line in the Urals 
is an exceptional cold-limited environment, because the elevational 
expansion of woody plants (Hagedorn et al., 2014) and increasing an-
nual growth rates (as we show here) seem to occur without a concur-
rent increase of summer temperatures and depend more on winter 
snowfall dynamics and spring temperatures.

In comparison to the Mediterranean, the Urals and the Arctic, the 
VS model showed suboptimal results in the Alps. Although the simu-
lations were highly correlated with observed chronologies over cal-
ibration and full periods, they dropped for independent verification 
subperiods. Sites in the Eastern Alps, but not in the Western Alps, 
experienced a pronounced limitation of summer growth dynamics 
by high soil moisture, which agrees with the observed pattern of 
negative precipitation–growth correlations (Carrer et al., 2019). The 
simulated negative response to high soil moisture might reflect both 
direct effects of soil anoxic conditions on respiration typical for wet 
ecosystems (Pallardy, 2008) and indirect effects of shifting cambial 
phenology by snow dynamics (Carrer et al., 2019), evaporative cool-
ing of surface temperatures (Pellizzari et  al.,  2014) or cloudiness–
temperature interactions. However, suboptimal levels of correlation 
coefficients and temporal non-stationarity of model parameters in-
dicate that some additional processes important for juniper growth 
in the Alps remain neglected in the model. Consequently, although 
the outputs of the models seem realistic in terms of existing knowl-
edge on local xylogenesis (Rossi et al., 2007) and the negative effect 
of winter precipitation on Alpine shrub growth (Carrer et al., 2019), 
they should be treated with caution.

4.2 | Limitations of process-based modelling of 
juniper growth

By using a process-based model of moderate complexity, we were 
able to estimate intra-annual growth dynamics along broad climatic 
gradients from dry, wet to cold environments. The simulated and ob-
served chronologies were correlated significantly at all sites, and the 
mean correlation was .46 (.48 excluding the Alpine sites). Mean cor-
relations obtained during the independent calibration-verification 
exercise were .50 and .42, respectively. Those statistics are com-
parable to the largest study using the default VS model parameters 
on the Northern American tree-ring chronologies preferentially 
sampled in areas with a strong climatic signal for palaeoclimatic re-
constructions (Evans et al., 2006). This indicates that sites included 
in our network represent the contrasting ecological limits of J. com-
munis distribution.

Although the simulated and observed chronologies were signifi-
cantly correlated at all sites, the mean coherence and stationarity 
differed substantially between regions. The correlation coefficients 
were the highest in the Mediterranean and the lowest in the Alps, 
where the model also presented pronounced non-stationarity. The 
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variable model performance in contrasting environments limits its 
applicability in large-scale network studies because it leads to a 
variable level of confidence for the ecological interpretations of the 
simulations in different regions. Indeed, we obtained only limited 
support for the simulated intra-annual growth pattern and its re-
sponse to climate change in the Alps, although the negative interac-
tion between moisture and growth in the Eastern Alps accords well 
with existing knowledge (Carrer et al., 2019; Pellizzari et al., 2014). 
We suggest that the future development of simple climate-driven 
process-based models should focus on identification and implemen-
tation of additional region-specific mechanisms of climate–growth 
interaction to ensure similar skills of the model across contrasting 
environments while, however, keeping the model relatively simple in 
terms of input data requirements.

We are aware that because of the climate-driven algorithms of 
the VS model, simulated intra-annual patterns do not represent the 
entire variability in growth dynamics, but purely its climatic com-
ponent (Kirdyanov et  al.,  2020). In other words, simulated trends 
in growth phenology and kinetics fully mirror the trends in climatic 
data. Disturbance agents might explain specific, unusually high resid-
uals between simulated and observed ring-width chronologies, such 
as extensive defoliator outbreaks and associated greater herbivore 
pressure on non-preferred browsing plants during 2004‒2005 at the 
KOB site in Greenland (Prendin et al. 2020; Wilmking et al. 2018; 
Figure 3). The suboptimal performance of the model at some sites 
might indicate locally high importance of non-climatic processes 
or non-stationary responses of growth to climate. The simulation–
observation coherence might have been reduced by the solar dim-
ming in the Arctic (D’Arrigo et al., 2008) or by dieback events in the 
Mediterranean and associated shifts in stand structure and compo-
sition (Sánchez-Salguero & Camarero, 2020). Moreover, as a purely 
climate-driven model, outputs of the VS model are sensitive to the 
quality of the daily climatic data, which, in the case of CRU JRA 
datasets, might show inhomogeneities before 1958 (Harris,  2019). 
However, when the analysis was recalculated using a simplified 
version of the VS model, working with more robust monthly data 
(Tolwinski-Ward et al., 2011), the overall pattern of results remained 
similar (Supporting Information Table S4).

The comparison of simulated and observed growth dynamics of 
J. communis at PEN site corroborates the evidence about the similar-
ity between simulations and xylogenesis observations recently re-
ported for trees (Buttò et al., 2020; Tumajer et al., 2021). In contrast, 
the simulated tracheid number and growth trends did not signifi-
cantly reproduce means and trends in raw ring widths. This discrep-
ancy can be attributed to the persistence of ontogenetic trends in 
raw chronologies (Fritts, 1976). Moreover, J. communis is known for 
irregular and strip bark growth around (Buras & Wilmking, 2014) and 
along (Shetti et al., 2018b) the stem. Consequently, trends and cli-
matic signal of raw chronologies might be affected by the sampling 
position, orientation of radii and individual features, whereas trends 
in simulated chronologies reflect the overall effect of climatic condi-
tions on the growth of a hypothetical average shrub free of dendro-
metric trends. In addition, J. communis is dioecious; hence, growth 

trends of raw chronologies obtained with a different sex ratio of 
sampled individuals might be affected by reproductive costs (Shetti 
et al., 2018a). Lastly, simulations calibrated against site chronologies 
must be interpreted as mean theoretical growth responses of entire 
shrub populations to the local climate. However, this might not hold 
at the level of individual shrubs if distinct subpopulations with di-
verging trends coexist. Growth divergence might have affected the 
common signal of site chronologies at the KIR and ABI sites, as indi-
cated by the suboptimal mean inter-series correlation of raw series 
(Table 1).

4.3 | Importance of growth plasticity 
for the performance of the species across its 
distribution range

Our results highlight pronounced differences in simulated intra-
annual growth of J. communis across the distributional range of the 
species. We revealed three distinct growth patterns typical for cold, 
dry and moist environments. Junipers are able to modify both their 
growth rates and the duration of the growing season in response 
to local climatic conditions, which has been recognized as an ad-
vantage for species expansion (Ghalambor et  al.,  2007). Indeed, 
J. communis has been able to develop viable metapopulations with 
sufficient fitness in contrasting environments and has become the 
most widespread woody plant across the globe (Adams,  2008). 
Moreover, simulated growth dynamics exhibit significant plastic-
ity in response to climate change independent of the region, which 
increases the potential for expansion of the species and reduces 
the risk of local species extinction during periods of environmen-
tal change (Valladares et al., 2014). Accordingly, the expansion of 
J.  communis to its current circumboreal area probably occurred 
quickly during Pliocene and Quaternary periods of climatic instabil-
ity (Mao et al., 2010).

The extensive growth plasticity of J. communis might be a fac-
tor determining the potential for future expansion in cold regions 
and chances to survive in dry regions under ongoing climate change. 
Increasing summer growth rates in cold regions might be amplified 
by climate warming, further stimulating the elevational and latitudi-
nal expansion of juniper populations (Hallinger et al., 2010; Myers-
Smith et al., 2011). In contrast, the future survival of juniper shrubs 
in dry Mediterranean lowlands depends largely on the site-specific 
plasticity of growing season duration counterbalancing summer 
drought stress (Sánchez-Salguero & Camarero, 2020). Consequently, 
both northern and elevational tree lines together with dry shrub-
lands might be expected to experience further shifts in cambial ki-
netics and phenology of J. communis. Owing to the already largely 
treeless composition of those ecosystems, the response of individ-
ual shrub species has the capacity to determine the overall future 
character of the entire landscape. However, given that intra-annual 
growth plasticity might differ between individual coexisting species, 
its assessment is required for additional species for predicting the 
landscape response to climate change.
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As already stressed above, the climate-driven VS model revealed 
only the considered direct climatic effects on growth dynamics of 
J.  communis. Although shrubs usually share a similar response to 
regional macroclimate, their local response might be modified by 
site-specific conditions (Buchwal et al., 2020). Indeed, the true local 
response of J. communis to future climate change might be shifted 
from our simulations by processes operating at the local scale, in-
cluding indirect climatically triggered events (e.g., pathogen out-
breaks, growth–reproduction trade-offs; Prendin et al., 2020; Shetti 
et  al.,  2018a), pollution (Kirdyanov et  al.,  2020), snow dynamics 
(Bjorkman et al., 2015; Pellizzari et al., 2014) or interactions between 
sympatric species (Sánchez-Salguero & Camarero, 2020). Although 
cambial activity is currently not assumed to be limited by the rate 
of photosynthesis even at the harshest sites (Körner, 2015), growth 
trends of J. communis populations might possibly decouple in the fu-
ture from simulations in the event of significant increases of CO2 
concentrations and the potential of individual populations to adjust 
their rates of photosynthesis. Application of wood formation models 
other than sink-oriented would be required for the assessment of 
the growth response to trends in CO2 concentration and additional 
processes not considered mechanistically by the VS model (Guiot 
et al., 2014).

4.4 | Conclusions

The VS model revealed regional differences in intra-annual patterns 
of J. communis growth dynamics and in the response to ongoing cli-
mate change. Specifically, J.  communis occupies three climatically 
contrasting environments, with the dominance of limitation by cold 
(Arctic and Polar and Northern Urals), drought (Mediterranean and 
Southern Ural) or high soil moisture (Eastern Alps) on the growth dy-
namics during the main part of the growing season. Considering the 
wide distribution of the species, we can report that the adaptive and 
plastic growth dynamics were largely dependent on regional climate 
change. Although simulations suggest that shifting phenology is the 
dominant regional response of junipers to climate change in the dry 
environments (growing longer, but not faster), the trend towards in-
creasing summer growth rates was simulated in cold environments 
(growing faster, but not for longer). Although the VS model proved 
to be an efficient tool to describe the overall effect of macroclimate 
on regional growth of J. communis, the suboptimal performance and 
non-stationarity observed in the Alps highlight that it might fail to 
reflect the processes altering the response to climate change at local 
scales.

Our results provide new insight into the spatial and temporal 
growth variability of the woody plant with the widest global distri-
bution. The high simulated plasticity of growth dynamics might con-
stitute a crucial predisposition that enabled J. communis to colonize 
a large geographical area and to survive under or even benefit from 
environmental instability. The assessment of intra-annual growth 
plasticity for other widespread woody species will extend our un-
derstanding of biogeographical patterns and ecosystem dynamics.
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