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Summary: Arctic-alpine ecosystems are considered hot-spots of  environmental change, with rapidly warming conditions 
causing massive alterations in vegetational structure. These changes and their environmental controls are highly complex 
and variable across spatial and temporal scales. Yet, despite their numerous implications for the global climate system, the 
underlying physiological processes and mechanisms at the individual plant scale are still little explored. Using hourly record-
ings of  shrub stem diameter change provided by dendrometers, paired with on-site environmental conditions, enabled us to 
shed light on these processes. In this way, growth patterns in three widely distributed shrub species were assessed and linked 
to thermal and hygric conditions. We started our analysis with a close examination of  one evergreen species under extreme 
environmental conditions, followed by a comparison of  evergreen and deciduous species, and, finally, a comparative look at 
growth patterns across local micro-habitats. The results revealed distinct growth strategies, closely linked to species-specific 
water-use dynamics and cambial rhythms. Within the heterogenous alpine landscape these conditions were mainly attributed 
to the variation in local micro-habitats, defined by fine-scale topography and consequent variation in snow conditions and 
exposure. Thus, the overall growth success was mainly controlled by complex seasonal dynamics of  soil moisture availability, 
snow conditions, and associated freeze–thaw cycles. It was therefore in many cases decoupled from governing regional cli-
mate signals. At the same time, exceedingly high summer temperatures were limiting shrub growth during the main growing 
season, resulting in more or less pronounced bimodal growth patterns, indicating potential growth limitation with on-going 
summer warming. While shrubs are currently able to maximize their growth success through a high level of  adaptation to local 
micro-site conditions, their continued growth under rapidly changing environmental conditions is uncertain. However, our 
results suggest a high level of  heterogeneity across spatial and temporal scales. Thus, broad-scale vegetational shifts can not be 
explained by a singular driver or uniform response pattern. Instead, fine-scale physiological processes and on-site near-ground 
environmental conditions have to be incorporated into our understanding of  these changes.

Zusammenfassung: Die arktisch-alpinen Ökosysteme sind als Hot Spot des Umweltwandels bekannt. Rapide ansteigende 
Temperaturen haben während den vergangenen Jahrzehnten für massive Veränderungen in der Vegetationsstruktur gesorgt. 
Dennoch sind diese Veränderungen und ihre Treiber räumlich und zeitlich sehr komplex und trotz ihres starken Einflusses 
auf  das globale Klima sind die zu Grunde liegenden physiologischen Prozesse und Mechanismen auf  der Ebene der einzelnen 
Pflanzen noch immer wenig untersucht. Zum ersten Mal wurden hier deshalb in großem Umfang stündliche Dendrometer-
Messungen der Stammdickenveränderungen von Sträuchern, zusammen mit hoch aufgelösten, Standort-spezifischen Umwelt-
daten genutzt, um diese Prozesse genauer zu beleuchten. Auf  diese Weise wurden Wachstumsprozesse dreier Straucharten 
untersucht und mit den standörtlichen thermischen und hygrischen Bedingungen in Verbindung gebracht. Zunächst wurde 
dabei das Wachstum einer immergrünen Art unter extremen Umweltbedingungen betrachtet. Es folgte ein Vergleich zwischen 
immergrünen und laubwerfenden Arten und, abschliessend, eine vergleichende Betrachtung der Wachstumsmuster in unter-
schiedlichen lokalen Mikrohabitaten. Dadurch konnten ausgeprägte Wachstumsstrategien offengelegt werden, die stark mit 
dem Wasserhaushalt und Wachstumsrythmus der einzelnen Arten in Verbindung stehen. In heterogener alpiner Topographie 
sind diese Bedingungen Ausdruck der Variabilität in kleinräumigen Mikrohabitaten, die v.a. durch die Variabilität in Schneever-
teilung und Sonneneinstrahlung bedingt wird. Der Wachstumserfolg insgesamt ist hauptsächlich durch saisonale Dynamiken 
bestimmt, darunter die Verfügbarkeit von Bodenwasser, Schneeverteilung, und damit verbundene Frostwechselzyklen. Über-
geordnete, regionale Klimavariabilität spielt eine geringere Rolle. Gleichzeitig wird das Wachstum im Sommer durch außerge-
wöhnlich hohe Temperaturen stark negativ beeinträchtigt, wodurch eine mehr oder weniger stark ausgeprägt Bimodalität in den 
jährlichen Wachstumsmustern entsteht. Dies deutet auf  eine mögliche Wachstumslimitierung unter Sommererwärmung hin. 
Während Sträucher demnach aktuell in der Lage sind, ihren Wachstumserfolg durch ein hohes Maß an Anpassung an klein-
räumige Bedingungen zu maximieren, ist es fraglich, in wie weit dieses Wachstum unter sich schnell ändernden Bedingungen 
fortgesetzt werden kann. Die Ergebnisse dieser Arbeit deuten darauf  hin, dass diese Prozesse stark räumlich und zeitlich variie-
ren werden. Die beobachteten Vegetationsveränderungen in den arktisch-alpinen Ökosystemen können demnach nicht durch 
einen einzelnen Treiber oder allgemeingültiges Antwortmuster erklärt werden. Stattdessen müssen physiologische Prozesse 
und standort-spezifische kleinräumige Umweltbedingungen in unser Verständnis dieser Veränderungen einbezogen werden.
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1 Introduction

In alpine ecosystems, where low temperatures 
prevent tree growth and woody plants reach their 
upper distribution limit (Körner 2021), changing 
vegetation productivity and composition are a high-
ly sensitive indicator of climate and environmental 
change (lu et al.al. 2022). In the arctic-alpine re-
gions, rapid warming is outpacing the global average, 
turning these high-elevation ecosystems into hot-
spots of change (IPCC 2021, PoSt et al. 2019, AMAP 
2021). Lengthening growing seasons (ePStein et al. 
2021), changing snow-cover conditions (Xu et al. 
2013), and extreme winter warming events (bjerKe 
et al. 2017), are strongly enhancing shrub growth 
and promote shrub encroachment at the uppermost 
distribution limit. Over the past decades this led to 
a wide-spread increase in biomass and coverage of 
dwarf shrubs, as well as profound changes in species 
composition (gottfrieD et al. 2012, Xu et al. 2013, 
MyerS-SMith et al. 2015, gaMM et al. 2018, Zhang et 
al. 2018). This trend has caused large-scale greening 
of huge areas of the circumpolar North, confirmed 
from space with remote sensing methods (Myneni et 
al. 1997, jia et al. 2003, ePStein et al. 2012, berner 
et al. 2020), as well as through extensive ground 
observations (forbeS et al. 2010, elMenDorf et al. 
2012, MaciaS-fauria et al. 2012), and indigenous 
knowledge (cuerrier et al. 2015). Consequently, this 
so-called “Arctic greening,” has been identified as 
one of the clearest examples on the terrestrial impact 
of climate change (forbeS et al. 2010, MyerS-SMith 
et al. 2011, fraSer et al. 2014, carlSon et al. 2016, 
bjorKMan & galloiS 2020, collinS et al. 2021, 
IPCC 2021). Observed and predicted vegetational 
shifts of this scale are of high importance to the car-
bon balance of ecosystems (jooS et al. 2001, MiShra 
& riley 2012, nauta et al. 2014, alDay et al. 2020), 
putting a large carbon pool at risk by promoting car-
bon release from permafrost thawing (Schuur et al. 
2013, Schuur et al. 2015). At the same time, these 
shifts have major impacts on the global water cycle 
(ZwiebacK et al. 2019) and lead, due to changes in 
the surface albedo, to self-amplifying feedbacks re-
garding the global climate system (chae et al. 2015, 
Zhang et al. 2018, bjorKMan & galloiS. 2020). 

However, recent observations revealed the com-
plexity and spatial heterogeneity of the greening 
trend (MaciaS-fauria et al. 2020, MyerS-SMith et al. 
2020). While some areas appear remarkably stable in 
the face of rapidly warming conditions (callaghan 
et al. 2021), others even experience a “browning” of 
vegetation (bhatt et al. 2013, PhoeniX & bjerKe 

2016, lara et al. 2018, MyerS-SMith et al. 2020). 
This reversed trend may be caused by physical dam-
age related to extreme events (boKhorSt et al. 2009), 
as well as reductions in productivity (MyerS-SMith 
et al. 2020). Indeed, when considering the overall 
trends of greening, browning and stability, a most 
recent analysis (1985 to 2016) shows that 37.3% of 
the Arctic has greened, 4.7% has browned, and 58% 
showed no significant change (berner et al. 2020). 
While this spatial heterogeneity was recognized from 
space (Xu et al 2013, berner et al. 2020), underlying 
processes and mechanisms of ecological change on 
the ground are still poorly understood (gaMM et al. 
2017, MaciaS-fauria et al. 2020, MyerS-SMith et al. 
2020). 

Over the past decade, multiple studies explored 
the complex environmental controls on the growth 
of tundra shrubs and associated shrubification (bloK 
et al. 2011, MyerS-SMith et al. 2015, holleSen et al. 
2015, bjorKMan et al. 2018). Using dendroecological 
methods, these studies identified temperatures and 
soil moisture during the main growing season as the 
most important drivers controlling cambial activity 
in shrubs (bloK et al. 2011, holleSen et al. 2015, 
acKerMan et al. 2017, weijerS et al. 2017, francon 
et al. 2020a). At the same time, plant life, and espe-
cially growth processes of low stature shrubs, in arc-
tic and alpine environments are mainly controlled by 
near-surface climatic conditions. Micro-topography 
has a strong influence here, modifying the general 
climate conditions (löffler 2003, bär et al. 2007, 
Körner 2012). Therefore, other effects might play 
an additional role in promoting or impeding shrub 
growth. These include small-scale variations in 
snow protection and snow cover duration caused 
by winter and spring warming, as well as changes 
in precipitation, wind exposure and solar insolation 
(holleSen et al. 2015, weijerS et al. 2018a, francon 
et al. 2020a). Since past studies mostly rely on annual 
measurements of stem or shoot growth, obtained 
from shrub-ring series (MaciaS-fauria et al. 2012, 
le Moullec et al. 2019), extraction of micro-cores, 
or wood anatomical analyses (roSSi et al. 2006, 
weijerS et al. 2010, liang et al. 2012, Francon et al. 
2020a), the actual, fine-scale physiological processes 
and mechanisms behind shrub growth remain large-
ly unknown (acKerMan et al. 2017). To bridge this 
knowledge gap, this study presents a novel method-
ology that aims at the direct exploration of the com-
plex link between environment and stem diameter 
variation, leading to shrub growth or shrinkage and, 
ultimately, biomass gain and greening, or biomass 
loss and decline (Fig. 1). 
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At the heart of this new methodological ap-
proach is the use of fine-scale dendrometers to 
measure xylem phenology and development at a 
high temporal resolution. In trees, dendrometers 
have proven to supply such relevant information 
with high accuracy, leading to important insights 
into processes of wood physiology and xylem for-
mation at daily and hourly time scales (DucheSne 
et al. 2012, roSSi et al. 2016, Zweifel et al. 2021). 
Previously almost exclusively limited to trees, this 
tested technology has the potential to provide simi-
larly valuable insigths into growth processes of low 
stature shrub species. This includes fine-scale re-
sponse mechanisms to a changing environment and 
information on stem water dynamics and carbon 
fluxes with higher quality and resolutions than pre-
viously attainable (StePPe et al. 2015, Zweifel 2016, 
gonZáleZ-roDrígueZ et al. 2017). Therefore, we 
here deployed high-precision dendrometers to 
bridge the gap between classical dendroecology and 
the underlying growth physiology of several widely 
distributed shrub species.

Starting at the intra-species level, we focused 
on one evergreen shrub species (Empetrum nigrum 
ssp. hermaphroditum) first, explaining unique growth 
patterns and adaptation of these patterns under ex-
treme environmental conditions. The application 

of high-precision dendrometers provided a detailed 
understanding of the growth processes of this com-
mon shrub species and its relation to its immedi-
ate environmental surroundings (Dobbert et al. 
2022a). Subsequently, we moved to the inter-species 
level, comparing the highly specialised growth pat-
terns found in E. hermaphroditum to a similarly wide-
spread deciduous species (Betula nana) at the same 
sites, revealing highly contrasting growth strategies 
and environmental controls (Dobbert et al. 2021a). 
Finally, a closer look at the spatial variability of 
these growth strategies within the highly heterog-
enous alpine landscape gave important insights into 
the overall plasticity of the examined shrub species 
and potential range and niche shifts in response 
to future environmental change. (Dobbert et al. 
2021b). With this study we were thus able to tackle 
the following research questions:
• How and to what extent are fine-scale physi-

ological mechanisms of common shrub species 
controlled by the specific site conditions?

• How do these mechanisms and environmental 
controls vary on an inter-species level?

• How and to what extent do individual specimens 
optimize radial growth processes to maximize 
growth success at contrasting sites in arctic-al-
pine environemts? 
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Fig. 1: Stem diameter change can be interpreted as an indicator for shrub growth and consequent shrubification, resulting 
in biomass gain and greening of  the affected areas across tundra ecosystems. Thus, we here explore the important link 
between on-site environmental conditions and stem diameter measurements provided by fine-scale dendrometers. In turn, 
these environmental conditions (including near and below ground temperatures, soil moisture and global radiation), are a 
result of  the regional climate signal as well as the heterogenous alpine environment, leading to uneven snow distribution, 
differences in annual soil freezing and thawing, and exposure to solar radiation. 
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• How is micro-site environmental change poten-
tially affecting fine-scale physiological mecha-
nisms and driving the observed large-scale veg-
etational shifts?

2 Material and Methods

2.1 Focal species

The alpine vegetation of the tundra biome 
from the treeline upwards is generally sparse and 
dominated by shrubs, chionophobous lichens and 
graminoid species (Dahl 1986). Within our study 
areas in Central Norway shrubs are close to reach-
ing their elevational limit. For this study, we se-
lected three of the most common shrub species 
found in these areas, two evergreen (Empetrum 
nigrum ssp. hermaphroditum (Hagerup), crowberry, 
hereafter E. hermaphroditum, and Phyllodoce caeru-
lea (Linnaeus), blue mountain heath, hereafter P. 
caerulea), and one deciduous (Betula nana (Linnaeus), 
dwarf birch, hereafter B. nana) (Fig. 2, Tab. 1). 
Aside from dominating large parts of the alpine 
ecosystems of Central Norway, all three species 
have a near circumpolar distribution (büntgen et 
al. 2015, hultén 1968) and exert considerable ef-
fects on tundra communities (bell & talliS 1973, 
bret-harte et al. 2001, coKer & coKer 1973, 
wahren et al. 2005). Thus, they play a key role for 
the greening and browning trends observed in the 
area (crawforD 2008, MyerS-SMith et al. 2015, 
holleSen et al. 2015). For this reason, in respect 
to their large spatial occurrence, especially B. nana 
and E. hermaphroditum have been excessively stud-
ied in recent years (bret-harte et al. 2001, bienau 
et al. 2014, holleSen et al. 2015, cahoon et al 
2016, li et al. 2016, hein et al. 2020), with E. her-
maphroditum being the first shrub species for which 
dendroecological ring-width series were developed 
(bär et al. 2006, bär et al. 2007).

B. nana and E. hermaphroditum occur across a 
broad range of micro-habitats and are able to toler-
ate comparatively low winter temperatures, vary-
ing snow cover thickness, and harsh winds to a 
certain extent (anDrewS et al. 1980, StuShnoff & 
junttila 1986, de groot et al. 1997, ögren 2001, 
bär et al. 2007). However, both species prefer 
moderate site conditions (DierSSen 1996), and B. 
nana has been shown to react positively to a warm-
ing climate (wahren et al. 2005). P. caerulea, on 
the other hand, usually grows best at habitats with 
prolonged snow cover (more than 100 days annu-

ally) and primarily prefers slopes (coKer & coKer 
1973, KaMeyaMa et al. 2008). B. nana commonly 

Fig. 2: Photos of  the three focal species 
Betula nana, Empetrum nigrum ssp. her-
maphroditum, and Phyllodoce caerulea 
(after LöffLer et al. 2021).

B. nana
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P. caerulea
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surpasses both E. hermaphroditum and P. caerulea 
in height (coKer & coKer 1973, De groot et al. 
1997), and is thus likely to influence growth of its 
competitors by restricting their exposure to solar 
radiation (bret-harte et al. 2001, bär et al. 2007).

2.2 Study areas

The study was conducted in two alpine re-
gions of the Tundra biome in Central Norway, 
representing a steep oceanic-continental gradi-
ent (Fig. 3). The Geiranger/Møre og Romsdal 
region within the inner fjord section of Norway 

(62°030 N, 7°150 10 E), features well-developed 
glacial valleys and deeply incised fjords as a re-
sult of repeated glaciations during the Quaternary 
(holteDahl 1967). The region is characterized by 
an alpineclimate with slightly to markedly oceanic 
climatic conditions. The total annual precipitation 
is 1500 to 2000 mm in the valleys (Aune 1993) 
and the mean annual ambient air temperature is 
1.9 °C (range -23.2 to 17.2 °C) (löffler 2003). To 
the east, the Vågå/Innlandet region (61°530 N, 
9°150 E) is located approximately 150 km from the 
coast, yet already within the continental climatic 
section (Moen & lillethun 1999). In contrast 
to the study region to the west, it is characterized 

Species Sampled 
specimens [n]

Positions Elevation
[m a.s.l.]

Type Distribution

Betula nana 

(Linnaeus)
dwarf  birch

34 ridges/ slopes/
depressions

768 – 1510 deciduous circumpolar 
(büntgen et al. 

2015)

Empetrum nigrum ssp. 

hermaphroditum

(Hagerup)
Crowberry

58 ridges/ slopes/
depressions

768 – 1565 evergreen circumpolar 
(büntgen et al. 

2015)

Phyllodoce caerulea 

(Linnaeus)
blue mountain heath

26 slopes 768 – 1534 evergreen circumpolar 
(hultén 1968)

Tab. 1: Focal shrub species with sampled specimens: the total number of  sampled specimens, positions: the topographical 
positions at which the respective species was sampled, elevation: the elevational range at which the respective species was 
sampled, type: evergreen or deciduous species, distribution: the global distribution of  the respective species.
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by dry, semi-arid conditions, showing the highest 
aridity found in Norway, with a total annual pre-
cipitation of approximately 300 to 500 mm in the 
valleys (Kleiven 1959). Here, the mean annual am-
bient air temperature is -1.2 °C (range -29.2 to 16.7 
°C) (löffler 2003). Both regions are marked by a 
highly complex topography typical for alpine envi-
ronments, where scales of a few tens of metres can 
give rise to high microclimatic variation (Scherrer 
& Körner 2011, graae et al. 2017, Körner 2021) 
Snowdrift is leading to an uneven distribution of 
the snowpack (wunDraM & löffler 2008), influ-
encing the local species composition ( jonaSSon 
1981, oDlanD & MunKejorD 2008) (Fig. 4). 

Consequently, the on-site environmental condi-
tions monitored for this study vary considerably 
throughout the year, depending on topographical 
position. During winter, north- and south-facing 
slopes are usually covered by snow, protecting the 
existing plants till the middle of May and June, re-
spectively. Contrastingly, plants on the wind-blown 
ridges are exposed the entire year (bär et al. 2007), 
while local depressions are snow filled till well into 
the summer months. The study sites were chosen 
to represent this heterogeneity, as well as the steep 
elevational gradient found in both regions: All sites 
are located between the treeline (approximately 
750 m a.s.l. in the west and approximately 1000 m 
a.s.l. in the east) and the highest peak in the region 
(Dalsnibba (1476 m a.s.l.) in the west and Blåhø 
(1618 m a.s.l.) in the east, Fig. 5). At the lower study 
sites (low alpine belt), the vegetation is dominated 
by shrub and heather communities. The upper sites 
(middle alpine belt) are characterised by patchy 
grassy vegetation, with E. hermaphroditum eventu-
ally remaining the exclusive shrub species within a 
matrix consisting of debris and graminoids (Dahl 
1986, bär et al. 2007). Reindeer and other grazing 
animals are not present in the study area.

2.3 Study design and data collection

This study was designed to represent the full 
complexity of arctic-alpine shrub communities from 
the treeline to the highest local peak. Individual 
specimens were monitored along a regional climate 
gradient (oceanic-continental), the alpine elevation 
gradient, and along the micro-topographic gradi-
ent (Fig. 5). The result was a five-year dataset con-
taining continuous, hourly measurements of shrub 
stem diameter variation and on-site environmental 
conditions. These measurements were taken from 
2015/01/01 till 2019/12/31, with some additional 
data from 2014 and 2020. Our dataset enables for nu-
merous opportunities for exploring climate-growth 
relations across scales within these highly relevant 
ecosystems (Fig. 6). Among other statistical meth-
ods, multi-scale modelling of complex patterns of 
stem diameter change from microsite environmental 
conditions enabled us to shed light on the physiologi-
cal mechanisms behind radial stem growth.

2.3.1 Dendrometer measurements

Given the current environmental change and 
uncertain climate prognoses (IPCC 2021), monitor-
ing forest and tree growth dynamics in a changing 
environment has become an important field of re-
search and a strong focus of dendroecological stud-
ies (breitSPrecher & bethel 1990, DucheSne et 
al. 2012, Ježík et al. 2016, van Der Maaten et al. 
2018, SmilJanić & Wilmking 2018, cruZ-garcía et 
al. 2019). First designs for dendrometers to moni-
tor continuous radial stem change in trees were de-
scribed in the 1930s and the 1940s (reineKe 1932, 
DaubenMire 1945). Since then, dendrometers have 
been widely used in tree physiology and forest sci-
ences, mainly to monitor secondary growth respons-
es to environmental fluctuations (breitSPrecher & 
bethel 1990, DucheSne et al. 2012, Ježík et al. 2016, 
van Der Maaten et al. 2018, SmilJanić & Wilmking 
2018). The stem diameter variability measured by 
dendrometers is a result of cambial activity and un-
derlying fine-scale, eco-physiological mechanisms, 
including water-driven turgor pressure changes 
in the xylem (StePPe et al. 2015, Drew & DowneS 
2009, cuny et al. 2015, chan et al. 2016, Zweifel 
2016, PeterS et al. 2021, Körner 2021). These 
processes usually occur at timescales ranging from 
hours to days (DeSlaurierS et al. 2007, Köcher et al. 
2012, liu et al. 2018), which is why the fine temporal 
resolution gained by dendrometers provides valuable 
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additional insights compared to traditional methods. 
Modern dendrometers developed in recent decades 
are able to detect radial stem dimensions at hourly 
or even shorter intervals (Drew & DowneS 2009, 
liu et al. 2018) and are thus an effective technique 
for recording intra-annual tree growth variability. 
Furthermore, because these dendrometers are de-

signed to measure at a micrometer scale, they have 
the potential to be used on shrubs to provide fine-
scale, intra-annual, continuous, and highly compara-
ble information. Consequently, the first study using 
band dendrometers to monitor radial stem growth of 
tree-like shrubs was presented recently (gonZáleZ-
roDrígueZ et al. 2017, löffler et al. 2022). 
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In this study, dendrometer measurements were 
taken using high-precision point dendrometers (type 
DRO; Ecomatik, Dachau/Germany), with a tem-
perature coefficient of <0.2 µm K−1. These dendrom-
eters were carefully mounted on one major above-
ground stem horizontal to the ground surface for 
each specimen, as close to the assumed root collar as 
possible (approximately 1–5 cm above the ground). 
When choosing the individual specimens we avoided 
positions near exposed stones and small depressions 
which are common at most sites within the heter-
ogenous alpine landscape. Additionally, positions in-
side the radius of other larger shrub species, and near 
patches of wind erosion were avoided. This was nec-
essary to ensure accurate measurements representing 
the typical growing conditions found at each site.

With this monitoring design two main prob-
lems arose and were tried to address during the 
installation process of the dendrometers: 1) Given 
the multi-stemmed nature of the monitored spe-
cies, the question arises to what extent the measured 
singular stem represents the whole plant. This is-
sue was already assessed by bär et al. (2006, 2007) 
through serial sectioning of E. hermaphroditum speci-
mens. They came to the conclusion that the major 
stem represents the whole plant at least partly, with 
some amount of variation between the stems of the 
same plant. Here, this variation was accounted for 
by sampling a high number of individual specimens, 
increasing the overall sample pool for further analy-

ses. However, the intra-plant variability of second-
ary growth processes provides a multitude of op-
portunities for future research and might be specifi-
cally addressed through additional wood anatomical 
analyses. 2) Dendrometer measurements on trees 
are influenced by changing bark water content caus-
ing hygroscopic shrinkage and swelling of dead tis-
sues and consequent uncertainties in stem diameter 
measurements (Zweifel & häSler 2000, gall et al. 
2002, ileK et al. 2016). Comparative studies revealed 
a complex interplay of xylem as well as phloem 
growth and pressure-induced size changes, which si-
multaneously affect radial stem change and are thus 
captured by the dendrometers (turcotte et al. 2011, 
Zweifel et al. 2014, oberhuber et al. 2020, KnüSel 
et al. 2021). Following a common practice for point 
dendrometer measurements of trees (e.g., graMS et 
al. 2021, oberhuber et al. 2020, wang et al. 2020), 
the dead outer bark was therefore removed to place 
the sensor as close to the living tissue as possible and 
to eliminate the effects of such processes.

2.3.2 Radial stem changes - Growth or water in-
duced swelling?

Dendrometers produce time series of stem di-
ameter variability with exceptionally high resolution. 
These time series provide important information 
on cambial activity, including cell formation and 
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cell enlargement. Dendrometer measurements thus 
present an alternative to time-consuming traditional 
dendroecological methods (DeSlaurierS et al. 2007, 
Drew & DowneS 2009, Miller et al. 2022). At the 
same time, the raw measurements provided by den-
drometers contain information on stem dynamics 
resulting from water-driven turgor pressure changes 
in the xylem. The radial stem variation measured by 
dendrometers might therefore be higher than the 
actual stem growth in terms of wood production 
(StePPe et al. 2006, Zweifel et al. 2006, StePPe et 
al. 2015, Zweifel et al. 2016). Separating these co-
occurring processes is therefore highly important for 
a mechanistical sound interpretation of radial stem 
variations. In trees, this issue has been addressed in 
recent years and two main approaches have emerged 
(Zweifel & häSler 2000, DeSlaurierS et al. 2007, 
Zweifel et al. 2016):

The use of sigmoid growth models (e.g., 
Gompertz, Weibull) to infer growth rates as well as 
critical dates of stem growth phenology (i.e., timings 
of onset, peak and offset) has proven successful for 
a number of species. It is especially used to explore 
climatic controls of total annual growth and timing 
of the growing phase (roSSi et al. 2003, DucheSne et 
al. 2012, van Der Maaten et al. 2018, liu et al. 2019) 
(Fig. 7). With this approach, the estimates produced 
by the models are considered proxies of seasonal 
stem growth dynamics. The growing season is then 
inferred from the model by defining a threshold, i.e. 
a growth rate larger than 5 µm per day (DucheSne 
et al. 2012), or 5% of the total annual increment (van 
Der Maaten et al. 2018) for growth start, and 95% 
or 97.5% of the total annual increment for growth 

cessation (Zweifel et al. 2016, van Der Maaten et 
al. 2018). However, a comparison of different thresh-
olds is not included in most studies using this ap-
proach (Miller et al. 2022). Furthermore, potential 
water deficits and rehydration of the tree stems are 
often not considered, making this approach mainly 
useful for regions with a longer growing season and 
no pronounced winter shrinkage (van Der Maaten 
et al. 2018, liu et al. 2019). Using sigmoid models 
to identify intra-annual growth dynamic in shrubs 
proved to some extend successful for our focal spe-
cies (Dobbert et al. 2022a). However, it also provid-
ed a challenge since the monitored shrub specimens 
usually showed a higher variability in stem diameter 
and a less pronounced growing phase with addition-
al stem shrinking during winter and spring (Fig. 7). 
Here, a more flexible modelling approach (general-
ized additive models, GAMs) proved more suitable, 
since additional patterns of stem change, including a 
pronounced phase of stem shrinking during winter, 
as well as bimodal growth patterns in some speci-
mens, were captured (Suppl. I: Fig. S1a, S2a, S3a, 
Dobbert et al. 2022b).

An alternative to the modelling approach is the 
so-called zero growth concept, which became in-
creasingly popular in recent years (cuny et al. 2015, 
laMacque et al. 2019, PaPPaS et al. 2020, Zweifel et 
al. 2021). This approach proposed by Zweifel (2016) 
is based on the assumption of zero growth during pe-
riods of stem shrinkage. It thus provides a concept 
of how tree growth responds to water shortages. The 
assumption is based on empirical and theoretical evi-
dence that radial stem growth is suppressed when tree 
stems are shrinking due to the transpiration-induced 
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lowering of the turgor pressure. This means that be-
fore cell expansion and cell division is promoted, a 
turgor threshold of the meristem must be crossed 
(locKhart 1965). Growth is therefore equivalent to 
an increase in stem radius when the measured radius 
is larger than it was at any point in the past. Hence, a 
cumulative maximum curve can be used to describe 
growth processes, resulting in a stepwise increas-
ing growth curve (Zweifel et al. 2016, Zweifel et 
al. 2021, Miller et al. 2022). Here, growth is under-
stood as irreversible stem increment, including the 
formation of new wood cells and neglecting any cell 
maturation processes (cuny et al. 2015, rathgeber 
et al. 2016) (Fig. 7). This approach is especially useful 
for shrub growth in ecosystems of the alpine Tundra, 
where extreme winter conditions and seasonal soil 
freezing and thawing, as well as irregularly distribut-
ed snow cover lead to complex hydraulic fluctuations 
within the stem, leading to periodic stem shrinking 
and swelling (Dobbert et al. 2021a, Dobbert et al. 
2021b).

2.3.3 Environmental measurements

In the field of alpine ecosystem research, the im-
portance of reliable environmental data with high spa-
tial and temporal resolution is undisputed. However, 
given the complex alpine topography (barry 2008, 
PaPe et al. 2009, Körner 2021), and the fact that most 
meteorological stations are located in valleys (Price 
& barry 1997, wunDraM et al. 2010), obtaining such 
data often provides a challenge in alpine settings. It 
has therefore become a common practise to use mac-
roclimatic data, such as free atmospheric air tempera-
ture (e.g., bär et al. 2007, bär et al. 2008, holleSen 
et al. 2015, weijerS et al. 2018b) or general climate 
scenarios derived from global circulation models with 
coarse resolution (SæterSDal & birKS 1997, engler 
et al. 2009). However, within the complex alpine ter-
rain with contrasting elevations, high topographic 
heterogeneity, and consequent microhabitat differ-
entiation (barry 2008, PaPe et al. 2009, wunDraM 
et al. 2010, Körner 2021), incorporating fine-scale 
spatial variability of near-surface conditions is essen-
tial. Especially small-stature shrubs are experiencing 
near-surface conditions which are often decoupled 
from the overall climatic regime (hiltbrunner & 
Körner 2018, löffler & PaPe 2020), rendering mac-
roclimatic, as well as gridded, data problematic. Here, 
temperatures, moisture and radiation were therefore 
measured directly at each individual site, within the 
root- and shoot zone of the monitored specimens.

In general, it is believed that temperatures are the 
driving force behind alpine plant distribution, with 
thermal constrains defining the upper range limit, 
as temperatures are decreasing with increasing ele-
vation (ranDin et al. 2013, Körner & hiltbrunner 
2018, Körner 2021) (Fig. 8). However, evidence of 
advancing alpine shrublines with warming condi-
tions at high elevations is limited (lu et al. 2021, 
wang et al. 2021). At the same time, especially air 
temperature has been identified as the key driver 
of shrub growth (roSSi et al. 2016), linking recent 
warming to the greening trend observed in high lat-
itude regions (MyerS-SMith et al. 2015, elMenDorf 
et al. 2012, holleSen et al. 2015). While seasonal 
xylem formation in shrubs is still poorly understood 
(roSSi et al. 2016), multiple studies agree upon the 
negative effects of low air temperatures during the 
growing season on cambial activity (gričar et al. 
2006, bär et al. 2008, MyerS-SMith et al. 2015). At 
the same time, soil temperatures were found to be 
similarly important for shrub growth, controlling 
microbial activity and composition, as well as nu-
trient and liquid water availability, and soil freezing 
and thawing processes (björK & Molau 2007, bär 
et al. 2008). For this study, soil temperatures (°C) 
were measured at a depth of 15 cm below the ground 
surface (i.e., within the root zone) and air tempera-
tures at 15 cm above the ground surface (i.e., with-
in the shoot zone), at all sites. Temperatures were 
measured at 1 min intervals and recorded as hourly 
means using Onset’s HOBO loggers (type H21-
002) and type S-TMB-M002 temperature sensors 
(±0.2 °C accuracy). For air temperature measure-
ments, the sensors were equipped with passively 
ventilated radiation shields. As expected, air and soil 
temperatures followed a similar regime within the 
studied regions, with temperatures rising in April or 
May and staying high for a comparatively short pe-
riod throughout the summer months before falling 
again in autumn with lowest values during winter 
(Fig. 9, Fig. 10). Within the studied period, the year 
2015 was characterized by a relatively long winter, 
with lasting low temperatures throughout the me-
teorological spring and reoccurring soil freezing. In 
contrast, the years 2019 and 2018 were characterized 
by relatively short, cold winters with an early rise 
in spring temperatures and unusually high summer 
temperatures (Fig. 9, Fig. 10).

In recent years, the spatial and temporal het-
erogeneity of shrub encroachment, often decoupled 
from the overall warming trend (Martin et al. 2017, 
broDie et al. 2019, MyerS-SMith et al. 2020), has 
shifted the focus from thermal conditions during 
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the growing season. Additional environmental fac-
tors controlling growth processes and, consequent-
ly, shrubline dynamics and vegetational shifts are 
now considered as well (MyerS-SMith et al. 2015, 
Martin et al. 2017, bjorKMan et al. 2020, wang 
et al. 2021). Such conditions include seasonal soil 
moisture availability and snow cover dynamics 
(grytneS et al. 2014, acKerMan et al. 2017, wang 
et al. 2021), shaping micro-site conditions within 
the heterogenous alpine regions (löffler 2005). 
To identify the soil moisture constraints caused 
by cold and dry conditions and regular soil freez-
ing directly within in the root zone of the observed 
specimens, the volumetric soil water content (m3/
m3) 15 cm below the soil surface was measured at all 
sites. The uncalibrated soil moisture was measured 
at 1 min intervals and recorded as hourly means us-
ing Onset’s HOBO type S-SMD-M005 soil moisture 
sensors (±3 % accuracy). Similar to the temperature 

regimes, the resulting soil moisture curves followed 
a distinct annual pattern, rising in spring with thaw-
ing soils and sinking in autumn with the winter 
frosts (Fig. 10). Consequently, fine-scale fluctuations 
in soil moisture contained important information 
on freeze-thaw cycles and timing of snowmelt. In 
2015, for instance, soil moisture rose gradually, indi-
cating reoccurring freezing conditions. In contrast, 
the years 2019 and 2018 experienced considerable 
spring cold snaps (as evident by drops in the soil 
moisture regimes), indicating renewed soil freezing. 

Additionally, the exposed ridge positions pro-
vided the opportunity to measure global radiation 
within the shoot zone (W m−2) at 1 cm above the 
ground surface in close proximity to each plant 
using Onset’s HOBO type S-LIB-M003 silicon 
pyranometers (±10 W m−2 accuracy). We made sure 
that those measurements were not affected by the 
canopy.
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2.4 Statistical analysis and modelling of  growth 
processes

All statistical analysis was carried out using the 
R statistical software version 4.1.2 (r core teaM 
2021). For practical reasons concerning the process-
ing speed of the mathematical operations performed 
for the analysis, the hourly measurements were first 
aggregated to daily mean values. Patterns of stem 
diameter change were subsequently modelled from 
the aggregated dendrometer measurements using 
generalized additive models (GAMs, wooD 2006) 
using the mgcv R package (wooD 2011). Compared 
to other approaches commonly used to model 
growth processes, GAMs allow the data to deter-
mine the shape of the response curves and make no 
prior assumption about the functional relationship 
between the variables (yee & Mitchell 1991). They 
are thus especially suited for modelling flexible data 
and non-linear patterns. Stem diameter change was 
modelled with restricted maximum likelihood as 
a smoothing function of seasonality, expressed as 
day of the year. The individual specimens and years 
were included as random effects into the model to 
account for intra-annual and inter-plant variation. 

For inter-annual comparison, total annual 
growth was then calculated for each individual spec-
imen following the zero growth approach described 
in chapter 2.3.2. Mathematically, annual growth can 
be described as the maximum stem diameter meas-
ured during one year minus the maximum stem 
diameter measured during the previous year. This 
approach captures irreversible stem expansion and 
excluding reversible stem shrinking and swelling. In 
turn, these water-related changes in stem diameter 
were defined as tree water deficit, an indicator of the 
individual specimen’s internal water status and po-
tential drought stress (Zweifel et al. 2005) (Fig. 7). 

To relate the on-site environmental conditions 
to overall growth success of the individual plants, 
the relationship was modelled with linear mixed ef-
fects models, using the lmer function from the lme4 
R package (bateS et al. 2015). This widely used 
modelling approach is highly suitable for grouped 
data (aller et al. 2019, bolKer et al. 2009, henn 
et al. 2018, firn et al. 2019) and was chosen to in-
corporate the complex spatial and temporal varia-
tion within the study design. Similarily to the ap-
proach presented in Dobbert et al. (2021b), (log-
transformed) total annual growth entered into the 
analysis as dependent variable, while environmental 
parameters entered as dependent variables. Species, 
season, and topographical position were implement-

ed into the models as nested random effects, control-
ling variation in slope and intercept. 

Linear mixed effects models were used to ex-
plore the variation in the stem diameter change pat-
terns captured by the dendrometers, as well as the 
variability within micro-site environmental condi-
tions. For this purpose, total annual growth, as well 
as mean values of each measured environmental var-
iable (including shoot zone temperature, root zone 
temperature, and root zone soil moisture) were mod-
elled from a set of grouping factors, which entered 
into the models as random effects. These included 
spatial factors (study region, elevation, topographical 
position), as well as temporal factors (Year, Season, 
Day of the year (DOY)). The percentage of variance 
explained by each factor was then derived from the 
models using the VarCorr function (bateS et al. 
2015) in R. To represent the study design within the 
model structure, we nested topographical position 
within the region and elevation factors, and DOY 
within the season and year factors. The final mod-
els included no fixed effects. All environmental data 
were standardized (scaled by means and standard de-
viations) prior to model fitting to make the results 
comparable (grace & bollen 2005).

3 Results and Discussion

Linking the findings of Dobbert et al. (2021a, 
2021b, 2022a) allows for a nuanced, novel perspec-
tive on intra-annual growth dynamics, fine-scale 
physiological mechanisms of stem change, and en-
vironmental controls. The detailed data on stem di-
ameter change provided by the dendrometers forms 
the base of this work. Similar to measurements of 
radial stem change in trees, the recorded processes 
can be interpreted as a result of irreversible stem in-
crement, or growth, associated with cambial activity 
(roSSi et al. 2008, StePPe et al. 2015, Zweifel 2016), 
as well as reversible expansion or shrinking, related 
to changes in turgor pressure and xylem water ten-
sion (lintunen et al. 2016, linDforS et al. 2019) (see 
chapter 2.3.2). Thus, the information recorded by 
the dendrometers can be directly linked to the over-
all physiology and biological mechanism of the indi-
vidual plant (Martin et al. 2017). In turn, this physi-
ology and growth mechanism at each micro-site is 
a result of regional genotypic variation (chevin et 
al. 2010, hoffMann and Sgrò 2011, eiDeSen et al. 
2013) and physiological plasticity within the shrub 
species, a remodelling of the plant’s physiology to 
meet local environmental conditions (callaway et 
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al. 2003, Seebacher et al. 2015). The data present-
ed here therefore contains detailed information on 
adaptive strategies, resilience, and vulnerabilities 
of the three focal shrub species in a rapidly chang-
ing ecosystem (DuPutié et al. 2015, Zweifel 2016, 
Martin et al. 2017). 

Our dataset allows insights into the physiology 
and growth mechanism of E. hermaphroditum at the 
exposed ridge positions. It reveals high intra-species 
variability in radial stem growth but strong synchro-
ny in response patterns to the local environment, 
with unique adaptive strategies reflected in highly 
specialized patterns of stem increment and shrinking 
(Dobbert et al. 2022a). Subsequently, our compara-
tive analysis showed how these strategies and pat-
terns are highly species-specific, potentially altering 
species composition with changing environmental 
conditions (Dobbert et al. 2021a). At the same time, 
the heterogenous alpine topography found in the 
studied regions added to the overall complexity, with 
growth processes strongly related to fine-scale snow-
cover variation and associated freezing and thawing 
(Dobbert et al. 2021b). Coming from a nuanced, 
fine-scale understanding of the individual species’ 
growth processes on an intra-annual scale (with E. 
hermaphroditum being the main focus here), we were 
thus able to infere important general knowledge on 
shrub growth and community structure, and on ob-
served large-scale vegetational shifts.

3.1 Empetrum nigrum ssp. hermaphroditum

As it was the first shrub species for which den-
droecologically meaningful ring width chronologies 
were created (bär et al. 2007), the evergreen shrub 
E. hermaphroditum, has become one of the most ex-
tensively studied species in high-latitude shrub 
communities (bär et al. 2008, bienau et al. 2014, 
angerS-blonDin & bouDreau 2017, hein et al. 
2020). In accordance with previous findings defining 
a wide thermal niche for E. hermaphroditum (löffler 
& PaPe 2020), the species showed the widest range 
across the studied regions (Fig. 5) and was present 
at all topographical positions, from the snow-filled 
depressions to the exposed ridges. Consequently, 
spatial variation in annual growth processes at these 
diverse sites was mainly controlled by topographi-
cally driven variability in soil moisture conditions, 
caused by the heterogenous snow distribution within 
the studied regions. E. hermaphroditum also had the 
highest upper distribution limit, remaining the ex-
clusive shrub species at high elevations, with chang-

ing environmental conditions with elevation show-
ing little effects on growth success (Suppl. I :Fig. 
S1e). Overall, these findings suggest a high plastic-
ity and capacity to adapt to extreme conditions in 
diverse environments (bienau et al. 2014, Dobbert 
et al. 2021b), with little impact of larger-scale, re-
gional climate signals. Accordingly, modelling stem 
diameter change dynamics on an intra-annual scale 
revealed complex patters of stem change, highly 
adapted to the specific conditions at the respective 
micro-topographical positions (Suppl. I: Fig. S1a). 
At the exposed, windblown ridges, for instance, E. 
hermaphroditum showed a distinct and strongly pro-
nounced phase of stem shrinkage during the winter 
months (Suppl. I: Fig. S1a, S1g). This phase can be 
interpreted as a form of active cell dehydration in the 
stem to protect the cells from frost damage (fonti et 
al. 2010, Schott & roth-nebelSicK 2018). It is thus 
a direct physiological adaptation to the temperature 
extremes experienced at these sites, where protec-
tive snow cover is missing during most of the year 
(Fig. 9, Fig. 10) (Dobbert et al. 2021a). Additionally, 
E. hermaphroditum proved not only able to survive 
at these extreme positions but might profit from 
photosynthetic opportunities provided by the high 
global radiation, directly reaching the individual 
plants (Körner 2015, Saccone et al. 2017, Dobbert 
et al. 2021a). This ability allows the species to benefit 
from prolonged snow-free periods during the winter 
months (SPerry 2003, fonti et al. 2010, bowling et 
al. 2018). In order to continue photosynthetic activ-
ity in this way the evergreen species has to sustain 
water transport to the canopy to some extent. It can 
thereby remain energetically effective in synthesiz-
ing carbohydrates despite limited nutrition and soil 
moisture availability (fonti et al. 2010, giMeno et 
al. 2012, wyKa & oleKSyn 2014, löffler & PaPe 
2020, Dobbert et al. 2021a). These processes are re-
flected by the high synchrony between short periods 
of soil thawing in winter and stem diameter fluctua-
tions (Suppl. I: Fig. S1f). Such periods of thawing 
expose the plants to a high risk of frost damage, 
while allowing for resource acquisition early in the 
season (Dobbert et al. 2021a). In accordance with 
past studies, this phase of early season stem expan-
sion in spring proved especially complex, yet crucial 
for the individual specimen’s growth success dur-
ing the following years (fonti et al. 2010, Krab et 
al. 2017, venn & green 2018, weijerS et al. 2018a, 
DeScalS et al. 2020). Especially at the north-facing 
slopes, which were usually protected from extreme 
soil temperatures and soil freezing by an isolating 
snow cover lasting till well into the spring months, 
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E. hermaphroditum proved vulnerable to spring cold-
snaps after an early growth start. In most cases, the 
individual specimens were able to start stem incre-
ment and growth directly after snowmelt, utilizing 
the liquid water in the root zone available after soil 
thawing to replenish stem water and start growth 
processes (bråthen et al. 2018, weijerS et al. 2018a, 
cabon et al. 2020, DeScalS et al. 2020, Zweifel et 
al. 2021). However, an early growth start left these 
specimens vulnerable to low temperatures and soil 
freezing in spring leading to reduced growth and 
stem shrinking during the following years, indicat-
ing cell damage (Dobbert et al. 2021b) (Suppl. I: Fig. 
S1b). Thus, E. hermaphroditum showed the overall least 
growth success at the slopes and thrived in the de-
pressions, where freezing events in spring were usu-
ally absent. Here, the species showed a surprisingly 
bimodal growth curve, with a short phase of growth 
cessation or shrinkage in early summer, which was 
to some extent present at all topographical posi-
tions, implying a clear limitation of summer growth 
( Suppl. I: Fig. S1a, Dobbert et al. 2022b). This limi-
tation was closely linked to exceptionally high sum-
mer temperatures (Suppl. I: Fig. S1h), and can thus 
be interpreted as a reaction to a temperature-induced 
increase in transpiration after depletion of snow-
melt water in spring, interrupting growth processes 
(Sabater et al. 2019, Zweifel et al. 2021). E. hermaph-
roditum is therefore highly sensitive to changing ther-
mal conditions and the rapidly warming summers 
observed across the tundra biome (PoSt et al. 2019, 
AMAP 2021, IPCC 2021). With the cambial rhythm 
strongly controlled by thermal conditions and snow 
cover influencing soil freezing and thawing and as-
sociated soil moisture availability, as well as exposure 
to global radiation and associated photosynthetic op-
portunities, the highly cold-adapted species might 
struggle to adapt to warming summer conditions 
and altering snow distribution. E. hermaphroditum 
will most likely show negative growth responses in 
a warming environment, with prolonged phases of 
summer dormancy. At the same time, the species’ 
high physiological plasticity might similarly allow for 
the development of coping strategies resulting in a 
highly complex, non-uniform response to warming 
conditions across E. hermaphroditum populations.

3.2 Betula nana

Similar to E. hermaphroditum, B. nana has become 
a focus species for exploring climate-growth rela-
tions across the arctic and tundra biome in recent 

decades (bret-harte et al. 2001, holleSen et al. 
2015, cahoon et al. 2016, li et al. 2016, nielSen 
et al. 2017). Most of these studies highlight the de-
ciduous species positive growth response to warm-
ing conditions and lengthening growing seasons, 
making it a key contributor to the observed green-
ing trend (DeSliPPe et al. 2011, holleSen et al. 2015, 
nielSen et al. 2017). Within the regions studied 
here, temperatures proved indeed crucial in promot-
ing secondary growth processes, especially at the 
south-facing slopes (Dobbert et al. 2021b) (Suppl. I: 
Fig. S2d). Here, B. nana was highly adapted to the iso-
lating snow and might benefit from warmer winters 
with pronounced snow cover and early snowmelt, 
providing increased nutrition availability (SturM et 
al. 2005, hageDorn et al. 2014) and high soil mois-
ture content. The early flowering species is then able 
to start budburst and leaf-forming processes early 
in the season (Morgner et al. 2010, hallinger et 
al. 2010, bloK et al. 2015) and can thus profit from 
the predicted lengthening of the growing season 
(Suppl. I: Fig. S2g). At the same time, B. nana at the 
mostly snow free ridge positions showed a high level 
of frost resistance through active stem shrinking 
during the winter months (Dobbert et al. 2021a). 
While E. hermaphroditum profited from generally nar-
row vessels here, which embolize less readily than 
wide ones and can thus be interpreted as an adapta-
tion to extreme conditions (carlquiSt & Zona 1988, 
Gorsuch et al. 2001), B. nana usually has a wider mean 
vessel diameter. However, recent studies suggest that 
B. nana specimens are able to actively adapt vessel 
lumen to environmental conditions, thus altering a 
key anatomical trait in order to increase frost resist-
ance (nielSen et al. 2017). Like E. hermaphroditum, 
the species is thus able to grow at extreme positions 
and occupy a wide thermal niche (löffler & PaPe 
2020). Yet, in contrast to the evergreen species, spa-
tial growth variability of B. nana was to some extent 
influenced by the regional climate signal, with higher 
soil moisture availability promoting shrub growth in 
the eastern study region (Suppl. I: Fig. S2c, S2e). In 
addition, lowering temperatures with increasing el-
evation limited the species’ range at the highest study 
sites (Suppl. I: Fig. S2e). This is in accordance with 
general assumptions made for alpine regions, nam-
ing declining temperatures with elevation and lati-
tude the main constraining factor for plant growth 
in these ecosystems (Körner 2021). Similar to E. 
hermaphroditum, cambial activity in B. nana showed no 
clearly defined thermal thresholds (roSSi et al. 2006, 
graae et al. 2018, Körner 2021, raunKiær 1934). 
Modelling the intra-annual growth pattern of B. nana 
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also revealed a bimodal growth curve, with rapid 
stem expansion in spring, linked to snowmelt and 
soil thawing (Dobbert et al. 2021b), followed by a 
short phase of stem contraction before a main grow-
ing phase in summer (Suppl. I: Fig. S2a, S2f). This 
indicates a clear limitation of summer growth, as 
well as possible difficulties of the species to adapt to 
rapidly warming conditions (francon et al. 2020b, 
Dobbert et al. 2021b). Hence, deciduous species like 
B. nana might profit from lengthening growing sea-
sons, experience an upward range expansion with 
warming conditions, and gain a competitive advan-
tage over evergreen species like E. hermaphroditum at 
exposed positions, where these species currently rely 
on their ability to benefit from cold, snow-free win-
ters by continued photosynthetic activity. Yet, an in-
crease in summer heat waves and associated drought 
might mitigate these effects, potentially altering spe-
cies composition and reversing the greening trend 
(Dobbert et al. 2021a, Dobbert et al. 2021b). 

3.3 Phyllodoce caerulea

In contrast to both E. hermaphroditum and B. 
nana, the dendroecological potential of the ever-
green species P. caerulea has not yet been explored, 
with very little studies focusing on the physiology 
of the species. However, it has been noted that P. 
caerulea is usually able to tolerate very short grow-
ing seasons and prolonged snow cover (coKer & 
coKer 1973, KuDo 1991). Accordingly, the species 
was mostly confined to the north- and south-facing 
slopes within our studied regions. This indicates a 
high adaptation to those positions where snow cover 
provided protection from extreme temperatures un-
til well into spring, when growth processes begun. 
Consequently, the species’ growth success was mostly 
influenced by soil moisture conditions in spring and 
its growth pattern closely linked to seasonal fluctua-
tions in soil moisture availability (Suppl. I: Fig S3d, 
S3e), linked to soil freezing and thawing, as well as 
snow cover and snowmelt. Thus, P. caerulea growth 
was also to some extend influenced by the regional 
climate signal, mostly due to differences in precipita-
tion (Suppl. I: Fig. S3e). The individual specimens are 
most likely not able to adjust their growth patterns 
and physiological processes to extreme environmen-
tal conditions, including the low winter temperatures 
found at the exposed ridges and high soil moisture 
levels within the depressions. This suggests a com-
paratively low plasticity, indicating a low adaptive 
capacity. Thus, P. caerulea will most likely not be able 

to cope with the profound changes in winter snow 
conditions predicted for the region (callaghan et 
al. 2011, bienau et al. 2014, IPCC 2021). With the 
species’ growth mechanism highly adapted to pro-
longed snow cover, an earlier onset of snowmelt 
(callaghan et al. 2011) might leave the specimens 
vulnerable to spring soil freezing, exposing them to 
unexpected frost-stress. This will most likely impede 
P. caerulea’s growth success closely linked to changes 
in snow conditions.

3.4 General conclusions and synthesis

This study provides new insights into the envi-
ronmental controls and physiological mechanisms 
behind secondary growth processes of alpine shrubs. 
These processes, visible in distinct intra-annual pat-
terns of stem diameter change, can be closely linked 
to species-specific water-use dynamics and cambial 
rhythm. Especially soil moisture availability and 
snow conditions at the specific sites proved key driv-
ers of radial stem growth in arctic and alpine regions 
(Dobbert et al. 2022a) Our analysis revealed con-
trasting and inter-annually nuanced response pat-
terns for evergreen and deciduous species (Dobbert 
et al. 2021a). On an intra-species level, the individual 
plant’s fine scale physiolgical growth mechanism was 
highly adjusted to its immediate, near- and below-
ground surroundings and therefore strongly con-
trolled by the variation in local micro-habitats, which 
is mainly defined by fine-scale topography and snow 
distribution within the heterogenous alpine setting 
(roParS et al. 2015, Ropars et al. 2017, young et 
al. 2016, nielSen et al. 2017, Dobbert et al. 2021b). 
How and to what extent the species were able to ad-
just to this variation, including specific coping strat-
egies under extreme conditions, varied between the 
three focal species. While stem diameter change in 
all three species followed clear periodic annual cycles 
of cambial activity and dormancy, closely linked to 
the climatic regime of the tundra biome, the overall 
growth success was controlled by fine-scale micro-
climatic conditions and therefore in many cases 
decoupled from governing regional climate signals 
(PaPe & löffler 2016, PaPe & löffler 2017), re-
sulting in a high level of variation in total annual 
growth between individual sites, specimens and 
years (Dobbert et al. 2021a, Dobbert et al. 2021b, 
Dobbert et al. 2022a). Conversely, the main drivers 
of this variation were to a lesser extent atmospheric 
temperatures and growing season length (roSSi et al. 
2008, roSSi et al. 2016), but rather complex seasonal 
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dynamics of soil moisture availability, snow condi-
tions, and associated freeze–thaw cycles (Dobbert 
et al. 2021b, Dobbert et al. 2022a).

Overall, we can confirm that shrubs, similar to 
trees (gričar et al. 2015) develop distinct, species-
specific strategies of wood formation to function 
optimally in local conditions and maximize growth 
success. However, in a rapidly changing environ-
ment, this adaptation becomes critically challenged. 
Species already occupying a wide range of micro-
habitats are usually able to closely match their growth 
mechanism to a variety of differing environmental 
conditions through physiological adjustment, result-
ing in growth success at most topographical positions 
(crawforD 2008, wiPf 2010, bienau et al. 2014). 
Given their high phenotypic plasticity, these species 
(here E. hermaphroditum and B. nana) have a higher 
ability to adapt and are thus more likely to persist 
locally under rapidly changing conditions (jonaSSon 
1981, turcotte & levine 2016, Pfennigwerth et 
al. 2017, graae et al. 2018). Physiological plastic-
ity can, thus, be directly linked to a species ability 
to cope with change (e.g., PéreZ-raMoS et al. 2019, 
Seebacher et al. 2015). Species with low pheno-
typic plasticity, currently relying on highly specific 
environmental conditions (here P. caerulea), might 
not be able to adjust. While already altering species 
composition, the observed and predicted changes 
in the tundra biome (PoSt 2019, IPCC 2021), might 
therefore potentially reduce species richness in these 
ecosystems by promoting growth in already domi-
nant species with wide ecological niches and high 
adaptive capacity. All three focal species proved 
sensitive to exceedingly high summer temperatures 
(Dobbert et al. 2021a, Dobbert et al. 2022a) with 
summer temperatures clearly limiting cambial ac-
tivity during the main growing season (francon et 
al. 2020b), resulting in a bimodal growth curve and 
potentially negative growth responses with on-going 
summer warming. If the species’ adaptive capacity 
is sufficient to match the rapidly rising temperatures 
predicted for these highly relevant regions therefore 
remains to be explored in future studies. In general, 
the findings presented here confirm that there is a 
strong link between secondary growth of shrubs 
and changing environmental conditions, including 
summer and winter warming, as well as altered snow 
regimes and consequent changes in soil moisture. 
This link, however, is not uniform and highly vari-
able over spatial and temporal scales (elMenDorf 
et al. 2012, MyerS-SMith et al. 2015), which is why 
generalizing assumptions across large parts of the 
arctic and alpine regions might be misleading. Here, 

a detailed perspective on fine-scale physiological 
processes and species-specific response patterns to 
on-site near-ground environmental conditions is key 
for a profound understanding of broad-scale vegeta-
tional changes, including the observed greening and 
browning trends.
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Fig. S2: Betula nana

Fig. S1: Empetrum nigrum ssp. hermaphroditum

Fig. S3: Phyllodoce caerulea
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Fig. S1: Growth patterns and climate-growth relations of E. hermaphroditum. (A) Intra-annual stem diameter change predicted by generalized additive models (GAMs). Transparent, dotted curves show daily means of measured stem diameter change in relation to the start of the year for all individual dendrometers. Coloured lines show modelled stem diameter change from these raw data for the three focal species and topographical positions. Sampling site and year were included as random effects into the model. (B) 
Average daily stem diameter change at each topographical position (dotted lines) and cumulative maxima (solid lines) with spring cold spells marked in blue. Cold spells were defined as frost periods (shoot zone temperatures < 0 °C) after the first temperature rise (shoot zone temperatures > 0 °C) in spring. Depressions were not included here, since they did not experience any cold spells in spring. (C) Total annual stem diameter change at each topographical position. (D) Random effects derived from linear mixed effects 
models for each season and topographical position. Total annual growth entered into the analysis as dependent variable, and environmental parameters entered as dependant variables. Season and topographical position entered as nested random effects. The error bars represent the 95% confidence intervals. (E) Partitioned variance in total annual growth and environmental parameters, explained by variation in spatial and temporal grouping variables from linear mixed effects models with the grouping variables entering 
as random effects. (H) Averaged daily stem diameter change and environmental conditions during the winter 2014/2015 with short phases of soil thawing marked in grey. (G) Minimum tree water deficit during each season, representing the maximum stem shrinkage experienced during this season. The values were obtained by calculating the minimum value from the tree water deficit curves, derived by subtracting the measured daily stem diameter change from the cumulative maximum curves (Zero growth curves). (H) 
Linear regression for total annual growth and the number of days with shoot zone temperatures > 15 °C (GDD15)

Fig. S2: Growth patterns and climate-growth relations of B. nana. (A) Intra-annual stem diameter change predicted by generalized additive models (GAMs). Transparent, dotted curves show daily means of measured stem diameter change in relation to the start of the year for all individual dendrometers. Coloured lines show modelled stem diameter change from these raw data for the three focal species and topographical positions. Sampling site and year were included as random effects into the model. (B) Average daily 
stem diameter change at each topographical position (dotted lines) and cumulative maxima (solid lines) with spring cold spells marked in blue. Cold spells were defined as frost periods (shoot zone temperatures < 0 °C) after the first temperature rise (shoot zone temperatures > 0 °C) in spring. (C) Total annual stem diameter change at each topographical position. (D) Random effects derived from linear mixed effects models for each season and topographical position. Total annual growth entered into the analysis as 
dependent variable, and environmental parameters entered as dependant variables. Season and topographical position entered as nested random effects. The error bars represent the 95% confidence intervals. (E) Partitioned variance in total annual growth and environmental parameters, explained by variation in spatial and temporal grouping variables from linear mixed effects models with the grouping variables entering as random effects. (F) Minimum tree water deficit during each season, representing the maximum 
stem shrinkage experienced during this season. The values were obtained by calculating the minimum value from the tree water deficit curves, derived by subtracting the measured daily stem diameter change from the cumulative maximum curves (Zero growth curves). (G) Linear regression for total annual growth and growing season length.

Fig. S3: Growth patterns and climate-growth relations of P. caerulea. (A) Intra-annual stem diameter change predicted by generalized additive models (GAMs). Transparent, dotted curves show daily means of measured stem diameter change in relation to the start of the year for all individual dendrometers. Coloured lines show modelled stem diameter change from these raw data for the three focal species and topographical positions. Sampling site and year were included as random effects into the model. (B) Average daily 
stem diameter change at each topographical position (dotted lines) and cumulative maxima (solid lines) with spring cold spells marked in blue. Cold spells were defined as frost periods (shoot zone temperatures < 0 °C) after the first temperature rise (shoot zone temperatures > 0 °C) in spring. (C) Total annual stem diameter change at each topographical position. (D) Random effects derived from linear mixed effects models for each season and topographical position. Total annual growth entered into the analysis as 
dependent variable, and environmental parameters entered as dependant variables. Season and topographical position entered as nested random effects. The error bars represent the 95% confidence intervals. (E) Partitioned variance in total annual growth and environmental parameters, explained by variation in spatial and temporal grouping variables from linear mixed effects models with the grouping variables entering as random effects. (F) Minimum tree water deficit during each season, representing the maximum 
stem shrinkage experienced during this season. The values were obtained by calculating the minimum value from the tree water deficit curves, derived by subtracting the measured daily stem diameter change from the cumulative maximum curves (Zero growth curves).
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