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Abstract

Dendrochronology, the science of tree-rings is a tool which has been widely used for many years
for understanding changes in the environment, as trees react to environmental changes over
time. In the contemporary situation, where climate warming in the Arctic is unequivocal and its
effects on the Alpine and tundra ecosystems are seen pronouncedly in the past decade, the role
of dendro-studies and the use of trees and shrubs alike as proxies of change has become critical.
Studies clearly indicate that warming in the Arctic and Alpine tundra has resulted in increased
vegetation in recent years. Shrubs, in these sensitive ecosystems, have proven to be highly
instrumental as they likely benefit from this warming and hence are good indicators and auditees
of this change. Therefore, in this study, we investigate the potential of shrubs in the evolving field

of dendro-ecology/climatology.

Studies from classical dendrochronology used annual rings from trees. Further, because of shrub
sensitivity to contemporary change, shrub-based dendrochronological research has increased at
a notable scale in the last decade and will likely continue. This is because shrubs grow even
beyond the tree line and promise environmental records from areas where tree growth is very
limited or absent. However, a common limitation noted by most shrub studies is the very hard
cross-dating due to asynchronous growth patterns. This limitation poses a major hurdle in shrub-
based dendrochronological studies, as it renders weak detection of common signals in growth

patterns in population stands. This common signal is traced by using a ‘site-chronology’.

In this dissertation, | studied shrub growth through various resolutions, starting from
understanding radial growth within individuals along the length of the stem, to comparison of
radial growth responses among male and female shrubs, to comparing growth responses among
trees and shrubs to investigation of biome-wide functional trait responses to current warming.
Apart from Chapter 4 and Chapter 6, | largely used Juniperus communis sp. for investigations as
it is the most widely distributed woody dioecious species often used in dendro-ecological

investigations in the Northern Hemisphere.

Primarily, we investigated radial growth patterns within shrubs to better understand growth

within individuals by comparing different stem-disks from different stem heights within



individuals. We found significant differences in radial growth from different stem-disks with
respect to stem heights from same individuals. Furthermore, we found that these differences
depending on the choice of the stem-disk affect the resulting site-chronology and hence climate-
sensitivity to a substantial extent and that the choice of a stem-disk is a crucial precursor which

affects climate-growth relationships.

Secondly, we investigated if gender difference — often reported causing differential radial growth
in dioecious trees — is an influential factor for heterogeneous growth. We found that at least in
case of Juniperus communis. L and Juniperus communis ssp nana. WILLD there is no substantial
gender biased difference in radial growth which might affect the site-chronology. We did find
moderate differences between sexes in an overall analysis and attribute this to reproductive

effort in females.

In our study to test the potential of shrubs for reconstruction, we used a test case of Alnus viridis
ssp crispa. We found a strong correlation between ring-width indices and summer temperature.
Initially, the model failed the stability tests when we tested the stability of this relation using a
response function model. However, using wood-anatomical analysis we discovered that this was
because of abnormal cell-wall formation resulting in very thin rings in the year 2004. Pointer year
analysis revealed that the thin rings were caused because of a moth larval outbreak and when

corrected for these rings the model passed all stability tests.

Furthermore, to see if trees and shrubs growing in same biomes react to environmental changes
similarly, a network analysis with sites ranging from the Mediterranean biome to the Ural
Mountains in Russia was carried out. We found that shrubs react better to the current climate
warming and have a decoupled divergent temperature response as compared to coexisting trees.
This outcome reiterated the importance of shrub studies in relation to contemporary climate
change. Even though trees and shrubs are woody forms producing annual rings, they have very

different growth patterns and need different methods for analysis and data treatment.

Finally, in a domain-wide network analysis from plant-community vegetation survey, we
investigated functional relationships between plant traits (leaf area, plant height, leaf nitrogen

content, specific leaf area (SLA), and leaf dry matter content (LDMC)) and abiotic factors viz.



temperature and soil moisture. We found a strong relation between summer temperature and
community height, SLA and LDMC on a spatial scale. Contrarily, the temporal-analysis revealed
SLA and LDMC lagged and did not respond to temperature over the last decade. We realized that
there are complex interactions between intra-specific and inter-specific plant traits which differ
spatially and temporally impacting Arctic ecosystems in terms of carbon turn over, surface
albedo, water balance and heat-energy fluxes. We found that ecosystem functions in the Arctic
are closely linked with plant height and will be indicative of warming in the short term future

becoming key factors in modelling ecosystem projections.
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Chapter 1: General Introduction

Shrub Sensitivity to Climate Change in the Arctic-Alpine Tundra

Climate change and its effects on the Arctic ecosystems is one of the most concerning topics that
has been on the forefront of research in the present times. It is only just, as the Arctic and Alpine
Tundra ecosystems are most markedly affected by it as compared to other eco-regions of the
world (IPCC: Anisimov et al., 2007; Myers-Smith et al., 2015a). Being highly sensitive, the Arctic
and subarctic environments are also studied intensively using different environmental proxies
like patterns in ice-cores (Haflidason et al., 1995), paleo-ecology with peat-cores (Rozema. et al.,
2006) and dendrochronology (Schweingruber, 1988; Sturm et al.,, 2001; Speer, 2010; Myers-
Smith et al., 2011) using annual radial growth in vegetation. Vegetation response to climate is
one of the major indicators of warming which is seen through effects like treeline shifts
(Greenwood and Jump, 2014) and increasing shrub covers above the treelines across the
circumpolar Arctic (Tape et al., 2012).

Classical dendrochronology uses ring-width from trees to reconstruct a variety of environmental
parameters ranging from climatic parameters like temperature (McKay and Kaufman, 2014),
precipitation/drought (Scharnweber et al., 2011) to geo-hydrological processes like changes in
water levels (Scharnweber et al., 2013), landslides (Malik and Wistuba, 2012), sea surface
temperatures (D'Arrigo et al., 1993) and fire occurrences (Holz et al., 2012). However, in the last
decade there has been a noticeable increase in shrub based dendro-ecological and dendro-
climatological studies as 1) shrubs seem to be sensitive to the current warming and likely benefit
from it (Sturm et al., 2001; Blok et al., 2011; EImendorf et al., 2012a; Myers-Smith et al., 2015a)
and 2) can provide information from eco-regions where trees are sparse or completely absent.
In the past decade, shrub based dendro-ecological/climatological studies have shown promising
potential of shrub rings to be good proxies in the reconstruction of past climate records like
temperature (Rayback and Henry, 2006; Liang and Eckstein, 2009; Weijers et al., 2010) and
humidity (Liang et al., 2012). Furthermore, processes like permafrost degradation (Osterkamp,
2007; Blok et al., 2010), glacial melting (Buras et al., 2012; Buras et al., 2017), reduction in
summer albedo, (Juszak et al., 2014), advances in treeline and shrubline, which are very crucial

in understanding the Arctic environment have been brought to light by shrubs based dendro-



ecological/climatological investigations. Therefore, it is only likely that the use of shrubs in

dendro-ecology and dendro-climatology will gain more importance in the coming years.

Differing Dendrochronological Methods from Trees to Shrubs:

In tree-based dendrochronology, it is a standard procedure to take two cores at breast height. A
ring-width series is then developed from cross-dating and averaging measurements from these
cores per individual. A site-chronology developed from all individuals in a population stand is
then developed (Cook and Kairikustis, 1992), which is further used as per the aims of a study for
example: reconstruction models (Lehej¢ek, 2015), testing for climate-growth relationships, or
radial / apical growth response to environmental parameters. These site-chronologies from ring-
width series from trees are checked for growth synchronicity using various statistical parameters
like Gleichlaufigkeit, inter-series correlation and expressed population signal. Individual ring-
width series which show heterogeneous growth patterns, as compared to other members of the
population stand, are commonly omitted from analysis presuming that they might be responding
to other environmental parameters and hence not exhibiting the common signal shown by other
individuals. Therefore to obtain what a population stand might be responding to (common
signal), synchronicity in growth is crucial (Schweingruber, 1988; Cook and Kairikustis, 1992;
Speer, 2010). Many studies using ring-width series from shrubs report highly asynchronous or
heterogeneous growth and subsequent difficult cross-dating (Woodcock and Bradley, 1994; Bar
et al., 2007; Hantemirov et al., 2011; Pellizzari et al., 2014). This is because even though being
woody growth forms, shrubs have a different growth architecture than trees (Kérner, 2012b).
Shrubs growing in harsh conditions often grow gnarled, twisted and have irregular radial and
apical growth. Therefore treating these irregularities is highly imperative and assessing and
developing new methods for shrub-based dendrochronological studies is essential

(Schweingruber and Poschold, 2005; Kérner, 2012a).

Evolving methods in shrub-based dendrochronology and knowledge gaps:

A common procedure used in shrub sampling is to harvest the longest stem of the shrub and to

use to the lowermost stem-disk for analytical purposes. The roots of this procedure go back to



methods described for serial sectioning by Kolishchuk (1990). This logically makes sense as the
lowermost stem-disk has the most number of rings and is the oldest above-ground part of a shrub
individual. However, a study by Wilmking et al. (2012) showed that under extremely stressful
conditions woody plants can reduce cambial activity to a minimum and could cease wood
formation all the way to the bottom of the stem. This could lead to missing outer rings or in some
cases locally missing rings- causing missing rings in lowermost stem disks. Further, Buras and
Wilmking (2014) showed that eccentric growth — which is commonly pronounced at lowermost
stem-disks — could result in low inter-series correlations between radial measurements from
within a stem-disk section. Therefore, minimum of four radial measurements were advised for
best radial growth representation. The latest comprehensive review of methods in shrub
dendrochronology presented by Myers-Smith et al. (2015b) also identifies serial sectioning as a
promising method and recommends the use of root-collars for analytical purposes as
presumably, it has the most number of rings. A recent study by Ropars et al. (2017) showed that
different stem-disks along the length of the stem of a shrub individual can have differing climate
sensitivities. This clearly showed that differentiation in radial growth along the length of the stem
can affect climate-growth relationships and that selection of stem-disk is a crucial aspect. All the
above mentioned literature has contributed to understanding various aspects like causes of
missing rings, need for more number of radial measurements for adequate growth
representation, serial sectioning to understand growth intricately to identify very narrow rings,
leading to the question - ‘how and where to measure shrubs when aiming for climate-growth
relationships ?’

Another important aspect that can potentially affect ring-width formation is resource allocation
which is known to differ in tree species exhibiting sexual dimorphism (Cavigelli et al., 1986;
Gauquelin et al., 2002). Similarly, in shrubs, sexual dimorphism and its associated effects have
been studied with various aspects like flowering times, spatial segregation (Barradas and Otilia,
1999; Boulanger-Lapointe et al., 2016) and differential sex ratios (Ortiz et al., 2002) with respect
to site preferences. However, what do these differences mean to radial growth in shrubs? Could
this be a point to be considered while sampling? These questions were not clearly addressed in

the available literature. Therefore overall, it is evident from the recently evolving methods in
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shrub-based dendrochronology that there are knowledge gaps, especially pertaining to sampling
procedures with respect to 1) stem-disk selection i.e. which stem-disk to choose, 2) sample
selection as in how a gender bias in a chosen sample set can influence ring-width series and 3)

treatment of radial measurements for developing optimal response functions.

Research Questions:

Even though many studies with ring-widths from shrubs show promising results there exists a fair
ambiguity about how to treat heterogeneous growth. This is reported by many studies in terms
of cross-dating difficulties, low inter-series correlations among individuals from a population
stand and low EPS (expressed population signal) values (Woodcock and Bradley, 1994; Bar et al.,
2007; Wilmking et al., 2012; Pellizzari et al., 2014). Consideration of sexual dimorphism and its
effects on site-chronology is barely even addressed in the present state of literature. This thesis
closely looks at the following key questions using case studies of two widely distributed shrub

species viz. Juniperus communis sp. and Alnus viridis ssp crispa.

1) How heterogeneous growth along the length of the stem influences climate-growth
relationships/sensitivity?

2) Do sexual differences impact ring-width formation and should these be considered
while selecting samples?

3) Reconstruction potential of shrubs using a synergetic approach of ring-width
measurement and wood-anatomy.

4) Are there differences in climatic responses between shrubs and trees, and if so, how
should they be interpreted and contextualized in different biomes?

5) How response of shrub functional traits can be used as a proxy to trace contemporary

warming in the Arctic and Alpine Tundra.

This dissertation compositely looks at the mentioned aspects with the aim of bridging the
prevalent knowledge gaps pertaining to methods and applications of shrubs based dendro-
ecological/climatological studies. This investigation aims at critically looking at the potential of

shrubs as proxies to monitor contemporary change in the Arctic and Alpine environments, yet to
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point out the requirement to revise and devise new methods for understanding shrub growth

and its response to the environment.

Sampling Sites and Methods:

The main dataset | worked with is from the Ural Mountains in Russia. | personally collected

samples from the Northern Ural Mountains. To study vegetation dynamics at and above the

treeline, we sampled across an altitudinal and latitudinal gradient across the Ural Mountains in

Figure 1
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Russia. At every site, we sampled at three
elevational levels from the treeline to the shrubline.
We collected Juniperus communis. L samples from
all sites. A detailed summary of sites is available in
the

supplementary material of Chapter 2:

Supplement Table S1. We chose to work with
Juniper species as it one of the most widely
distributed species in the Arctic and Sub-arctic
regions and is extensively used in dendro-ecological
and dendro-climatological studies (Hantemirov et
al., 2011; Adams, 2014; Pellizzari et al., 2014).

Juniper samples from Kirkenes site were collected
formerly by Martin Hallinger which were used in
gender analysis in Chapter 3. The site details are
available in Chapter 3; Figure 1, Table 1. The Juniper
ring-width dataset from Polar Urals and Northern
Urals was also used in a network analysis (Chapter
5) to study the responses of trees and shrubs
through a network of sites starting from the Polar
Urals through the Alps to the Mediterranean

region; a detailed site description of which is



available in Chapter 5; Figure 1, Table 1. In Chapter 4 where we discuss the reconstruction
potential of shrub Alnus viridis ssp crispa, all the sampling was done by Martin Wilmking and
Allan Buras close to Kobbefjord in Greenland, the site details for which are available in Chapter
4; Figure 1, Table 1. Finally in Chapter 6, plant functional trait data was pooled from 117 locations
in the Arctic. This is a circumpolar network analysis of plant functional traits data which included
parameters like crown-area, shrub height, specific leaf area, leaf nitrogen content and leaf dry

matter content. The site details and descriptions are available in Chapter 6; Figure 1.

In the following section | briefly elucidate the research questions and methods for individual
chapters followed by a discussion and synthesis which comprehensively discusses the findings

and limitations of each investigation.

Chapter 2: Climate sensitivity is affected by growth differentiation along the length of

Juniperus communis L. shrub stems in the Ural Mountains (Dendrochronologia

2018).
In this chapter, we studied the effect of asynchronous growth along the length of the stem of
Juniper shrubs from the Ural Mountains and its effects on site-chronologies. While comparing
radial measurements from different stem-disks (from different stem heights) from within a shrub
individual we found significant differences. We inferred that these differences could affect the
site-chronologies which would be subsequently derived from them and hence investigated how
site-chronologies from different stem heights influences climate-growth relationships. This
investigation brought in a novel perspective that the normal procedure of selecting the lower
most stem-disks or single stem-disk for analytical purposes needs to be revised and that different
sections of the stem can show different climate sensitivity. In a previous investigation, Buras and
Wilmking, (2014) have shown that multiple radial measurements are essential for a fair
representation of radial growth when growth is highly eccentric. Our study furthermore brings
to light that even measurements from single stem-disks do not completely capture the

environmental signal that a shrub individual might be responding to.
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Chapter 3: Does sex matter? Gender specificity and its influence on site-chronologies in the

common dioecious shrub Juniperus sp. (Dendrochronologia 2018).

Sexual dimorphism and associated differences in radial and apical growth in trees is a feature
well documented in the literature (Cavigelli et al., 1986; Obeso et al., 1998; Lushuang Gao et al.,
2010). In this study we investigated if sexual differentiation in shrubs affects radial growth - and
if so - how does this impact the resulting site-chronologies which are commonly used for
determining climate-growth relationships to reconstruct past climates. We used Juniperus
communis (Juniperus communis L. with ssp nana WILLD.) as a test case. We did this using a series
of analyses of gender-separated subgroups, which included Cluster Analysis, Principle
Component Gradient Analysis (PCGA), Comparison of Cumulative Annual Increments, Climate-
Sensitivity Analysis and comparison of gender-separated chronologies with site-specific site-
chronologies. Only in an overall comparison of gender-separated chronologies to site-
chronologies did we find a moderately significant difference between male and female shrubs.
We saw that the female chronologies induced more noise to the site-chronology. However, we
could not explain if this is a genotypic attribute of Juniper shrubs or a resultant of heterogeneous

growth due to the strong influence of micro-site conditions impacting the growth architecture.

Chapter 4: Influence of larval outbreaks on the climate reconstruction potential of an Arctic
shrub (Dendrochronologia 2018).

In this investigation, we studied the reconstruction potential of a commonly occurring Arctic
shrub Alnus viridis ssp. crispa in Greenland. Shrubs can be good proxies for reconstructions for
remote high latitude regions. However, as shrub growth can be ununiformed with reasons which
can vary from herbivory to harsh micro-site conditions, there is a very high probability of
obscuration of climate signal - which is a common attribute that is reconstructed. Here we
developed site-chronologies using ring-width data and cell-wall thickness. Climate-sensitivity
analysis revealed strong positive correlations with summer temperature for the entire period
with the exception of the present decade. Initially, the temperature reconstruction failed stability

tests but wood anatomical analysis revealed the presence of unusual cell structures in very
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narrow rings of the year 2004, which corresponded to an insect outbreak at the sampling site.
When corrected for the recovery period, the reconstruction passed all stability tests. This
confirmed that the abnormal cell structure affecting the ring-widths were not a resultant of
climate but were because of a larval outbreak in the region. We inferred that the combined use

of ring-width series and wood anatomy can be a promising method for climate reconstructions.

Chapter 5: Diverging shrub and tree growth from Polar to the Mediterranean biomes across

European continent (Global Change Biology 2017).
Study of climate-growth relationships is one of the central aspects of dendroclimatology. In this
chapter we compare growth responses of shrubs with trees, ranging in a wide range of eco-
regions spanning from the Polar Urals in the Subarctic through the Italian Alps to the Spanish
Iberian systems in the Mediterranean regions. We hypothesized that as shrubs and trees are co-
habitants in most ecological niches they would respond similarly to the contemporary warming.
We assumed that shrubs being dwarf woody forms they might be more coupled to local surface
temperatures and could be less affected by ‘overall-warming’ seen post-1950s as compared to
trees. Contrarily, we found that across all the eco-regions, shrubs and trees show diverging
responses to contemporary warming. We found that Juniper shrubs did better in terms of growth
than trees in Mediterranean region as compared to Polar, and Alpine regions. Overall, we
inferred that even being co-habiting plant lifeforms, climate warming affects shrubs and trees

differently.

Chapter 6: Changes in plant functional traits in changing Tundra biome (in revision - Nature
2018).

In this study we investigated how plant traits are linked with temperature and soil moisture

across the tundra biome. Secondly, we investigated the relative influence of intra-specific trait

variability (ITV) versus community level trait variation. Finally, we tried to analyse if temperature-

trait relationships are explained by among-site differences by species abundance or by species

turnover. We studied relationships between plant traits and soil moisture and temperature.
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Specific plant traits included attributes like plant height, leaf area, specific leaf area (SLA), leaf
nitrogen content (LN), leaf dry matter content (LDMC), community woodiness and
evergreenness. The data for this study was collected from vegetation surveys from 117 sites in
the Arctic and Alpine tundra. We inferred notable spatial connection between summer
temperature and community plant growth, SLA, LDMC and community height. Similarly, we
found that soil moisture substantially influenced SLA and LDMC indicating functional
relationships between water availability and future plant trait change. This study shows how
specific plant traits react to contemporary warming whereas others lag behind suggesting a
complex relationship between plant growth and resource availability. We inferred that study of

these trade-offs could improve projections of ecosystem modelling in the Arctic.
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Chapter 2

Climate sensitivity is affected by growth differentiation along the length of Juniperus communis
L. shrub stems in the Ural Mountains (Dendrochronologia 49 (2018): 29-35)
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ARTICLE INFO ABSTRACT

Arctic and alpine shrubs are valuable for future dendro-ecological and dendro-climatological studies in regions
where trees are sparse or absent. A commonly accepted procedure of sampling shrub stem disks is at the root
collar. However many shrub studies report low inter-series correlations in radial measurements as compared to
trees. Many studies also report cross-dating difficulties with radial measurements from shrubs within a stand and
commonly attribute this to differential growth along the length of the stem. So does one stem disk entirely
represent the environmental parameters the shrub might be reacting to? Does change in sampling location of the
stem disk affect the subsequent ring-width chronologies and climate sensitivity? To tackle these questions, we
investigated Juniperus communis L. — a species wide spread in the circumpolar arctic — across a latitudinal gra-
dient in the Ural Mountains. Based on traditional radial ring-width measurements we assessed growth syn-
chronicity along the length of shrub stems. We also compared ring width chronologies representing different
stem heights with respect to their relationships with temperature and the standardized precipitation evapo-
transpiration index (SPEI). Growth patterns often varied significantly among stems disks of the same shrubs,
resulting in dissimilar climate-growth relationships of stem disk chronologies. For correlations with temperature,
stem disks at 20 cm distance from the root collar captured the best signal. For correlations with SPEI data we
could not find any specific stem disk chronology with highest sensitivity. At least in our dataset, no “perfect
sampling height” with high climate sensitivity exists and our results thus highlight that a single stem disk from a

Keywords:

Common signal
Site-chronology
Heterogeneous growth
Inter-series correlation
Juniperus communis
Dendroecology

shrub may not completely represent the shrub’s growth response to climate parameters.

1. Introduction

Alpine and arctic shrub sensitivity to contemporary climate change
around the circumpolar arctic is well established (Sturm et al., 2001;
Danby and Hik, 2007; Forbes et al., 2010; Hallinger et al., 2010;
Hallinger and Wilmking, 2011; Myers-Smith et al., 2011, 2015a). Due
to this sensitivity, many recent dendrochronological studies use growth-
ring parameters from shrubs for reconstructions of environmental
conditions in Arctic and alpine Tundra (Lehejcek, 2015) ranging from
temperature (Meinardus et al., 2011; Weijers et al., 2013), humidity
(Liang and Eckstein, 2009; Liang et al., 2012), and sea surface tem-
peratures (Beil et al., 2015) to understanding ecological processes like
permafrost degradation (Blok et al., 2010; Blok et al., 2011), glacial
retreat (Buras et al., 2012; Buras et al., 2017) and effects of reducing
summer albedo and treeline advances and greening at high latitudes
(Raynolds et al., 2006; Tape et al., 2006; Ropars and Boudreau, 2012;
Tape et al., 2012; Juszak et al., 2014). This multi-faceted utility of
shrubs makes them pivotal for future studies of climate change and

vegetation dynamics in the arctic tundra.

Albeit the high utility of shrubs, many shrub studies report sub-
stantial difficulties in measuring and cross-dating shrubs (Hantemirov
et al., 2011; Pellizzari et al., 2017), commonly attributed to narrow,
wedging and missing rings (Wilmking et al., 2012). One important
factor hampering cross-dating might be eccentric growth within stem
disks (Buras and Wilmking, 2014), and a recent study by Ropars et al.
(2017) concluded that selection of stem disks while analysing shrubs for
climate sensitivity is crucial and sensitivity from different measure-
ments along the length of the stem can differ significantly. In their study
Ropars et al. (2017) discuss various factors like differential resource
allocation within individuals which might be due to micro-site drivers
which dampen a more general macro-climate signal and exhibit re-
sponses based on more local drivers. Their study inferred that sections
from the root collar demonstrated best climate sensitivity. A prior study
by Sadras and Denison (2009) reported that resource allocation can
vary along different parts of the stem in case it benefits the overall
fitness of the plant. Logically, this poses an important question: Is a
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single shrub stem disk representative enough to be considered for tra-
cing an individual’s sensitivity to environmental parameters?

Until now the common shrub-dendrochronological approach selects
the lower most stem disk (closest to the root collar), because it pre-
sumably has the largest number of rings, and measures multiple radial
measurements (two to four radii per disk) depending on stem archi-
tecture (erect, prostrate, eccentric growth) (Gazol and Camarero, 2012;
Pellizzari et al., 2014; Beil et al., 2015; Myers-Smith et al., 2015b;
Pellizzari et al., 2017). Furthermore the review by Myers-Smith et al.
(2015b) suggests serial sectioning and investigating radial measure-
ments from serial sections from multiple stem disks for best growth
representation. However, in the context of the findings by Buras and
Wilmking (2014) and Ropars et al. (2017), it is imperative to test
whether the commonly used single lowermost stem disks does indeed
capture most of the climate signal or not.

In our study we investigated:

1. How does synchronous/or asynchronous radial growth along the
length of the stem impacts ring-width chronologies.

2. Do ring-width measurements from a single stem disk adequately
capture the climate signal that a shrub individual might be re-
sponding to by using ring-width data from Juniperus communis L.

We chose Juniperus communis L. as it is a one of the most widely
distributed shrub species in the circumpolar arctic with clearly dis-
cernible rings and has been commonly used for many dendro-ecological
studies (Hantemirov et al., 2011; Liang et al., 2012; Pellizzari et al.,
2014; Buras et al., 2017). In accordance with the established sampling
protocol, we hypothesized that the climatic signal in ring-width data is
consistent along the length of the stem.

2. Materials and methods

2.1. Sampling design

Our study was carried out along a latitudinal gradient in the Ural
Mountains. We sampled three sites, from north to south: Polar Urals
(PU), Northern Urals (NU) and Southern Ural Mountains (SU). At all
three locations south facing slopes were sampled for Juniperus communis
L. shrubs at three elevations from treeline to shrubline (Fig. 1, Sup-
plement Table S1). At each elevation, three (20m X 20 m) quadrats
were set up using measuring tapes and all Juniperus communis L. shrubs
within each respective quadrat were destructively harvested for one
stem per individual. GPS locations of each quadrat were recorded, and
the location of each sampled individual was recorded in an x-y co-
ordinate format with respect to the borders of that plot. For each spe-
cimen, we sampled the longest stem, following the recommended
sampling procedure, i.e. serial sectioning (Kolishchuk, 1990; Myers-
Smith et al., 2015b). In total, we collected stems from 191 individual
shrubs.

2.2. Sample treatment and measuring

From each specimen, we considered the lowermost three stem disks
for further analyses, i.e. at 0 cm, 10 cm, and 20 cm distance to the root-
collar. These 573 stem disks were polished on a belt-sander using
sandpapers with increasingly finer grit from P-60 to P-400. This process
ensured complete polishing making single rings visible. The stem disks
were then scanned on an EPSON-V700 high resolution scanner at 4800
dpi and measured for annual ring widths using Coo-Recorder software
(Version 8.1, Cybis AS, Sweden). Every stem disk was measured for four
(Buras and Wilmking, 2014) and in some cases where the growth was
too eccentric for three radii.
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Fig. 1. We sampled 191 individual Juniperus communis L. shrubs at three sites along a
latitudinal gradient in the Ural Mountains.

2.3. Cross-dating

We cross-dated all the ring-width measurements in CDendro
(Version 8.1, Cybis AS, Sweden (Larsson and Larsson, 2013)). First,
radial measurements from within stem disks were cross-dated with each
other to account for wedging rings and missing outer rings. Then they
were averaged to form a stem disk chronology. The resulting stem disk
chronologies were cross-dated among stem disks from the same shrub
using inter-series correlation and Gleichldufigkeit. Basal stem disks of
all shrubs within an elevational level were then cross-dated with each
other. Finally all the individuals (comprising multiple individual stem
disks) within an elevational plot were cross-dated. It was often difficult
to cross-date basal stem disks since shrubs from most of the plots had
very differential growth patterns. The final dating was agreed upon by
visual inspection as stated in Schweingruber, (1988). From the 191
sampled shrubs, we were able to cross-date 99 individuals. However, to
base our correlation analyses on a meaningful period length and lower
the effects of juvenile growth on climate correlations, we further ex-
cluded another 22 individuals being younger than 30 years, thus
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Fig. 2. Comparison of radial ring-width measurements at all elevational plots at each site. At all sites the elevational plots range from the shrubline to treeline marked with abbreviations
(Polar Ural: PU1, PU2, PU3. Northern Ural: NU1, NU2, NU3. Southern Ural: SU1, SU2, SU3). Within stem disk (SD) (white boxplot) correlations of several radii are higher at every site and

plot (often significantly so) than among stem disk (SD) (grey boxplot) correlations.

leaving us with 77 individuals for analyses (Table S2).
2.4. Statistical analysis

Our aims were 1) to evaluate potential growth variability along the
length of the stem and 2) to see whether and - if so — how growth
patterns from different stem heights affect climate signals of stem-
height specific site-chronologies.

To compare growth variability along the length of the stem we
correlated radial measurements from within stem disks (intra stem disk)
and then among stem disks (inter stem disk) from all individuals. At
each plot we tested for significance of difference among the intra stem
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disk and inter stem disk correlation scores using Wilcoxon rank-sum
test. Similarly, to compare synchronicity in radial measurements we
performed Gleichldufigkeit analysis between intra-stem disk and inter-
stem disk radial measurements (Supplement Fig. S1).

2.5. Mean sensitivity analysis

To evaluate the difference in the high frequency amplitude of ring-
width data which is commonly used as a measure for responder’s sen-
sitivity we performed a mean sensitivity analysis of individual stem
height specific chronologies from each singular shrubs. This was done
using “sens2” function from dplR package (Bunn, 2008) in R
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programming language (R Core Team, 2013). The base equation used
for testing mean sensitivity is as per the second equation stated in
Biondi and Queadan (2008).

2.6. Development of chronologies

To determine how radial measurements from different stem heights
responded to climate signals we developed four chronologies for each
plot. We chose three stem disks from every individual viz. the ones at
0cm, 10 cm and 20 cm. We only chose three stem disks for analytical
purposes as in many individuals stem sections above 20 cm were less
than thirty years of age. All individuals from a plot which cross-dated
well and had three lower stem disks above 30 years of age were in-
cluded in the analysis.

Corresponding to the stem height we averaged all radial measure-
ments from respective stem disks from shrub samples in a plot. For each
of the three stem heights, i.e. at 0 cm, 10 cm and 20 cm chronologies
SDO, SD10 and SD20 were generated. We then created a master
chronology (MC) by averaging all stem disk measurements from the
plot. A minimum common overlap time of thirty years was chosen. The
details of the time intervals are available in Supplement Table S2. All
the chronologies were developed using raw ring-width data. We also
tested our analysis using horizontal mean detrended series and found
very similar results to the raw chronologies. This might be because of
the short time interval of thirty years and generally little low frequency
trend in growth patterns.

2.7. Climate correlation analysis

We correlated the three stem disk chronologies (SDO, SD10, SD20)
and master chronology (MC) generated from raw ring-width data from
all the plots with temperature and standardized precipitation evapo-
transpiration index (SPEI). We used the time interval starting from May
of the previous year to September of the current year as these are most
relevant for radial growth. At all Ural sites temperatures post
September are mostly around 0° or subzero. We chose only monthly
temperature and SPEI (standardized precipitation-evapotranspiration
index) data for correlation analysis. We tested correlations with gridded
as well as climate station data (similar results) but here we report
correlations only with monthly temperature station data (Russian
Federation Meteorological Station Data). We used the CRUTEM gridded
data set (KNMI Climate Explorer) for SPEI as we could not compute
SPEI from station data since there were gaps in precipitation records.
All the analysis was done in R (R Core Team, 2013) version 3.2.0 under
dplR package (Bunn, 2008).

3. Results
3.1. Intra stem disk and inter stem disk correlation analysis

Comparing radial measurements from within a stem disk and be-
tween stem disks of a shrub individual we found that generally at all
sites intra stem disk correlations were higher (r-bar ranging: 0.5-0.6)
than inter stem disk correlations (r-bar ranging 0.3-0.5) (Fig. 2). At all
sites except Northern Ural, (Fig. 2 NU1, NU3) the difference between
the intra stem disk and inter stem disk correlation was significant
(p < 0.05). Similarly, within stem disk Gleichldufigkeit was sig-
nificantly higher (p < 0.05) than between stem disk Gleichldufigkeit at
all sites (Supplement Fig. S1).

3.2. Mean sensitivity analysis

We compared mean sensitivity of individual radial measurements
from the three chosen stem disks from individuals in a plot and found
that there was generally no significant difference in them. We found
that across all sites and all stem disks the mean sensitivity ranged from
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0.3 to 0.4 consistently. Only on site SU2 a weak differentiation with low
mean sensitivity (0.29) was seen with the radial measurements, how-
ever the differentiation was statistically insignificant (p > 0.1)
(Supplement Fig. S2).

3.3. Comparing temperature-growth relationships between different stem
heights

Across all three elevations of all sites we found differing responses
of stem disk chronologies from different stem heights with temperature
data. Generally, at all sites the strongest responses to temperatures were
seen for the months of June, July and August (for previous and current
years). This is the growing season and therefore we could expect best
radial growth response for this period. Across all sites, the chronology
with the strongest correlation with temperature data was SD20, fol-
lowed by SD10 and SDO chronologies. Generally, during the growing
season significant positive correlations existed in sixteen cases (site —
month combinations) across all sites for the SD10 chronology, in
eighteen cases for the SD20 and MC chronologies and only in eight
cases for the SDO chronology. Other significant correlations existed but
were not as strong or as frequent as the growing season temperature.
Consistently throughout all sites the master chronology showed mar-
ginally lower correlations with temperature data compared to SDO,
SD10 and SD20 chronologies In all reported cases correlations were
significant with p < 0.05 (Fig. 3).

3.4. Comparison of chronologies from different stem heights with monthly
standardized precipitation evapotranspiration index (SPEI) data

Highly varied responses of different stem disk chronologies existed
across all sites. At the Polar Ural sites, SD20 had the highest number of
significant correlations with SPEI (7 cases), followed by SD10 (6 cases)
and SDO chronologies (5 cases). At the Northern Ural sites, SD10 had
the highest number of significant correlations with SPEI (11 cases),
followed by SD20 (9 cases) and SDO chronologies (4 cases). At the
Southern Ural sites, SDO had the highest number of significant corre-
lations with SPEI (11 cases), followed by SD20 (9 cases) and SD10
chronologies (6 cases).The response of master chronology (MC) to SPEI
data was generally weaker than that of individual stem disk chron-
ologies (Fig. 4). Overall, contrasting to the response to temperature
data, the correlations of individual height chronologies with SPEI was
not consistent and highly variable. In all reported cases correlations
were significant with p < 0.05.—

4. Discussion

One of the major hurdles commonly reported in shrub studies is the
difficult cross-dating, possibly because of missing and wedging rings,
eccentric or asynchronous growth patterns in a population stand
(Hantemirov et al., 2011; Wilmking et al., 2012; Pellizzari et al., 2014).
Heterogeneous growth within (intra stem disks and between different
parts of the stem) and in between individuals in a population stand can
potentially be due to strong influence of microsite conditions like the
nature of substrate, slope inclination, wind direction, snow cover etc.
and intrinsic factors like branching near the root collar, formation of
multiple piths, or partial rotting (Schweingruber and Poschold, 2005;
Sadras and Denison, 2009). Our study is no exception, with only 52% of
successfully cross-dated individuals. This low value might also be spe-
cies specific, as juniper shrubs grow twisted, gnarled and often pros-
trate.

These difficulties are also reflected in the frequently reported low
inter-series correlation and Gleichldufigkeit values for shrubs (e.g.
Buras and Wilmking, 2014; Myers-Smith et al., 2015a,b). Low r-bar and
Gleichldufigkeit values indicate remarkable differences between the
single measurements. Based on the measurement of eight radii per a
stem disk and climate correlation analyses, Buras and Wilmking (2014)
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could show that different stem sectors expressed different climate sig-
nals.

Our results clearly indicated significant reduction in inter-series
correlations for between stem disks when compared to intra stem disk
correlations (Fig. 2, Supplement Fig. S1). This could be attributed to
two factors: i) improper cross-dating or ii) asynchronous heterogeneous
radial growth. To eradicate the cross-dating errors we chose individuals
which had a common overlap of radial growth in time (of 30 years). We
confirmed that all individuals and their three stem disks had the same
overlap period. Therefore, we could minimise the dating errors as radial
measurements were double checked, once for a relative dating of stem
disks from the same individual and then with other individuals from the
same plot. Therefore, we attribute our findings to heterogeneous radial
growth along the length of the stem within individuals. With these
findings the logical subsequent questions are then “where to measure

Polar Ural

PU1

Northern Ural

stem disks for capturing optimal responder climate signals with respect to
radial growth?” and “how does this asynchronous growth affect any climate
signal present in ring-width chronologies?”. We therefore analysed mean
sensitivity (Supplement Fig. S2) to see which stem disk measurements
are relatively more sensitive and consistently across all sites found no
significant differentiation in mean sensitivity confirming that amplitude
of differences in ring-width measurements are not a contributing factor
to asynchronous growth trends.

Then we correlated monthly data of temperature and standardized
precipitation evapotranspiration index (SPEI) with individual stem disk
chronologies from three stem heights and found very heterogeneous
results at most of the sites (Figs. 3 and 4). Varying combinations of stem
disk chronologies or individual stem disk chronologies (example: SDO
and SD10 chronologies, or just SD10 chronology and so on) had sig-
nificant correlations with temperature and SPEI data. In very few cases
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did we see an agreement in correlations of all three stem disk chron-
ologies with SPEI and temperature data, suggesting different parts of a
stem (with respect to varying stem heights) might contain differing
micro-signals. This could mean that asynchronous growth along the
length of the stem likely affects ring-width data and subsequently any
climate signal which might be prevalent. These results are indicative
that, when aiming at the identification of climate signals, investigators
may have to consider analysing different stem parts, as growth in dif-
ferent parts may have differing signal strengths (Sadras and Denison,
2009; Buras and Wilmking, 2014). Partially our results are in agree-
ment with the recent findings by Ropars et al. (2017) who inferred that
root collars and stem sections have a varying sensitivity to climate
signal. Another inference from their study was that root collars (ana-
logous to SDO chronologies in our study) best captured the climate
signal, however in our study we found on most sites (Fig. 3) except sites
PU2, NU1, NU2 and NU3, SD10 and SD20 chronologies were better
correlated to temperature data than SDO chronology. In case of corre-
lation with temperatures at all sites we found that SD20 chronologies in
most cases correlated well with different months in the vegetation
period, but that SD10 showed the highest correlation scores. Hy-
pothetically, stem sections higher than SD20 could also show differing
correlations with climate data (better/worse) but we could not test this
as sections higher than 20 cm did not reach the thirty years threshold.
Therefore, from our findings we might infer that asynchronous growth
along the length of the stem likely influences ring-width series data and
subsequently any signal therein. Whether this is a feature specific to
Juniperus communis L. or a general shrub growth feature remains to be
studied in the future. Another factor influencing our results might be
the strong influence of micro-site conditions as we sampled at and
above the treeline which have extreme weather conditions such as
heavy snow during winter, melt water runoff during summer and all
year around influence of wind (Moiseev et al., 2010; Grigor’ev et al.,
2013).

Marginally lower correlations were seen of master-chronology (MC)
with climate records as compared to stem height specific chronologies.
This could be a result of mean averaging. When measurements from
different stem heights are averaged together it might add noise (mixed
micro-signals) to the resultant chronology as at different stem heights
the signal strength might differ depending on the positioning and ar-
chitecture of different stem parts. Therefore, the resultant chronology
which could have more noise might deteriorate the quality of climate
growth relationships and subsequently could be misleading. Hence
averaging multiple stem heights might not be advisable for creating
chronologies if aiming at establishing climate-growth relationships.
This result is surprising, since chronology building normally is con-
sidered as an effective means to lower the influence of individual noise.

Overall from our study we infer that different stem disks frequently
captured slightly differing climate signals. However, we fail to clearly
determine which stem disk as a standard procedure can be chosen for
sampling shrubs for studying climate growth relationships. However,
for Juniperus communis L. at Ural sites, SD20 chronologies (i.e. stem
disks at 20 cm from root collar) best captured the temperature signal in
most instances and could be considered while investigating climate
growth relationships.

5. Conclusion

From our investigation we found significantly differential radial
growth along the length of the stem of individual shrubs. We saw that
this differential growth did influence climate growth relationships as
we found very heterogeneous results with varying height specific
chronologies correlating to different temperature and SPEI records of
different months.

The main inferences of our study were as follows,

1. Asynchronous growth patterns along the length of the stem
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considerably affect the resulting site-chronologies.

2. Ring-width measurements from just one stem disk might not wholly
capture a shrub individual’s response to climate, as different stem
disks express varying strengths of climate-growth relationships. This
might be because of noise induced by locally dominant intrinsic and
extrinsic growth drivers.

3. Another finding from our study is that climate correlations (tem-
perature and SPEI) do not necessarily improve or deteriorate ac-
cording to stem heights. We found that at some sites stem disk
chronologies from higher up the stem better correlated with tem-
perature and SPEI and the same was true vice versa.

4. Averaging radial measurements over several stem disks per shrub
did not increase but rather decreased the strength of climate signals.

Therefore, for future investigations we recommend considering in-
vestigation of multiple stem disks from individuals and look more
closely at micro signals which might be prevalent and influential in
annual ring formation in shrubs. A next step could be to monitor shrub
growth with micro-site data like soil temperature with respect to
changing soil depth, snow depth and snow cover measurements around
the stem. This might help to improve our understanding of how radial
and apical growth is impacted by micro and macro environmental
drivers.
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Figure S1 Showing comparison of Gleichlaufigkeit of within SD (stem disk) radial ring-width

measurements (white boxplot) to among SD (grey boxplot) radial measurements wherein in

all cases the within-SD Gleichlaufigkeit is significantly higher than among-SD
gleichlaeufigkeit. At all sites the elevational plots range from the shrubline to treeline
marked with abbreviations (Polar Ural: PU1, PU2, PU3. Northern Ural: NU1, NU2, NU3.

Southern Ural: SU1, SU2, SU3)
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Figure S2

Mean sensitivity analysis
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Figure S2 Shows comparison of mean sensitivity of radial measurements from individual
stem disk (SD) chronologies (SD0,SD10 and SD20). At all sites the elevational plots range
from the shrubline to treeline marked with abbreviations (Polar Ural: PU1, PU2, PU3.
Northern Ural: NU1, NU2, NU3. Southern Ural: SU1, SU2, SU3)
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Table S2: Measurement details: Ring-width series descriptive statistics over a 30 years overlap.

No of GLK GLK GLK Years
Site individuals SDO0 SD10 SD20 EPS T within among int.er overlap
SD SD series

PU1 25 28 28 0.73 0.17 0.64 0.52 0.54  1978-2007
PU 2 32 39 38 0.84 035 0.61 0.55 0.61  1978-2007
PU 3 13 32 36 34 0.54 0.17 0.61 0.51 0.52  1978-2007
NU 1 9 36 36 36 0.61 0.15 0.66 0.56 0.58 1982-2011
NU 2 10 29 30 31 0.35 0.04 0.58 0.51 0.51  1978-2007
NU 3 7 28 23 26 0.60 0.16 0.59 0.51 0.51  1978-2007
SU1 7 25 32 40 0.59 0.13 0.61 0.56 0.56  1978-2007
SU 2 6 24 23 24 0.70 0.20 0.74 0.59 0.61 1978-2007
SU 3 9 33 39 35 0.87 0.40 0.56 0.52 0.57 1978-2007

7: Mean inter series correlation. Calculated for SDO chronology (Basal Stem Disks)

EPS: Expressed Population Signal calculated for SDO chronology.

SDO, SD10, SD20: amount of radial measurements which were used in calculating EPS, 7,

Gleichldufigkeit and all other analysis throughout this investigation

Gleichlaufigkeit (GLK) within stem disk: Mean Gleichldufigkeit among radial measurements

within stem disks

Gleichlaufigkeit (GLK) among stem disk: Mean Gleichlaufigkeit among radial measurements

among stem disks within an individual

Gleichlaufigkeit (GLK) inter-series: Mean Gleichlaufigkeit among individual shrubs within a plot.
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Chapter 3

Does sex matter? Gender specificity and its influence on site-chronologies in the common

dioecious shrub Juniperus communis (Dendrochronologia 49 (2018) 118-126)
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ARTICLE INFO ABSTRACT

In recent years an increasing number of studies have shown shrubs to be reliable proxies of environmental
conditions in regions where Trees — due to harsh climate conditions — are absent. Although many shrubs are
monoecious, some are dioecious, which poses certain questions related to gender-specific growth as observed for
trees in previous studies. Here, we address the questions whether dioecious shrubs, similar to trees, show growth
differences between male and female plants, and — if so — whether this difference needs to be considered in
terms of sample selection. We chose Juniperus communis. L., the most widely distributed woody plant, and a
common and well-studied dioecious shrub species in the northern hemisphere, especially in the Boreal, Subarctic
tundra and Alpine regions. Our samples were collected from four sites — three from the Ural Mountains and one
site from Kirkenes in Norway. To see if there were differences in radial growth between sexes we performed four
different analyses. First, we used multivariate explorative statistics to see if there were gender biased sub-po-
pulations and generally found no differences. Secondly, to compare growth over the lifetime of shrubs we
computed cumulative annual increments of basal area which revealed no gender-specific growth patterns.
Thirdly, to test if differences in radial growth between male and female shrubs affect the resulting site-chron-
ology, we compared individual shrub chronologies with the site-chronology and found a significant differ-
entiation between normalized correlations of gender-specific chronologies to the site-chronology. This sig-
nificant difference was restricted to an overall comparison, but not evident at individual site-level. Lastly, we
compared correlations of gender-specific chronologies and a mean site-chronology with monthly climate records
to find only very few meaningful differences in their responses. In summary, we could not detect any clear
gender-specific growth pattern in Juniperus communis but observed a trend towards more non-climatic signals in
female junipers which may affect the resulting site-chronology.

Keywords:

Sexual dimorphism

Basal area increment

Ring-width

Boreal shrub

Principle component gradient analysis

1. Introduction

The last decade has seen a remarkably increased number of arctic
and alpine shrub studies. Many studies suggest shrub growth is highly
sensitive to current climate warming (Sturm et al., 2001; Forbes et al.,
2010; Myers-Smith et al., 2015a). Future warming will probably benefit
shrub growth and reproduction in the circumpolar Arctic with con-
sequences for carbon and nutrient cycling, surface albedo, permafrost
degradation, and species distribution and competition (Cornelissen
et al., 2007; Hudson and Henry, 2009; Myers-Smith et al., 2011;
Elmendorf et al., 2012; Tape et al., 2012; Juszak et al., 2014).

Shrubs form annual growth rings like trees and many recent studies

have shown that these annual rings in shrubs are sensitive to changes in
the environment, especially climate variability, for example Danby and
Hik (2007); Hallinger et al. (2010); Blok et al. (2011); Hallinger and
Wilmking (2011). Consequently, ring-width data from shrubs can be
useful for ecological reconstructions (Lehejcek, 2015) like temperature
(Liang and Eckstein, 2009; Weijers et al., 2010; Meinardus et al., 2011;
Weijers et al., 2012; Weijers et al., 2013), humidity (Liang et al., 2012),
glacier melting (Buras et al., 2012; Buras et al., 2017), permafrost de-
gradation (Blok et al., 2010), sea surface temperatures (Beil et al.,
2015) and fire history in a landscape (Oddi and Ghermandi, 2015).
Therefore, increased use of shrubs in future dendrochronological re-
search is very likely.
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Fig. 1. Map showing sampling locations.

However, some abundant shrub species like willows or junipers
exhibit sexual dimorphism (Verdu et al., 2004; Sakai et al., 2006). Tree-
based studies have shown gender-specific growth patterns in species
exhibiting sexual dimorphism (Rozas et al., 2009). These differences are
commonly associated with reproductive effort in female plants
(Boulanger-Lapointe et al., 2016) which causes higher resource in-
vestment into reproductive organs and therefore lower resource avail-
ability for radial or apical growth (Lloyd and Webb, 1977; Meagher and
Antonovics, 1982; Banuelos and Obeso, 2004). Other sex specific dif-
ferences such as difference in time of maturity for production of flowers
(Godley, 1976), spatial segregation (Freeman et al., 1976; Marion and
Houle, 1996; Barradas and Otilia, 1999), rate of mortality and re-
sistance to diseases and pests (Ward, 2007), age dependent sensitivity
to climate (Rozas et al., 2009), and difference in sex ratios between
population stands to ecologically differing micro-sites (Freeman et al.,
1976; Gauquelin et al., 2002) have also been reported. Prior studies
with Salix arctica have shown that males and females have notable
differences in water uptake and stomatal conductance leading to dif-
ferences in water use efficiency (Dawson and Bliss, 1989). These dif-
ferences resulted in an overall difference in apical growth and plant
biomass, which is hypothesized to cause a sex bias in ecological niche
selection (Dawson and Bliss, 1989; Boulanger-Lapointe et al., 2016).

However, there is still a knowledge gap on what do these differences

Table 1
Sampling Location.
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mean for radial growth, which is often a key factor considered in
dendrochronological studies. Therefore to investigate if sex-biased dif-
ferences impact radial growth and the resulting site-chronologies —
commonly used for environmental and climate reconstructions — we
hypothesized that radial growth patterns between male and female
shrubs differ.

To test our hypothesis, we investigated the radial growth in
Juniperus communis L. (with subspecies nana WILLD) across a network
of sites at the transition from boreal to alpine and subarctic environ-
ments with a special focus on whether gender-specific growth rates and
responses exist, and — if so — how these may bias the overall site-
chronology.

Many studies using dioecious tree or shrub species did not consider
sex-specific differences (Zalatan and Gajewski, 2006; Liang and
Eckstein, 2009; Hantemirov et al., 2011; Gazol and Camarero, 2012;
Liang et al., 2012; Pellizzari et al., 2014). Especially in light of the
growing amount of shrub studies it becomes imperative to understand if
gender-specific differences are substantial and if they influence radial
growth and should be considered during sampling and analysis.

2. Materials and methods

For our study, we collected Juniperus communis L. (including ssp
nana WILLD) samples from four sites across the Eurasian Arctic and
Subarctic: Three sites along the Ural Mountains, Russia, and one site in
northern Norway at Kirkenes (Fig. 1, Table 1).

2.1. Sampling design

At the Russian sites, the samples were collected along an elevational
gradient starting from the treeline to the shrubline, in Norway samples
were collected at or beyond treeline. For every individual, we harvested
the longest stem and adhered to the procedures as prescribed by
Kolishchuk (1990) and Myers-Smith et al. (2015a). The samples were
checked for presence of berries, cones and flowers at the time of har-
vesting to determine their gender and labelled accordingly. In total we
collected 221 samples over four sites, but were only able to successfully
cross-date 71 samples which were then used for our analysis. A detailed
summary of samples and corresponding measurements is available in
Table 2.

2.1.1. Sample treatment and measuring

We harvested the longest stem of the individuals and took stem disk
sections at every 10 cm along the length of the stem beginning from the
root collar at 0 cm (closest to the root and soil surface) up to the apical
shoot (Kolishchuk, 1990; Wilmking et al., 2012). The stems ranged
from minimum of 40 cm to maximum 130 cm. Depending on the length
of the stem we took a minimum of four to a maximum of eleven stem
disks per shrub. In the lab, we polished all sampled stem disks on a belt
sander using sand papers with increasingly fine grit from P-60 to P-400
and then scanned them on an EPSON-V700 scanner at 4800 dpi. We
measured ring width using POS (position files) in CooRecorder software
(Version 8.1, Cybis AS, Sweden) and cross-dated the series in CDendro
software (Version 8.1, Cybis AS, Sweden) (Larsson and Larsson, 2013).
Following the recommendation by Buras and Wilmking (2014) we
aimed at four radial measurements for every stem disk but in some

Site Latitude Longitude Elevation a.s.l [m] Exposition Species Climate Data

Polar Ural N66°48” 37.5” E65°35” 19.2” 202 S Juniperus communis. L. Salekhard Climate Station

Northern Ural N61°18" 13.6” E59°13’ 07.8” 790 S Cherdyn Climate Station

Southern Ural N54°33" 19.4” E58°52’ 46.9” 1359 S Taganay Climate Station

Kirkenes N69°41’ 8.41” E29°23’ 04.54” 63 S Juniperus communis ssp nana. WILLD CRUTEM Gridded Data
119 35
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Table 2
Chronology statistics.

Dendrochronologia 49 (2018) 118-126

Site Name total (n) harvested (n) cross-dated d'm) QM) d rbar Q rbar d GLK Q@GLK Missing-rings[%]
Polar Ural 50 20 11 9 0.49 0.37 0.58 0.59 0.14
Northern Ural 111 25 11 14 0.36 0.13 0.59 0.57 0.00
Southern Ural 30 18 11 7 0.18 0.16 0.56 0.60 0.25
Kirkenes 30 8 5 3 0.37 0.26 0.66 0.60 0.00

Table 2 shows details about harvested samples and chronology statistics of radial measurements; n: number of samples; ¢ rbar : mean inter-series correlation
calculated for individual male shrub ring-width chronologies; Q rbar : mean inter-series correlation calculated for individual female shrub ring-width chronologies;
d' GLK : mean Gleichldufigkeit of male shrub chronologies; Q GLK : mean Gleichldufigkeit of female shrub chronologies.

cases it was only possible to measure three radii because of asymmetric
and lobed growth forms.

2.1.2. Cross-dating

In a first step we cross-dated all the radial measurements of a spe-
cific stem disk with each other to account for possibly wedging or
missing rings. Secondly, by averaging all radial measurements from
within a stem disk we prepared an average chronology for every stem
disk in an individual and then cross-dated it with other stem disks from
that individual. This was done to get a relative date of the stem disk and
identify possibly missing outer rings and wedging rings in lower stem
disks, which are common in many woody species at their distributional
limit (Wilmking et al., 2012). We found it hard to cross-date individual
samples because of asynchronous growth patterns —evident from ring-
width chronologies- among different individuals in a sampling plot at a
site. These differences might be due to strong influences of micro-site
conditions like wind, snow cover and substrate conditions causing
differential growth in basal stem disks (Sonesson and Callaghan, 1991;
le Roux and Luoto, 2014; Ropars et al., 2017). Generally, the cross-
dated basal stem disk (section at 0 cm) was used for subsequent ana-
lyses. In some cases, sections from 10 cm or 20 cm were used for ana-
lytical purposes if the lower-most stem disk had multiple piths, or
structural damage due to burial and/or rot. We then cross-dated the
lower-most stem disks from every individual in a stand with one an-
other and then we used the cross-dated measurements to generate site-
and gender-specific chronologies for every site. Cross-dating was done
in CDendro software (Larsson and Larsson, 2013) (Version 8.1, Cybis,
AS, Sweden) using inter-series correlation, blockwise correlation
(compares time segments of chronologies using Correlation and Glei-
chldufigkeit) and Gleichlaeufigkeit (Eckstein and Bauch, 1969). We
agreed upon the final dating with visual inspection as prescribed by
Schweingruber (1988).

2.1.3. Detrending

We used two different types of detrending 1) To normalise the ring-
width series we used horizontal mean detrended ring-width indices for
cluster analysis, and the principle component gradient analysis (PCGA)
(Buras et al., 2016). For climate sensitivity analysis we detrended the
raw ring-width data with a 30 years spline to remove any low frequency
trends and developed prewhitened chronologies. Similarly, we de-
trended climate data with a 30 years spline as well. This was done in R
software (version 3.0.2) (R Core Team, 2013) extended for the dpIlR
(Bunn, 2008) package version 1.6.5 (Bunn et al., 2015). 2) Basal area
increment chronologies were developed from raw ring-width data and
used for cumulative incremental growth analysis.

2.2. Statistical analysis
Our analysis consisted of four key steps which are described in de-
tail in the following sections: 1) We investigated if there are sex-biased

differences in radial growth by using a cluster analysis and principle
component gradient analysis (PCGA, Buras et al., 2016). 2) Then we
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compared cumulative annual increments of basal area to see if growth
differs over age between sexes. 3) We correlated and compared in-
dividual shrub chronologies of both sexes with the site-chronology to
see if the difference between gender-specific chronologies was statisti-
cally significant and — if so — how this might affect the resulting site-
chronology. Since the sample sizes per site were rather low and to gain
a general overview, we aggregated normalized correlations of all in-
dividual gender separated chronologies at each site with their re-
spective site-chronologies and compared the correlation scores. 4) Fi-
nally to compare the response of gender-specific chronologies to
climate we correlated gender-specific chronologies and a mean site-
chronology from every site with monthly temperature and precipitation
records. All analyses were computed using ‘R’ (version 3.0.2) (R Core
Team, 2013).

2.2.1. Cluster analysis

To test if there were any differences in radial growth between males
and females we conducted a cluster analysis of ring-width indices
(horizontal mean detrended series) using all individuals per site. This
was done by using Euclidian distances and hierarchical agglomerative
clustering. The results were plotted as cluster dendrogram for each site.

2.2.2. Principle Component Gradient Analysis

We used Principle Component Gradient Analysis (PCGA), an ap-
proach developed for detecting gradients in time-series populations
(Buras et al., 2016). PCGA makes use of the individual loadings from an
ordinary PCA (Principal Component Analysis) to place single time-
series within a statistical gradient. That is, in PCGA time-series are
related to each other by their loadings, and — if the first two principal
components explain a fair amount of the overall variance — this di-
rectly reflects the inter-series correlations of those series. Thus, time-
series with rather similar loadings will be more similar to each other
than time-series with dissimilar loadings, and the variation of loadings
may resemble an actual gradient inherent to the data (Buras et al.,
2016). For our analyses, PCGA was used to investigate whether male
and female shrub-ring series are clearly differentiated from each other.

2.2.3. Annual increments

Prior studies with juniper shrubs have reported differential growth
over their lifetime as a response to physiological and ecological stress.
This difference is commonly linked with reproductive effort of female
plants which results in reduced apical shoot growth in females (Ward,
2007) and delayed flowering (Gauquelin et al., 2002; Rozas et al.,
2009). Therefore, we aligned all the BAI (basal area increment) mea-
surements for every individual per site by cambial age and computed an
incremental function for every year’s growth to be added to the original
value and plotted it as a curve.

2.2.4. Correlation with site-chronology

To study the influence of individual ring-width series on the “site-
chronology” a common parameter used in reconstructions and response
functions, we generated a site-chronology per site which included all
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the individual ring-width series from that respective site. Then we in-
dividually correlated males and females from the respective site with
this site-chronology, after first removing them from the averaged
chronology. We used horizontal mean detrended ring-width series for
this analysis. The scores were stored as vectorised values and were then
plotted as box plots. To see if there was a difference in the correlation
scores of males and females with the site-chronology we administered a
Wilcoxon rank-sum test on the gender-differentiated sub group corre-
lations at every site.

To gain an overall perspective of influence of individual gender-
specific radial measurements on site-chronologies, we normalised the
correlation scores of gender-separated ring-width indices with the re-
spective site-chronologies. That is, since correlation strengths varied
among sites, each site-specific correlation had to be normalized by the
site-specific correlation mean prior to the analyses. Then we pooled the
normalized correlations scores from all sites by gender and compared
them using Wilcoxon rank-sum test.

2.2.5. Climate sensitivity analysis

To study the relationships of gender-specific chronologies and the
site-chronology to climate data, we correlated monthly temperature
and precipitation records with ring-width measurements. For every site
we generated three chronologies, one for males, one for females, and a
mean site-chronology. For climate records, we used station data for all
Ural sites (Russian Federation Meteorological Station Data) and

Dendrochronologia 49 (2018) 118-126

CRUTEM gridded data (KMNI Climate Explorer) for Kirkenes as there
were substantial gaps in the station data there.

3. Results
3.1. Differences in radial growth

Neither the cluster analysis (Fig. 2) nor the PCGA (Fig. 3) did show
any gender biased clustering in any of the sites. In all the plots of the
cluster analysis, the secondary tiers were relatively longer than the
primary tiers (longer line heights indicating greater Euclidian dis-
tances). In none of the cases did the primary tier cluster show a gender-
biased differentiation. The apparent gender biased cluster in the Polar
Ural site, however, is characterized by the height of the top cluster
(indicating only little difference between them). This height length
being lesser than the height length of potential gender based cluster
indicated that there is no substantial difference between the two subsets
and demonstrated potential preference of the algorithm towards being
one large cluster (Fig. 2).

3.2. Comparison of BAI cumulative increments
In the comparison of BAI (basal area increment) chronologies ar-

ranged by cambial age, we observed no sex defined separations in an-
nual increments at any site. There were no consistent differences seen in
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Fig. 2. Dendrogram plots from the cluster analysis for all sites. Sample codes marked in red are female samples and codes marked in blue are males. No clear
clustering at any site is apparent. In all cases secondary tiers of clustering have lager Euclidian distances than primary tiers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Biplots showing results of principle component gradient analysis (PCGA). Blue arrows represent male and red arrows represent female shrubs. No clear
differentiation between male and female shrub growth records is apparent. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

growth patterns at growth onset nor with the increasing age of in-
dividuals. Both sexes showed similar growth patterns over increasing
age at all the sites (Fig. 4).

3.3. Comparison of individual series with site-chronology

Comparing influence of individual ring-width series on site-chron-
ology indicated lower correlations for female shrubs (Fig. 5). Although
all underlying tests were insignificant, Northern Ural (NU) site showed
an almost significant difference (p = .05). This general tendency was
confirmed by the analysis including all sites, since it revealed sig-
nificantly lower correlation scores for female junipers (Fig. 6; p = .01).
Altogether, we noticed a considerable amount of variation within sites
with series having weak and in some cases (Fig. 5: Northern Ural) ne-
gative correlations with their site-chronology. Low rbar (mean inter-
series correlation) values confirmed heterogeneous growth within sites
and individual gender series and supported the general impression that
the population signal was weaker for female shrubs since they overall
expressed lower rbar values as compared to male shrubs (Table 2).

3.4. Sex-specific climate sensitivity

In our analyses of climate-growth relationships, we found that all
chronologies from Ural sites correlated positively with temperature.
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Contrarily, at the Kirkenes site all chronologies showed negative and
relatively (as compared to Ural sites) weaker correlations with tem-
perature. On most of the sites there was a moderate difference in cor-
relations with temperature of gender-specific chronologies as compared
to each other and with the site-chronology (Supplement; Fig. S1). At
Kirkenes there is a significant differentiation evident in response to
previous year July and current year February and March temperatures
wherein females show a pronounced negative correlation as compared
to male chronology and the site-chronology.

Comparing responses of males, females and site-chronology with
precipitation data we found that across all sites the correlations were
very weak (—0.3 to 0.3) and barely significant. Only at Northern Ural
and Kirkenes sites could we see moderately significant correlations. At
Northern Ural site, females better correlated with current year May and
June records as compared to males. At Kirkenes females seem to
strongly negatively correlate to precipitation records for current year
February as compared to males. (Supplement; Fig. S2).

4. Discussion

Our study looked at data from radial measurements (i.e. ring-width
indices and BAI) and compared measurements from both sexes using
multivariate and time series analysis. Furthermore, we studied re-
sponses of gender-specific chronologies with climate records to



R. Shetti et al.
Polar Ural
4000 —
3000 —
'€
£
T 2000 —
<
o
1000 —
0 -
T T T T
0 50 100 150
Years
Southern Ural
4000 —
3000 -
5
g
g 2000 —
<
[aa]
1000 —
O —
T T T T
0 50 100 150
Years

BAI [sg.mm]

BAI [sg.mm]

Dendrochronologia 49 (2018) 118-126

Northern Ural

4000

3000

2000

1000

50 100 150
Years

o

Kirkenes

4000

3000

2000

1000

50 100 150
Years

Fig. 4. Cumulative annual increment of cambial age aligned basal area. Blue lines represent male and red lines represent female shrubs. No clear differentiation
between male and female shrub growth over time is apparent. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

understand if a sex bias in sampling affects climate-growth relation-
ships.

4.1. Sex-specific indifferences and differences in ring-widths

In the initial part of our investigation, we used multivariate ex-
plorative statistics viz. Cluster Analysis and Principle Component
Gradient Analysis (PCGA) and found no gender biased sub-groups in
either of the cases. A major advantage of using Cluster Analysis and
PCGA is that we could compare ring-width chronologies from in-
dividuals from a stand and quantify differences in them. However, a
possible reason for not detecting any gender biased subgroups might be
that ring-width formation between separate genders does not differ
consistently over time. Therefore, event or time specific responses —
which could potentially differ- are not reflected in these analyses as
entire chronologies are compared as singular units of time-series. This
means that entire ring-width chronologies are compared and individual
time segments which could have differential growth are not represented
in these analyses. A limitation of cluster analysis is that it can be in-
terpreted subjectively as Euclidian distances show relative distances
among tiers. Even in PCGA results across all the sites, there were no
clearly separated gender biased subgroups (Fig. 3), confirming the re-
sults of the cluster analysis. These two results basically indicate, that
there seems to be no gender-specific growth signal. Thus, it seems likely
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that both sexes react to a common environmental driver.

To see if ‘reproductive effort’ in females, which is reported to be
more resource intensive towards maturity of the individual, becomes a
differentiating factor with increasing age (Ortiz et al., 2002; Banuelos,
2004), we compared incremental growth from both sexes, but did not
find any gender-specific absolute growth rates (Fig. 4). In prior studies
with the tree Juniperus thurifera (Gauquelin et al., 2002) and shrub
Juniperus communis subsp. alpina (Ortiz et al., 2002) gender-related
difference in radial growth and apical shoot in response to climate have
been observed. However, our analysis demonstrated no consistent dif-
ferentiation in secondary growth which could be attributed to gender-
specificity.

A pivotal aspect of most dendrochronological studies is the site-
chronology, as it represents the overall growth signal of a population.
Heterogeneous growth within populations can be due to various in-
trinsic and extrinsic factors (Schweingruber and Poschold, 2005). In the
context of gender-related differences, intrinsic factors could be the
differing allocation of photo-assimilates between the different sexes
(Boulanger-Lapointe et al., 2016). More specifically, female junipers
from time to time invest a remarkable amount of resources in re-
production, since it can take up to three seasons in harsh environments
such as the Arctic and alpine for female cones (“berries”) to ripen
(Singh, 1978; Ortiz et al., 2002). It therefore seems possible that sec-
ondary growth rates in these periods differ from males and/or other
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males females

Fig. 6. shows an overall comparison of normalized correlations of gender-se-
parated chronologies compared to the site-chronology across all sampling sites.

females which in that period invest less resources in reproduction. Our
analyses appeared to confirm this assumption. That is, we observed a
general tendency towards lower site-chronology correlations of female
junipers which were significant if analysed across all sites (Figs. 5 and
6). This impression was supported by generally lower rbar values for
the female junipers (Table 2). Although we were unable to identify the
specific reasons, our results indicate that when building a master
chronology, female junipers may contribute more noise (i.e. non-cli-
mate driven growth variations) to the population signal when com-
pared to male junipers.

However, one man’s noise is another man’s signal and therefore, to
avoid possible gender-specific biases of dendroclimatological
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precipitation were observed e.g. Northern Ural and Kirkenes. A prob-
able reason for this statistically just significant differentiation might be
that differences in radial growth patterns among males and females do
not differ consistently over time. Therefore differential responses to
specific events like harsh winters or drought or growth release due to
some extreme events which could have gender-specific responses — as
many times coping mechanisms differ between genders — could not be
traced in our analysis. Another factor is individual growth reactions
which is commonly observed in shrubs and is reflected by low inter-
series correlation (Table 2 and e.g. Buras and Wilmking, 2014). Dif-
ferential radial and axial growth might be the result of intrinsic factors
like branching, formation of multiple piths or extrinsic factors like ir-
regular substrates, soil or snow burial, rotting and might be in-
dependent of sex (Sadras and Denison, 2009; Myers-Smith et al.,
2015b).

Furthermore, at the Ural sites the climate stations were at a con-
siderable distance (about 100km) from the sampling sites. The
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sampling was done in mountainous regions and micro-climate might
differ notably from station data. Even so with gridded data, in case of
Kirkenes site micro-site conditions can differ significantly. This also
might result in weak climate sensitivity as evident from our analysis.

4.3. Sexual dimorphism in trees and shrubs

Many studies with sexually dimorphic tree species suggest differ-
ences in radial growth, allocation of resources, flowering and also with
sex ratios within populations (Cavigelli et al., 1986; Obeso et al., 1998;
Gao et al., 2010). Contrarily, a study by Robinson et al. (2014) on
Populus tremula showed no differentiation in male and female trees with
respect to growth, flowering or resource allocation. Therefore it seems
as if sex-based differentiation can vary among different species. With
respect to Juniper shrubs in our investigation, we could not find con-
sistent and statistically significant differences in males and females with
respect to radial growth. An overall analysis (Fig. 6) did show more
differential growth within females which could potentially be a result of
reproductive effort. An aspect that could be a differentiating factor
between gender expression in trees and shrubs could be that as shrubs
grow prostrate and/or are smaller in size, they are highly influenced by
micro-site conditions. Trees, on the other hand, have more uniform
growth along the length of the one stem which facilitates detection of
differentiation in the radial growth of gender-separated subgroups.
From our investigation, it remains unclear if the observed marginal
differentiation in sexes is a genotypic trait particular to Junipers or is a
result of asymmetric growth due to influence of local site conditions
influencing the stem architecture and cloaking gender-specific differ-
ences — if any.

4.4. Challenges and limitations

We have to stress, that our site-specific analyses were based on re-
latively few samples. With only eight cross-dated series, sample size
was particularly low in Kirkenes. The low sample sizes possibly caused
the insignificance of statistical tests. This is directly reflected in the
decreasing p-values with increasing sample size (compare p-values in
Fig. 5 with sample sizes in Table 2). And indeed, when combining our
correlation analysis over all sites, the general trend over lower site-
chronology correlations for female shrubs turned significant. Therefore,
we perceive our analyses as representative despite the partly low
sample sizes.

Another possible cause of error is the determination of sexes in the
field. While it was straightforward to identify the “berries” and thus
classify an individual as a female plant, the male cones were a lot
smaller and some plants did not have any reproductive organs visible.
These individuals we excluded from the analyses. While some cases of
monoecious Juniperus communis plants exist at least in mid-latitudes
(personal observation: Martin Wilmking), we did not find any in the
sampling sites and thus a bias due to incorrectly classified plants is very
unlikely in our analysis. Taken together, we are confident that our
analyses reflect the real situation at our field sites, but further studies
from additional sites and addressing different species are desirable to
gain a better understanding of gender-specific growth variations in
boreal, subarctic and alpine shrubs.

5. Conclusion

Sexual dimorphism and associated differences in growth in dioe-
cious plants is well established in the ecological literature. Our study
investigated possible gender-related differences in radial growth of
Juniperus communis. L. Although we neither found gender-specific
growth patterns nor growth rates, our correlation analyses indicated,
that females provide more noise to the population signal, possibly
caused by temporarily varying reproductive efforts. The observed ef-
fects were moderately significant and subsequently influenced response
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to precipitation and temperature data. Therefore, this may play a role in
terms of dendroclimatiological and dendro-ecological reconstructions if
based on chronologies dominated by female shrubs, since the re-
productive efforts may introduce non-climatic short-term growth var-
iations. To test whether this observation is specific for juniper or may
also hold true for other dioecious shrubs, corresponding investigations
are needed to better understand differences in growth processes and
their effects on radial and apical growth across the broad spectrum of
boreal and alpine shrubs.
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Chapter 4

Influence of larval outbreaks on the climate reconstruction potential of an Arctic shrub
(Dendrochronologia (2018) 49: 36-43)
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Arctic shrubs have a strong potential for climate and environmental reconstructions in the chronically under-
studied regions of the high northern latitudes. The climate dynamics of these regions are important to under-
stand because of large-scale feedbacks to the global climate system. However, little is known about other factors
influencing shrub ring growth, possibly obscuring their climate signal. For example, as of yet we are not able to
differentiate between herbivory or climatically induced growth depressions. Here, we use one of the most
common Arctic shrubs, Alnus viridis as a test case to address this question. We sampled Alnus in Kobbefjord,
Greenland, measured shrub-ring width and cell wall thickness and built site chronologies of each parameter. We
analysed climate-growth relationships, tested their stability over time and employed a pointer-year analysis to
detect growth depressions. We employed bootstrapped transfer function stability tests (BTFS) to assess the
suitability of our shrub chronologies for climate reconstruction. Correlations with climate data showed strong
significantly positive and stable correlations between summer temperature and ring-width with the exception of
the recent decade. A climate reconstruction model failed stability tests, when the complete period of record was
used for calibration and verification. Wood anatomy analysis uncovered the occurrence of unusual cell structure
(very thin cell walls) in the exceptionally narrow ring of 2004, a recorded insect outbreak year in other parts of
Greenland. When excluding the affected ring and a recovery period, the reconstruction model passed all tests,
suggesting that the unusual 2004 ring was not climate driven, but rather the result of an insect attack. When
combining anatomical analysis with traditional ring-width measurements, we move a step further in potentially
distinguishing small rings caused by insect attacks from small rings formed in climatically challenging years.
While this study does not provide unambiguous evidence, it does provide potential useful methodological
combinations to enable more robust climate reconstructions in areas where climatic records are extremely
sparse.

1. Introduction

Temperatures in the Arctic are rising faster than any other region
worldwide, because of several feedback mechanisms related to tem-
perature gradients, sea-ice cover, water vapor and albedo (Chapin et al.,
2005; Pithan and Mauritsen, 2014; Serreze and Barry, 2011). A spa-
tially explicit, longer-term perspective of that temperature rise is dif-
ficult to assess however, because climate stations are sparsely spread
and not many stations have been operating for longer than a few dec-
ades (Cowtan and Way, 2014). Spatially explicit past and projected

* Corresponding author.
E-mail address: wilmking@uni-greifswald.de (M. Wilmking).

variability of climate change in the Arctic is mainly a result of modeling
exercises (e.g. see CRU data set) and surrounded by relatively high error
estimates (Hodson et al., 2013).

Arctic shrubs can help fill this gap, because they can be found in
large parts of the Arctic, can live to considerable ages and form annual
growth rings, like trees. Since temperatures are usually limiting growth
at these high latitudes, the link between Arctic shrub growth and cli-
mate is often strong (Bar et al., 2008; Beil et al., 2015; Blok et al., 2011;
Buchwal et al., 2013; Forbes et al., 2010; Gamm et al., 2017; Hallinger
et al.,, 2010; Hallinger and Wilmking, 2011; Hollesen et al., 2015;
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Jorgensen et al., 2015; Myers-Smith et al., 2015a; Rozema et al., 2009;
Weijers et al., 2017; Young et al., 2016), generally qualifying shrubs for
climate and environmental reconstructions (Buras et al., 2012, 2017a;
Rayback and Henry, 2006; Rayback et al., 2012; Weijers et al., 2010,
2013). While shrub ring width variability over time has been linked to
temperature variability (Havstrom et al., 1995), wood anatomical stu-
dies (e.g. using cell wall thickness or vessel lumen area) have recently
provided additional insights into the relationship between shrub
growth and climate drivers or other environmental parameters such as
glacier melt (Buras et al., 2017a; Lehejcek et al., 2017; Nielsen et al.,
2017), opening up new avenues to interpret the shrub ring record.

Shrub growth can be influenced by a combination of climate and
environmental factors, and disentangling these different factors is often
challenging, since they might act at different time scales, for different
time periods or only episodically. One widespread example of an en-
vironmental factor affecting shrub growth with varying periodicity or
only episodically in the Arctic is herbivory. Herbivory in Arctic shrubs
can be the result of animal species ranging from large vertebrates such
as moose (Tape et al., 2016), caribou, reindeer or muskox (Post and
Pedersen, 2008; Vowles et al., 2017) to snowshoe hares (Ewacha et al.,
2014), and birds such as ptarmigan (Tape et al., 2010) (for a review see
Christie et al., 2015), or invertebrates (Barrio et al., 2017; Kozlov and
Zvereva, 2017; Young et al., 2016 and references therein). In the case of
insects, larval stages e.g. from Epirrita autumnata, Operophtera brumata
or Eurois occulta can episodically defoliate large areas of subarctic and
arctic vegetation, which has been documented for Fennoscandia and
Greenland (Dahl et al., 2017; Tenow et al., 2007; Young et al., 2016).
Generally, herbivory in the Arctic leads to the (partial) loss of foliage, a
reduced photosynthetic apparatus, and subsequent lower growth re-
sources, which might result in lower net ecosystem productivity (Lund
et al., 2017) and lower radial growth of stems. When then using shrub
stem growth as proxy of past climate variability, the subsequent logical
question becomes: How to differentiate between narrow rings caused by
climate and those caused by herbivory?

This study has therefore two main aims:

1) To investigate the climate signal and climate reconstruction poten-
tial in a widespread Arctic shrub, using Alnus viridis ssp. crispa
(mountain alder) as an example.

2) To explore the potential of wood anatomy to disentangle climatic
influences on mountain alder shrub growth from herbivory induced
growth depressions.

2. Methods
2.1. Sample species

Alnus viridis has a near circumpolar northern distribution and can be
found in large parts of the Subarctic and Low Arctic. It is generally a
mid to large size shrub growing along small water courses or in moist
habitats. It can defend its twigs and buds with the toxins pinosylvin and
pinosyl, making it less palatable at least to snowshoe hares (Bryant
et al., 1987). Alnus viridis has the ability to grow rapidly, while at the
same time investing in effective antibrowsing defenses, likely a con-
sequence of its capacity to fix nitrogen (Hendrickson et al., 1991 in
Christie et al., 2015). The species can be subdivided in several sub-
species which are ecologically very similar. In Northeastern North
America and Greenland, our sample region, the subspecies is Alnus
viridis ssp. crispa (hereafter alder). Its distribution in Greenland is
concentrated on the south-western coastal areas to approximately 68°N
(Fig. 1).

2.2. Field site

Our field site was in Kobbefjord, Greenland, close to the Kobbefjord
Research Station (64.136578°N, 51.380204°E). The vegetation in the
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Fig. 1. Map of Greenland modified after Lund et al. (2017) with distribution of Alnus
viridis ssp. crispa (hatched) and the moth Eurois occulta (in dark grey).

research area was generally low arctic tundra with several shrub species
such as Salix glauca, Betula nana, Juniperus communis and, as the largest
shrub, alder. Alder in the area reached canopy heights of up to 3m in
thickets and could be found mainly on the south facing slopes.

2.3. Sampling

We employed a nested sampling design which combined intensive
and extensive sampling strategies for alder shrubs (Table 1). First, we
intensively sampled alder in August of 2012 in a relatively restricted
area in an elevational belt between 200 and 240 m above sea level
(m.a.s.l.) on a slope with south to southwest exposure. From each in-
dividual shrub, we selected the thickest and/or highest stem and cut it
as low as possible, often at the root collar. We selected three to five
stem sections along the length of that stem, according to the serial
sectioning technique (Kolishchuk, 1990; Myers-Smith et al., 2015b;
Wilmking et al., 2012). All sampled shrubs were dominant (except one,
which was co-dominant) and all had erect stem forms and full foliage.
Stem length varied between 135 and 350 cm. Second, we extensively
sampled alder in 2013 at different elevations and at several locations on

Table 1
Metadata for shrub sampling and analysis.

intensive sampling extensive sampling total
n shrubs 20 22 42
n stem sections 62 22 84
n radii measured 156 22 178
n shrubs crossdated 20 18 38
n shrubs used 19 18 37
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the southfacing slope of Kobbefjord. From these shrubs we only har-
vested the lowest stem section possible, mainly the root collar.

2.4. Sample preparation and ring width measurement

In the lab, all stem sections were polished with progressively finer
sandpaper (up to 400 or 800 grit if necessary) and ring width was
measured to 0.01 mm either using a LinTab 5/TSAPWin system or
scanned images and CooRecorder (v. 7.7, Cybis Elektronik & Data AB,
Sweden) or WinCell. Each stem section (three per shrub) from the in-
tensive sampling effort was measured along 2-3 radii to detect locally
missing rings, avoiding tension wood sections, resulting in 156 mea-
sured radii from 20 shrubs. Samples from the extensive effort were
measured along one radius.

2.5. Crossdating and chronology building

In a first step, we used only the shrub samples from the intensive
sampling effort (n = 20) due to the availability of serially sectioned
stem-discs which allows for better identification of possibly missing
outer rings (Wilmking et al., 2012). Using CDendro (Cybis AS, Sweden),
we crossdated all radii of a specific stem section and build an average
for that stem section. Then we crossdated between different stem sec-
tions of an individual shrub and built individual shrub growth ring
chronologies. Missing rings, wedging rings or “completely missing outer
rings” (Wilmking et al., 2012) were common, especially at lower stem
sections. Next, we crossdated between individual shrubs from the in-
tensive sampling effort and built an average chronology from that re-
latively restricted sampling area. Using that chronology we then finally
crossdated the basal stem sections of the extensive sampling effort
(n = 22).

2.6. Analysis

To detect potential bias due to effects of different detrending
methods, shrub-ring series were detrended using 1) traditional straight
line fits, 2) negative exponential functions and 3) a 30year cubic
smoothing spline with a frequency cut-off of 50%, which will remove a
large part of the low frequency variability. Subsequently, we built
average ring-width chronologies (aka master chronologies) using a ro-
bust mean (function ‘chron’ in the ‘dplR’ package) (Bunn, 2008). The
chronologies were characterized by the constant addition of younger
shrubs and we considered the chronologies reliable from 1948 onwards
when a minimum of ten shrubs contributed data. We will here present
the results of the cubic smoothing spline only, the other detrending
methods lead to similar results.

To analyze temperature-growth relationships we used gridded CRU
TS v4.01 (Harris et al., 2014) temperature data for the closest grid-cell
from 1958 onwards. The restriction to the period 1958 onwards was
based on Hanna et al. (2005) who considered this period reliable con-
cerning reanalyzed climate data. We also considered monthly pre-
cipitation sums extracted for the closest grid cell from GPCC v7
(Schneider et al., 2016), but since we only found a few weak and
generally instable relationships with growth, we present here only re-
sults derived from temperature correlations. Climate-growth relation-
ships were investigated using Spearman’s rank correlation accounting
for the partly non-normal distribution of data and considering the
period from March in the year prior to ring formation until September
in the year of ring formation. To obtain an impression of the spatial
representation of climate-growth relationships, which is of particular
interest when considering the reconstruction of Greenland Ice Sheet
melt (Buras et al., 2017a,b), we also computed monthly correlations
with the CRU TS v4.01 gridded temperature data over the same period
covering the area between 50 and 90°N and 10 and 80°E.

The stability of climate-growth relationships and resulting transfer
functions was assessed using the bootstrapped transfer function
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stability test (BTFS) (Buras et al., 2017b). In BTFS, transfer function
parameters (model significance, intercept, slope, and explained var-
iance) of a calibration and a verification period are bootstrapped over
1000 iterations and the stability of the parameters over these two
periods is tested based on empirical cumulative distribution functions
of bootstrapped parameter estimates (for details see Buras et al.,
2017b). That is, BTFS p-values below 0.05 will indicate instable transfer
functions and consequently instable climate-growth relationships. Sta-
bility assessments were undertaken on the basis of the complete period
considered (1958-2012) and compared to assessments based on a
period which excluded the years 2004 through 2007 since they ap-
peared to be affected by an exceptionally strong moth outbreak.

2.7. Pointer year analysis

To detect growth depressions (negative pointer years) in the shrub-
ring width record, we used the package pointRes (van der Maaten-
Theunissen et al., 2015, and references therein). We used the raw ring
width as input for the pointer year analysis and employed the methods
after Cropper, Neuwirth, and the relative growth change method
(RGCM). A pointer year was defined as a year in which 75 or more
percent of the individual shrub growth records showed an event year.
Pointer year analyses can be affected by multiple strong growth de-
viations in close temporal proximity, since they are calculated by using
average values of the respective growth parameter over a moving
normalization window. We therefore experimented with different
window sizes for the normalization moving window in the Cropper and
Neuwirth methods by using 5, 7, 9, 11, and 13 years. We used RGCM in
pointRes to quantify negative growth deviation, where the pointer year
growth reduction is compared to the average growth of the prior years.
For pointer year detection we used the same periods as for the pointer
year analysis after Cropper and Neuwirth, for the quantification of
growth reduction the previous 4 years (Schweingruber et al., 1990).

2.8. Wood anatomy

The results of the pointer year analysis were used to select specific
shrubs (n = 10) for a wood anatomical analysis. This analysis was
meant to address aim 2 and we therefore selected shrubs, which clearly
showed a growth depression for ring width in the common pointer year
2004 and were old enough to also have recorded possible previous
insect attacks and the coldest summer on record, 1972. A sliding lab-
microtome/Leica rotary microtome (RM 2245) was used to obtain
15-20 pm thick and about 1 cm wide thin-sections of the longest axis of
shrub disc samples. Thin-sections were made perpendicular to the
tracheids’ growth and after applying corn starch/water solution
(Schneider and Gartner, 2013), so that we preserved the cellular
structure for the subsequent wood anatomy analysis. Sodium hypo-
chlorite was then used as a bleaching agent for some of the samples,
prior to cleaning the thin-sections with water, and double staining for at
least 5min in a 1:1 solution of Safranin and Astrablue (Schweingruber
et al.,, 2013). Finally, the thin-sections were washed again from re-
dundant stain. Increasing ethanol concentrations were used (70, 90,
and 98%, respectively) to dehydrate the samples. Finally, the samples
were preserved by Canada balsam/Euparal, embedded under a cover
glass (Schweingruber et al., 2008) and dried for at least 12 h at 60 °C.
Images of thin-sections (933 um wide) were taken using a digital
camera (Canon EOS 650D/Leica DFC450C) connected to a microscope
(Olympus BX41/Leica DM2500) under X100 magnification. WinCell
2013 software (Regent Instruments WinRHIZO 2013) was used to
measure cell wall thickness (CWT). CWT was measured for each annual
ring using areal measurements. The exclusion measurements filters
were set in order to measure cells correctly as follows: all lumens <
20 um?, > 9000 um?, > 3 length/width ratio as well as all object with
identified “cell walls“ > 4.5um were ruled out. We also set a con-
servative threshold for classification of vessels at 560um? All
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remaining cell wall values were first averaged per individual cell (right
and left wall) and then all cell values were averaged per individual
shrub ring. We repeated the climate-growth and pointer year analysis
described above with time series of cell wall thickness.

Finally, we also computed a linear regression between raw CWT and
RW values to explore for specific relationships of these two parameters,
also in years with herbivory impact, which may allow for distinguishing
such years from those with climatically adverse conditions. In this
context, we z-transformed the regression residuals as well as RW and
CWT to express their normalized deviation from their overall mean.

3. Results
3.1. Crossdating and chronology building

We sampled 42 shrubs in total and measured 178 radii from 84 stem
sections for ring-width. Missing or wedging rings occurred throughout
our sample, but were successfully detected and crossdated with other
samples from the same individual or with the alder chronology from the
intensive sampling effort, resulting in 38 crossdated shrubs. Seven in-
dividuals had completely missing outer rings (varying in number be-
tween 1 and 3) at the lowest sampled stem section. One shrub was
established after 1991 and was excluded from subsequent analyses.

3.2. Chronology statistics

The resulting shrub-ring width (RW) chronologies covered the time
period from 1923 to 2012 and were characterized by the constant ad-
dition of younger shrubs over time (Fig. 2). A maximum sample size of
37 existed from 1986 to 2010. The CWT chronologies covered the same
time period from 1923 to 2012, with more than 5 shrubs contributing
from 1950 onwards. A constant sample size of 10 existed from 1977 to
2006, 9 shrubs contributed data until 2011. The raw RW chronology
had an EPS of 0.87, mean GLK of 0.71 and rbar of 0.258, the raw CWT
chronology had an EPS of 0.76, mean GLK of 0.59 and rbar of 0.316.

3.3. Pointer year analysis

The year 2004 was detected as a negative pointer year for RW in 12
of the 15 possible combinations of pointer year analysis method and
normalization window. When detected by the Neuwirth method it was
classified as “negative strong” or “negative extreme”. No other year was
detected as ubiquitously (1955 and 1970 were detected 5 times out of
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Fig. 2. Chronologies of raw RW (a) and CWT (b) with sample depth in grey. Downward
triangles indicate pointer years, filled in more than 10, empty in 5-9 possible combina-
tions (15) between pointer year detection method and normalization window. Only the
year 2004 is consistent across RW and CWT.
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Fig. 3. Example of alnus wood anatomy in the year of the coldest summer, 1972 (left),
and the pointer year 2004 (right). The very narrow ring in 2004 has visibly thinner CWT
than the preceding and following years, most likely the result of an insect attack.

15). RW in 2004 was 66.2% smaller than expected (mean of the pre-
vious four years), the strongest deviation in all of the analysis period.

For CWT, 2004 was detected as a negative pointer year in 15 out of
15 possible combinations of pointer year analysis method and nor-
malization window, and classified as “negative extreme” by the
Neuwirth method with one exception. The next frequent pointer year
for CWT was 1972 (detected in 14 out of 15 possible combinations),
and, if detected by the Neuwirth method, always classified as “negative
extreme”. No other year was detected in more than 5 out of 15 possible
combinations. CWT in 2004 was 31.7% smaller than expected, the
strongest deviation in all of the analysis period. CWT in 1972 was on
average 17.5% smaller than expected (Fig. 3).

3.4. Ring-width versus cell wall thickness

There was a clear general positive relationship between ring-width
and cell wall thickness (r* = 0.39, p < 0.001; Fig. 4). While there were
no years in the RW record with ring-width values below —2 standard
deviations, CWT expressed —3.3 standard deviations in 2004, and
—1.95 in the exceptionally cold summer of 1972. Regression residuals
expressed the lowest value in 2004 (z-score = —2.72) and very high
values in 1964 (z-score = +2.14).
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Fig. 4. RW and CWT show a clear positive relationship (r* = 0.39, p < 0.001). However,
some years show distinct deviations from this general relationship, notably the years
1964 and 1970 with thin rings and thick cell walls and the year 2004 with narrow rings
and thin cell walls. Red dots indicate years with RW smaller than 0.2 mm. 2004 stands out
as the year with the smallest ring and the thinnest cell walls and the absolutely highest
regression z-score. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5. Temperature growth correlations (r) between RW (yellow) and CWT (light blue) for the period 1958-2011, dashed lines indicate significance at the 0.05 level (a). Excluding the
insect affected years 2004-2007 leads to increased correlations in RW (orange) and CWT (dark blue). Since correlations with previous year temperatures were all insignificant, we here
only present correlations representative of the year of growth. Running correlations (solid lines) between RW (b), CWT (c) and June-July temperature show decreasing sensitivity to
temperature in both proxies, after exclusion of 2004-2007 (dotted line) significantly positive and stable correlations over time exist at least for RW (b). Moving window lengths was 21
years. Z-transformed time series of RW (d) and CWT (e) clearly show a strong offset from summer temperature (solid black line) in both proxies in the period 2004-2007 (vertical dashed

lines).

3.5. Climate-growth relationships

Alder radial growth showed strong, significant positive correlations
with summer temperatures (mainly June and July) of the year of
growth (Fig. 5a). Strength of correlation was generally stable in the
early record, but less so in recent periods (Fig. 5b). Correlation scores
increased when the period 2004-2007 (strongest pointer year and re-
covery period) was eliminated from the correlation calculation and the
strength of the correlation with summer temperatures remained stable
over the whole record (Fig. 5b). Correlations scores with CWT generally
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mirror those of RWI, but are less strong and not stable over time
(Fig. 5¢). We only found a weak negative and instable correlation with
march precipitation. The spatial signature of the strongest correlation
between the alder ring width record and climate (June temperature,
year of growth) was centered on south-western/south-central Green-
land, but significant correlations were recorded in an area around
Baffin Bay including the eastern parts of Nunavut, Canada to the
southwestern part of Iceland (Fig. 6).
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Fig. 6. Spatial correlations between June temperature and RWI for the complete period (left) and excluding the insect affected years 2004-2007 (right).

3.6. Reconstruction potential

BTFS indicated instable ring-width based transfer functions for
June, July, and mean June-July temperature if the whole period
(1958-2011) was considered for the regression (slope p = 0.01, ex-
plained variance p = 0.001). However, when excluding the period
2004-2007 from the record, transfer functions turned stable (all p-va-
lues > 0.1) and the proxy time series captured temperature variation
quite well (Fig. 5d and e). This was also reflected in a differing amount
of explained variance (r®) between the models with 0.19 vs. 0.32, 0.28
vs. 0.34, and 0.30 vs. 0.43 for June, July, and June-July, respectively.
In comparison, the reconstruction based on the full period on average
predicted 0.1 °C higher summer temperatures and the overall difference
between the two reconstructions was highly significant (paired Wil-
coxon rank-sum test p < 0.001). A similar impact was observed for
CWT. That is, when excluding the period 2004-2007 from the record,
instable transfer functions (here intercept and r? were instable) turned
stable (again all p-values > 0.1).

4. Discussion

Alnus viridis is one of the main shrub species of the northern low
Arctic, but has been only recently tested for its response to climate
(Jorgensen et al., 2015; Tape et al., 2012). Ecologically, it seems to be
one of the Arctic shrub species rapidly spreading due to favorable cli-
mate conditions (Rinas et al., 2017; Tape et al., 2006), possibly because
of its ability to translate additional warmth in summer into additional
growth. Also in our study, a clear positive and significant relationship
between radial growth of alnus shrubs and summer temperatures ex-
isted and adds to the growing body of evidence of a direct temperature
link (Bar et al., 2008; Beil et al., 2015; Blok et al., 2011; Buchwal et al.,
2013; Forbes et al., 2010; Gamm et al., 2017; Hallinger et al., 2010;
Hallinger and Wilmking, 2011; Hollesen et al., 2015; Jgrgensen et al.,
2015; Myers-Smith et al., 2015a; Rozema et al., 2009; Weijers et al.,
2017; Young et al., 2016) or a moisture mediated temperature link
(Ackerman et al., 2017; Myers-Smith et al., 2015a) with shrub growth
in the Arctic. However, at least in Greenland, varying and partially
negative responses of radial growth of willows and birch to summer
temperatures have recently been reported, possibly due to drought in-
duced stomatal closure or repeated insect attacks (Gamm et al., 2017).
Alnus, on the other hand, might be well suited for climate reconstruc-
tion tests, since its relationship with summer temperature is strong,
significantly positive and stable, once the influence of insect attacks is
removed from the record.

Climate reconstructions rely on a significant and time-stable re-
lationship between a climatic driver and a proxy. This relationship is
always affected by noise of varying origin and the challenge is to se-
parate noise from signal. In case of Arctic shrubs, herbivory is an im-
portant co-driver (“noise”) of growth variation (Myers-Smith et al.,
2011; Post and Pedersen, 2008) at least in broad-leaved shrubs and can
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occur constantly or episodically (Barrio et al., 2017; Kozlov and
Zvereva, 2017). When the occurrence of herbivory is episodically, it is
extremely difficult to isolate herbivory events in time, but undetected
events can negatively influence the quality and reliability of the re-
sulting climate reconstructions (Humbert and Kneeshaw, 2011). Here
we tested, whether insect related growth disturbance in alder from
Greenland can be detected and possibly corrected for by the combined
analysis of pointer years and wood anatomy.

While pointer year detection varied to some extent by proxy and
detection method, there was one year which stood out in terms of de-
tection and growth deviation, both in RW, in CWT and regarding the
residuals of a regression of CWT against RW, the year 2004. Ring width
was 2/3 smaller and cell wall thickness about 1/3 smaller than ex-
pected. For CWT, 2004 was the only year with more than two standard
deviations below the overall mean CWT and the residuals of the CWT
prediction from RW had highest values. The summer climate (JJ) of
2004 however, was slightly above average and thus not an obvious
factor to explain the observed growth depression. For comparison, the
coldest summer on record, 1972, also resulted in smaller rings and
thinner cell walls, but the reduction in RW was only 32%, about half of
the reduction on the year 2004, and 1972 was not a pointer year for
RW. For CWT, the reduction of about 17.5% (z-score —1.95) in 1972
did result in a pointer year, but was also just a little more than half of
the record reduction in 2004 (—32%, z-score —3.3). Other climate
factors, such as drought, were also not apparent in the year 2004, but a
late frost event cannot be ruled out, although was highly unlikely given
the monthly mean temperatures. The 2004 growth depression was thus
clearly outstanding, both in terms of RW and CWT and most likely not a
result of climatic drivers.

In our opinion, the reduction in radial growth and cell wall thick-
ness of alnus in 2004 in Kobbefjord, Greenland, was the result of an
insect outbreak, most likely of Eurois occulta. In other parts of western
Greenland, close to Kangerlussuaq Fjord, a two-year caterpillar out-
break of Eurois was recorded in 2004/2005 (Pedersen and Post, 2008;
Post and Pedersen, 2008; Young et al., 2016). Peaking in 2005, it led to
a massive reduction of above-ground biomass, especially in leaf bio-
mass (more than 80% in birch and willow). In 2011, a one-year Erois
occulta outbreak was recorded at our field site Kobbefjord, basically
“switching off” the tundra ecosystem carbon sink that summer (Lund
et al., 2017). Kobbefjord is well within the reported range of Eurois
occulta (Fig. 1) and in this light it is likely that an outbreak occurred
also in 2004 in Kobbefjord, reducing the photosynthetic apparatus of
alder shrubs leading to strongly reduced growth resources, and nar-
rower rings and thinner cell walls of alder.

However, alder is generally browsed far less than willows or birch
shrubs, since it invests resources in anti-browsing defense (Bryant et al.,
1987; Christie et al., 2015), and we were actually surprised to see such
a clear growth depression signal in a species with antibrowsing defense
even in a reported insect outbreak year. However, the related Alnus
incana is classified as a secondary host plant for Eurois occulta and the
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antibrowsing defenses of alder might be more targeted towards verte-
brates (Christie et al., 2015) and not effective for invertebrates. Also,
heavy insect outbreak years are characterized by extreme food shortage
for herbivores (insects and others alike) and it is possible that browsing
pressure on non-preferred browsing plants increases in such years
(Karlsen et al., 2013; Lund et al., 2017). It seems thus likely, that de-
spite the antibrowsing defenses of alder, it was browsed heavily in
2004, most likely by Eurois occulta.

If we assume an insect outbreak as the most likely cause of the
extreme negative growth variation in alder in 2004, it is within reason
to exclude this period from a calibration trial for a climate re-
construction. In our case, the result was ideal in terms of climate re-
construction: After the exclusion of the period 2004-2007, the re-
lationships between climate driver and shrub growth became stable in
time, the climate reconstruction models passed all tests, and the ex-
plained variance of the models increased.

Three issues, however, should be mentioned. First, why did the
recorded Eurois occulta outbreak in 2011 in our research area did not
lead to pointer years and growth reductions in alder? Several points
come together here. I) Our chronologies had a smaller sample size in
2011. II) Concerning the pointer year analysis it is a technical question
of not having enough years after the attack to calculate pointer years.
III) The relative growth change method however, was possible and
resulted in about average growth in that year. A closer look at in-
dividual growth records showed that apparently only a few shrubs in
our chronologies were affected by the outbreak in 2011 (recording
event years), pointing to less severity as one possible explanatory factor
for the differences between 2004 and 2011. Primary palatable species,
such as willows and dwarf birch were affected, non-host plants such as
alder and less palatable species such as Empetrum nigrum not (Lund
et al., 2017). Possibly the outbreak in 2011 did either not reach the
dimensions of 2004 and caterpillars fed mainly on their primary pala-
table species, and not on alder shrubs, or the outbreak was more lo-
calized spatially. Even though we cannot confirm that alder was af-
fected in 2011, the apparent inability of our records to capture the 2011
outbreak points to the need for more detailed studies and analyses.

Second, if we think about using alder or other shrubs for climate
reconstructions, it is likely that the signature of the insect outbreak we
found in our samples (strongly reduced ring width and cell wall
thickness) could potentially also result from very severe summer con-
ditions. In both cases, i.e. the insect attack and a very cold summer, the
production of growth resources is severely limited, either by the loss of
canopy and photosynthetic tissue or by very low temperatures phy-
siologically affecting photosynthesis and wood production. In our re-
cord (covering only about 55 years), the effect of the coldest summer
(1972) was only about half of that of the insect attack and recovery was
within the next year, but the well-known “years without summer” fol-
lowing major volcanic eruptions, e.g. 1783 or 1815, might show growth
reductions similar to the one described here (but see D’Arrigo et al.,
2011). However, as indicated by our analyses, the relationship between
CWT and RW may serve as an additional marker of herbivory, since we
observed exceptionally low residuals of a corresponding regression. To
test this hypothesis, further research is needed, ideally including ma-
terial which was affected severely and more frequently.

Third, it is possible that when using alder to reconstruct climate
beyond instrumental records, one may encounter previous insect at-
tacks. These would, like severe summer conditions, lead to reduced ring
width and thinner cell walls. The ability to disentangle climate from
insect driven growth depressions might hinge on the impact of each of
these events. While we could show in our case study that insect driven
growth depressions lead to narrower rings and thinner cell walls than
climate driven growth depressions and moreover exceptionally low
residuals of CWT predictions by RW, this remains to be tested for ex-
treme summer temperature deviations as discussed above.
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5. Conclusions

Using a combination of shrub-ring width and wood anatomy ana-
lysis on alder shrubs in Greenland, we could show that insect driven
growth depressions seem to be more severe than cold summers and
heavily affect the positive relationship between CWT and RW. When
excluding the years with insect driven growth depressions, climate re-
construction models passed calibration-verification tests. Our approach
of combining traditional shrub-ring width analysis with wood anatomy
seems, at least in this example, a promising avenue to potentially dis-
entangle growth depressions due to climate from growth depressions
due to insect attacks. However, more severe climatic conditions or less
severe insect outbreaks might lead to similar signature in the wood,
which could not be tested in our samples. If this approach can be ap-
plied to other species or disturbance intensities remains to be seen and
tested, but we are hopeful that our approach can serve as an example
for such an endeavor.
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Abstract

Climate warming is expected to enhance productivity and growth of woody plants, particularly in temperature-
limited environments at the northernmost or uppermost limits of their distribution. However, this warming is
spatially uneven and temporally variable, and the rise in temperatures differently affects biomes and growth
forms. Here, applying a dendroecological approach with generalized additive mixed models, we analysed how
the growth of shrubby junipers and coexisting trees (larch and pine species) responds to rising temperatures
along a 5000-km latitudinal range including sites from the Polar, Alpine to the Mediterranean biomes. We
hypothesize that, being more coupled to ground microclimate, junipers will be less influenced by atmospheric
conditions and will less respond to the post-1950 climate warming than coexisting standing trees. Unexpectedly,
shrub and tree growth forms revealed divergent growth trends in all the three biomes, with juniper performing
better than trees at Mediterranean than at Polar and Alpine sites. The post-1980s decline of tree growth in
Mediterranean sites might be induced by drought stress amplified by climate warming and did not affect juni-
pers. We conclude that different but coexisting long-living growth forms can respond differently to the same cli-
mate factor and that, even in temperature-limited area, other drivers like the duration of snow cover might

locally play a fundamental role on woody plants growth across Europe.

Keywords: climate warming, dendroecology, junipers, latitudinal transect, thermal uncoupling, tree growth
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Introduction

Climate warming is unequivocal, and since the
1950s, the rapid rise of air temperatures due to
increasing  atmospheric CO, concentrations is
unprecedented over millennia in many regions
(IPCC, 2014). This is the case of Europe, where the
average land temperature of the 2004-2013 period is
1.3 °C above the pre-industrial level, which makes it
the warmest decade on record (Rohde et al., 2013).
Interestingly, this warming is seasonally heteroge-
neous and spatially variable with highest rates
observed in peripheral European regions such as E.
Spain (40°N) and NW. Russia (65°N) (Vautard et al.,
2014). Furthermore, European temperatures are pro-
jected to continue increasing by 2.4-4.1 °C during the
21st century, that is more than global averages (Kjell-
strom et al., 2011). Here, we explore whether differ-
ent seasonal warming trends observed across
European biomes (Polar, Alpine and Mediterranean
biomes) translate into different growth patterns in
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prostrate vs. arborescent conifer growth forms. We
discuss how the shrub vs. tree dichotomy determines
growth reactions to climate warming and could influ-
ence future changes in productivity of woody Euro-
pean biomes.

Rapid climate warming is expected to impact woody
plants in the Polar biome more intensely and rapidly
than elsewhere leading to enhanced growth in the spe-
cies’ northernmost limits of distribution, and promot-
ing tree shifts and shrub encroachment northwards as
has been already observed in boreal forests and the arc-
tic tundra (Suarez et al., 1999; Sturm et al., 2001; Danby
& Hik, 2007; MacDonald et al., 2008; Harsch et al., 2009;
Hallinger et al., 2010; Myers-Smith et al., 2011, 2015).
Such treeline shifts and shrub encroachment phenom-
ena are the result of warming-enhanced productivity
success of these woody communities (Esper et al., 2010;
Forbes et al., 2010; Hallinger & Wilmking, 2011), albeit
warming-related drought stress has also been detected
at some boreal forests (Barber ef al., 2000; Trahan &
Schubert, 2016).

In the Alpine biome, where trees and shrubs reach
their uppermost distribution limits, growth of woody
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plants is mainly constrained by decreasing tempera-
tures upwards (Korner, 2012a), and for this reason,
enhanced tree and shrub growth by climate warming is
expected at high elevations in these mountain regions
(Biintgen ef al., 2008a; Salzer et al., 2009; Lu et al., 2016).
However, such environments illustrate at small spatial
scales a fundamental dichotomy between arborescent
(tree) and prostrate (shrub) growth forms and their
expected responses to climate warming. Due to the
erect growth and tall stature of trees, meristems are
well coupled with free atmospheric conditions which
enforce convective air exchange (Wilson et al., 1987;
Grace et al., 1989). For this reason, trees are usually
more sensitive to thermal air limitations than shrubs
(Korner, 2012a). Contrastingly, in low-stature and pros-
trate shrubs, meristems are more coupled to ground
microclimate conditions, which are usually warmer
with respect to free atmospheric conditions due to the
reduction of heat exchange (Korner, 2012b). This more
favourable microclimate allows shrub growth to be par-
tially decoupled from atmospheric thermal states which
explains their existence above the treeline (Korner,
2012b). In addition, during winter shrub, meristems are
often covered and protected by snow, limiting the risk
of freezing and mechanical damages as compared to
tree buds (Bokhorst et al., 2009; Rixen et al., 2010). How-
ever, the insulating benefits of snow pack to shrub
meristems may also be detrimental whether the snow
pack is so thick or dense to induce a delayed snow
melting and a shortening of the growing season (Pelliz-
zari et al., 2014).

Lastly, in the Mediterranean biome, shrub and tree
growth is mainly constrained by seasonal drought
(Gazol & Camarero, 2012), even at high-elevation sites
(Garcia-Cervigon Morales et al., 2012). Therefore, war-
mer conditions could amplify drought stress in this
biome, and the aridification trend already observed in
southern Europe (Vicente-Serrano et al., 2014) may lead
to slower growth of woody plants if precipitation is
assumed not to change (Matias & Jump, 2015). More-
over, warmer growing season conditions have already
induced moisture limitation and reduced juniper
growth in temperate mountains such as the Tibetan Pla-
teau (Liang et al., 2012), so warming-related drought
constrains should be fully considered not just for the
Mediterranean but also for similar dry biomes.

We aim to quantify the radial growth responses to
rising temperatures of junipers and co-occurring trees
(larch and pine species) across a NE-SW European tran-
sect including sites located in Polar, Alpine and
Mediterranean biomes. By assuming the decoupling
between air temperature and shrubs growth, we
hypothesize that erect trees will be more sensitive to
recent climate warming than shrubby junipers,

particularly in the case of the most cold-limited sites
(Polar and Alpine biomes). We also expect to detect
drought-related growth limitations in Mediterranean
sites, chiefly affecting trees because they are more
responsive to drought amplification by climate warm-
ing (Williams et al., 2013).

Materials and methods

Study species and sample collection

Common juniper (Juniperus communis L.) is a shrubby gym-
nosperm considered to be the most widespread conifer over
the Northern Hemisphere (Farjon, 2005). We selected 10 sites
located in three contrasted biomes on the European continent
going from the Russian Polar Urals to eastern Spain. In these
biomes, Polar (Polar Urals), Alpine (Italian Alps) and Mediter-
ranean (Spanish Iberian System, Apennines in S. Italy), the
species grows at the northern, uppermost and southern limits
of its distribution (Table 1, Fig. 1).

In the Polar and northern Urals sites, sampling took place
near the undisturbed treeline ecotone which is situated
between 270 m to 450 m a.s.l. and includes larch (Larix sibirica
Ledeb.) and birch stands (Betula tortuosa Ledeb.), shrubs (ju-
nipers, Salix spp.), and alpine moss—grass-lichen communi-
ties. In these remote sites (URT, URF, PU; see Table 1),
vegetation has not been heavily disturbed during the last cen-
turies (Shiyatov et al., 2005). Climatic data of the Salekhard
meteorological station (66.5°N, 66.7°E, 137 m a.s.l, 55 km
south-east of the URF and URT study sites) show a mean
annual temperature of —6.4 °C with January (—24.4 °C) and
July (+13.8 °C) as the coldest and warmest months, respec-
tively. According to climate-growth relationships and based
on phenological field observations (needle and shoot elonga-
tion, stem wood formation), the growing season lasts from
early June to mid-August (J.J. Camarero pers. observ.; Devi
et al., 2008). Mean annual precipitation is 415 mm, with 50%
falling as snow. Maximum snow depth is 200250 cm (Hage-
dorn et al., 2014). Soils develop on ultramafic rocks.

In the Italian Alps, the treeline is located between 1800 and
2200 m a.s.l., and vegetation is dominated by larch (Larix
deciduas Mill.), spruce (Picea abies Karst) and stone pine (Pinus
cembra L.) forests and shrubby (Juniperus communis L., Rhodo-
dendron spp., Salix spp.) communities (Pellizzari et al., 2014).
Climate is characterized by dry winters, with most of the pre-
cipitation occurring from late spring to early autumn; the
mean annual temperature is 2.5 °C (coldest and warmest
months are usually January and July) and the total annual pre-
cipitation is ca. 1800 mm, whilst the growing period lasts from
June to early September (Carrer & Urbinati, 2006). Maximum
snow depth is usually 250-600 cm. Soils are shallow rendzic
leptosols formed over dolomite and limestone to spodosol
over crystalline bedrocks. In this region, logging and livestock
grazing decreased significantly during the past century and
especially after World War II.

In the Mediterranean region, we selected a site (POL)
located in southern Italy subjected to wetter conditions than
the other two dryer sites (VIL, PEN) situated in eastern Spain

© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 3169-3180
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Table 1 Description of the study sites and number of sampled junipers and trees

Longitude  Elevation
Region Site (code) Latitude (N)  (W/E) (masl)  Tree species No. junipers/trees
Polar Polar Urals — treeline (URT) 66°51" 65°35'E 320 Larix sibirica 24/13
Polar Urals — forest limit (URF)  66°50" 65°35'E 230 Larix sibirica 23/20
Polar Urals (PU) 66°48' 65°33'E 220 Larix sibirica 20/24
Northern Urals (NU) 61°18’ 59°14'E 750 Larix sibirica 24/~
Alpine Devero (DEV) 46°19 8°16'E 2100 Larix decidua 12/18
Ventina (VEN) 46°18' 9°46'E 2300 Larix decidua 17/34
Sella Nevea (SEL) 46°22' 13°27'E 1800 Larix decidua 24/17
Mediterranean  Pollino (POL) 39°09' 16°12'E 2100 Pinus heldreichii  16/14
Penarroya (PEN) 40°23 0°40'W 2020 Pinus uncinata 13/41
Villarroya de los Pinares (VIL) ~ 40°34' 0°40'W 1350 Pinus sylvestris ~ 12/20

5 s
. Y Study site

MAT
w— 33°C N
= _33°C

600 1.200

— — T

Fig. 1 Juniper tree sample sites. Colour boxes correspond to the three regions: blue for Polar sites (Russian Polar Urals), green for
Alpine sites (N. Italy) and red for Mediterranean sites (E Spain, S. Italy). In the case of the NU site, only junipers were sampled. See
sites’ characteristics in Table 1. Map colours correspond to the annual mean temperature (MAT).

(Camarero ef al., 2015a). In POL, forests are dominated by pine
(Pinus heldreichii) accompanied by junipers and Mediterranean
shrubs and grasslands (Todaro et al., 2007). Climate is
Mediterranean, humid type, with warm and fairly dry sum-
mers and the annual mean temperature is ca. 5.0 °C whilst the
precipitation is around 1570 mm mainly concentrated in
autumn and winter. Snow cover lasts from November to late
May and its maximum depth is 50-150 cm. Soils are shallow

© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 3169-3180
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and formed over large outcropping rocks (limestone, dolo-
mites). In the VIL and PEN sites located in Spain, forests are
dominated by Scots (Pinus sylvestris L.) and mountain pine
(Pinus uncinata Ram.), whilst shrubby communities are formed
by junipers (J. communis, J. sabina L.) and barberry (Berberis
vulgaris L.) (Camarero ef al., 2015a). Climate is Mediterranean
continental with a mean annual temperature of +4.0-9.0 °C
and annual precipitation of 510-900 mm. In the low-elevation
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VIL site, water deficit occurs in July and drought-induced die-
back has been observed in some juniper stands (J.J. Camarero,
pers. observ.). In the high-elevation PEN site, snow cover lasts
from November until March. Soils are shallow and derived
from underlying limestone bedrock. The VIL and PEN sites
have experienced low land-use pressures (logging, grazing)
since the 1950s. Here, the growing season usually starts from
early May to early June and ends from late September to late
October (Deslauriers et al., 2008). Where the typical Mediter-
ranean summer drought is present, it is possible to observe a
resting period within the growing season (Camarero et al.,
2010).

Juniper shrubs and trees were usually sampled near the
treeline ecotone except at one Mediterranean site (VIL). We
collected 350 junipers distributed over the ten study sites and
250 trees, from six different conifer species (Table 1), located
at nine of these sites (there were no trees at the Polar NU site,
whilst the PU tree-ring chronology was retrieved from the
International Tree-Ring Data Bank) (https://www.ncdc.noaa.
gov/paleo/study/15341). In the field, we measured the stem
diameter of junipers (near the base as close as possible to the
root collar) and trees (diameter at breast height measured at
1.3 m). We cut basal discs from the major juniper stems since
most of the junipers were multistemmed and prostrate (height
<0.5 m) whilst for trees we collected two perpendicular cores
at1.3 m.

Dendrochronological methods

We sanded juniper discs and tree cores with progressively
finer sandpapers to better analyse the annual rings. Junipers
often present eccentric stems and a high number of wedging
rings due to the irregular growth form (Fig. S1). For this rea-
son, we measured 2—4 radii in each disc. The pronounced
eccentricity prevented converting radial measurements to area
increments (Buras & Wilmking, 2014; Myers-Smith et al.,
2014). In trees, 2 radii per individual were measured. Rings
were measured to the nearest 0.01 mm using a LINTAB-TSAP
(Rinn, Heidelberg, Germany) sliding stage micrometre system
and then dated.

We used the corecHA software (Holmes, 1983) to check the
cross-dating. We successfully cross-dated 185 junipers (563% of
the samples); in the other cases, irregular growth, wedging
and missing rings, especially at the outer part of the cross-sec-
tions, made the cross-dating of old individuals challenging
(Fig. S1). In junipers, the age was obtained by counting the
rings from the bark to the pith, whilst in trees, age was esti-
mated (at 1.3 m) by fitting a geometric pith locator to the
innermost rings in the case of cores without pith. Then, tree
age was estimated by counting the rings in the oldest core of
each tree and adding the estimate length of core missing up to
the predicted pith.

To compare ring growth with climate variables, we stan-
dardized and detrended the juniper and tree-ring width series
using the prLr (Bunn, 2010) package in the R statistical envi-
ronment (R Core Team, 2015). In the case of junipers, we chose
a spline function with a 50% frequency cut-off at 100 years; in
this way, we removed the long-term biological growth trend,
maintaining high (annual)- to midfrequency (multidecadal)

growth variability resulting in dimensionless ring-width
indices (Helama ef al., 2004). Tree chronologies were similarly
detrended to remove the typical age-related trend of declining
ring-width (often absent in junipers; see Pellizzari et al., 2014)
using firstly a negative exponential curve and then applying a
100-year-long spline. Finally, with both growth forms, junipers
and trees, the first-order autocorrelation of the standardized
ring-width indices was removed through autoregressive mod-
elling. The residual indices were averaged at the individual
and site levels using a biweight robust mean to obtain residual
individual and site chronologies. Statistical descriptive param-
eters (Fritts, 2001), including the mean, standard deviation,
first-order autocorrelation of raw series, the mean sensitivity
(a measure of the year-to-year variability) and the mean corre-
lation between individual series of residual ring-width
indices, were also calculated for each site chronology consid-
ering the common 19502013 period.

Climate data

To analyse climate trends in the three regions, we used the
0.5° gridded CRU climate data set considering monthly data
(mean, maximum and minimum temperatures; total precipita-
tion) for the 1901-2013 period (Harris ef al., 2014), and also the
European-wide E-OBS v12 gridded data set at 0.25° resolution
for the 19502013 period (Haylock et al., 2008; Van Den Besse-
laar et al., 2011). We further investigated seasonal values
(means in the case of temperatures, totals in the case of precip-
itation), considering previous year summer, autumn and win-
ter (June to August, September to November and December to
current February, respectively) and current spring and sum-
mer (March to May and June to August, respectively). Indeed,
we also analysed the sum of previous winter and current
spring precipitation, considering that snow is present during
this period and could affect juniper growth in many sites (Pel-
lizzari ef al., 2014). Linear trends of temperature anomalies
with respect to the 1981-2010 period were calculated after
1950 considering either the CRU or the E-OBS climate data
sets.

Due to a decreasing number of instrumental station records
together with an increasing amount of uncertainty associated
with climate data before the 1950s (Jones, 2016), and particu-
larly across Mediterranean mountains (e.g. the greater Pyre-
nees region, cf. Biintgen ef al., 2008b), the statistical analyses
(climate-growth correlations, models) were restricted to the
19502013 period.

Statistical analyses

Climatic drivers of the year-to-year growth variability. All
statistical analyses were performed in R environment (R Core
Team, 2015). First, to summarize the relationships among juni-
per and tree chronologies, we calculated Pearson correlations
and plotted them as a function of site-to-site distances. We
also calculated a principal component analysis (PCA) using
the covariance matrices obtained by relating the residual
chronologies. Second, we used Pearson correlations and linear
mixed-effects models (LMEs; Pinheiro & Bates, 2000) to
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quantify the associations between climatic variables and ring-
width indices at site and individual scales, respectively. In the
correlation analyses, we considered monthly (from April to
September) and seasonal climatic variables of the common
19502013 period. Moving correlations (25-year-long intervals)
were also calculated between growing season mean tempera-
tures (May to August) and juniper and tree site chronologies.
Despite that growing season length may differ between
regions due to the broad latitudinal difference, parallel eleva-
tion variability can counteract this trend. Therefore, having in
mind this consideration and looking at the results from the
monthly climate/growth associations, we set the common
May to August period as the time span expected to cover most
of the potential growing season in all regions.

LMEs were fitted for all regions considering regions and
individual trees or shrubs nested within sites as random fac-
tors and also separately for each region considering again
trees or shrubs as random factors. Seasonal and monthly cli-
mate variables were considered fixed factors (interactions
between climate variables were also considered). The LMEs
have the following form:

RW; :Xiﬂ—FZibi + &, (1)

where RW; represents the shrubs’ or trees’ ring-width indices
of any individual i, § is the vector of fixed effects (climate vari-
ables), b; is the vector of random effects (site or tree/shrub
identity), X; and Z; are, respectively, fixed and random effects
regressor matrices, and ¢; is the within-group error vector. We
ranked all the potential models that could be generated with
the different explanatory variables according to the Akaike
information criterion (AIC). We selected those most parsimo-
nious models, that is the ones with the lowest AIC (Burnham
& Anderson, 2002); these models were identified using the mu-
MIN package (Barton, 2013). In addition, we used the Akaike
weights (Wi) of each model to measure the conditional proba-
bility of the candidate model assuming it was the best model.
Finally, we evaluated the fit of the models by graphical exami-
nation of the residual and fitted values (Zuur et al., 2009). The
‘Ime” function of the NLME package was used to fit the LMEs
(Pinheiro et al., 2015).

Growth trends in junipers and trees. To analyse spatiotem-
poral patterns in juniper and tree-ring width data, we used
generalized additive mixed models (GAMMs; Wood, 2006).
GAMM is a flexible semiparametric method used to character-
ize nonlinear patterns observed between a ‘response’ variable
as a function of ‘explanatory’ variables (Wood, 2006). The final
GAMM we used was in the form:

RW; = s(year, x region;) + s(age;) + s(size;) + Z;Bi +&. (2)

In this model, the ring widths (RWs) of tree i were modelled
as a function of calendar year, age and stem basal area (size).
An interaction term between year and region was included to
account for different growth trends between regions. Thin
plate regression splines (s) are used to represent all the smooth
terms. The degree of smoothing is determined by internal
cross-validation (Wood, 2006). In addition, as RW represents
multiple measurements performed on different trees from
each site, tree identity (Z;B;) was regarded as a random effect.
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An error term (g;) with an AR1 (P = 1) correlation structure
was also included in the model. GAMMs were fitted using the
mgcv library (Wood, 2006).

Results

Climate trends

Unexpectedly, warming trends during the 19012013
and 1950-2013 periods were stronger in the Mediter-
ranean and Alpine sites than in the Polar sites
(Table S1; Fig. S2). Seasonally, the warming was more
intense in summer across Mediterranean sites, particu-
larly in Spain, followed by spring minimum tempera-
tures in the Polar and Alpine sites, particularly in the
Polar Urals (Table S1). Few significant trends were
detected for seasonal precipitation.

Growth patterns and trends

Junipers were youngest at the Polar and grew more in
Mediterranean sites, whereas the oldest individuals (ca.
400- and 1000-year-old junipers and larches, respec-
tively) were sampled in the Alpine sites (Fig. S3). For
junipers and trees younger than 200 years, the mean
growth rate was always lowest at the Polar region,
whilst growth was highest in the Alpine sites. The
mean ring widths of junipers (0.30 mm) were signifi-
cantly lower (t = —4.41, P = 0.001) than that (0.90 mm)
of trees (Table 2). However, neither the first-order auto-
correlation nor the mean sensitivity differed between
juniper and trees chronologies.

The mean correlation between individuals was also
significantly lower (t = —5.56, P = 0.0002) in junipers
(0.26) than in trees (0.54). This also explains why the
correlation between trees’ chronologies was much
stronger than between junipers’ chronologies within
each biome (Table S2, Fig. 54). Accordingly, the first
axis of the PCA accounted for 45% and 32% of the total
variance of ring-width indices in the case of tree and
juniper sites, respectively (Fig. S5). The PCA allowed
grouping sites geographically, that is within each
biome, but in the case of the Mediterranean sites, the
humid Italian POL site clearly diverged from the dry
Spanish PEN and VIL sites. Lastly, positive and signifi-
cant (P < 0.05) correlations between juniper and tree
chronologies within each site were found in the Polar
and Mediterranean biomes, but not in the Alpine one
(Table S2).

The GAMMSs demonstrated a long-term growth
increase of Polar junipers since the 1950s, which
boosted after the 1980s when climate warming intensi-
fied (Fig. S2), closely followed by Mediterranean juni-
pers (Fig. 2). In contrast, Mediterranean trees showed a
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Fig. 2 Ring-width growth (RW, ring-width; values are means +
SE) based on the generalized additive mixed models (GAMM)
for (a) junipers and (b) trees in each region (blue, green and red
lines refer to the Polar, Alpine and Mediterranean sites, respec-
tively). Trends were assumed for a theoretical individual with
mean age and basal area across all the study sites.

rapid declining in growth since the 1980s, whereas
Alpine trees followed by Polar ones featured growth
acceleration.

Growth associations with climate

Warm summer conditions enhanced growth in cold
regions (Polar and Alpine biomes) with stronger tem-
perature-growth correlations in trees than in junipers
(Fig. 3).

Specifically, higher June to July maximum tempera-
tures were related to wider ring widths, particularly in
treeline trees at the Polar sites. Wet September condi-
tions enhanced juniper and tree growth at several Polar
sites. Winter-to-spring wet conditions were negatively
associated with Alpine juniper growth. In contrast, cool
and wet spring and early summer conditions favoured
growth of junipers and trees in the PEN and VIL
dry Mediterranean sites, whereas warm spring and
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(a) Junipers

(b) Trees

-0.4-

-0.6

Correlation coefficient (r)

0.4 4
0.2

-0.2
-0.4 -
-061

Pr 1 1 1 1 1 1 1 1

| Pr

1 1
A M J J
Month
Biome  Polar

Season
Alpine

A S su-lau-1wi-1 spr sumws A M J J

Mediterranean

A S su-1au-1wi-1 spr sum w-s

Month Season

Site URT URFPU WU DEV VEN SEL POL PEN

Fig. 3 Site-level climate—growth relationships for the juniper and trees. Bars are Pearson correlation coefficients obtained by relating
seasonal or monthly mean minimum (Tmin) or maximum (Tmax) temperatures and precipitation (Pr) with site chronologies of ring-
width indices for the common period 1950-2013. Grey boxes indicate nonsignificant values. The temporal window includes monthly
climate values from April to September and seasons are indicated by three-letter codes (w-s is the previous winter to spring season).
Previous year summer (su-1), autumn (au-1) and winter (wi-1) have also been considered.

summer conditions enhanced tree and juniper growth
in the wet POL Mediterranean site (Fig. 3). In the two
dry Mediterranean sites, the growth of junipers and
trees was enhanced by wet conditions in May-June and
June-July, respectively. Previous summer temperatures
influence positively juniper growth at Polar Urals and
tree growth at some Polar and Alpine sites. These asso-
ciations at the site level were also reflected by the LMEs
fitted at individual level which showed: (i) the domi-
nant role played by summer maximum temperatures
for Polar juniper and tree growth; (ii) the negative influ-
ence of high winter-to-spring precipitation for Alpine
juniper growth; and (iii) the relevance of cool and wet
spring and summer conditions to Mediterranean
growth (Table 3; see also Table S3).

Growing season temperatures were significantly
(P < 0.05) and positively related to Polar tree growth
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during most of the 19502013 period, but in the case of
Polar junipers such association decreased to not signifi-
cant values after the 1990s (Fig. 4). In the case of Alpine
trees, temperatures were playing a more important role
by enhancing growth since 1970 and turning significant
after 1982. In Alpine junipers, positive and significant
temperature-growth relationships occurred only dur-
ing the mid-1960s, following afterwards a reverse trend
to that described for coexisting trees. Growth of
Mediterranean trees and shrubs did not show signifi-
cant correlations with temperature.

Discussion

The growth of the two plant forms (shrub and tree),
despite featuring even opposite trends, clearly
diverges in all the three biomes. This outcome is also
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Table 3 Summary of the linear mixed-effects models of juniper and tree growth (ring-width indices) as a function of region and climate variables (mean temperatures, total

precipitation). Note that the models’ intercepts are not presented for simplicity

Trees

Junipers

Parameters

Parameters

Data set or region

0.86
0.89
0.97
0.83

+0.072 Txsum + 0.014 Txaut ;_; + 0.001 Prwin ;_;

+0.077 Tx7 + 0.041 Tmé6

0.88
0.97
0.56
0.77

+0.022 Txaut;_; +0.012Txsum + 0.001Tnspr — 0.002 PrWS ;_4

+0.048 Tm67 — 0.001 PrWS ;4

All regions
Polar

+0.118 Txsum + 0.021 Tx5

+0.013 Tm5 — 0.003 PrWS ,_;
— 0.020 Txsum + 0.001 Pr5

Alpine

— 0.029 Txsum + 0.001 Pspr

Mediterranean

aut, autumn; Pr, precipitation; spr, spring; sum, summer; Tn, mean minimum temperatures; Tx, mean maximum temperatures; win, winter; Wi, Akaike weights; WS, winter to

spring. Numbers after climate variables indicate months, whereas the subscript ‘t—1" indicates the previous year.

corroborated by the climate/growth associations which
highlight general higher tree sensitivity to temperature.
As assumed, shrubby junipers were less coupled to air
temperature and related atmospheric patterns than
coexisting tree species across the three biomes in Eur-
ope. Unexpectedly, juniper showed enhanced growth
at the extreme latitudinal Polar and Mediterranean
sites, whereas trees increased their growth rates in
Alpine and Polar regions (Fig. 2) and mostly declined
in Mediterranean sites. We discuss how this tree—shrub
dichotomy could explain these findings by analysing,
in space and time, the contrasting macro- and microcli-
matic influences to which these two growth forms are
exposed in different biomes.

The Arctic is rapidly warming because of the climate-
albedo feedbacks related to snow dynamics (IPCC,
2014). The effect on plants life is a stronger warming-
triggered boosting of growth and productivity at the
Polar biome with a widespread shrub expansion and a
rapid shift from low to tall shrubs (Arctic ‘greening’)
observed in many tundra ecosystems (Tape et al., 2006;
Devi et al., 2008; Macias-Fauria et al., 2012; Myers-
Smith et al., 2015). Our results are in line with this pic-
ture with tree-ring growth of Polar junipers and trees
(Fig. 2) mainly constrained by the short growing season
and cold summer conditions (Fig. 3). However, at the
study sites, warming trends after 1950 were more pro-
nounced in the Mediterranean and Alpine biomes due
to the contribution of increasingly warmer summer
conditions (Table S1). This highlights that the typical
representation featuring a straight northward or
upward growth enhancement, and a growth reduction
at the southernmost species’ distribution limit (as, e.g.,
in Matias & Jump 2015 for juniper and Scots pine), is
more complex, with the role of precipitation that
should not be overlooked.

In our case, the significant positive correlations at
Polar treeline sites recorded on both the growth forms
for September precipitation (Fig. 3), even though in
the region according to current knowledge the vegeta-
tive period is almost if not fully ended, could indicate
a positive effect of wet conditions in late summer and
early autumn. This would suggest a longer growing
season than that previously described (Devi et al.,
2008) or even a potential late summer drought stress
induced by warmer conditions, since many junipers
establish on rocky substrates and shallow sandy soils,
which intensify water deficit. In addition, at the Polar
biome, beside the key role of summer temperature,
the expansion of shrubs and trees might be also
related to the snow amount and cover (Frost &
Epstein, 2014). Previous investigations across the
Siberian subarctic, including some of our Polar study
sites, detected a post-1960s divergence between tree
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growth and summer temperatures which was
explained by a delayed snow melt due to increasing
winter precipitation (Vaganov et al., 1999). Late snow
melting could have postponed the onset of cambial
activity, thus leading to slower growth and a loss of
growth sensitivity to summer temperatures (Kirdya-
nov et al., 2003). Similar detrimental effect of snow
pack duration on growth has been described for pros-
trate junipers in the Alps (Pellizzari et al., 2014). In
this mountain region, the amount of winter precipita-
tion is at least double compared to the other biomes
and could lead to a short growing season due to late
snow melt (Fig. 3, Table 3). However, in most north-
ern Russia, consistently with the trend observed
across the Northern Hemisphere (Kunkel et al., 2016),
the extent and duration of snow cover tends to be
shorter because the first snowfall occurs later and
spring snow melt arrives earlier due to rising temper-
atures (Table S1) even if the amount of fallen snow
increases (Bulygina et al., 2009). Such widespread
reduction in snow cover could lead to a longer
growing season through an earlier snow melt together

© 2017 John Wiley & Sons Ltd, Global Change Biology, 23, 3169-3180

66

with the abovementioned relaxation of September
conditions and this can explain the rise of Polar juni-
per growth.

Unsurprisingly, tree growth at cold sites from the
Polar and Alpine biomes responded more to temper-
ature than coexisting junipers, and this response has
been stable (Polar sites) or got stronger (Alpine sites)
after the 1980s when temperatures started rising
rapidly (Figs 3 and 4). Juniper growth at these tem-
perature-limited sites is getting uncoupled from war-
mer conditions even though temperatures have kept
rising. This suggests an overwhelming role played by
local factors or other indirect effects of climate warm-
ing rather than the temperature rise per se, such as,
as mentioned, a reduced snow cover period or a
longer growing season. Other drivers such as
changes in light availability (Stine & Huybers, 2013),
nitrogen deposition and rising CO,, biotic interac-
tions, disturbance regime and local adaptations could
also affect Polar juniper and tree growth, but their
roles have to be further explored (Matias & Jump,
2015).
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Our findings, supporting the hypothesis that trees
were more coupled with atmospheric conditions and
better responded to climate warming than junipers,
could also explain why Mediterranean trees showed a
decreasing growth trend in the dry Spanish sites
(Fig. 2). Here, the warming-induced drought stress
(Galvén et al., 2015; Gazol et al., 2015) may drive trees
to be more responsive to wet spring conditions than
junipers (Fig. 3) which, being less exposed to extreme
warm temperatures, likely experience lower evapotran-
spiration rates. In drought-prone areas as the SW of
USA and the Mediterranean Basin, warming-induced
aridification has been predicted to trigger forest die-off
and the replacement of drought-sensitive pine species
by junipers (Williams et al.,, 2013; Camarero et al.,
2015b). Nevertheless, cold spells could also cause the
die-off of junipers in dry and continental areas (Soulé &
Knapp, 2007). It should also be noted the strong differ-
ences in climate conditions between POL and the other
two more dry and continental Mediterranean PEN and
VIL sites which causes a variable growth response to
temperature in the case of trees (Fig. 4). This confirms
that warming would mainly amplify drought stress in
continental Mediterranean sites whilst wetter sites may
buffer this aridification trend (Macias et al., 2006). Note
also that the climate—growth associations in the dry
sites from the Mediterranean biome indicated an earlier
onset of xylogenesis in junipers than in trees (see also
Garcia-Cervigén Morales et al., 2012), which suggests
that drier summer conditions would be less detrimental
to early-growing junipers than to late-growing trees.
These results not agreeing with other studies that pre-
dicted a reduced performance of common juniper in
the southernmost distribution limit (Matias & Jump,
2015) highlight the importance of considering multiple
proxies of performance and long-term perspectives to
understand species range shifts in response to climate
warming.

To conclude, tree growth seems more coupled to
temperature than juniper growth in cold-limited
regions such as the Polar and Alpine biomes. In the
Polar and Mediterranean biomes, junipers grow more
since the 1950s, and this growth enhancement acceler-
ated in the 1980s. Contrastingly, in the Mediterranean
biome, tree growth was negatively associated with cli-
mate warming suggesting an increasing importance of
drought stress which would explain the observed long-
term growth decline. The increased growth observed in
cold-limited sites (Polar junipers and Alpine trees) is
coherent with an influence of climate warming, but
local factors such an extended snow-free period or wet-
ter conditions could also explain the acceleration of
growth rates in other places (e.g. Mediterranean
junipers).

This contrasting behaviour and sensitivity to climate
between different growth forms should be also consid-
ered when forecasting current and future vegetation
responses to climate change. This study can contribute
to improved understanding of carbon sink dynamics of
woody communities and improve dynamic global veg-
etation models which currently do not fully account for
the different responses of the shrub and tree growth
forms to projected climates.
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Figure S1 Shrubby juniper sampled and wedging rings in a juniper cross-section.

Figure S2 Trends in mean annual temperatures in the study sites quantified as temperature anomalies.

Figure S3 Mean ring-width (mrw) of junipers and tree species averaged for 20-year age classes.

Figure S4 Changes in correlation coefficients calculated between site ring-width residual chronologies for junipers and trees as a
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Figure S5 Principal Component Analysis calculated on the variance-covariance matrix of the juniper and trees ring-width site
chronologies.

Table S1 Seasonal climatic values and trends calculated for the study sites considering the three study biomes.

Table S2 Correlation values of the residual ring-width chronologies between the study sites and between junipers and trees within
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Figure S1. (a) Shrubby juniper sampled at a mountain site located in the

and (b) typical wedging rings in a juniper cross-section.
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Figure S3. Mean ring-width (mrw) of (a) junipers and (b) tree species averaged for 20-

years age classes. Data are plotted considering the three regions: Mediterranean (MED),

Alpine (ALP) and Polar (POL). In the case of trees older than 500 years, age classes are

presented using wider intervals.
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Figure S4. Changes in correlation coefficients (Pearson r) calculated between site ring-
width residual chronologies for junipers (filled circles) and trees (empty triangles) as a

function of the distance between sites. Two significance thresholds (P > 0.05, P > 0.01)
are displayed with different fills. Correlations have been calculated between samples of

the same growth form (junipers with junipers and trees with trees).
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Figure S5. Triplots showing the first three axes (PC1, PC2 and PC3) of a Principal

Component Analysis calculated on the variance-covariance matrix of the juniper and

trees ring-width site chronologies.



Table S1. Seasonal climatic values (means for temperatures and totals for precipitation)
and trends calculated for the study sites considering the three study biomes. Climatic

means and trends were calculated for the 1950-2013 period considering the 0.5°-gridded
CRU climate dataset. Seasons’ abbreviations: Sp, spring; Su, summer; Au, autumn; Wi,

winter. Significant (P < 0.05) trends are indicated with bold values.

Mean values (°C or mm)

] | Mean maximum temperature | Mean minimum temperature Precipitation
Region Site
Sp Su Au Wi Sp Su Au Wi Sp Su  Au Wi
urt
Urf -28 166 -07 -165 | -87 116 -47 -226| 85 182 127 69
r
Polar
PU| 42 140 -25 -48 |-120 66 -79 -257 | 82 179 128 65
NU| 29 180 04 -147 | -88 58 -7.3 -24.6| 133 243 166 88
Dev| 51 138 68 -12 | -1.7 66 10 -69 | 486 628 465 423
Alpine Ven| 86 182 104 14 24 109 46 -35 | 371 485 442 196
Sel | 147 245 152 47 76 168 92 -04 | 470 471 577 363
Pol| 44 150 7.9 -0.7 0.9 107 4.6 -3.5 | 347 212 523 481
Mediterranean | Pen
Vil 173 263 198 120 57 162 85 05 [ 175 114 158 116
i
Trends (°C yr! or mm yr?)
Region Site | Sp Su Au Wi Sp Su Au Wi Sp Su  Au Wi
urt
" 0.04 002 004 002 [ 005 001 0.04 004 |048 0.86 -0.24 1.32
ur
Polar PU 0.03 001 0.02 001 (004 002 0.03 001 |-004 -0.12 -0.38 -0.20
NU| 002 000 002 001 | 003 0.02 0.04 002 |062 0.09 026 0.04
Dev 0.02 003 002 0.02 | 004 0.04 0.04 003 ]080 0.08 -035 -051
Alpine Ven 0.01 001 000 0.02 (002 002 0.01 001 )036 049 0.05 0.97
Sel 0.03 002 001 002 (001 001 001 001 |-0.77 -0.76 -0.82 -0.60
Pol [ 0.02 0.02 0.02 001 | 0.02 002 002 0.01 114 122 118 211
Mediterranean | Pen| 902 004 001 000 | 0.02 003 002 002 |094 081 -0.11 156

Vil
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Table S2. Correlation values (Pearson correlation coefficients) calculated of the

residual ring-width chronologies (a) between the study sites and (b) between junipers

and trees within each site considering the common 1950-2013 period. Significant (P <

0.05) correlations are indicated with bold values.

76

@ Polar sites Alpine sites Mediterranean sites
Urt Pu Nu Ven Sel Pen Vil
Junipers | Urf 0.685 0.251 0.618| Dev 0242 0.178| Pol 0.222 0.018
Urt 0.293 0.767 Ven 0.219| Pen 0.338
Pu 0.485
Trees Urf 0.889 0.766 — Dev 0.692  0.568 Pol 0.064 -0.05
Urt 0845 — Ven 0.607| Pen 0.592
(b) Polar sites Alpine sites Mediterranean sites
Junipers- | Urt Urf Pu Nu [ Dev Ven Sel Pen Vil Pol
trees 0.254 0.352 0.532 -— -0.182 0.079 0.115 0.119 0.417 0.293




Table S3. Summary of the statistics of the most parsimonious linear mixed-effects
models fitted to ring-width indices of junipers and trees as a function of monthly and
seasonal climate variables for the 1950-2013 period. Abbreviations: AIC, Akaike
Information Criterion; Pr, precipitation; spr, spring; sum, summer; Tn, mean minimum
temperatures; Tx, mean maximum temperatures; win, winter; Wi, Akaike weights; WS,

winter to spring. Numbers after climate variables indicate months and the symbol *“:”

indicates interactions between climate variables. See sites’ codes in Table 1.

. ) Junipers Trees
Region Site
Model parameters AIC Wi Model parameters AIC Wi
0.449 +0.049Tm67-0.001PWS 1173 0.42 ~1.146 +0.146 Tm67 519 0.72
URF —0.048Tnspr
—1.163 +0.147Tm67
0.384+0.049Tm67+0.001Pspr 1174 0.31 —0.049Tnspr+0.001P5 521 0.28
—0.165—-0.021Tnspr+0.068Tns _
URT | um-0.010Tnwin+ 0.008Tnaut 893 0.69 0.460 + 0.112 Tm67 + 0.002P9 451  0.89
% 0.170+0.055Tm67—-0.021Tnspr 895 0.31 | —0.832 +0.133 Tm67-0.029Tnspr 455 0.11
-
8 0.675+0.068 Tm67—0.002Pspr 1316 0.75 | —0.460 + 0.112 Tm67 + 0.002 P9 1529 0.66
PU 0.672 + 0.068Tnsum — ~0.135-0.001Tnspr:PWS+0.143T
0.002P9 1319 0.20 m67+0.002P9 1530 0.34
0.441 +0.002Txspr -
NU +0.54Txsum +0.029Txwin 1918 0.98
1.075 —0.015Tnspr
+0.074Tnsum +0.026 Tnwin 1926 0.01
1.052 —0.001Pwin:Tm6+ 0.001 —0.33 + 0.139 Txsum
oy P5:TmS5 633 071 ~0.035Txspr—0.039Tx9 89 065
1.18-0.001PWS:Tx6 + 0.001 636 015 —0.103 + 0.112 Txsum—0.001P6 91 0.34
PWS:Tx5 ' —0.034Tx9 '
u 1.131 -0.001PWS:Tx6 + —0.653+0.129Txsum —0.001 P5
zZ
o VEN 0.001PWS:Tx5 836 0.55 —0.039Tx9 1686 0.91
2,:' 1.069 —0.001PWS — 0.011Tx6 839 017 —0.993+0.117 Txsum+ 0.029Tx5 1691 008
+0.019Tx5 ' —0.035Tx9 '
1.576—0.001Pspr—0.001Psum— —1.317 +0.150Txsum
SEL 0.001Pwin 924 0.84 —0.045Txspr—0.032 Tx9 593 0.92
1.367— 0.001PWS:Tm6 928 0.15 | —3.11+0.159Txsum+0.001Psum 599 0.05
0.770+0.032Tnsum-0.001PW —0.952 + 0.147Txsum +
S+0.002Psum 869 0.56 H150.001Txwin:PWS 681 083
POL 1.029 —0.001Pspr:Txspr + _
> 0.001Psum:Txsum + 870 026 | L011+0.006Txspr+0.133Txsum — o0) 47
S . +0.130Txwin
< 0.001Pwin: Txwin
Z 1.346 —0.016Txsum —0.001 1.409 —0.024Txsum
= oEN P5:TX5 + 0.001P6 830 048 +0.001Pspr+0.002Psum 584 0.50
5 1.270 —0.013Txsum + 831 034 1.412-0.024Txsum+0.001P5:Tx5 585 047
E 0.001P5:Tx5 —0.001 P6:Tx6 ) +0.002Psum '
L 2.116 —0.052Txsum 1.741 -
= +0.001PWS:Tnspr+ 503 0.83 | 0.031Txsum—0.001P5:Tx5+0.001 1118 0.51
VIL 0.001Psum Psum
1.956 —0.041Txsum + 1.746—-0.031Txsum—0.001Pspr+0.
0.002P5:Tx5 + 0.001P6 507 0.14 001Psum 1119 049
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Summary paragraph

Rapid climate warming in Arctic and alpine regions is driving changes in the structure
and composition of tundra plant communities!?, with unknown consequences for
ecosystem functioning. Because plant functional traits are directly related to vital
ecosystem processes such as primary productivity and decomposition, understanding
trait-environment relationships is critical to predicting high-latitude climate feedbacks®#,
yet such relationships have never been quantified at the biome scale. Here, we explore
the biome-wide relationship between temperature, soil moisture, and key plant
functional traits (plant height, leaf area, leaf nitrogen content (leaf N), specific leaf area
(SLA), and leaf dry matter content (LDMC), as well as community woodiness and
evergreenness. We integrated more than 56,000 trait observations with nearly three
decades of plant community vegetation surveys at 117 Arctic and alpine tundra sites
spanning the northern hemisphere. We found strong spatial relationships between
summer temperature and community height, SLA, and LDMC. Soil moisture had a
marked influence on the strength (SLA and LDMC) and direction (leaf area and leaf N) of
the temperature-trait relationship, highlighting the potentially important influence of
changes in water availability on future plant trait change. Over the past three decades,
community plant height increased with warming across all sites, but other traits lagged
far behind rates of change predicted from spatial temperature-trait relationships. Our
findings highlight the challenge of using space-for-time substitution to predict the
consequences of future warming on functional composition and suggest that tundra

ecosystem functions tied closely to plant height (e.g., carbon uptake) will show the most
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rapid changes with near-term climate warming. Our results reveal the strength with
which environmental factors shape biotic communities at the coldest extremes of the
planet and will enable improved projections of tundra functional change with climate

warming.

Main text

The tundra is warming more rapidly than any other biome on Earth, and the potential
ramifications are far-reaching due to global-scale vegetation-climate feedbacks®. Up to
50% of the world’s belowground carbon stocks are contained in permafrost soils®, and
tundra regions are expected to contribute the majority of warming-induced soil carbon
loss over the next century®. Plant traits directly impact carbon cycling and energy balance,
which can in turn influence regional and global climates*”8, Traits related to the resource
economics spectrum?®, such as specific leaf area, leaf nitrogen content, and leaf dry matter
content, affect primary productivity, litter decomposability, and nutrient cycling®#71°, while
changes in size-related traits such as leaf area and plant height influence carbon storage,
albedo, and hydrology*! (Table S1). Quantifying the link between environment and plant
functional traits is critical to understanding the consequences of climate change, but such
studies rarely extend into the tundra'?*®. As such, the full extent of the relationship between
climate and plant traits in the planet's coldest ecosystems has never been assessed, and

the consequences of climate warming for tundra functional change are largely unknown.

Here, we quantify for the first time biome-wide relationships between temperature, soil

moisture, and key traits that represent the foundation of plant form and function®, using

the largest dataset of tundra plant traits ever assembled (56,048 measured trait
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observations; Fig. 1a and S1, Table S2). We examine five continuous traits related to plant
size - including adult plant height and leaf area - and to resource economy - including
specific leaf area (SLA), leaf nitrogen content (leaf N), and leaf dry matter content (LDMC)
- as well as two categorical traits related to community-level structure (woodiness) and
leaf phenology/lifespan (evergreenness). We analyze two underlying components of
biogeographic patterns in the five continuous traits: intraspecific variability (phenotypic
plasticity or genetic differences among populations) and community-level variability
(species turnover or shifts in species’ abundances over space; Fig. S2). Intraspecific trait
variability is thought to be especially important where diversity is low or where species
have wide geographic ranges®®, as in the tundra. We ask: 1) How do plant traits vary with
temperature and soil moisture across the tundra biome? 2) What is the relative influence
of intraspecific trait variability (ITV) versus community-level trait variation (estimated as
community-weighted trait means, CWM) for spatial temperature-trait relationships? 3) Are
spatial temperature-trait relationships explained by among-site differences in species

abundance or species turnover (presence-absence)?

A major impetus for quantifying spatial temperature-trait relationships is to better predict
the potential consequences of future warming'®’. Thus, we also estimate realized rates of
temporal community-level trait change using nearly three decades of vegetation survey
data at 117 tundra sites (Fig. 1a, Table S3). Focusing on interspecific trait variation, we ask:
4) How do community trait changes over three decades of ambient warming compare to
predictions from spatial temperature-trait relationships? We expect greater temporal trait
change when spatial temperature-trait relationships are a) strong, b) independent of

moisture, and c) due primarily to abundance shifts instead of species turnover, given that
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species turnover over time depends on immigration and is likely to be slow!2. Finally,
because total realized trait change over time in continuous traits is comprised of both
community-level variation and intraspecific trait variation (ITV), we estimated the latter's
potential contribution to overall trait change (CWM+ITV) using the modeled intraspecific
temperature-trait relationships described above (see supplementary methods and Fig. S2).
For all analyses we used a novel, generalizable hierarchical Bayesian modeling approach,
which allowed us to account for the hierarchical spatial, temporal and taxonomic structure

of the data as well as multiple sources of uncertainty.

We found strong spatial associations between temperature and community height, SLA,
and LDMC (Fig. 2a and S4) across the 117 survey sites. Both height and SLA increased
significantly with summer temperature overall, but the temperature-trait relationship for
SLA was much stronger at wet than at dry sites. LDMC was negatively related to
temperature overall, and more strongly so at wet than at dry sites. Woodiness decreased
overall with warmer temperatures, particularly in wet sites, but the relative proportion of
evergreen woody species increased, particularly in dry sites (Fig. S4, Table S5). These spatial
temperature-trait relationships suggest that long-term climate warming should cause
pronounced shifts toward communities of non-woody, taller plants with more resource-

acquisitive leaves (high SLA and low LDMC).

Our results reveal a substantial moderating influence of soil moisture on community traits
across spatial temperature gradients®'®. Both leaf area and leaf N decreased with warmer
temperatures in dry sites but increased with warmer temperatures in wet sites (Fig. 2a).

Soil moisture was important in explaining spatial variation in all seven traits investigated
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here, even when temperature was not (Fig. 2a and S4). Thus, future warming-driven
changes in traits and associated ecosystem functions (e.g. decomposability) will likely
depend on current soil moisture conditions at a site'®. Furthermore, future changes in
water availability (e.g., via changes in precipitation, snow melt timing, permafrost, and
hydrology?®) could cause substantial shifts in these traits and their associated functions

irrespective of warming.

We found significant intraspecific temperature-trait relationships for all five continuous
traits, but these relationships were not always consistent with community-level patterns
(Fig. 2b, Table S6). Intraspecific plant height and leaf area showed strong positive
relationships with summer temperature (i.e., individuals were taller and had larger leaves
in warmer locations). Intraspecific LDMC, leaf N and SLA were significantly related to winter
but not summer temperature (Fig. S3). The differing responses of intraspecific trait variation
to summer versus winter temperature may indicate that size-related traits better reflect
summer growth potential while leaf economics traits reflect cold-stress tolerance. These
results, although correlative, suggest that trait variation expressed at the individual or
population level is related to the growing environment and that warming may therefore
lead to substantial intraspecific trait change in many traits. Thus, the potential for trait
change over time is likely to be underestimated by using community-weighted trait means
alone. Future work is needed to disentangle the role of plasticity and genetic differentiation
in explaining the observed intraspecific temperature-trait relationships, as this will also
influence the rate of future trait change®. Trait measurements collected over time and
under novel (experimental) conditions, as yet unavailable, would enable more accurate

predictions of the magnitude of future intraspecific trait change.
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Partitioning the underlying causes of community temperature-trait relationships revealed
that species turnover explained most of the variation in traits across space (Fig 2c),
suggesting that dispersal and immigration processes will play a key role in governing the
rate of ecosystem responses to warming. Shifts in species’ abundances and intraspecific
trait variation contributed only a minor proportion of the overall temperature-trait
relationship (Fig 2c). Furthermore, the local trait pool in the coldest tundra sites (mean
summer temperature < 3 °C) is constrained relative to the tundra as a whole for many
traits (Fig. S5). Together, these results indicate that major community trait shifts with

climate change will occur only with the arrival of novel species from warmer climates.

Community plant height was the only trait that changed significantly over the 27 years of
the study; it increased rapidly at nearly every survey site (Fig 3 a&b, Fig S4, Table S7).
Including potential intraspecific trait variation (ITV) doubled the average estimate of plant
height change over time, from ~0.03 to ~0.06 cm/year. Because spatial patterns in ITV can
be due to both phenotypic plasticity and genetic differences among populations, this is
likely a maximum estimate of the ITV contribution, for example if it is due entirely to
phenotypic plasticity. The increase in community height is consistent with a finding of
increasing vegetation height in response to experimental warming at a subset of these
sites?® and with studies of increased shrub growth over time!’. Inter-annual variation in
community height was significantly sensitive to summer temperature (Fig. 3¢, Fig. S3, Table
S8), implying that increases in community height are responding to warming. However,
neither the rate of temperature change nor soil moisture predicted the rate of CWM

change in any trait (Fig S6, Table S9).
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Increasing community height over time was due largely to species turnover (rather than
shifts in abundances of resident species; Fig 3b) and was driven by the immigration of
taller species rather than the loss of shorter ones (Fig S7, Table S10). The magnitude of
temporal change was comparable to that predicted from the spatial temperature-trait
relationship (Fig. 4a), indicating that temporal change in plant height does not yet appear
to be substantially limited by immigration rates. The importance of turnover in explaining
community height change is surprising given the relatively short study duration and long
lifespan of tundra plants, but is nonetheless consistent with a previous finding of shifts
towards warm-associated species in tundra plant communities*”?3, Turnover could reflect
the movement of tall species upward in latitude and elevation or from local species pools
in warmer microclimates. If the observed rate of trait change continues (e.g., if immigration
were unlimited), community height (excluding potential change due to ITV) could increase
by 20-60% by the end of the century, depending on carbon emission, warming and water

availability scenarios (Fig. S8).

Recent (observed) and future (predicted) changes in plant traits, particularly height, are
likely to have important implications for ecosystem functions and feedbacks involving soll
temperature?*?5, decomposition*1%, and carbon cycling?, as the potential for soil carbon
loss is particularly great in high-latitude regions®. For example, negative feedbacks of
increasing plant height to climate could occur with greater carbon storage, increased
woody litter production? or if shading reduces soil temperatures and thus decomposition
rates in summer®>2426, Positive feedbacks are also possible if branches or leaves above the

snowpack reduce winter and spring albedo! or increase snow accumulation, leading to
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warmer winter soil temperatures and increased decomposition rates>!*. The balance of
these feedbacks and thus the net impact of trait change on carbon cycling may depend
on the interaction between warming and changes in water availability?”, which remains a

major unknown in the tundra biome.

The lack of an observed temporal trend in SLA and LDMC despite strong temperature-trait
relationships over space highlights the limitations of using space-for-time substitution for
predicting short-term changes. This disconnect could reflect the influence of unmeasured
changes in water availability, e.g. due local-scale variation in the timing of snowmelt or
hydrology, that counter or swamp the effect of static soil moisture estimates. For example,
we would not expect significant changes in traits demonstrating a significant spatial
temperature * moisture interaction (LDMC, leaf area, leaf N or SLA), even in wet sites, if
warming over time also leads to drier soils. Perhaps tellingly, plant height was the only
continuous trait for which a temperature * moisture interaction was not significant, and
was predicted to increase across all areas of the tundra regardless of soil moisture change
(Fig. 4c&d). Spatial-temporal disconnects could also reflect dispersal limitation of potential
immigrants (e.g., with low LDMC and high SLA), or establishment failure due to novel biotic
or abiotic conditions other than temperature to which immigrants are maladapted!®?,
Furthermore, community responses to climate warming could be constrained by soll
properties (e.g., organic matter, mycorrhizae, mineralization) that themselves respond

slowly to warming®’ or biotic conditions such as grazing pressure®.

The patterns in functional traits described here reveal the extent to which environmental

factors shape biotic communities in the tundra. Strong temperature- and moisture-related
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spatial gradients in traits related to competitive ability (e.g., height) and resource capture
(e.g., leaf nitrogen, SLA) reflect tradeoffs in plant ecological strategy®** from benign (warm,
wet) to extreme (cold, dry) conditions. Community-level ordination axes are also strongly
related to both temperature and moisture, suggesting that environmental drivers structure
not only individual traits but also trait combinations and thus lead to a reduced subset of
successful functional strategies in some environments (e.g. woody, low-SLA and low-leaf
N communities in warm, dry sites; Fig. S9). Thus, warming may lead to a community-level
shift toward more exploitative plant strategies® at wet tundra sites, but toward more

conservative strategies in dry sites as moisture becomes more limiting.

Earth system models are increasingly moving to incorporate trait-environment
relationships into modeling efforts, as this can substantially improve estimates of
ecosystem change3:32, Our results inform these projections of future tundra functional
change with warming3! by explicitly quantifying the link between temperature, moisture,
and key functional traits across the biome. In particular, our study highlights the
importance of accounting for future changes in water availability, as this will likely influence
both the magnitude and direction of change for many traits. In addition, we demonstrate
that spatial trait-environment relationships are driven largely by species turnover,
suggesting that modeling efforts will need to account for rates of species immigration
when predicting the speed of future functional shifts. While the failure of many traits (e.g.
specific leaf area) to match expected rates of change suggests that using space-for-time
substitution alone may inaccurately represent near-term ecosystem change, the ubiquitous
increase in community plant height reveals that rapid functional change is already

underway in tundra ecosystems.
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Figure 1. Map of all 56,048 tundra trait records and vegetation survey sites (a) and
climatic change across the period of monitoring at the 117 vegetation survey sites,

represented as mean winter (coldest quarter) and summer (warmest quarter) temperature
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(b) and frost day frequency (c). The size of the colored points on the map indicates the
relative quantity of trait measurements (larger circles = more measurements of that trait

at a given location) and the color indicates which trait was measured. The black stars

indicate the vegetation survey sites used in the community trait analyses. Trait data were

included for all species that occur in at least one tundra vegetation survey site; thus,

while not all species are unique to the tundra, all do occur in at least one tundra site.
Temperature change and frost frequency change were estimated for the interval over
which sampling was conducted at each site plus the preceding four years in order to
best reflect the time window over which tundra plant communities respond to

temperature change'’,
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(a) Temperature - trait relationship: across communities (CWM)
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(b) Temperature — trait relationship: intraspecific trait variation (ITV)
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(c) Temperature — trait relationship: standardized effect size
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Figure 2. Strong spatial relationships in traits across temperature and soil moisture
gradients are primarily explained by species turnover. Community-level (CWM) variation
in functional traits across space as related to mean summer (warmest quarter)
temperature and soil moisture (ordinal on a scale of 1 to 3; a), and within-species
variation (ITV) across space as related to summer temperature (b; note the log scale for

height and leaf area). Standardized effect sizes were estimated for all temperature-trait
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relationships (c) both across communities (CWM,; solid bars) and within species (ITV;
striped bars). Effect sizes for CWM temperature-trait relationships were further
partitioned into the proportion of the effect driven solely by species turnover (light bars)
and abundance shifts (dark bars) over space. Dashed lines indicate the estimated total
temperature-trait relationship over space if intraspecific trait variability is also accounted
for (CWM: ITV). Effect sizes for CWM estimates were obtained by dividing the slope of
the temperature-trait relationship by the standard deviation of the CWM model residuals.
Effect sizes for ITV, turnover only, and CWM: ITV were estimated relative to the CWM
value for that same trait based on the slope values of each temperature-trait
relationship. Transparent ribbons in (a) and (b) indicate 95% credible intervals for model
mean predictions. Grey lines in (b) represent intraspecific temperature-trait relationships
for each species. In all panels, asterisks indicate that the 95% credible interval on the
slope of the temperature-trait relationship did not overlap zero. In panel (a), two
asterisks designate a significant interaction between temperature and soil moisture.
Winter temperature — trait relationships are shown in Fig. S3. Community woodiness and

evergreenness are shown in Fig. S4.
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Figure 3. Observed community trait change (transformed units) per site per year (a), with
and without estimated intraspecific trait variation (ITV). Solid lines indicate the
distribution of community-weighted mean (CWM) model slopes (trait change per site)
while dashed lines indicate the community-weighted mean plus potential intraspecific
trait variation (CWM+ITV) slopes. Circles (CWM), triangles (CWM+ITV) and error bars
indicate the mean and 95% credible interval for the overall rate of trait change across all
sites. The vertical black dashed line indicates 0 (no change over time). Standardized
effect sizes (b) for CWM change over time were further partitioned into the proportion
of the effect driven solely by species turnover (light bars) or shifts in abundance of
resident species (dark bars) over time. Dashed lines indicate the estimated total trait

change over time if predicted intraspecific trait variability is also included (CWM+ITV).
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Effect sizes for CWM estimates were obtained by dividing the slope of overall trait
change over time by the standard deviation of the slopes per site. Effect sizes for
turnover-only and CWM+ITV change are estimated relative to the CWM change value for
that trait based on the slope values of each. Temperature sensitivity (c) of each trait as
related to summer temperature (i.e., correspondence between interannual variation in
CWM trait values with interannual variation in temperature). Temperatures associated
with each survey year were estimated as five-year means (temperature of the survey year
and four previous years) because this interval has been shown to be most relevant to
vegetation change in tundra'” and alpine? plant communities. Changes in community

woodiness and evergreenness are shown in Fig. S4.
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Figure 4. Observed community (CWM) trait change over time (colored lines) vs. expected
CWM change over the duration of vegetation monitoring (1989-2015) based on the
spatial temperature-trait (CWM) relationship and the average rate of recent summer
warming across all sites (solid black lines; a). Colored dashed lines indicate the potential

change over time if predicted intraspecific trait variability is also included (CWM+ITV).
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Values on the y-axis represent the magnitude of change relative to 0 (i.e., trait anomaly),
with O representing the trait value at t,. Total recent temperature change (b) and soil
moisture change (c) across the Arctic tundra (1979-2016). Temperature change estimates
are derived from CRU gridded temperature data, soil moisture change estimates are
derived from downscaled ERA-Interim soil moisture data. Circles in (b) represent the
sensitivity (cm per °C) of CWM plant height to summer temperature at each site (see Fig.
3c). Areas of high temperature sensitivity are expected to experience the greatest
increases in height with warming. Spatial trait-temperature-moisture relationships (Fig.
2a) were used to predict total changes in height (d) and leaf N (e) over the entire 1979-
2016 period based on concurrent changes in temperature and soil moisture. Note that
(d) and (e) reflect expected and not observed trait change. See methods for details of
temperature change and soil moisture change estimates. The outline of Arctic areas is

based on the Circumpolar Arctic Vegetation Map (http://www.geobotany.uaf.edu/cavm).
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METHODS
Below we describe the data, workflow (Fig. S2) and detailed methods used to conduct all

analyses.

COMMUNITY COMPOSITION DATA

Community composition data used for calculating community-weighted trait means were
compiled from a previous synthesis of tundra vegetation resurveys! (including many
International Tundra Experiment (ITEX) sites) and expanded with additional sites (e.g., Gavia
Pass in the Italian Alps and three sites in Sweden) and years (e.g., 2015 survey data added
for Iceland sites, QHI, and Alexandra Fiord; Table S3). We included only sites for which
community composition data were roughly equivalent to percent cover (i.e,, excluding
estimates approximating biomass), for a total of 117 sites (defined as plots in a single
contiguous vegetation type) within 38 regions (defined as a CRU? grid cell). Plot-level
surveys of species composition and cover were conducted at each of these sites between
1989 and 2015 (see! for more details of data collection and processing). On average, there
were 15.2 plots per site. Repeat surveys were conducted over a minimum duration of 5
and up to 21 years between 1989 and 2015 (mean duration = 13.6 years), for a total of
1,781 unique plots and 5,507 plot-year combinations. Plots were either permanent (i.e,
staked; 62% of sites) or semi-permanent (38%), such that the approximate but not exact
location was resurveyed. The vegetation monitoring sites were located in tree-less Arctic
or alpine tundra and ranged in latitude from 40° (Colorado Rockies) to 80° (Ellesmere
Island, Canada) and were circumpolar in distribution (Figure 1). Our analyses only include
vascular plants because there was insufficient trait data for non-vascular species. Changes

in bryophytes and other cryptogams are an important part of the trait and function change

110



in tundra ecosystems3#, thus the incorporation of non-vascular plants and their traits is a

future research priority.

Temperature extraction for community composition observations

We extracted summer (warmest quarter) and winter (coldest quarter) temperature
estimates for each of the vegetation survey sites from both the WorldClim® (for long-term
averages; http://www.worldclim.org/) and CRU? (for  temporal trends;
http://www.cru.uea.ac.uk/) gridded climate datasets. WorldClim temperatures were further
corrected for elevation (based on the difference between the recorded elevation of a site
and the mean elevation of the WorldClim grid cell) according to a correction factor of -
0.005 °C per meter increase in elevation. This correction factor was calculated by extracting
the mean temperature and elevation (WorldClim 30s resolution maps) of all cells falling in
a 2.5 km radius buffer around our sites and fitting a linear mixed model (with site as a
random effect) to estimate the rate of temperature change with elevation.

The average long-term (1960-present) temperature trend across all sites was 0.26 (range -
0.06 to 0.49) and 0.43 (range -0.15 to 1.32) °C/decade for summer and winter temperature,

respectively.

Soil moisture for community composition observations

A categorical measure of soil moisture at each site was provided by every site Pl according
to the methods described in ElImendorf et al. 2012 and Myers-Smith et al. 2015 (*). Soil
moisture was considered to be 1) dry when during the warmest month of the year the top

2 cm of the soil was dry to the touch, 2) moist when soils were moist year round, but
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standing water was not present, and 3) wet when standing water was found during the

warmest month of the year.

Soil moisture change for maps of environmental and trait change (Fig. 4b-e)

We used high-resolution soil moisture observations from ESA CClI SM v04.2. To calculate
the mean distribution of soil moisture, we averaged the observations from 1979-2016.
Because the ESA CCl SM temporal coverage is poor for our sites, temporal data were
instead taken from ERA-Interim (Volumetric soil water layer 1) for the same time period.
We downscaled the ERA-Interim data to the 0.05° resolution of ESA CCI SM v04.2 using
climatologically aided interpolation (delta change method) ’. The change in soil water
content was then calculated separately for each grid cell using linear regression with month
as a predictor variable. To classify the soil moisture data into 3 categories (wet, mesic, dry)
to match the community composition dataset, we used a quantile approach on the mean
soil moisture within the extent of the Arctic. We assigned the lowest quantile to dry and
the highest to wet conditions. For the trends in soil moisture between 1979-2016 we
calculated the percentage in change in relation to the mean first, and then calculated the
change based on the categorical data (e.g. 5% change from category 1 (dry) to category

2 (mesic)).

Changes in water availability for analysis

Although the strong effect of soil moisture on spatial temperature-trait relationships
suggests that change in water availability over time will play an important role in mediating
trait change, we did not use the CRU estimates of precipitation change over time because

of issues with precipitation records at high latitudes and the inability of gridded datasets
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to capture localized precipitation patterns (e.g., 89. The CRU precipitation trends at our
sites included many data gaps filled by long-term mean values, especially at the high-
latitude sites®. As a purely exploratory analysis, we used the downscaled ERA-Interim data
described above to investigate whether trait change is related to summer soil moisture
change (June, July, and August; Fig. S6). However, we caution that soil moisture change in
our tundra sites is primarily controlled by snow melt timing, soil drainage, the permafrost
table and local hydrology?, and as such precipitation records and coarse-grain remotely
sensed soil moisture change data are unlikely to accurately represent local changes in soil
water availability. For this same reason we did not use the ERA-Interim data to explore
spatial relationships between temperature, moisture and community traits, as the
categorical soil moisture data (described above) were collected specifically within each
community composition site and are therefore a more accurate representation of long-

term mean soil moisture conditions in that specific location.

TRAIT DATA

Continuous trait data (adult plant height, leaf area (average one-sided area of a single
leaf), specific leaf area (leaf area per unit of leaf dry mass; SLA), leaf nitrogen content (per
unit of leaf dry mass; leaf N), and leaf dry matter content (leaf dry mass per unit of leaf
fresh mass; LDMC); Fig. 1a & S11, Table S2) were extracted from the TRY!! 3.0 database
(available at www.try-db.org). We also ran a field & data campaign in 2014-15 to collect
additional in-situ tundra trait data (the “Tundra Trait Team” (TTT) dataset) to supplement
existing TRY records. All species names from the vegetation monitoring sites, TRY and TTT
were matched to accepted names in The Plant List using the R package Taxonstand®? (v.

1.8) before merging the datasets. Community-level traits (woodiness and evergreenness)
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were derived from functional group classifications for each species (REF). Woodiness is
estimated as the proportion (abundance) of woody species in the plot, while evergreenness
is the proportion of evergreen woody species abundance out of all woody species
(evergreen plus deciduous) in a plot. Because some sites did not contain any woody species
(and thus the proportion of evergreen woody species could not be calculated), this trait is

estimated only for 98 of the 117 total sites.

Data cleaning - TRY

TRY trait data were subjected to a multi-step cleaning process. First, all values that did not
represent individual measurements or approximate species means were excluded. When a
dataset within TRY contained only coarse plant height estimates (e.g., estimated to the
nearest foot), we removed these values unless no other estimate of height for that species
was available. We then identified overlapping datasets within TRY and removed duplicate
observations whenever possible. The following datasets were identified as having partially
overlapping observations: GLOPNET — Global Plant Trait Network Database, The LEDA
Traitbase, Abisko & Sheffield Database, Tundra Plant Traits Database, and KEW Seed

Information Database (SID).

We then removed duplicates within each TRY dataset (e.g., if a value is listed once as
“mean” and again as "best estimate”) by first calculating the ratio of duplicated values
within each dataset, and then removing duplicates from datasets with more than 30%
duplicated values. This cutoff was determined by manual evaluation of datasets at a range

of thresholds. Datasets with fewer than 30% duplicated values were not cleaned in this
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way as any internally duplicate values were assumed to be true duplicates (i.e., two different

individuals were measured and happened to have the same measurement value).

We also removed all species mean observations from the "Niwot Alpine Plant Traits”
database and replaced it with the original individual observations as provided by M.J.

Spasojevic.

Data cleaning — TRY & TTT combined

Both datasets were checked for improbable values, with the goal of excluding likely errors
or measurements with incorrect units but without excluding true extreme values. We
followed a series of data-cleaning steps, in each case identifying whether a given
observation (x) was likely to be erroneous (i.e. "error risk”) by calculating the difference
between x and the mean (excluding x) of the group and then dividing by the standard

deviation of the group.

We employed a hierarchical data cleaning method, because the standard deviation of a
trait value is related to the mean and sample size. First, we checked individual records
against the entire distribution of observations of that trait and removed any records with
an error risk greater than 8 (i.e., a value more than 8 standard deviations away from the
trait mean). For species that occurred in four or more unique datasets with TRY or TTT (i.e.,
different data contributors), we estimated a species mean per dataset and removed
observations for which the species mean error risk was greater than 3 (i.e., the species
mean of that dataset was more than 3 SD’s away from the species mean across all

datasets). For species that occurred in fewer than 4 unique datasets, we estimated a genus
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mean per dataset and removed observations in datasets for which the error risk based on
the genus mean was greater than 3.5. Finally, we compared individual records directly to
the distribution of values for that species. For species with more than 4 records, we
excluded values above an error risk Y, where Y was dependent on the number of records
of that species and ranged from an error risk of 2.25 for species with fewer than 10 records
to an error risk of 4 for species with more than 30 records. For species with four or fewer
records, we manually checked trait values and excluded only those that were obviously

erroneous, based on our expert knowledge of these species.

This procedure was performed on the complete tundra trait database — including species
and traits not presented here. In total 2,056 observations (1.6%) were removed. In all cases,
we visually checked the excluded values against the distribution of all observations for

each species to ensure that our trait cleaning protocol was reasonable.

Trait data were distributed across latitudes within the tundra biome (Fig. S1). All trait
observations with latitude/longitude information were mapped and checked for
implausible values (e.g., falling in the ocean). These values were corrected from the original

publications or by contacting the data contributor whenever possible.

Final trait database

After cleaning out duplicates and outliers as described above, we retained 56,048 unique
trait observations (of which 18,613 are contained in TRY and 37,435 were newly contributed
by the Tundra Trait Team field campaign) across the five traits of interest. Of the 447

identified species in the ITEX dataset, 386 (86%) had trait data available from TRY or TTT
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for at least one trait (range 52-100% per site). Those species without trait data generally
represent rare or uncommon species unique to each site; on average, trait data were

available for 97% of total plant cover across all sites (range 39-100% per site; Table S2).

Temperature extraction for trait observations

WorldClim climate variables were extracted for all trait observations with latitude/longitude
values recorded (53,123 records in total, of which 12,380 were from TRY and 33,621 from
TTT). Because most observations did not include information about elevation, temperature
estimates for individual trait observations were not corrected for elevation and thus

represent the temperature at the mean elevation of the WorldClim grid cell.

Data Availability

Data compiled through the Tundra Trait Team will be made available through a public
GitHub repository (Bjorkman et al. in revision as a data paper at Global Ecology &
Biogeography). The public TTT database will include traits not considered in this study as
well as tundra species that do not occur in our vegetation survey plots, for a total of 80,827

trait observations on 834 species.

ANALYSES
All analyses were conducted in JAGS and/or Stan through R (v. 3.3.3) using packages rjags*?

(v. 4.6) and rstan* (v. 2.14.1).

A major limitation of the species mean trait approach often employed in analyses of

environment-trait relationships has been the failure to account for intraspecific trait
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variation (ITV) that could be as or more important than interspecific variation'>¢, We
addressed this issue by employing a hierarchical analysis that incorporates both within-
species and community-level trait variation across climate gradients to estimate trait
change over space and time at the biome scale. We used a Bayesian approach that
accounts for the hierarchical spatial (plots within sites within regions) and taxonomic (intra-
and inter-specific variation) structure of the data as well as uncertainty in estimated
parameters introduced through absences in trait records for some species, and taxa that

were identified to genus or functional group (rather than species) in vegetation surveys.

Intraspecific trait variation

We subsetted the trait dataset to just those species for which traits had been measured in
at least four unique locations spanning a temperature range of at least 10% of the entire
temperature range (2.6°C and 5.0 °C for summer and winter temperature, respectively),
and for which the latitude and longitude of the measured individual or group of individuals
was recorded. The number of species meeting these criteria varied by trait and temperature
variable: 108-109 for SLA, 80-86 for plant height, 74-72 for leaf nitrogen, 85-76 for leaf
area, and 43-52 for LDMC, for summer and winter temperature, respectively). These species
counts correspond to 53-73% of community abundance. The relationship between each
trait and temperature was estimated from a Bayesian hierarchical model, with temperature
as the predictor variable and species (s) and dataset-by-location (@) modeled as random

effects:

traitobs; ~ logNormal(as 4, 05)
asq ~ Normal(as + Bs - temperaturey, o)
Bs ~ Normal(B, gy)

as ~ Normal(A, g,)

118



where A and B are the intercept and slope hyperparameters, respectively. Because LDMC
represents a ratio and is thus bound between 0 and 1, we used a beta error distribution
for this trait. Temperature values were mean-centered within each species. We used non-

informative priors for all coefficients.

We further explored whether the strength of intraspecific temperature-height relationships
varied by functional group. We find that all functional groups (including dwarf shrubs,
which are genetically limited in their ability to grow upright) show similar temperature-
trait relationships (Fig. S12). These results suggest that the intraspecific temperature-trait
relationships may not only be a response of individual growth changes, and are not
restricted to particular functional groups with greater capacity for vertical growth (e.g., tall

shrubs and graminoids versus dwarf shrubs and certain forb species).

Calculation of community weighted mean (CWM) values

We calculated the community-weighted trait mean (i.e.,, the mean trait value of all species
in a plot, weighted by the abundance of each species), for all plots within a site. We
employed a Bayesian approach to calculate trait means for every species (s) using an
intercept-only model (such that the intercept per species (o) is equivalent to the mean

trait value of the species) and variation per species (o, with a lognormal error distribution.

traitobs; ~ logNormal(as, o)

Because LDMC is a ratio and thus bound between 0 and 1, we used a beta error
distribution for this trait. When a species was measured multiple times in several

different locations, we additionally included a random effect of dataset-by-location (d) to
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reduce the influence of a single dataset with many observations at one site when

calculating the mean per species:

traitobs; ~ logNormal(aS,d, ad)

asq ~ Normal(ag, o)

We used non-informative priors for all species intercept parameters for which there were
four or more unique trait observations, so that the species-level intercept and variance
around the intercept per species were estimated from the data. In order to avoid removing
species with little or no trait data from the analyses, we additionally employed a “gap-
filling” approach that allowed us to estimate a species’ trait mean while accounting for
uncertainty in the estimation of this mean. For species with fewer than four but more than
one trait observation, we used a normal prior with the mean equal to the mean of the
observation(s) and variance estimated based on the mean mean-variance ratio across all
species. In other words, we calculated the ratio of mean trait values to the standard
deviation of those trait values per species for all species with greater than four
observations, then took the mean of these ratios across all species and multiplied this
number by the mean of species X (where X is a species with 1-4 observations) to get the
prior o. For species with no observations, we used a prior mean equal to the mean of all
species in the same genus and a prior variance estimated based on the mean mean-
variance ratio of all species in that genus or 1.5 times the mean, whichever was lower. If
there were no other species in the same genus, then we used a prior mean equal to the
mean of all other species in the family and a prior variance estimated based on the mean

mean-variance ratio of all species in the family or 1.5 times the mean, whichever was lower.

In order to include uncertainty about species trait means (due to intraspecific trait variation,

missing trait information for some species, or when taxa were identified to genus or
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functional group rather than species) in subsequent analyses, we estimated community-
level trait values per plot by sampling from the posterior distribution (mean +/- SD) of
each species intercept estimate and multiplying this distribution by the relative abundance
of each species in the plot to get a community-weighted mean (CWM) distribution per
plot. This approach generates a distribution of CWM values per plot that propagates the
uncertainty in each species’ trait mean estimate into the plot-level (CWM) estimate. By
using a Bayesian approach, we are able to carry through uncertainty in trait mean estimates
to all subsequent analyses and reduce the potential for biased or deceptively precise

estimates due to missing trait observations.

Calculation of CWM values: partitioning turnover and estimating contribution of ITV

To assess the degree to which the spatial temperature-trait relationships are caused by
species turnover versus shifts in abundance among sites, we repeated each analysis using
the non-weighted community mean (all species weighted equally) of each plot.
Temperature-trait relationships estimated with non-weighted community means are due
solely to species turnover across sites. Finally, we assessed the potential contribution of
intraspecific trait variation (ITV) to the community-level temperature-trait relationship by
using the modeled intraspecific temperature-trait relationship (described above) to predict
trait "anomaly” values for each species at each site based on the temperature of that site

in a given year relative to its long-term average.

An intraspecific temperature-trait relationship could not be estimated for every species

due to an insufficient number of observations for some species. Therefore, we used the

mean intraspecific temperature-trait slope across all species to predict trait anomalies for
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species without intraspecific temperature-trait relationships. These site- and year-specific
species trait estimates were then used to calculate “ITV-adjusted” community-weighted
means (CWM+ITV) for each plot in each year measured, and modeled as for CWM alone.
As these "adjusted” values are estimated relative to each species’ mean value, the spatial
temperature-trait relationship that includes this adjustment does not remove any bias in
the underlying species mean data. For example, if southern tundra species tend to be
measured at the southern edge of their range while northern tundra species tend to be
measured at the northern edge of their range, the overall spatial temperature-trait
relationship could appear stronger than it really is for species with temperature-related

intraspecific variation. This is a limitation of any species-mean approach.

Estimates of temporal CWM+ITV temperature-trait relationships are not prone to this same
limitation as they represent relative change, but should also be interpreted with caution
as intraspecific temperature-trait relationships may be due to genetic differences among
populations rather than plasticity, thus suggesting that trait change would not occur
instantaneously with warming. We therefore caution that the CWM+ITV analyses presented
here represent estimates of the potential contribution of ITV to overall CWM temperature-
trait relationships over space and time, but should not be interpreted as measured

responses.

In sum, we incorporate intraspecific variation into our analyses in three ways. First, by using
the posterior distribution (rather than a single mean value) of species trait mean estimates
in our calculations of CWM values per plot, so that information about the amount of

variation within species is incorporated into all the analyses in our study. Second, by
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explicitly estimating intraspecific temperature-trait relationships based on the spatial
variation in individual trait observations. And finally, by using these modeled temperature-
trait relationships to inform estimates of the potential contribution of ITV to overall

(CWM+ITV) temperature-trait relationships over space and time.

Spatial community trait models

To investigate spatial relationships in plant traits with summer and winter temperature and
soil moisture we used a Bayesian hierarchical modeling approach in which soil moisture
and soil moisture x temperature vary at the site level while temperature varies by
WorldClim region (unique WorldClim grid x elevation groups). In total, there were 117 sites
(s) nested within 73 WorldClim regions (7). We used only the first year of survey data at

each site to estimate spatial relationships in community traits.

cwmtrait, ~ Normal(ag + ay, traitsdy)

as; ~ Normal(y, - moistures + y, - moisture - temperatures, o;)

a, ~ Normal(yq + y3 - temperature,, g,)

Where cwmtrait, is the estimated community-weighted mean (CWM) trait value per plot
(p) and traitsd), is the standard deviation of the posterior distribution of this mean per plot,

as described above.

As woodiness and evergreenness represent proportional data (bounded between 0 and 1,
inclusive), we used a beta-Bernoulli mixture model of the same structure as above to
estimate trait-temperature-moisture relationships for these traits. Because Arctic and alpine

tundra sites might different in their trait-environment relationships due to differences in

123



e.g. soil drainage, we also present a version of the spatial community trait analyses in
which the altitude of each site is indicated (Fig. S13). We do not attempt to separately
analyze trait-environment relationships for Arctic and alpine sites due to the ambiguity in
defining this cut-off (i.e, many sites can be categorized as both Arctic and alpine,
particularly in Scandinavia and Iceland) and the small number of "true” alpine sites

(European Alps and Colorado Rockies).

For estimation of the overall temperature-trait relationship, we used a model structure
similar to that above but with only temperature as a predictor (i.e., without soil moisture).
This model was used for both community-weighted mean (CWM) and non-weighted mean
estimates in order to determine the degree to which temperature-trait relationships over
space are due to species turnover alone (non-weighted mean) and for CWM+ITV plot-
level estimates to determine the likely additional contribution of intraspecific trait variation

to the overall temperature-trait relationship, as described above.

Trait change over time

Change over time was modeled at the CRU grid cell (region) level (5, with site (s) as a
random effect when there was more than one site per region (to account for non-
independence of sites within a region) and plot (p) as a random effect for those sites with
permanent (repeating) plots (to account for repeated measures on the same plot over
time). We did not account for temporal autocorrelation as most plots were not measured
annually (average survey interval = 7.2 years) and did not have more than 3 observations
over the study period (average number of survey years per plot = 3.1). Year (y) was

centered within each region.
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cwmtrait, , ~ Normal(a, + as + a,, , traitsd, )

For non-permanent plots and for sites that were the only site within a region, o, or as,
respectively, were set to 0. Region-level slopes were used to fit an average trend of

community trait values over time:

ary~N ormal(a, + B, - yeary r, 0)
By ~ Normal(B, a;)

a, ~ Normal(A, g;)

where A and B are the intercept and slope hyperparameters, respectively. This model
was used for both community-weighted mean (CWM) and non-weighted mean plot-level
estimates in order to determine the degree to which temporal trait change is due to
species turnover alone (non-weighted mean) and for CWM+ITV plot-level estimates to
determine the potential additional contribution of intraspecific trait variation to overall

trait change.

For the spatial community trait models, we used a beta-Bernoulli mixture model of the
same form described above to estimate change in the proportion of woody and evergreen
species. We additionally assessed whether the rate of observed trait change over time was
related to the duration of vegetation monitoring at each site (Fig. S10). There was no

significant influence of monitoring duration for any trait.
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Species gains and losses as a function of traits

We estimated species gains and losses at the site (rather than plot) level to reduce the
effect of random fluctuations in species presences/absences due to observer error. Thus,
sites with repeating and non-repeating plots were treated the same. A “gain” was defined
as a species that did not occur in a site in the first survey year but did in the last survey
year, while a “loss” was the reverse. We then modeled the probability of gain or loss
separately as a function of the mean trait value of each species. For example, for “gains,”
all newly observed species received a response type of 1 while all other species in the site

received a response type of O:

response; ~ Bernoulli(as + a, + (3, - trait;)
a, ~ Normal(4, a,)
Br ~ Normal(B, g,)

as ~ Normal(0, a,)

We included a random effect for site (s) only when there were multiple sites within the
same region (r), otherwise a; was set to 0. We considered species’ responses to be
significantly related to a given trait when the 95% credible interval on the slope

hyperparameter (B) did not cross 0.

Observed vs. expected trait change

We first calculated the mean rate of temperature change across the 38 regions in our
study, and then estimated the expected degree of change in each trait over the same
period based on this temperature change and the spatial relationship between
temperature and CWM trait values. We then compared this expected trait change to

actual trait change over time, as estimated from the model described above. To create
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Fig. 4a we used the overall predicted mean value of each trait in the first year of survey
(1989) as an intercept, and then used the expected and observed rates of change (+/-
uncertainty) to predict community trait values in each year thereafter. We subtracted the
intercept from all predicted values in order to show trait change as anomaly (difference
from 0). The difference between the expected (black) and observed (colored) lines in Fig.

4a represents a deviation from expected.

Trait projections with warming

We projected trait change (Fig. S8) for the minimum (2.6) and maximum (8.5) IPCC carbon
emission scenarios from the NIMR HadGEM2-AO Global Circulation Model. We used the
midpoint years of the WorldClim (1975) and HadGemz2 (2090) estimates to calculate the
expected rate of temperature change over this time period. We then predicted trait values
for each year into the future based on the projected rate of temperature change and the

spatial relationship between temperature and community trait values.

These projections are not intended to predict actual expected trait change over the next
century, as many other factors not accounted for here will also influence this change. In
particular, future changes in functional traits will likely depend on concurrent changes in
moisture availability, which are less well understood than temperature change. Recent
modeling efforts predict increases in precipitation across much of the ArcticY’, but it is
unknown whether increasing precipitation will also lead to an increase in soll
moisture/water availability for plants, as the drying effect of warmer temperatures (e.g. due
to increased evaporation and/or decreased duration of snow cover®) may outweight the

impact of increased precipitation. Instead, these projections are an attempt to explore

127



theoretical trait change over the long-term when using a space-for-time substitution

approach.

Temperature sensitivity

Temperature sensitivity (Fig. 3¢) was modeled as the variation in CWM trait values with
variation in the five-year mean temperature (i.e., the mean temperature of the survey year
and the four preceding years). A four-year lag was chosen because this interval has been
shown to best explain vegetation change in tundra® and alpine? plant communities. The
model specifics are exactly as shown above for trait change over time, but with temperature

in the place of year. Temperatures were centered within each region.

Trait change vs. temperature change and soil moisture

To determine whether the rate of trait change can be explained by the rate of temperature
change at a site, the (static) level of soil moisture of a site, or their interaction, we modeled
the rate of trait change as described above (“Trait change over time”) and compared it to
the rate of temperature change over the same time interval (minus a lag of four years)

and soil moisture:

Br ~ Normal(yy + y; * temp, + y, + moisture, + y3 * temp, * moisture,, o)

where . is the rate of trait change per region (Fig. S6a). When sites within a region were
measured over different intervals or contained different soil moisture estimates they were
modeled separately in order to match with temperature change estimates over the same
interval and soil moisture estimates, which vary at the site level.

We also conducted this analysis using estimates of soil moisture change (with a lag of four
years) from downscaled ERA-Interim (volumetric soil water layer 1). This model took the

same form as above, but with moisture change in place of static soil moisture estimates
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(Fig. S6b). Trait change was modeled at the site (rather than region) level because estimates
of soil moisture change vary at the site level. Because ERA-Interim data were not available
for every site, this analysis was conducted with a total of 101 rather than 117 sites. We
note that the results of this analysis should be interpreted cautiously, as local changes in
soil moisture may not be well represented by coarse-scale remotely sensed data, as

described previously.

Principal component analysis (PCA)

We performed an ordination of community-weighted trait mean values per plot on all
seven traits. Because community evergreenness could only be estimated for plots with at
least one woody species, the total number of plots included in this analysis is reduced
compared to the entire dataset (1098 plots out of 1520 in total). We used the R package
vegarrt (v. 2.4.6) to conduct a principal component analysis of these data. This analysis
uses only trait means per plot, and therefore information about CWM uncertainty due to
intraspecific trait variation and/or missing species is lost. We extracted the axis coordinates
of each plot from the PCA analysis and used the spatial trait-temperature-moisture model
described above (section “Spatial community trait models’) to determine whether plot
distributions along both PCA axes varied significantly with temperature, moisture, and their

interaction.

Trends in species abundance
In order to provide more insight into the species-specific changes occurring over time in

tundra ecosystems, we calculated trends in abundance for the most common (widespread
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and abundant) species in the community composition dataset (Fig. SX). We estimated
trends for all species that occurred in at least 10 sites at a minimum abundance of 10%
cover (mean of all plots within a site) in at least one year and a minimum abundance of
5% across all years. We additionally included species that occurred at low abundance (1%
or more) but were widespread (at least 20 sites). Because percent cover is bounded
between 0 and 1 (inclusive) we used a beta-Bernoulli mixture model to estimate abundance
change over time.
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EXTENDED DATA

Below are all supplementary figures and tables as well as references for the original studies

where trait data contributions were published.
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Figure S1. Count of traits per latitude (rounded to the nearest degree) for all georeferenced

observations in TRY and TTT that correspond to species in the vegetation survey dataset.
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Figure S2. Overview of data, analyses and work flow. Intraspecific temperature-trait relationships over

space were used to estimate the potential contribution of ITV to overall temperature-trait relationships

over space and time (CWM + ITV) as trait measurements on individuals over time are not available.
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Figure S3. Slope of temperature-trait relationship (log units for all traits but LDMC, logit for
LDMC) over space (within-species (ITV) and across communities (CWM)) and with interannual
variation in temperature (community temperature sensitivity). Spatial — IPV is the average
intraspecific trait variation as related to temperature over space, Spatial - CWM is the
relationship between community-weighted trait means and summer temperature, and
Temporal sensitivity — CWM is the temperature sensitivity of community-weighted trait means
(i.e., correspondence between interannual variation in CWM values with interannual variation in
temperature). Error bars represent 95% credible intervals on the slope estimate. We used five-
year mean temperatures (temperature of the survey year and four previous years) to estimate
temperature sensitivity because this interval has been shown to explain vegetation change in
tundra® and alpine®® plant communities. Slope values are in transformed units (inverse logit for

LDMC, log for all others).
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Figure S4. Community woodinesss (a) and evergreenness (b) vary with summer temperature
and soil moisture. Community woodiness is the proportion of woody species versus all other
plant species in the community. Community evergreenness is the proportion of evergreen
shrubs versus all shrub species (deciduous and evergreen). Note that the evergreen model has
a reduced number of sites because some sites did not have any woody species (and it was
thus not possible to calculate a proportion evergreen). Soil moisture alone was a significant
predictor of community woodiness, while both temperature and moisture were significant
predictors of community evergreenness. A temperature * moisture interaction was only

marginally significant in both models (95% Cl on the interaction term: -0.298 to 0.016 and -
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0.367 to 0.019 for woodiness and evergreenness, respectively). There was no significant change

over time in woodiness (c) or evergreenness (d).
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Figure S5. Range in species mean values of each trait by summer temperature. Black dashed

lines represent quantile regression estimates for 1% and 99% quantiles. Species mean values

are estimated from intercept-only Bayesian models using the estimation technique described in

the supplementary methods. All values are back-transformed into their original units (height =

cm, LDMC = g/g, leaf area = cm?, leaf nitrogen = mg/g, SLA = mm?/mg).
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Figure S6. Rate of community-weighted mean change over time per site as related to

temperature change and long-term mean soil moisture (a) or soil moisture change (b) at a site.

The rate of CWM trait change did not vary significantly by temperature change or soil

moisture/soil moisture change for any trait. Points represent mean trait change values for each
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site, lines represent the predicted relationship between trait change, temperature change and
soil moisture/soil moisture change, and transparent ribbons are the 95% Cl's on these
predictions. Both mean soil moisture and soil moisture change were modeled as a continuous
variables but are shown as predictions for minimum and maximum values/rates of change.
Trait change estimates are in transformed units (log for height, leaf area, leaf nitrogen, and

SLA, and logit for LDMC).
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Figure S7. Probability that a species newly arrived in a site ("gained”) or disappeared from a
site ("lost") as a function of its traits. The probability of gaining a species was significantly
related to that species’ height (with taller species more likely to gain), but the probability of
losing a species was not. Dark ribbons and solid lines represent species gains while pale
ribbons and dashed lines represent species losses. Only for plant height was the trait-

probability relationship significantly different for gains and losses.
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Figure S8. Comparison of the actual (colored lines), expected (solid black lines), and projected
(dotted/dashed black lines) CWM trait change over time. Expected trait change is calculated
using the observed spatial temperature-trait relationship and the average rate of recent
summer warming across all sites. Note that these projections assume no change in soil
moisture conditions. The dotted/dashed black lines after 2015 show the projected trait change
for the maximum (8.5) and minimum (2.6) IPCC carbon emission scenarios, respectively, from
the HadGEM2 AO Global Circulation Model given the expected temperature change associated
with those scenarios. Points along the left axis of each panel show the distribution of present-
day community-weighted trait means per site. Values are in original units (height = cm, LDMC

= g/g, leaf area = cm?, leaf nitrogen = mg/g, SLA = mm?/mg).
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Figure S9. Principal component analysis (a) of plot-level community-weighted traits for the
seven key analyzed traits demonstrating how communities vary in multidimensional trait space.
Trait correlations are highest for SLA and leaf nitrogen, and evergreenness and

woodiness. Variation in SLA, leaf nitrogen, evergreenness and woodiness (PC1) are orthogonal
to variation in height (PC2). Variation in leaf area and LDMC are explained by both PC 1 and
2. The color of the points indicates the soil moisture status of each plot at the site-level. PC

axis 1 (b) varies significantly with summer temperature, soil moisture, and their interaction
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while PC2 varies significantly by soil moisture (c). The color of the points in (b) and (c)
indicates the soil moisture of each site. Because not all plots and sites had woody species
(and thus proportion evergreen could not be calculated) this analysis was conducted on a

subset of 1098 (out of 1520) plots in 98 (out of 117) different sites.
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Figure S10. Slope of CWM change at each site vs. the duration of the study at that site. The
rate of CWM trait change does not correspond with study duration for any trait. Trait change

estimates are in transformed units (log for height, leaf area, leaf nitrogen, and SLA, and logit

for LDMCQ).
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Figure S11. Among-trait correlations (based on species mean values) for all key continuous

traits in the analysis. The color and transparency of the correlation numbers indicates the

direction and strength, respectively, of the correlations. All trait-trait correlations are below

0.60; however, LDMC, SLA and Leaf N are most highly correlated.
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Figure S12. Mean (+/- SD) intraspecific temperature-height relationships per functional group.
Dwarf shrubs are defined as those that do not grow above 30 cm in height (as estimated by
regional floras: Flora of North America, USDA, Royal Horticultural Society, etc.) and are
generally genetically limited in their ability to grow upright. There are no significant differences

among functional groups in the magnitude of mean temperature-height relationships.
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Figure S13. Relationship between community-weighted trait values, summer temperature, and
soil moisture across biogeographic gradients. Points represent estimates per site and are sized
by the altitude of the site. Ribbons are the overall trait-temperature-moisture relationship

across all sites, as in Fig. 2a.
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SUPPLEMENTARY TABLES

Table S1. Ecosystem functions influenced by each of the seven plant traits investigated here.

Trait Ecosystem function Reference

Plant Height Above ground biomass (Chapin et al., 1996; Weiher
et al., 1999; Lavorel and
Garnier, 2002; Violle et al.,
2007; Hudson and Henry,
2009)

Carbon stock (Lavorel and Garnier, 2002;
De Deyn et al, 2008; Moles

et al., 2009; Sistla et al,,

2013)
Light Capture (Moles et al., 2009)
Competition (Lavorel and Garnier, 2002)

(Kunstler et al.,, 2016)
Seed dispersal (Gaudet and Keddy, 1988)
(Westoby et al., 2002)
(Moles et al., 2009)
(Moles & Leishman 2008)
Albedo (Sturm et al., 2001; Sturm,
2005; Loranty et al.,, 2014)
Snow cover (Sturm et al,, 2001; Myers-

Smith and Hik, 2013;
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Disturbance response

Maximum population density

DeMarco et al., 2014)
(Lavorel and Garnier, 2002)

(Enquist et al. 1998)

Leaf Area

Above ground biomass

Albedo

Light interception

Leaf water balance

Leaf energy balance

(Street et al., 2007; Poorter
et al, 2012; Greaves et al,,
2015)

(Westoby and Wright, 2006)
(Niinemets, 2010; Diaz et al.,
2016)

(Diaz et al,, 2016)

(Diaz et al,, 2016)

Specific Leaf Area

Relative growth rate

Decomposition

Leaf life span

(Weiher et al., 1999; Wright
et al., 2004; Reich, 2014)
(Lavorel and Garnier, 2002;
Diaz et al,, 2004; Cornelissen
et al., 2007; Cornwell et al.,
2008; Freschet et al., 2012)
(Reich, 2014)

(Wright et al.,, 2004)

(Diaz et al., 2004)

Leaf Nitrogen

Decomposition

(Lavorel and Garnier, 2002;
Cornelissen et al., 2007;
Cornwell et al.,, 2008;

Freschet et al.,, 2012)
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Primary productivity

(Weiher et al., 1999; Wright

et al., 2004; Reich, 2014)

Leaf Dry Matter Content

Decomposition

(Lavorel and Garnier, 2002;
Cornelissen et al., 2007;
Cornwell et al., 2008;

Freschet et al, 2012)

Seed Mass Regeneration time (Lavorel and Garnier, 2002)
Dispersal ability (Westoby et al.,, 1992, 2002)
Colonisation potential (Thompson, 1987)
Woodiness Plant architecture (Chapin et al., 1996; lida et
al., 2012)
Albedo (Sturm et al., 2001; Ménard
et al.,, 2014)
Thermal insulation (Blok et al., 2010; Myers-
Smith and Hik, 2013; Nauta
et al.,, 2014)
Decomposition (Hobbie, 1996; Cornelissen
et al., 2007; Weedon et al,,
2009)
Carbon storage (Hobbie, 1996; Myers-Smith
et al,, 2011; Sistla et al,,
2013)
Evergreenness Decomposition (Dorrepaal et al., 2005;

Cornelissen et al., 2007;

Cornwell et al., 2008)
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Nutrient cycling

Relative growth rate

(Larsen et al., 2012)

(Chapin et al., 1995; Reich et

al., 1997)
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Table S2. Number of observations per trait overall and with latitude/longitude information. The
minimum and mean percent of species per site with at least one trait observation, and the
minimum and mean percent cover (abundance) of species per site with at least one trait

observation. The maximum % species and % cover is 100 for all traits.

Trait Num. of Num. obs. w/ % species % species % cover % cover
observations  coordinates (min) (mean) (min) (mean)
Height 23248 22129 48 95.2 38 96.8
LDMC 7331 7123 19 74.2 6 833
Leaf Area 10681 10445 20 834 10 91.0
Leaf N 4334 3852 29 71.7 30 87.0
SLA 10454 9651 20 77.9 10 87.4
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Table S3. Site names, survey duration, and coordinates. Region represents a unique CRU grid

cell (0.5 degree grid).

Region Site Name Duration Latitude Longitude
(vears)

7 AKUREYRI:GA66 18 65.59 -17.97
2 AKUREYRI:HR58 18 65.56 -18.16
2 AKUREYRI:MD72 18 65.51 -18.08
2 AKUREYRI:SY59 18 65.51 -18.23
2 MODRUVELLIR:LH69 18 65.94 -18.11
2 MODRUVELLIR:ML54 18 65.74 -18.22
2 MODRUVELLIR:MV51 18 65.78 -18.27
2 MODRUVELLIR:MV52 18 65.77 -18.28
3 AKUREYRI:SB63 18 65.45 -18.24
4 ALEXFIORD:CASSIOPE 13 78.87 -75.78
4 ALEXFIORD:DOMEDOLOMITE 14 78.86 -75.9
4 ALEXFIORD:DOMEGRANITE 14 78.86 -75.9
4 ALEXFIORD:DRYAS 21 78.87 -75.78
4 ALEXFIORD:FERT 16 78.87 -75.79
4 ALEXFIORD:LEVDOLOMITE 18 78.86 -75.9
4 ALEXFIORD:MEADOW 16 78.88 -75.81
4 ALEXFIORD:WILLOW 21 78.87 -75.8
5 ANWR:ATIGUN-A 11 68.47 -149.35
5 ANWR:ATIGUN-B 11 68.48 -149.35
5 ANWR:ATIGUN-C 11 68.45 -149.32
6 ANWR:JAGO-A 10 69.7 -143.63
6 ANWR:JAGO-B 10 69.71 -143.62
7 ATQASUK:AD 16 70.45 -157.41
7/ ATQASUK:AG 5 70.45 -1574
7 ATQASUK:AW 16 70.45 -1574
7 ATQASUK:RATE_BETULA_SHRUB 10 70.46 -157.41
7 ATQASUK:RATE_CAREX_ WET_MEADOW 10 70.46 -157.41
7 ATQASUK:RATE_DRYAS_HEATH 10 70.46 -157.41
7 ATQASUK:RATE_ERIOPHORUM_WET_MEADOW 10 70.46 -157.41
7 ATQASUK:RATE_HIEROCHLOE_DRY_MEADOW 10 70.46 -157.41
8 AUDKULUHEIDI:BETULAHEATH 12 65.22 -19.71
9 BARROW:ARCTOPHILA_POND_ORDINATION 10 71.29 -156.64
9 BARROW:BD 18 71.32 -156.6
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BARROW:BG
BARROW:BW
BARROW:CAREX WET MEADOW_ORDINATION
BARROW:CAREX_MESIC MEADOW_ORDINATION
BARROW:CAREX_MOIST MEADOW_ORDINATION
BARROW:CAREX_MOIST_MEADOW_MICROTOPO
BARROW:CAREX_WET_MEADOW_MICROTOPO
BARROW:DRY_HEATH_ORDINATION
BARROW:DUPONTIA_WET_MEADOW_MICROTOP

© v v © © © v v ‘o

70 BLONDUQS:SD33

70 BLONDUOS:SD34

77 BROOKS:SHEEN-B

12 BYLOT:MESPOLYGON
12 BYLOT:MESPRAIRIE

13 DALSMYNNI:AG4

13 DALSMYNNI:KD24

13 DALSMYNNI:KD25

13 DALSMYNNI:KK5

74 DOVRE:KUNTSHOE

15 ENDALEN:BIS-H

15 ENDALEN:BIS-L

15 ENDALEN:CAS-H

15 ENDALEN:CAS-L

15 ENDALEN:DRY-H

15 ENDALEN:DRY-L

76 FURI:FURI4

76 FURI:FURI5

76 FURI:FURI6

17 GAVIA:POL

17 GAVIA:SAL

18 HJARDARLAND:HA75
78 HJARDARLAND:HF73
79 HJARDARLAND:LH92
20 HJARDARLAND:SH90
27 HOLTAVORDUHEIDI:AH36
27 HOLTAVORDUHEIDI:AH37
21 HOLTAVORDUHEIDI:AH38
22 HOLTAVORDUHEIDI:VH49

71.31
71.31
71.29
71.29
71.29
71.29
71.29
71.29
71.29
65.5
65.5
68.57
73.15
73.15
65.78
65.77
65.77
65.8
62.3
78.19
78.19
78.19
78.19
78.19
78.19
61.64
61.64
61.64
46.34
46.34
64.07
64.04
64.22
63.98
65.08
65.07
65.08
65.23

-156.59
-156.6
-156.64
-156.64
-156.64
-156.64
-156.64
-156.64
-156.64
-20.23
-20.23
-143.72
-79.95
-79.95
-19.31
-19.03
-19.04
-19.36
9.62
15.74
15.74
15.74
15.74
15.74
15.74
12.64
12.64
12.64
10.5
10.5
-20.27
-20.28
-20.6
-20.57
-20.55
-20.58
-20.59
-20.44
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22
23
24
25
25
25
25
26
26
26
26
26
26
27
27
27
27
27
27
27
27
27
27
27
27
27
28
28
28
29
29
30
30
30
37
32
33
34

HOLTAVORDUHEIDI:VH50
KLUANE:PIKA
KYTALYK:LAKEBED
LATNJA:DRY_HEATH
LATNJA:DRY_MEADOW
LATNJA:TUSSOCK_TUNDRA
LATNJA:WET_SEDGE
LOGH:LOGH2
LOGH:LOGH4
LOGH:LOGH5
LORI:LORI1
LORI:LORI3
LORI:.LORI4
NIWOT:BARREN_SADDLE
NIWOT:DRY MEADOW_SADDLE
NIWOT:FELLFIELD_SADDLE
NIWOT:KLEIN
NIWOT:MOIST MEADOW_SADDLE
NIWOT:ORDINATION_DRYMEADOW
NIWOT:ORDINATION_FELLFIELD
NIWOT:ORDINATION_MOISTMEADOW
NIWOT:ORDINATION_MOISTSHRUB
NIWOT:ORDINATION_SNOWBANK
NIWOT:ORDINATION_WETMEADOW
NIWOT.SNOW BANK_SADDLE
NIWOT:WET MEADOW_SADDLE
OXNADALSHEIDI:SA16
OXNADALSHEIDI:SA17
OXNADALSHEIDI:SA19
QHI:HE
QHI:KO
RIRI:RIRI2
RIRI:RIRI4
RIRI:RIRI6
SVERDRUP:SVERDRUP
THINGVELLIR:MOSS HEATH
THYKKVIBAER:HH100
THYKKVIBAER:RT81

65.24
61.22
70.83
68.36
68.36
68.36
68.36
62.1
62.1
62.1
62.12
62.12
62.12
40.05
40.05
40.05
40.05
40.05
40.05
40.05
40.05
40.05
40.05
40.05
40.05
40.05
65.47
65.47
65.48
69.57
69.58
67.77
67.77
67.77
79.14
64.28
63.56
63.99

-20.45
-138.27
147.48
18.5
18.5
18.49
18.49
12.34
12.34
12.34
12.27
12.27
12.27
-105.59
-105.59
-105.59
-105.59
-105.59
-105.59
-105.59
-105.59
-105.59
-105.59
-105.59
-105.59
-105.59
-18.7
-18.69
-18.9
-138.86
-138.87
17.54
17.54
17.54
-79.62
-21.07
-20.17
-21.16
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34
35
35
35
36
37
37
38

THYKKVIBAER:VE82
TOOLIK:DRY
TOOLIK:MOIST
TOOLIK:TUSSOCKGRID
TOOLIK:IMNAVAIT
TORNGATS:NAKVAKDRY
TORNGATS:NAKVAKWET
VALBERCLA:ALPINE

18
14
15
19
19

20

63.97
68.62
68.62
68.62
68.62
58.64
58.64
46.48

-21.17
-149.61
-149.61
-149.61
-149.28

-63.38

-63.38

9.58
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Table S4. Model output for interspecific spatial temperature-trait relationships. Bolded rows
designate interspecific temperature-trait relationships (slope parameter) for which the 95%
credible interval did not cross zero (i.e., the relationship is “significant”). The estimate type
indicates the response variable: CWM = community weighted mean (turnover + abundance),
NWM = non-weighted mean (due to turnover only), CWM+ITV = the community weighted
mean with estimated intraspecific temperature-trait relationships included (see Methods).
Climate variable indicates which temperature type was used (bio 10 = summer temperature,
bio 11 = winter temperature). Temperature was centered to improve model convergence; thus,

the intercept parameter represents the trait value at approximately 6.88 °C for bio 10 and -13.5

°C for bio 11.

Trait Climate Variable Estimate Type Parameter mean sd 2.5% 97.5%
Height 10 CWM Intercept 2.546 0.057 2.434 2.655
Height 10 CWM+ITV Intercept 2.687 0.054 2.582 2.796
Height 10 NWM Intercept 2.515 0.042 2.430 2.590
Height 10 CWM Slope 0.115 0.023 0.069 0.162
Height 10 CWM+ITV Slope 0.131 0.023 0.086 0.176
Height 10 NWM Slope 0.083 0.017 0.050 0.117
LDMC 10 CWM Intercept  -0.549 0.030 -0.608 -0.490
LDMC 10 CWM+ITV Intercept  -0.576 0.028 -0.631 -0.519
LDMC 10 NWM Intercept  -0.700 0.031 -0.762 -0.640
LDMC 10 CWM Slope -0.038 0.012 -0.062 -0.013
LDMC 10 CWM+ITV Slope -0.043 0.012 -0.066 -0.019
LDMC 10 NWM Slope -0.033 0.013 -0.059 -0.007
Leaf Area 10 CWM Intercept 0.446 0.103 0.263 0.649
Leaf Area 10 CWM+ITV Intercept 0.605 0.102 0.406 0.802
Leaf Area 10 NWM Intercept 0.394 0.072 0.250 0.537
Leaf Area 10 CWM Slope 0.018 0.041 -0.065 0.096
Leaf Area 10 CWM+ITV Slope 0.025 0.043 -0.058 0.111

Leaf Area 10 NWM Slope 0.006 0.031 -0.055 0.070
Leaf N 10 CWM Intercept 2.920 0.020 2.880 2.960
Leaf N 10 CWM+ITV Intercept 2917 0.020 2.878 2.956
Leaf N 10 NWM Intercept 2.985 0.020 2.947 3.025
Leaf N 10 CWM Slope -0.001 0.009 -0.018 0.015
Leaf N 10 CWM+ITV Slope -0.001 0.008 -0.017 0.016
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Trait Climate Variable Estimate Type Parameter mean sd 2.5% 97.5%
Leaf N 10 NWM Slope 0.009 0.008 -0.007 0.026
SLA 10 CWM Intercept 2.559 0.027 2.505 2.611

SLA 10 CWM+ITV Intercept 2.581 0.027 2.529 2.634
SLA 10 NWM Intercept 2.635 0.023 2.587 2.680
SLA 10 CWM Slope 0.044 0.011 0.022 0.066
SLA 10 CWM+ITV Slope 0.051 0.011 0.028 0.073
SLA 10 NWM Slope 0.037 0.010 0.017 0.057
Height 11 CWM Intercept 2.541 0.058 2.425 2.656
Height 11 CWM+ITV Intercept 2.599 0.057 2.484 2.708
Height 11 NWM Intercept 2.542 0.040 2.464 2.623
Height 11 CWM Slope 0.019 0.005 0.010 0.029
Height 11 CWM+ITV Slope 0.020 0.005 0.011 0.029
Height 11 NWM Slope 0.015 0.003 0.009 0.022
LDMC 11 CWM Intercept -0.616 0.025 -0.666 -0.568
LDMC 11 CWM+ITV Intercept -0.872 0.032 -0.933 -0.810
LDMC 11 NWM Intercept -0.758 0.034 -0.825 -0.692
LDMC 11 CWM Slope -0.013 0.002 -0.017 -0.009
LDMC 11 CWM+ITV Slope -0.017 0.003 -0.022 -0.012
LDMC 11 NWM Slope -0.021 0.003 -0.027 -0.016
Leaf Area 11 CWM Intercept 0.457 0.098 0.262 0.643
Leaf Area 11 CWM+ITV Intercept 0.562 0.101 0.364 0.749
Leaf Area 11 NWM Intercept 0.572 0.079 0416 0.727
Leaf Area 11 CWM Slope 0.008 0.008 -0.008 0.024
Leaf Area 11 CWM+ITV Slope 0.006 0.008 -0.010 0.022
Leaf Area 11 NWM Slope -0.007 0.006 -0.020 0.005
Leaf N 11 CWM Intercept 2.919 0.019 2.881 2.956
Leaf N 11 CWM+ITV Intercept 2.949 0.019 2912 2.987
Leaf N 11 NWM Intercept 2.997 0.019 2.962 3.033
Leaf N 11 CWM Slope 0.003 0.002 0.000 0.007
Leaf N 11 CWM+ITV Slope 0.004 0.002 0.001 0.007
Leaf N 11 NWM Slope 0.005 0.002 0.002 0.008
SLA 11 CWM Intercept 2.562 0.022 2.520 2.605
SLA 11 CWM+ITV Intercept 2.596 0.021 2.555 2.635
SLA 11 NWM Intercept 2.653 0.019 2.621 2.690
SLA 11 CWM Slope 0.014 0.002 0.010 0.017
SLA 11 CWM+ITV Slope 0.014 0.002 0.010 0.017
SLA 11 NWM Slope 0.012 0.001 0.009 0.015
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Table S5. Model output for interspecific spatial relationships with both temperature and soil
moisture. Bolded rows designate predictors of community weighted trait means (CWM) for
which the credible interval did not cross zero (i.e., the relationship is “significant”). All estimates
are for summer temperature only (bio 10). Temperature and soil moisture values were centered
to improve model convergence; thus, the intercept parameter represents the trait value at

approximately 6.88 °C and "mesic” soil moisture.

Trait Climate Variable Paramter mean sd 2.5% 97.5%
Height 10 Intercept 2.527 0.048 2.435 2.620
Height 10 Moisture 0.316 0.055 0.210 0.425
Height 10 Temperature 0.106 0.020 0.066 0.146
Height 10 Temperature*Moisture  -0.018 0.021 -0.060 0.023

LDMC 10 Intercept -0.553 0.029 -0.609 -0.497
LDMC 10 Moisture -0.066 0.035 -0.132 0.003

LDMC 10 Temperature -0.043 0.012 -0.066 -0.018
LDMC 10 Temperature*Moisture  -0.044 0.013 -0.070 -0.017
Leaf Area 10 Intercept 0.415 0.089 0.243 0.591

Leaf Area 10 Moisture 0.896 0.118 0.668 1.126
Leaf Area 10 Temperature -0.002 0.037 -0.075 0.072
Leaf Area 10 Temperature*Moisture  0.102 0.043 0.015 0.187
Leaf N 10 Intercept 2.925 0.019 2.889 2.962
Leaf N 10 Moisture 0.118 0.023 0.073 0.162
Leaf N 10 Temperature 0.000 0.008 -0.016 0.016
Leaf N 10 Temperature*Moisture  0.019 0.009 0.001 0.038
SLA 10 Intercept 2.558 0.025 2.509 2.606
SLA 10 Moisture 0.162 0.033 0.096 0.228
SLA 10 Temperature 0.040 0.010 0.020 0.061
SLA 10 Temperature*Moisture  0.032 0.013 0.007 0.056
Woodiness 10 Intercept -1.067 0.178 -1.409 -0.715
Woodiness 10 Moisture -0.135 0.070 -0.272 0.003
Woodiness 10 Temperature -1.534 0.190 -1.918 -1.168
Woodiness 10 Temperature*Moisture  -0.139 0.077 -0.289 0.016
Evergreenness 10 Intercept -0.599 0.199 -1.005 -0.220
Evergreenness 10 Moisture 0.205 0.083 0.043 0.366
Evergreenness 10 Temperature -1.304 0.259 -1.809 -0.790
Evergreenness 10 Temperature*Moisture  -0.171 0.100 -0.367 0.019
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Table S6. Model output for intraspecific spatial temperature-trait relationships. Bolded rows

designate intraspecific temperature-trait relationships (slope parameter) for which the 95%

credible interval did not cross zero (i.e., the relationship is “significant”). Climate variable

indicates which temperature type was used (bio 10 = summer temperature, bio 11 = winter

temperature). Temperature was centered within each species to improve model convergence.

The “Intercept Temp” column indicates the mean temperature at the intercept for each trait

and climate variable.

. . Intercept
Trait Climate  Estimate Parameter Temp mean sd 2.5% 97.5%
Variable  Type
4]
Height 10 TV Intercept 9.71 2.675 0.102 2471 2.867
Height 10 ITvV Slope 0.059 0.011 0.037 0.081
LDMC 10 TV Intercept 10.70 -0.767 0.085 -0.932 -0.596
LDMC 10 TV Slope -0.008 0.007 -0.023 0.007
Leaf Area 10 TV Intercept 10.61 0.547 0.172 0.211 0.885
Leaf Area 10 ITv Slope 0.050 0.013 0.024 0.075
Leaf N 10 TV Intercept 11.19 2.983 0.045 2.896 3.066
Leaf N 10 TV Slope -0.002 0.004 -0.008 0.006
SLA 10 TV Intercept 10.93 2.743 0.045 2.656 2.832
SLA 10 TV Slope 0.005 0.003 -0.001 0.012
Height 11 TV Intercept -12.82 2.645 0.101 2453 2.845
Height 11 TV Slope 0.007 0.006 -0.004 0.019
LDMC 11 TV Intercept -12.22 -0.750 0.070 -0.890 -0.620
LDMC 11 ITv Slope -0.020 0.003 -0.027 -0.014
Leaf Area 11 TV Intercept -10.50 0.615 0.173 0.265 0.936
Leaf Area 11 TV Slope 0.013 0.008 -0.002 0.029
Leaf N 11 TV Intercept -9.69 2.977 0.047 2.888 3.063
Leaf N 11 ITv Slope 0.007 0.002 0.002 0.012
SLA 11 mv Intercept -9.83 2.744 0.045 2.660 2.835
SLA 11 ITv Slope 0.004 0.002 0.001 0.008
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Table S7. Model output for interspecific trait change over time. Bolded rows designate slope
parameters (change over time) for which the 95% credible interval did not cross zero (i.e., the
relationship is “significant”). The estimate type indicates the response variable: CWM =
community weighted mean (turnover + abundance), NWM = non-weighted mean (due to
turnover only), CWM+ITV = the community weighted mean with estimated intraspecific
temperature-trait relationships included (see Methods). CWM+ITV was estimated based on

summer temperature change only (bio 10).

Trait Climate Variable Estimate Type Parameter mean sd 2.5% 97.5%
Height - CWM Intercept 2.514 0.087 2.341 2.683

Height 10 CWM+ITV Intercept 2.691 0.087 2.514 2.858
Height - NWM Intercept 2.495 0.072 2.357 2.635

Height - CWM Slope 0.002 0.001 0.000 0.004
Height 10 CWM+ITV Slope 0.004 0.001 0.002 0.006
Height - NWM Slope 0.002 0.001 0.001 0.004
LDMC - CWM Intercept -0.535 0.045 -0.624 -0.446
LDMC 10 CWM+ITV Intercept -0.569 0.041 -0.649 -0.489
LDMC - NWM Intercept -0.677 0.044 -0.766 -0.596
LDMC - CWM Slope 0.001 0.001 -0.001 0.002
LDMC 10 CWM+ITV Slope 0.000 0.001 -0.001 0.002
LDMC - NWM Slope 0.000 0.000 -0.001 0.001

Leaf Area - CWM Intercept 0.292 0.126 0.033 0.526
Leaf Area 10 CWM+ITV Intercept 0.461 0.125 0.213 0.697
Leaf Area - NWM Intercept 0.337 0.108 0.124 0.550
Leaf Area - CWM Slope 0.001 0.003 -0.006 0.007
Leaf Area 10 CWM+ITV Slope 0.001 0.003 -0.006 0.007
Leaf Area - NWM Slope 0.003 0.002 -0.001 0.007
Leaf N - CWM Intercept 2.896 0.032 2.833 2.960
Leaf N 10 CWM+ITV Intercept 2.895 0.031 2.835 2.958
Leaf N - NWM Intercept 2.952 0.031 2.891 3.014
Leaf N - CWM Slope -0.001 0.001 -0.002 0.000
Leaf N 10 CWM+ITV Slope -0.001 0.001 -0.002 0.000
Leaf N - NWM Slope -0.001 0.000 -0.001 0.000
SLA - CWM Intercept 2.536 0.045 2448 2.625
SLA 10 CWM+ITV Intercept 2.573 0.045 2484 2.660
SLA - NWM Intercept 2.613 0.039 2.535 2.688
SLA - CWM Slope 0.000 0.001 -0.002 0.001

SLA 10 CWM+ITV Slope 0.000 0.001 -0.001 0.001

SLA - NWM Slope 0.000 0.000 -0.001 0.001
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Table S8. Model output for temperature sensitivity of community weighted trait means.
Temperature sensitivity represents the correspondence between interannual variation in CWM
traits and interannual variation in temperature (i.e, the amount of change in CWM trait per °C).
All estimates are for community-weighted mean (CWM) change only. Bolded rows designate
slope parameters (sensitivity) for which the 95% credible interval did not cross zero (i.e., the

relationship is “significant”).

Trait \(/:allirrir;atl)tli Parameter mean sd 2.50% 97.50%
Height 10 Intercept 2.518 0.086 2.350 2.679
Height 10 Slope 0.039 0.019 0.002 0.078
LDMC 10 Intercept -0.535 0.045 -0.625 -0.449
LDMC 10 Slope -0.010 0.011 -0.033 0.013
Leaf Area 10 Intercept 0.295 0.125 0.041 0.531
Leaf Area 10 Slope -0.031 0.044 -0.116 0.057
Leaf N 10 Intercept 2.897 0.031 2.836 2.957
Leaf N 10 Slope 0.006 0.009 -0.012 0.024
SLA 10 Intercept 2.535 0.044 2.448 2.623
SLA 10 Slope 0.009 0.011 -0.012 0.031
Height 11 Intercept 2.514 0.086 2.342 2.684
Height 11 Slope 0.012 0.009 -0.007 0.030
LDMC 11 Intercept -0.595 0.046 -0.684 -0.506
LDMC 11 Slope -0.001 0.005 -0.011 0.010
Leaf Area 11 Intercept 0.286 0.129 0.023 0.526
Leaf Area 11 Slope 0.026 0.023 -0.018 0.071
Leaf N 11 Intercept 2.896 0.031 2.834 2.956
Leaf N 11 Slope 0.003 0.004 -0.005 0.010
SLA 11 Intercept 2.536 0.045 2.450 2.623
SLA 11 Slope 0.003 0.005 -0.006 0.013
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Table S9. Model output for interspecific trait change over time with temperature change and

soil moisture (static) as predictors of this change. Neither temperature change nor soil

moisture was a significant predictor of trait change over time (all credible intervals overlap

zero). All estimates are for community-weighted mean (CWM) and summer temperature

(bioclim 10) change only.

Trait Climate Variable Parameter mean sd 2.5% 97.5%
Height 10 Intercept 0.002 0.000 0.001 0.003
Height 10 Moisture 0.000 0.001 -0.002 0.001
Height 10 TemperatureChange -0.002 0.008 -0.018 0.012
Height 10 TemperatureChange*Moisture  0.007 0.016 -0.022 0.043
LDMC 10 Intercept 0.001 0.000 0.001 0.002
LDMC 10 Moisture 0.000 0.001 -0.002 0.001
LDMC 10 TemperatureChange -0.008 0.008 -0.023 0.008
LDMC 10 TemperatureChange*Moisture ~ 0.005 0.017 -0.030 0.034
Leaf Area 10 Intercept 0.005 0.002 0.001 0.008
Leaf Area 10 Moisture -0.004 0.003 -0.011 0.003
Leaf Area 10 TemperatureChange -0.032 0.039 -0.112 0.045
Leaf Area 10 TemperatureChange*Moisture  0.085 0.077 -0.069 0.225
Leaf N 10 Intercept -0.001 0.000 -0.001 0.000
Leaf N 10 Moisture 0.000 0.000 -0.001 0.001
Leaf N 10 TemperatureChange 0.005 0.006 -0.007 0.015
Leaf N 10 TemperatureChange*Moisture  -0.007 0.011 -0.027 0.016
SLA 10 Intercept -0.001 0.000 -0.001 0.000
SLA 10 Moisture 0.000 0.001 -0.001 0.001
SLA 10 TemperatureChange 0.009 0.007 -0.005 0.022
SLA 10 TemperatureChange*Moisture  -0.001 0.014 -0.027 0.027
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Table S10. Probability that a species immigrated into (“gain”) or disappeared from (“loss”) a site
as a function of its traits. Only for plant height were the trait values of gained and lost species
significantly different — the probability of a species being gained was significantly (positively)

related to its height but the probability of a species being lost was not.

Trait Direction Parameter mean sd 2.5% 97.5%
Height gained Intercept -2.402 0.221 -2.821 -1.948
Height lost Intercept -1.786 0.223 -2.188 -1.358
Height gained Slope 0.247 0.082 0.081 0.403
Height lost Slope 0.039 0.080 -0.116 0.194
LDMC gained Intercept -2.225 0.127 -2474 -1.978
LDMC lost Intercept -2.186 0.124 -2.432 -1.944
LDMC gained Slope -0.438 0.100 -0.619 -0.225
LDMC lost Slope -0.501 0.092 -0.666 -0.305
Leaf Area gained Intercept -1.834 0.099 -2.037 -1.644
Leaf Area lost Intercept -1.704 0.099 -1.881 -1.512
Leaf Area gained Slope 0.090 0.059 -0.024 0.211

Leaf Area lost Slope -0.089 0.061 -0.207 0.046
Leaf N gained Intercept -1.590 0.418 -2.423 -0.764
Leaf N lost Intercept -2.184 0.377 -2.897 -1.427
Leaf N gained Slope -0.067 0.137 -0.334 0.205
Leaf N lost Slope 0.170 0.124 -0.069 0.403

SLA gained Intercept -2.872 0.116 -2.996 -2.569
SLA lost Intercept -2.850 0.133 -2.995 -2.500
SLA gained Slope 0.421 0.054 0.302 0.517
SLA lost Slope 0.447 0.057 0.317 0.543
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Chapter 7: Synthesis and Discussion

In this dissertation, | investigated the potential of shrubs in understanding contemporary climate
change in the Arctic, sub-arctic and alpine environments. In Chapter 2, | started with quantifying
growth differences within a shrub (along the length of the stem) and noted its impacts on site-
chronologies developed from ring-width series. We found that heterogeneous growth along the
length of the stem has profound effects on climate-growth relationships. Then in Chapter 3, |
studied if sexual dimorphism - like in trees - has any impact on radial growth in shrubs and should
it be a point to be considered while sampling shrubs for dendro-climatological/ecological
analysis. In Chapter 4, we studied the reconstruction potential of the shrub Alnus viridis ssp
crispa. In our study, we inferred that a combined use of ring-width measurements and serial
sectioning can have promising results for climate reconstructions using ring-widths from shrubs.
We compared shrub and tree climate sensitivity to contemporary warming in Chapter 5 and
found divergent responses of cohabiting trees and shrubs. We found that shrubs were more
sensitive to current warming as compared to trees. This was markedly seen at Mediterranean
sites. Finally in Chapter 6 we studied functional plant traits and their relation with temperature

and soil moisture.

In this synthesis, | wish to discuss the potential of shrubs in dendro-ecology, dendro-climatology
and as indicators of change in general in the Arctic context. | wish to discuss the current methods
used, critically look at the limitations and bring to light new possibilities which could help refine
methods in shrub based dendrochronological analysis. At first, | will explain the link between
fundamental factors like growth architecture, sexual-dimorphism and climate sensitivity as this
is the basis of any dendrochronological analysis. Then, | would like to explain how the use of
combinations of methods like wood-anatomy with ring-width analysis could potentially improve
data reliability for reconstructions. Further, by discussing a comparison of differences between
responses of shrubs and trees to current climate warming, | wish to explain how shrubs and trees
have fundamental differences in the growth forms, morphometry and ecological resilience. Then,
| will discuss the role of plant traits and their responses to current warming. This chapter

encompasses a broader geographical extent and shows how plant traits act as drivers in
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ecosystem processes in the Arctic. Lastly, | would like to discuss future scopes of shrub-arctic
research which combines dendro-ecology with functional trait biology as changes in shrub
functional traits can be used to model Arctic changes. In conclusion, | would explain the

limitations of this investigation and suggest future avenues of research.

Growth Architecture and Climate Sensitivity
In the last years, with the rapidly increasing shrub studies, it is evident shrubs are and will be an
important part of future investigations in the Arctic research. Not only are they important as

proxies which can help trace

Figure: 2
: environmental changes but are

also crucial in the ecosystem
dynamics in the circumpolar Arctic.
The alpine tundra and especially
areas above the treeline remain
the most pristine environments
with least anthropogenic impact
and hence are of special interest to
the scientific community (Korner,
2012a). Shrubs are known to grow
in a wide range of environments

from low lying river basins (Tape et

TR o i S T . v 0

Figure 2: Example of irregular growth and influence of microsite al.,, 2012) to areas higher than the
diti hrub st th . .
conditions on shrub stem grow treeline  (Schweingruber  and

Poschold, 2005; Hallinger et al., 2010). This wide range of ecological niches is habitable by shrubs

because of better adaptability to micro-site conditions (Kérner, 2012a). However, this could
potentially mean that shrubs might be highly influenced by micro-site conditions as well.
Commonly reported difficulties like hard cross-dating, low inter-series correlations and low EPS

values (Woodcock and Bradley, 1994; Bar et al., 2007) are indicative of lack of growth
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synchronicity which is the key aspect for detecting common signals (as environmental response)
in dendro-ecology.

Growth irregularities at the root collar and along the length of the stem could be due to a number
of reasons; some prominent ones being rocky substrates at high elevations, exposition on the
slope, wind direction, snow burial, runoff, precipitation and temperature (example: Fig: 2)
(Sonesson and Callaghan, 1991; le Roux and Luoto, 2014; Ropars et al., 2017). These growth
irregularities could result in locally missing rings, wedging rings or compression wood, or missing
outer rings causing differential growth among different stem heights within an individual
(example: Fig 3 A to D) (Wilmking et al., 2012). To select the stem-disk closest to the ground
surface (many times root collar itself) has been the most commonly used procedure for sampling
Figure: 3 shrubs (Gazol and Camarero, 2012;
Pellizzari et al., 2014; Beil et al.,
2015; Pellizzari et al.,, 2017).
However correct dating and
selection of the right stem-disk is
critical for climate reconstruction

(Rayback and Henry, 2006;

Wilmking et al., 2012; Buras and

Wilmking, 2014).

A: SD section root 00cm

In Chapter 2 we analyzed ring-
width measurements from three
stem-disk sections per individual
and tested for growth

synchronicity across stem heights.

We found that there was

C: SD section at 30 cm D: SD section 20cm significantly differential growth

Figure 3: Example of irregular growth from stem-disks from three between different  stem-disks
stem heights from an individual. Black lines show radial pathways.

within an individual shrub (Chapter

2: Figure 2; Supplement S1). When we tested site-chronologies from different stem heights for
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climate sensitivity we found significantly varying responses clearly suggesting that a single stem-
disk does not entirely represent what the shrub individual might be responding to. Asynchronous
radial growth was confirmed by significant reduction in inter-series correlation and
Gleichlaufigkeit among stem heights. Complementary to our findings, a recent study by Ropars
etal. (2017) reported the finding that different stem-disks (i.e. from different stem heights) show
changes in climate sensitivity. However, their study with Betula glandulosa inferred that the root
collar shows the highest climate sensitivity, whereas in our study with Juniperus communis we
observed stem-disks higher (SD20 i.e. stem-disks at 20 cm from ground level) showed optimal
climate sensitivity. These contrasting findings clearly indicate that a single stem-disk represents
radial growth for a limited time section and that it can differ substantially along the stem. This
raises the question, ‘which sampling height is best suited for testing for climate-growth
relationships?’ which yet remains unanswered. As from the contrasting findings, we can infer
that growth architecture can differ within individuals and also among species. A study by Sadras
and Denison (2009) showed that even plant parts could compete for resources if it benefits the
overall growth of the plant. Therefore, this paves the way for further research to test different
stem heights for climate sensitivity from different species. In Chapter 2 we discussed extrinsic
micro-site factors that might affect growth along the length of the stem. As shrubs, grow beyond
treelines they are subjected to harsh conditions like wind pressure, snow burial, surface flow and
substrate conditions. Intrinsic factors like branching, formation of multiple pits, rot, disease,
genotypic factors like differences in responses of different sexes to environmental stresses are

also factors that can affect growth and hence ring-width formation.

Sexual dimorphism and Climate Sensitivity

In Chapter 3, we studied effects of sex-separated sub-groups of ring-width indices and basal area
increments from Juniperus communis on site-chronologies from samples collected across the
Ural sites and from Kirkenes, Norway. We assumed that like in dioecious trees, even in shrubs
there might be considerable differences in ring-width formation (radial growth) between male
and female shrubs. However, we found a borderline to moderate difference between male and

female shrub’s ring-width series. Differences between male and female shrubs in terms of overall
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growth (Lloyd and Webb, 1977), flowering times (Godley, 1976), resistance to disease, pest and
herbivory (Ward, 2007), differential resource allocation (Freeman et al., 1976) differing sex ratios
in population stands (Gauquelin et al., 2002) is already well established in literature. However,
there was a knowledge gap as to how can sexual differences and allied attributes like
reproductive effort in females could impact radial growth - which is key to ring-width analysis.

We employed a series of analysis ranging from multivariate statistics like cluster analysis and
Principle Component Gradient Analysis (PCGA) to time series analysis like cumulative growth
analysis and inter-series correlation with site-chronology. In all the analyses - except an overall
comparison of gender-separated sub groups to site-chronologies - we could not find any
significant differences between males and females. Retrospectively, we questioned why this
might be the case? A probable answer could be that there is reproductive effort in female shrubs
but is not consistent over time. These time-inconsistent growth trends appear as noise in the
overall dataset. Therefore, we do see a moderate differentiation but cannot attribute it entirely
to gender-specific reasons. This differentiation was evidently translated in climate sensitivity as
well, as we observed a moderate difference in sensitivity to summer temperatures between
males and females (Chapter 3 Supplement S1). We saw a pronounced difference however to
temperatures at Kirkenes site where females showed stronger correlations as compared to
males. A shortcoming of this study is that as discussed in the earlier chapter there is fair amount
of heterogeneous growth along the length of the stem of shrubs which could be due to a number
of intrinsic and extrinsic factors. We could not differentiate which of the differences we see are
gender-specific or an attribute of heterogeneous growth architecture caused by local micro-site
conditions. Generally, we recommended that an unbiased sampling of equal males and females
is advisable. However, from the moderate differentiation noted in the overall analysis, we cannot
deny the possibility that reproductive effort from females causes differential resource allocation
which might induce short-term artificial trends in ring-width data, therefore, a female-biased
sample set might have more noise in the data. We recommend that such a multifold analysis with
other shrub species is essential and can bring a deeper understanding how gender differentiation

can influence site-chronologies.
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Ecological Responses and Synergy of Methods:

Climate reconstructions and ecological indications are the two main usages of tree-ring data.
Numerous studies with climate-reconstructions and eco-sensitivity have based these
investigations using tree-rings as proxies. Similarly, annual rings from shrubs have been used for
many ecological indications from glacial retreat (Buras et al., 2012; Buras et al., 2017), to
establishing climate-growth relationships (Pellizzari et al., 2014) to tracing sea-surface
temperatures (Beil et al., 2015). However, there are hardly any reconstructions which are purely
based on annual rings from shrubs. This might be so, because of reasons like relatively less age
of shrubs as compared to trees and asynchronous or heterogeneous growth, which makes
capturing the common signal in a population stand difficult. Prior studies with remote sensing
and repeat photography have shown that shrub expansion in the Arctic is heterogeneous and can
differ spatially (Myers-Smith et al., 2011; Tape et al., 2012). Therefore, a deep understanding of
response mechanisms in shrubs is imperative. Secondly, shrubs being highly influenced by macro-
environmental-factors like climate, exposition, the direction of the wind etc. are also greatly
influenced by micro-site conditions like the nature of substrate, herbivory and insect outbreaks.
Shrub responses to these factors can vary spatially and temporally (Arft et al., 1999; Tape et al.,
2006) and is not easy to disentangle and isolate proxy-response relationship. In Chapter 4 and
Chapter 5 we explored the potential of shrubs for reconstruction using a test case of Alnus viridis
ssp crispa and also compared shrub response to current climate warming as compared to trees
using a test case of Juniperus communis.

In Chapter 4 we correlated summer (June-July) temperatures with ring-width data from Alnus
viridis ssp crispa and found significant positive correlations. Initially, when we tested for stability
of temperature growth relationships using bootstrapped transfer function stability test (BTFS) for
the entire period (1958-2012) the model failed stability tests. However, with the correction of
three rings (i.e. from 2004-2007) the model passed all tests. When the stem-disks were closely
examined for these years using wood-anatomical procedures of thin sectioning cell-wall
abnormalities (exceptionally thin rings) were detected. When corrected for these years the
model passed all stability tests. A pointer year analysis confirmed that these years corresponded

to a moth larval (Eurois occulta) out-break in the sampling area. This showed that a combination
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of techniques using ring-width measurements and wood anatomy could present promising
results for the use of shrubs in reconstructions. It is true that not in all ecological settings can the
effects of micro-site events/conditions be disentangled for a clear growth-response signal
however a synergetic approach like this can very much improve data quality and could aid in

climate reconstructions from areas where climate data is not available.

Further, in Chapter 5 we compared the climate-growth sensitivity of trees and Juniper shrubs
from a wide range of eco-regions ranging from Polar Urals in the north to the Iberian systems in
Mediterranean region. At all sites tree cores and shrub stem-disks were collected from same
ecosystems. This was done so that the macro-climate in all individual systems would be the same
making the results comparable. We assumed that shrubs being stunted growth-forms with entire
growth closer to the ground, would be relatively less sensitive to macro-climatic drivers and
would be more influenced by local micro-climates, local topography and ground temperatures.
On the contrary, we found that in the Mediterranean biome, shrubs were more sensitive to
climate warming in the last decades than trees. A decoupling of climate sensitivity was seen
among trees and shrubs throughout the dataset, but was more pronouncedly seen for
Mediterranean region. Trees in the Mediterranean, post-1950s, might be induced by a drought
stress and hence were less sensitive to climate warming. This showed that shrubs like trees, do
react to environmental changes but have very different responses. These differences could occur
because of a variety of reasons like at an individual level — differences in growth within individuals
(Chapter 2), between sexes of the same species (Chapter 3) —to differences at a community level
like differing resilience to environmental stresses, differing adaptive mechanisms which might
prevail at species distribution margins, or differences in resource consumption within plant
communities (Elmendorf et al., 2012a; Myers-Smith et al., 2015a). It is, therefore, necessary to
study these relationships using functional plant traits comparing them to abiotic changes. This

would improve our understanding of vegetation response mechanisms at a community level.

184



Plant Traits: An Eco-climatological Response

Studies have shown that shrub response to climate can differ spatially and temporally (EImendorf
et al., 2012a; Tape et al., 2012). From the discussion from Chapter 2, Chapter 3 and Chapter 5, it
is evident that these changes prevail at various resolutions starting from heterogeneous growth
within individuals to entire population stands and communities. Contemporary warming will
bring about changes in plant communities and vegetation structure in the Arctic (Post et al., 2009;
Elmendorf et al., 2012b). This suggests that if one has to model vegetation response in the Arctic,
it is important to study functional responses (plant traits) which encompass a broader spectrum
of ecological indications than pure ‘radial-growth-response’ relationships (Myers-Smith et al.,
2015a). In Chapter 6 we looked at a biome-wide study which encompassed plant trait data from
117 sites in the Arctic. The main objective of this investigation was to understand differences in
spatial-temporal responses in plant communities to the current warming. This is a crucial feature
as plant traits are directly linked with water balance, carbon-nutrient dynamics, changes in
albedo, and subsequent differential surface-heat exchange which influence regional and global
climates. As the Arctic has approximately world’s 50% of underground carbon reserves in tundra
regions under permafrost soils (Osterkamp, 2007; Blok et al., 2010), understanding the response
of plant traits is critical as they act as indicators and primers in the primary productivity of a
biome. Primary productivity in a biome is directly linked with nutrient turnover and the
subsequent carbon cycling. Productivity on one hand is influenced by warming, but on the other
also acts in feedback mechanism such as reduction in summer albedo because of increase in
crown-covers which traps more heat becoming a driver for “greening” of the Arctic. Plant traits
such as leaf nitrogen content, specific leaf area (SLA), and leaf dry matter content (LDMC), affect
primary productivity whereas differences in size related traits such as plant height and leaf area
influence hydrology, albedo and carbon storage. In our study, we observed that overall, leaf area,
intra-specific plant height, SLA and LDMC had a strong link with summer temperature. However
these were not consistent at community levels. We observed a significant change in community
plant height over the span of 27 years (Chapter 6 Figure a, Figure b). Community plant height
also showed a strong relationship to temperatures suggesting that it was a response to warming.

Soil moisture content also showed a significant impact on the strength and progression of
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temperature-trait relationships signifying the importance of water availability as a crucial factor
in the future. However, some traits like SLA and LDMC did not show strong temperature-trait
relationships on a temporal scale. SLA and LDMC lagged on a bi-decadal time series analysis

suggesting differences in responses between intra-specific and inter-specific plant traits.

Overall, we found a complex interlinking between temperature, soil moisture, and plant traits.
Not all plant traits responded to temperature and soil moisture (e.g. specific leaf area) suggesting
a limitation of the model or other unexplained biotic or abiotic influences impacting specific
traits. Another aspect which could influence SLA and LDMC are genotypic factors which cannot
be explained from our investigation. Even though the study cannot explain all trait-factor
relations entirely, it is clear that plant traits reacting to current warming can be instrumental in

future projections of Arctic ecosystem modeling.

Inferences and Future Questions:

From my research with shrubs, | understood that shrubs, now more than ever, are important to
be studied because of their role in the Arctic. Shrubs are not only important as indicators of
current warming but also as actors in the feedback mechanisms which are set in motion because
of shrubification of the Arctic. Shrubs, from a variety of studies as discussed in Chapter 1 and
Chapter 6 have proven to be good proxies of change, however, there are still knowledge gaps
about the growth architecture and shrub responses to environmental factors.

From our investigation, it was evident that even though shrubs are woody species that form
annual rings, their environmental response mechanisms seem to differ significantly from that of
trees. Most of the shortcomings arising with shrubs-based dendrochronology are due to irregular
growth patterns among individuals and even more so from within individuals as seen from the
findings of Chapter 2 and Chapter 3. Therefore, currently used methods like using singular stem-
disks for investigations need to be revised. From our study in Chapter 2, we could not
recommend which stem-disk could be used as a standard protocol as our study was confounded
to Juniper species and contrasting findings from Ropars et al. (2017) with Betula species confirm

that this could be species specific. We found that for the Ural sites, for Junipers, radial
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measurements from stem-disks higher up the stem (SD20 in our case: Chapter 2: Fig 3 and Fig 4)
showed best climate-sensitivity. Therefore, it remains unanswered what could be the best

practice for selection of stem-disks when aimed at tracing climate-sensitivity.

A study by Sadras and Denison (2009) suggested that even within plants various parts can
compete for resources if it is beneficial for the overall growth of the plant. This logically means
that, if so, then even within shrubs, a single stem-disk just represents a response to specific time
section. The influencing factors might change over time resulting in asynchronous growth, for
reasons which could also change over time. Similarly, if resource allocation changes within an
individual, does gender-specificity play a role in it? How could these interrelated processes be
addressed while disentangling climate-growth responses? Are these factors species-specific?
From our investigation in Chapter 3, we found that gender-specific differences were moderate
but our study was limited by low sample size and was only based on Juniperus communis species.
However, the same could be tested with larger sample size to see if the reproductive effort in
females influences site-chronologies. In Chapter 4, we saw that reconstructions with annual rings
from shrubs could be possible if data quality is improved by using a combination of methods from
wood-anatomy and dendrochronology.

In Chapter 5, we saw divergent responses of shrubs and trees to current warming. This re-iterates
that shrubs could be sensitive to different environmental parameters than trees. This can change
spatially and temporally, however, such comparisons could help in devising more robust climate
reconstructions. From plant traits itself, it is evident that only some plant traits are responsive to
current warming and that this also differs within communities. Therefore, devising multi-proxy
models using dendrochronology and plant traits could be a more robust approach for future

Arctic modeling.

Deliverables and Learning Outcomes:

This thesis comprehensively reviews the potential use of shrubs in tracing current climate
warming in the Arctic and Alpine tundra using dendro-ecology. The following are the major

highlights from this study. This investigation looks at -
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The current methods of stem-disk measurements for ring-widths in shrubs and identifies
and highlights knowledge-gaps and shortcomings.

Highlights the issue of changing climate sensitivity along the length of the stem
questioning the use of only single/lowermost stem-disks for analytical purposes.
Investigates the impact of sex-specificity and shows how it could be an influential factor
to be considered in sample selection in dioecious shrubs.

Looks at the reconstruction potential of shrubs with a case study of Alnus viridis ssp crispa
and proposes the use of combined methods from dendrochronology and wood-anatomy
to devise robust reconstructions using ring-width data from shrubs.

Compares climate-sensitivity among trees and shrubs in a network of study sites across
ecoregions ranging from Polar Urals to the Mediterranean, confirming divergent growth
responses to current warming. This study clearly highlights the differing climate sensitivity
between trees and shrubs

Compares plant traits from 117 sites to show plant traits as useful indicators for tracing
current warming and illustrates their role in the carbon-nutrient cycling and vegetation

feedback mechanisms.

Overall, this study looks at shrub response to climate change in the Arctic at various scales

starting from growth within individual stem-disks of shrubs to biome wide vegetation response

to the climate. The study follows a common thread of how, from ring-width to functional traits,

can shrubs be instrumental in monitoring changes in the Arctic. It encompasses data from

circumpolar Artic in a latitudinal extent from Greenland through Norway to Polar Russia, and

from Polar Urals to the Mediterranean in a longitudinal extent, emphasizing the significance of

shrubs as auditees and agents of change in the Arctic and alpine tundra.
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