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Abstract 
The shrub encroachment (shrubification) currently happening in tundra ecosystems can result 
in increased greenhouse gas emissions. Shrubification is in turn generally explained to be 
driven by increased temperature, but there is regional variation in shrub encroachment that 
cannot be solely explained by climate. Instead, herbivory is proposed as a key factor since 
browsing has been shown to regulate density of shrubs in the tundra. Furthermore, regional 
variation in anti-browsing defense, i.e. various deterrent and/or toxic compounds, has been 
hypothesized to control the herbivory pressure. Dwarf birches are present and often dominant 
throughout the low arctic. They can be divided into two functional groups based on their anti-
browsing defense, i.e. resinous and non-resinous birches. This study investigated the variation 
in anti-browsing defense within and among different taxa of dwarf birches and the two 
functional groups. We also examined if these differences in anti-browsing defense affects the 
level of invertebrate damage in dwarf birch. We found that although there were clear 
differences in terpenes between resinous and non-resinous shrubs, neither functional groups 
nor taxa are sufficient to understand the circumpolar variation in defense compounds. 
Moreover, the variation in chemical anti-browsing defense had no clear effect on the level of 
invertebrate damage, indicating that many other factors than food quality regulate the 
abundance and importance of herbivores. This study does, for the first time, reveal the 
circumpolar variation in anti-browsing defense in dwarf birches, which will be vital for a 
mechanistic understanding of the greening of the arctic in the future. 
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1 Introduction 
 

1.1 Background 
In arctic tundra ecosystems, there is an ongoing shrub encroachment (shrubification) believed 
to lead to a large number of negative effects on the ecosystem. Due to change in albedo (Sturm 
et al. 2005), nutrient cycling and carbon balance (Weintraub and Schimel 2005; Natali et al. 
2011) an increase in shrub cover on the tundra can increase greenhouse gas emission resulting 
in a positive feedback loop between global warming and shrubification (Chapin et al. 2005; 
Swann et al. 2010; Zhang et al. 2013). Furthermore, there are concerns that an increased 
amount of shrubs would lead to diversity loss in the tundra plant community by invading and 
possibly outcompete other tundra vegetation types (Post and Pedersen 2008). Shrub 
encroachment in tundra ecosystems is generally explained by a close connection to global 
warming (Walker et al. 2006). That shrubs indeed do benefit from warming have been shown 
in numerous studies many of them including the genus Betula (Post and Pedersen 2008; 
Christie et al. 2015). There is however a strong regional variation in tundra shrub response to 
warming that cannot solely be explained by warming (Elmendorf et al. 2012; Xu et al. 2013). 
In order to display this, Myers-Smith et al. (2015) carried out a circumpolar study showing a 
greater sensitivity to summer temperatures in European tundra shrubs than in North 
American ones. The European shrubs also had a positive sensitivity, i.e. increased growth, 
while increased temperature rather had a negative or no effect on North American shrub 
growth. This pattern was, however, not completely homogeneous and exceptions were found 
in both regions.  
 

1.2 Herbivory impact 
One factor that can contribute to explaining global shrubification patterns is herbivory 
(Olofsson et al. 2009; Myers-Smith et al. 2011; Christie et al. 2015). Large herbivores such as 
reindeer, sheep and muskoxen, especially in high densities, are known to prevent shrub 
expansion in many systems throughout the arctic by browsing (Olofsson et al. 2001, 2009, 
2013; den Herder and Niemelä 2003; Post and Pedersen 2008; Eysteinsson 2009; Hofgaard 
et al. 2010; Speed et al. 2010, 2011). Also, smaller herbivores such as invertebrates are known 
to degrade tundra vegetation by severe defoliation during so called mass occurrences or 
outbreak years (Jepsen et al. 2008; Kaukonen et al. 2013). However, there are also examples 
of high densities of herbivores having transitory negative or even absent effect on growth and 
spread in dwarf shrubs (Crête and Doucet 1998; Tremblay et al. 2012). It thus seems like shrubs 
can respond differently to the same treatment, in this case browsing. This could be due to 
varying sensitivity to browsing or that herbivores differ in their preference towards the shrubs. 
Both these explanations could be connected to plant palatability or how well a plant is defended 
against herbivory. 
 

1.3 Anti-browsing defense by plant secondary metabolites (PSMs) 
Plants have different ways of defending themselves against herbivores by reducing their 
palatability. Nutrient quality and lignin content are two examples, but nearly all woody plants 
also develop a separate anti-browsing defense containing chemical compounds (Kramer and 
Kozlowski 1979) with a direct deterrent effect on herbivores (Bryant et al. 1991). This chemical 
type of defense is generally composed of a variety of plant secondary metabolites (PSMs) and 
has been recognized for several decades (Fraenkel 1959). PSMs are compounds that rather 
than contributing to growth and development are specified for plants to survive in their 
environment. Triterpenes and phenolic compounds, such as tannins, are carbon based PSMs 
known to defend plants against herbivores and pathogens by decreasing palatability or even 
act as toxins towards enemies (Reichardt et al. 1984; Robbins 2001; Mclean et al. 2009; Forbey 
et al. 2011). Even within different PSM groups there is a wide diversity of compounds that can 
act as deterrents separately but are also shown to have interactive effects (Cates 1996; 
Gershenzon et al. 2012). How plants chemical anti-browsing defense is composed should 
therefore connect to the extent at which they are consumed. 
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1.4 Defense in tundra dwarf birches 
Dwarf birches are widely abundant in the tundra and can be divided into two functional groups 
based on their difference in secondary metabolite content: Resinous birches and non-resinous 
birches. 
 
Resinous birches, such as B. glandulosa and B. nana ssp. exilis, are often considered to be the 
better defended ones. Their twigs (current annual growth) are densely covered with resin 
glands producing a resin rich in dammarane triterpenes as toxic papyriferic acid and 3-0-
malyonylebetulafolientrioloxide I (Risenhoover et al. 1985; Reichardt et al. 1987; Mclean et al. 
2009; Forbey et al. 2011). Deterred feeding in mammals has been shown in experimental 
studies where resin was added to otherwise palatable food (Bryant 1981; Reichardt et al. 1984; 
Williams et al. 1992). Also in the field, a variety of mammalian herbivores within the tundra 
biome have showed lower preference or even avoidance towards resinous birches (Reichardt 
et al. 1984; Risenhoover 1989; White and Lawler 2002; DeAngelis et al. 2015). Insects, as well 
as mammalian herbivores, have been recorded to have feeding preferences against resin 
birches (McLean and Jensen 1985). Insect herbivory, both the so-called background herbivory 
(herbivory at normal levels) and mass outbreaks, is expected to increase with increased 
temperature (Barrio et al. 2016; Birkemoe et al. 2016). Therefore, variation in anti-browsing 
defense should play a role also for the future pattern of insect herbivory. Although being well 
defended against herbivores, browsing of resinous birches does occur, most commonly in B. 
glandulosa (Crête and Doucet 1998; Tremblay et al. 2012; DeAngelis et al. 2015).  
 
Non-resinous birches, on the other hand, are considered less defended with a defense 
dominated by condensed tannins (Julkunen-Tiitto 1996; Graglia et al. 2001). Rather than 
being toxic, condensed tannins can affect herbivores’ capacity to take up protein and/or have 
an oxidative effect (Julkunen-Tiito et al. 1996). Although being defended by less effective 
substances there are studies proposing that non-resinous birches invest more carbon in 
phenolic compounds (i.e. tannins and flavonoids) than resinous birches do (Graglia et al. 
2001). Since resinous birches have triterpenes and not tannins as their main defense 
compound, this could mean that the dwarf birches invest their carbon in the best defense they 
have available. Nevertheless, it is said that the strongest vegetation response to herbivory is 
found within the non-resinous birch range (Fennoscandia, Iceland and Greenland), while the 
effect often is less or absent in all in areas dominated by resinous birches (Canada, Alaska, East 
Siberia) (Bryant et al. 2014).  
 
The origin of these differences is not completely known, but there are theories proposing that 
B. nana in previously glaciated areas, like Fennoscandia, Iceland and Greenland, have a lower 
genetic diversity (Hewitt 1996; Alsos et al. 2002). This would be due to a more limited gene 
bank to start with in combination with difficulties for sexual reproduction because of the ice 
cover (Loveless et al. 1984; Bayer 1991; Bauert 1996; Taberlet 1998). In addition, natural 
selection driven by herbivores eating the less bad plants can have enhanced regional 
differentiation in anti-browsing defense (O'Reilly-Wapstra et al. 2012). 
 

1.5 Can variation in anti-browsing defense explain shrubification 
patterns? 
It does seem like different kinds of birches differ in their chemical anti-browsing defense and 
therefore also in their sensibility to browsing. In fact, Bryant et al. (2014) have presented a 
hypothesis suggesting that the capacity of herbivores to suppress warming-induced increases 
in Betula shrubs can be decided by the nature of their defense, i.e. if they are resinous or non-
resinous. Furthermore, they propose that not only herbivory but also anti-browsing defense 
should be included when modeling vegetation responses in the arctic as a response to a 
temperature increase. In order to develop viable predictions of the actual effect of anti-
browsing defense on regional patterns in shrub response to global warming, more knowledge 
of the spatial variation in anti-browsing defense is needed and solid data are crucial.  
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1.6 Aim and hypotheses 
The aim of this study is to get an improved spatial resolution of the trait variation within tundra 
Betula shrubs, with a special focus on anti-browsing defense compounds. During one growth 
season, extensive sampling across the circumpolar tundra vegetation has been carried out in 
order to create a database to facilitate regional comparisons. This unique dataset is used to 
address the questions: 1) Focusing on plant chemical defense, what is the level of trait variation 
in shrub birches in tundra vegetation? and 2) Does intraspecific trait variation in dwarf birch 
affect circumpolar patterns in background insect herbivory in the arctic tundra via chemical 
defense? 
 
To address these questions, the following hypotheses will be tested: 
 

1. Anti-browsing defense composition in tundra dwarf birch is connected to what 
functional group, i.e. resinous and non-resinous birches, they belong to.  

2. Anti-browsing defense composition in tundra dwarf birch is taxon dependent. 
3. Tundra dwarf birch invests their carbon in order to optimize their main defense against 

herbivores, meaning that resinous birches are higher in triterpene content and non-
resinous birches are higher in tannin content. 

4. The composition of anti-browsing defense in tundra dwarf birch affects the level of 
insect herbivory. The better-defended resinous birches will be less damaged by insects. 

 
 

2 Method and materials 
 

2.1 Study area and sampling 
 

2.1.1 Study area 
The study area covers circumpolar tundra vegetation in the Northern hemisphere at latitudes 
between 47.3 and 74.5 °N (figure 1). 
 

 
Figure 1. The distribution of sampling locations of four dwarf birch taxa. 
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Figure 2. Betula makes 2 kinds of shoots, long shoots and short shoots. Long shoots elongate during the season, 
with younger and smaller leaves towards the top. Short shoots do not elongate and are made up of a cluster of 
usually 3-4 leaves that are all of the same age (Source: www.biolib.de). 

2.1.2 Sampling and sample selection 
In the summer of 2014, sampling of both resinous and non-resinous dwarf birch (Betula nana 
ssp. nana, Betula nana ssp. exilis, Betula glandulosa and Betula pumila; Table 1) was carried 
out at 164 sites across 55 locations in tundra vegetation in the northern hemisphere. For each 
site (area of ~10 m radius), 10 individuals were chosen. For each individual, 10 long shoots and 
50 short shoot leaves (figure 2) were sampled making a total of 100 long shoots and 500 
additional leaves per sampling site. Sampled shoots were allowed to air dry. Some of the in 
total 164 samples were sampled in experimental sites where sampling was carried out both in 
control plots and in treatment plots (reindeer exclosures and thermokarsts). Also, some of the 
samples came from forest vegetation rather than tundra vegetation. In order to eliminate 
treatment effects and to isolate the study to tundra vegetation a subsample of 128 samples 
across 41 locations was selected, excluding all reindeer exclosures, thermokarsts, and forest 
sites. 
 

2.2 Analyses 
For the chemical analyses of metabolites (both methods) and nitrogen and carbon, only short 
shoot leaves were used. This was to get as much phenological heterogeneity as possible 
between the samples. The dried leaves were ground using a ball mill.  
 

2.2.1 Targeted metabolite profiling 
To quantify plant secondary metabolites connected to anti-browsing defense, a targeted liquid 
chromatography- mass spectrometry (LC/MS) analysis was carried out.  LC/MS is an 
analytical chemistry technique combining physical separation methods of liquid 
chromatography and further detection by mass spectrometry (MS). In LC, liquid at high 
pressure is used to force samples through a column packed with particles chosen to separate 
out certain kinds of compounds. MS is used to further separate different metabolites from each 
other by ionizing them and sort the ions by their mass-to-charge ratio. Ten mg of dried leaves 
were ground and extracted according to (Gullberg et al. 2004). About 2 µl of the extracts were 
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injected into a onto an Acquity UPLC HSST3 column (2.1 x 50 mm, 1.8 µm C18) at 40 °C. The 

gradient elution was A (H2O, 0.1 % formic acid) and B (75/25 acetonitrile:2-propanol, 0.1 % 

formic acid) as follows: 0.1 - 10 % B over 2 minutes, B was increased to 99 % over 5 minutes 

and held at 99 % for 2 minutes; returning to 0.1 % for 0.3 – 0.9 minutes,  the flow-rate being 

0.5 mL min-1. The compounds were detected with an Agilent 6540 Q-TOF mass spectrometer 

equipped with an electrospray ion source operating in negative ion mode. This study focused 
on the secondary metabolite classes previously reported as being involved in plant anti-
browsing defense as follows: triterpenes, condensed tannins, hydrolysable tannins, complex 
tannins, flavonoids and chlorogenic acid. So, a targeted MS approach was used based on the 
diagnostic fragments produced during LC/MS analysis of the predetermined class of 
metabolites. From the analysis, 112 metabolites were identified and grouped for the statistical 
analysis. Many of the metabolites within the classes are not cited in previous literature since 
they have never before been identified in Betula. 
 

2.2.2 Traditional condensed tannin analysis 
To be able to compare the LC/MS technique to more traditional quantification methods, 
condensed tannins were analyzed colorimetrically using acid butanol assay (Porter 1986). 
Colorimetric assays induce color change of analyte using reagent whereupon quantification 
can be carried out measuring the absorbance of the tinted samples. Each sample was extracted 
twice in 70% acetone with 1% ascorbic acid. Twenty µl of the extracts were mixed with 800 µl 
reagent (95% butanol and 5% HCl) and 180 µl Milli-Q water. To induce color change reaction 
in tannins, the mixtures were heated in 95 °C for 50 minutes. Absorbance was measured using 
spectrophotometry and condensed tannin concentration was calculated using a standard curve 
(concentration range:  2 – 64 µg of procyanidin B/µl extract). 
 

2.2.3 Plant traits 
Nitrogen and carbon isotopes: Ground leaf samples were sent to UC Davis Stable Isotope 
Facility, University of California, to be analyzed for d15N and d13C. Samples were analyzed 
using an elemental analyzer interfaces to a continuous flow isotope ratio mass spectrometer 
(IRMS). Also total nitrogen and total carbon content were quantified in this process. 
 
Specific Leaf Area (SLA): For each sample, 10 leaves were weighed and scanned. In some cases 
the leaves needed to be pressed before scanning. Leaf area was then calculated by analyzing 
the scanned images with the ROI manager in ImageJ software (Schneider et al. 2012). True 
Specific Leaf Area is measured as [fresh leaf area/dry mass], since the samples for this study 
were already dried leaf characteristics was measured as [dry leaf area/dry mass].  
 
Gland count: for each sample, 10 twigs were defoliated, and a 15 mm segment starting 20 mm 
from the top of the twig was photographed with a digital camera. The diameter of the twig at 
the beginning and end of all segments were measured to calculate the area of which the count 
was carried out (approximated to a half of the total segment bark area). From the digital 
pictures all visible resin glands were counted. The number of glands was divided by the 
examined area to give gland/mm2, thereafter mean gland/mm2 was calculated for the 10 
replicates.  
 
Insect herbivory: In total, 100 leaves from both long and short shoots were examined for 
invertebrate damage. In some cases samples needed to be pressed to more accurately execute 
area estimates. Observed damage was noted as % of damaged area out of the total area of 100 
leaves. Proportion (%) of leaves with at least one kind of invertebrate damage was also noted.  
 

2.3 Climate data 
Climate data, such as annual precipitation, winter temperature (mean temperature of January) 
and summer temperature (mean temperature of July) were extracted from the WorldClim 
database (Hijmans et al. 2005). Interpolated grid data with a resolution of 30 arc-seconds (~1 
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km) were imported to the GIS software ArcMAP version 10.4.1. (ESRI 2011), and based on GPS 
co-ordinates from the sampling locations, climate data were extracted for each sample. 
 

2.4 Statistical analyses 
For the statistical analyses, chemical compounds were classified into six different groups of 
compounds; triterpenes, condensed tannins, hydrolysable tannins, complex tannins, 
flavonoids, and chlorogenic acid. The compounds within each group were summed and all 
statistical analyses were carried out on group level. The two insect herbivory measurements 
were strongly correlated to each other (Spearman, rho=0.852, p<0.001) meaning that samples 
with high damage per leaf also had a higher number of damaged leaves. Since counts of 
damaged leaves are less sensitive to human errors than estimating damaged leaf area, damaged 
leaf count was chosen to represent insect herbivory in the statistical analyses. 
 
Similarities and differences in the chemical anti-browsing defense throughout tundra 
vegetation in the Northern hemisphere were explored using nonmetric multidimensional 
scaling analysis (NMDS; Minchin 1987). The NMDS analysis was performed using the 
metaMDS function of the vegan package. Explanatory environmental variables where added 
to the NMDS using the envfit function in said package (Oksanen et al. 2015). The effect of taxa 
on invertebrate herbivory was tested using taxon-specific multiple regression analyses 
computed by lm models. Secondary metabolite groups, nitrogen and carbon content, and 
environmental variables were set as explanatory variables. The invertebrate herbivory data 
were found to not follow a normal distribution and was therefore loge-transformed to meet the 
criteria for analyses with parametric models. In order to compare results from the LC/MS 
analysis with the traditional butanol acid assay, Spearman’s rank correlation tests was carried 
out. All statistical analyses were performed using R software (version 3.0.2) (R Core Team 
2016).  
 
 

3 Results 
 

3.1 Circumpolar pattern in anti-herbivory defense in shrub birches  

 

3.1.1 General pattern 
The mean scores from the NMDS analysis (stress level=0.11) showed a gradient in triterpene 
to tannin content among the samples. That gradient seemed to be related to the first axis 
(NMDS1) with higher triterpene content at low NMDS1 values (figure 3). The second axis was 
mainly explained by a shift from condensed tannin to hydrolysable tannin content with more 
condensed tannins at high NMDS2 values (figure 3). The fist axis was somewhat explained by 
winter temperature and annual precipitation. Moreover, resin gland counts as well as SLA was 
higher, i.e. more glands and thinner leaves, at low NMDS1 values. Conversely, procyanidin 
content analyzed with traditional methods showed to be higher at high NMDS1 values. The 
traditional procyanidin measurements strangely enough fell out independently from the 
condensed tannins analyzed with the metabolomics method in the NMDS plot (see more in 
section 3.4). The second axis was explained by latitude, summer temperature and sampling 
date. Percentage of invertebrate damaged leaves fell out orthogonal to the triterpene-to-tannin 
gradient pointing towards no clear connection between level of herbivory and chemical 
defense, but rather an effect of environment and taxon. Annual precipitation and d15N was 
higher at high NMDS2 values (figure 3).  
 
There was a differentiation between resinous birches (B. nana ssp. exilis and B. glandulosa) 
and non-resinous birches (B. nana ssp. nana and B. pumila) (figure 3) induced by a higher 
triterpene content in the resin birches. The difference was however continuous and better 
explained as a gradual change. Within the resin birches, the two species were not significantly 
different in anti-herbivory defense. For the non-resinous birches, B. pumila is clearly 
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separated from B. nana ssp. nana along NMDS2 (figure 3) showing a difference in tannin 
composition. No general difference in tannin composition between the two functional groups 
was however detected.  

 

3.2 Testing interspecific variation 
 

3.2.1 Secondary metabolites 
Both differences and similarities in composition of chemical anti-browsing defense were found 
for the four Betula taxa. Triterpenes were higher in the resinous B. glandulosa and B. nana 
ssp. exilis than in the non-resinous B. nana ssp. nana and B. pumila (Table 1; figure 4a). Both 
condensed and hydrolysable tannin content was at the same level for the non-resinous B. nana 
ssp. nana as for the two resinous taxa. (Fig 4b,c). For B. pumila mean condensed tannin 
content was at least 60% higher (Table 1; figure 4b) and hydrolysable tannin content at least 
83% lower (Table 1; figure 4c) than in the other taxa. The most common defense compound in 
B. pumila was clearly condensed tannins while the other three taxa were highest in 
hydrolysable tannin content (figure 4b,c). Looking at the complex tannin content, it was higher 
in B. nana ssp. nana compared with the other three taxa and lower in B. pumila than in the 
two B. nana subspecies (Table 1; figure 4d). Also flavonoid content was higher in Betula nana  

Figure 3. Non-Metric Dimensional Scaling ordination showing differences in chemical defense composition in 
samples of Betula glandulosa (orange), B. nana ssp. exilis (green), B. nana ssp. nana (blue) and B. pumila (black). 
Mean scores of the compared compound groups (triterpenes, condensed tannins, hydrolysable tannins, complex 
tannins, flavonoids and chlorogenic acid) are written out in black. Joint plots show environmental variables and 
plant traits in red. NMDS stress =0.11. 
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Table 1. One-way ANOVAs testing interspecific variation in plant secondary metabolites involved in anti-browsing 
defense in four dwarf birch taxa (B. glandulosa, B. nana ssp. nana, B nana ssp. exilis, B. pumila). Significant values 
are written in bold. 

 
ssp. nana while it was lower in B. pumila than in any other taxa (Table 1; figure 4e). There was, 
however, no difference in chlorogenic acid content between the four dwarf birch taxa (S2). 
 

 
 

 Taxon   
Source of variation df F p 
Triterpene 3 230 <0.001 
Condensed tannin 3 18.87 <0.001 
Hydrolysable tannin 3 7.54 <0.001 
Complex tannin 3 54.69 <0.001 
Flavonoid 3 51.87 <0.001 
Chlorogenic acid 3 1.43 0.237 

Figure 4. Boxplots representing triterpene (a), condensed tannin (b), hydrolysable tannin (c), complex tannin (d) 
and flavonoid (e) content as well as specific leaf area (f), resin gland count on current year twigs (g) and stable 
isotope content as d15N (h) and d13C (i) in samples from four dwarf birch taxa (B. glandulosa, B. nana ssp. exilis, 
B. nana ssp. nana and B. pumila). The boxplots contain of median (thick line), inner quartile (box) and outer 
quartile (error bar). The inner and outer quartiles indicate the degree of dispersion within the samples, present 
outliers can be seen as circles. 
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Table 2. One-way ANOVAs testing interspecific variation in plant traits in four dwarf birch taxa (B. glandulosa, B. 
nana ssp. nana, B. nana ssp. exilis, B. pumila). Significant values are written in bold. 

Source of variation: Species   
 df F p 
Carbon 3 0.18 0.911 
Nitrogen 3 2.42 0.069 
d13C 3 8.14 <0.001 
d15N 3 7.68 <0.001 
SLA 3 8.67 <0.001 
Gland count 3 232 <0.001 
Invertebrate damage 3 3.18 0.027 

 
 

3.2.2 Other traits 
There was no statistical difference in carbon or nitrogen content between the taxa (S3a,b). 
Specific Leaf Area was higher in B. nana ssp. exilis than B. nana ssp. nana, meaning that the 
resinous sub-species has thinner leaves than the non-resinous one (Table 2; figure 4f). Resin 
gland count was significantly higher in B. glandulosa and B. nana ssp. exilis than in B. nana 
ssp. nana and B. pumila (Table 2; figure 4g). B. nana ssp. exilis was lower in d15N than the 
non-resinous birches but did not differ from B. glandulosa (Table 2; figure 4h) in this trait. B. 
nana ssp. exilis and B. nana ssp. nana was lower in d13C than B. glandulosa. Additionally, 
d13C was lower in B. nana ssp. exilis than in B. pumila (Table 2; figure 4i) 

 

3.3 Invertebrate herbivory 
Statistical difference was found between the four Betula taxa in number of invertebrate-
damaged leaves (Table 2), but the difference did, however, not survive the post hoc test. 
However graphical examinations implies a difference between species (figure 5). When further 
investigating the cause of variation in invertebrate-damaged leaves among the taxa, no clear 
trend was found. Higher invertebrate damage in B. nana ssp. nana was explained to 33% by 
lower nitrogen, flavonoid and complex tannin content, as well as higher summer temperature 

  

Figure 5. Boxplot representing number of invertebrate damaged leaves out of 100 leaves in samples from four 
dwarf birch taxa (B. glandulosa, B. nana ssp. exilis, B. nana ssp. nana and B. pumila). The boxplots contain of 
median (thick line), inner quartile (box) and outer quartile (error bar). The inner and outer quartiles indicate the 
degree of dispersion within the samples, present outliers can be seen as circles. 
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Table 3. Multiple linear regression model describing the effect of plant chemistry and environmental variables on 
invertebrate damage in three dwarf taxa (B. glandulosa, B. nana ssp. exilis, B. nana ssp. nana). 

and annual precipitation (Table 3). For B. nana ssp. exilis 48% of the variation could be 
explained by a higher nitrogen and lower triterpene content (Table 3). Moreover, an increase 
in invertebrate damage in B. glandulosa could be explained to 69.8% by higher triterpene and 
condensed tannin content and higher annual precipitation (Table 3). 
 

3.4 Traditional analytical methods, butanol acid assay 
In the NMDS analysis, the traditional procyanidin measurements showed to be independent 
from the condensed tannins analyzed with the metabolomics method (figure 3). A correlation 
test confirmed this independency (rho=0.091, p=0.31). When further comparing the 
measurements from the butanol acid assay to all separate metabolites analyzed with the 
LC/MS, they were correlated with many of the condensed tannins (rho=0.224-0.519) but also 
uncorrelated or even negatively correlated with several of them (S1). Correlations were also 
found to compounds from other metabolite groups such as hydrolysable tannins and 
flavonoids (S1).  
 
 

4 Discussion and conclusions 
 
In this study we wanted to study the circumpolar variation in anti-browsing defense in tundra 
dwarf birches. The results show a difference in anti-browsing defense between resinous and 
non-resinous dwarf birches in terms of triterpene content but not in terms of tannin content. 
Large variations in anti-browsing defense within the two functional groups, but also within 
species and subspecies of the investigated tundra dwarf birches, were also found. No clear 
connection was, however, found between chemical anti-browsing defense and insect herbivory 
damage. Lastly, the comparison of the traditional analytical methods and our LC/MS analysis 
showed poor correlations for many of the compounds that are said to be quantified by the 
traditional method. 
 

4.1 Large variation in anti-browsing defense 
The first hypothesis of this study was that anti-browsing defense composition is connected to 
if a birch is resinous or non-resinous. This connects to the hypothesis of Bryant et al. (2014) 

 Betula glandulosa Betula nana ssp. exilis Betula nana ssp. nana 

 β t p β t p β t p 

Nitrogen    0.81 3.58 <0.01 -0.445 -3.66 <0.001 

Condensed 
tannin 

0.91 4.46 <0.001       

Complex 
tannin 

      -0.26 -2.15 <0.01 

Triterpene 0.96 4.16 <0.01 -0.72 -3.21 <0.01    

Flavonoid       -0.36 -3.10 0.035 

Summer 
temp. 

      0.23 2.06 0.04 

Annual prec. 0.90 4.60 <0.001    0.36 3.06 <0.01 

Total model:          

F (3,13)=10.01 (2,16)=7.31 (5,59)=5.87 

R2 0.698 0.477 0.332 

p <0.01 <0.01 <0.001 
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meaning that the response of herbivory on warming-induced shrub increase in tundra regions 
could be explained by dominance of resinous versus non-resinous birches. For their hypothesis 
to be true there must be some kind of homogeneity within the two functional groups when it 
comes to anti-browsing defense, i.e. my first hypothesis must be true. The results from this 
study however show that it is not this straightforward. The resinous birches do indeed have 
more triterpenes than non-resinous birches, but there are no unanimous differences in tannin 
content between the two groups. Also, the variation within the two functional groups is large. 
The two non-resinous birches B. pumila and B. nana ssp. nana are for example differentiated 
in anti-browsing defense composition. Not only do they differ in condensed tannin and 
hydrolysable tannin content, B. pumila also contains far less complex tannins and flavonoids 
compared to B. nana ssp. nana. Even though the two resinous birch species do not differentiate 
from each other there is still a significant variation in anti-browsing defense within the 
functional group, most of it connected to differences in tannin content. It is thus not completely 
straightforward to define the nature of the anti-browsing defense in dwarf birch vegetation by 
functional group. Estimating regional response of Arctic birch shrubs with increased 
temperature based on if resinous or non-resinous birches are dominating would therefore 
cause large errors.  
 
Moreover, the second hypothesis, that anti-browsing defense should be taxon dependent, is 
proven wrong since there is generally large variations in defense composition also within all 
the studied birch taxa. The NMDS analysis show scattered results for all four taxa, and when 
looking at the content of the secondary metabolite groups on taxon level, the range is generally 
large. Even generalizing vegetation response to herbivory on taxon level might therefore lead 
to misinterpretations, at least when focusing on anti-herbivory defense. 
 
The origin of the large variation in anti-browsing defense even on taxon level is to be further 
investigated. There are studies showing that differences soil nutrient resources affects the 
production of at least phenolic defense compounds, where an increase in plant available 
nitrogen results in a decrease in chemical defense (Keinanen et al. 1999; Stark et al. 2015). 
Moreover, the variation in genetic diversity throughout the Arctic with generally lower genetic 
diversity in previously glaciated areas (Hewitt 1996; Alsos 2002) should not be neglected. More 
studies are needed in order to fully understand the genetic diversity within the taxon and to 
examine if anti-browsing defense diversity can be connected to genetic diversity. Furthermore, 
this study did not investigate any spatial trends in the variation of anti-browsing defense. There 
is still a possibility that anti-browsing defense can affect shrubification just not at a large 
regional scale and not with the regards to functional group or taxa. Apart from anti-browsing 
defense there are however other factor that could affect if variabilities in shrub expansion such 
as nutrient and carbon resources and hydrological conditions. These factors should also be 
taken into further consideration in future studies. 
 

4.2 No optimization of anti-browsing defense 
The third hypothesis of this study, that tundra dwarf birch invests their carbon in order to 
optimize their main defense against herbivores, has been suggested before. Graglia et al. (2001) 
found higher concentrations of phenolic compounds in non-resinous B. nana from Abisko 
compared to resinous B. nana from Toolik. In contrast to this, and to hypothesis 3 of this study, 
the results do not reveal any clear optimization of main chemical defense. B. nana ssp. nana 
does not differ much from the resinous birches when it comes to how much condensed or 
hydrolysable tannins they contain. In other words, just because tannins are the major 
secondary metabolite involved in non-resinous birch defense they do not necessarily have to 
contain more of those compounds. A defense optimization could be found in B. pumila; they 
seem to be almost exclusively defended by condensed tannins. Although, the B. pumila 
population is relatively small and isolated and does not contribute a lot to large-scale regional 
patterns, it does provide important information of the complexity of anti-browsing defense in 
Betula shrubs. 
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Although there is not necessarily a difference in phenolic compound content in tundra dwarf 
birches, when including triterpenes there is a quantitative difference in carbon based 
secondary metabolites. Furthermore, as Graglia et al. (2001) proposed there is no difference in 
carbon content between the taxa. Resinous birches therefore seem to invest more of its carbon, 
in total, in secondary metabolites than non-resinous birches. This gets even further support in 
the SLA data. Resinous birches that invest more carbon for secondary metabolites have a 
higher SLA, i.e. thinner leaves, whereas the less chemically defended Betula nana ssp. nana 
has lower SLA. Leaf structure can also affect plant palatability. For example, higher lignin 
content is considered to reduce plant palatability. Even though this study cannot confirm that 
this is where the ‘left over’ carbon ends up it is definitely a possibility. This result does, 
however, indicate a trade-off between investing in chemical defense or leaf structure. 
 

4.3 Herbivory 
We hypothesized that variations in anti-browsing defense would lead to variations in insect 
herbivory damage where better-defended taxa would show less invertebrate damage. Despite 
differences in anti-browsing defense among the taxa, no substantial difference was found in 
background insect herbivory. Herbivores, both invertebrates and mammalians, can find ways 
of coping with low quality food and there are examples of herbivore counter-adaptions and 
offenses towards plant anti-browsing defense. Feeding choices (like keeping a mixed diet), 
enzymatic metabolism of defense compounds and sequestration of such compounds (Karban 
and Agrawal 2002; Sorensen and Dearing 2006) are some examples. Another factor that 
obviously affects the level of herbivory damage is herbivore density. For example, our study 
only included background herbivory. Thus, we cannot say if there are any connections between 
what areas that are more or less affected during mass outbreaks and spatial variation in anti-
browsing defense. When it comes to larger herbivores, such as reindeer, densities can be 
affected by weather events diminishing their food supply. For example, in 2006 and 2013 so 
called rain on snow events on the Yamal Peninsula led to massive winter mortalities in the 
reindeer population in the region (Forbes et al. 2016).  
 
That no effect of anti-browsing defense was found on invertebrate damage does however not 
mean that anti-browsing defense has no effect on herbivores or herbivory levels at all. Without 
chemical defense the shrubs would most certainly not survive, if not eaten by invertebrates or 
larger herbivores, they would not be able to cope with fungi or other pathogens (Kramer and 
Kozlowski 1979). Moreover, the fact that anti-browsing defense has evolved in such a variety 
despite its high cost for the plant is strong support for its necessity. The result does, however, 
indicate that other factors than just food quality regulate both the abundance and importance 
of herbivores. 
 

4.4 Analyzing plant secondary metabolites 
Our results from the LC/MS analysis show that both Betula nana sub-species and Betula 
glandulosa have more hydrolysable tannins than condensed tannins. This does not mean that 
hydrolysable tannins should be considered as the major secondary metabolite in the non-
resinous birch anti-browsing defense. Condensed tannins can still be the more effective of the 
two tannins when it comes to defense against browsing. It does however tell us something 
about the importance of incorporating new and better methods of analyzing ecological samples 
in order to improve our knowledge. Previous literature state that the major secondary 
metabolite involved in the defense in non-resinous birches is condensed tannins (Julkunen-
Tiito et al. 1996). In the study by Graglia et al. (2001), condensed tannins were shown to be the 
most abundant phenolic compound in both resinous and non-resinous Betula nana. Using 
butanol acid assay for analyzing condensed tannins and HPLC (high performance light 
chromatography) methods previously described (Julkunen-Tiitto 1989; Julkunen-Tiitto et al. 
1996) for analyzing hydrolysable tannins they measured the condensed tannin content to be at 
least 100 times higher than the hydrolysable tannins content. In our study, the comparison of 
the LC/MS analysis and the traditional butanol acid assay showed that the results from the two 
methods were more or less decoupled from each other. There was no correlation at all between 
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the procyanidin content measured with the butanol acid assay and the summed condensed 
tannins from the LC/MS. When comparing each secondary metabolite to the procyanidin 
content from the butanol acid assay several condensed tannins were not at all correlated 
whereas some were correlated. Also, secondary metabolites from other classes, such as 
flavonoids, which are precursors (building blocks) to condensed tannins, were at least as 
correlated as some of the condensed tannins. There is, in other words, a big uncertainty in what 
the traditional quantification methods can tell us about plant anti-browsing defense.  
 
Incorporating the LC/MS metabolomics technique has not only resulted in more exact 
quantifications of secondary compounds, it has also contributed to more detailed data 
including identification of many secondary metabolites not previously found in Betula. 
Moreover, this technique allows us to analyze all kinds of compounds with the same method 
giving us the opportunity to compare relative differences between analytes. This technique 
definitely opens up new doors for future phytochemical studies by providing high-resolution 
data. 
 

4.5 Conclusions 
For the first time, this study unveils the circumpolar variation in anti-browsing defense in 
dwarf birches. This information will be of great help for understanding what the variation 
might mean to the shrubification in the Arctic. It can be concluded that neither functional 
group nor taxon can provide a valid interpretation of the fate of shrub vegetation with 
increased temperature when looking at anti-browsing defense. More studies including genetic 
diversity, herbivore density and possible spatial effects of variation in anti-browsing defense 
are, however, necessary in order to examine further factors regulating the impact of herbivores 
on vegetation and vice versa. 
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S1: Table of analyzed compounds and results from Spearman’s rank correlations testing for 
correlation between each compound and quantifications of condensed tannins performed with 
traditional butanol acid assay. All significant positive correlations are marked out in bold text. 
 

Compound Group rho p 
Chlorogenic acid Chlorogenic acid 0.157 0.045 

Catechin-(4-alpha-8)-epigalloCatechin Complex tannin (P) 0.365 <0.001 

Catechin-(4-alpha-8)-epigalloCatechin2 Complex tannin (P) 0.492 <0.001 

Catechin-(4-alpha-8)-epigalloCatechin3 Complex tannin (P) -0.412 <0.001 

EpigalloCatechin-8-C-ascorbyl-3-O-gallate Complex tannin (P) 0.4198 <0.001 

EpigalloCatechin-derived Complex tannin (P) -0.290 <0.001 

(+)Catechin-(4-alpha-8)-(+)Catechin 
(Proanthocyanidin B1) 

Condensed tannin 
(P) 

0.367 <0.001 

(+)Catechin-(4-alpha-8)-(+)Catechin 
(Proanthocyanidin B1)5 

Condensed tannin 
(P) 

0.102 0.196 

(+)Catechin-(4-alpha-8)-(+)Catechin 
(Proanthocyanidin B1)6 

Condensed tannin 
(P) 

0.241 0.002 

(+)Catechin-(4-alpha-8)-(+)Catechin 
(Proanthocyanidin B1)8 

Condensed tannin 
(P) 

-0.186 0.018 

(+)Catechin-(4-alpha-8)-(+)Catechin 
(Proanthocyanidin B1)11 

Condensed tannin 
(P) 

0.014 0.857 

(+)Catechin-(4-alpha-8)-(+)Catechin 
(Proanthocyanidin B1)12 

Condensed tannin 
(P) 

0.075 0.341 

Catechin_derived Condensed tannin -0.486 <0.001 
Catechin_derived_2 Condensed tannin  -0.345 <0.001 
EpiCatechin(4-beta-8)]3-epiCatechin Condensed tannin 0.034 0.666 
(-)-EpigalloCatechin-3-O-p-coumaroate Condensed tannin 

(P) 
0.224 0.004 

(-)EpiCatechin-(4-beta-6)-(-)epiCatechin-
(4-beta-8)-(-)epiCatechin 

Condensed tannin 
(P) 

0.367 <0.001 

Prodelphinidin B4 Condensed tannin 0.519 <0.001 
Prodelphinidin B44 Condensed tannin 0.383 <0.001 
Prodelphinidin B47 Condensed tannin -0.068 0.39 
Prodelphinidin B49 Condensed tannin -0.407 <0.001 
Prodelphinidin B410 Condensed tannin -0.156 0.047 
Acacetin Flavonoid -0.122 0.121 
Acactin19 Flavonoid 0.173 0.027 
Apigenin Flavonoid 0.194 0.013 
Aromadendrin-glucoside Flavonoid -0.051 0.517 
Aromadendrin-glucoside_2 Flavonoid -0.133 0.09 
Aromadendrin-glucoside13 Flavonoid -0.179 0.022 
Aromadendrin-glucoside14 Flavonoid 0.289 <0.001 
Catechin-7-O-xyloside Flavonoid 0.034 0.664 
Chrysoeriol Flavonoid -0.238 0.002 
Chrysoeriol_derived Flavonoid 0.259 <0.001 
Chrysoeriol17 Flavonoid 0.119 0.13 
Isorhamnetin Flavonoid -0.156 0.047 
Isorhamnetin16 Flavonoid 0.025 0.749 
Kaempferol Flavonoid -0.116 0.142 
Kaempferol_like Flavonoid 0.323 <0.001 
Kaempferol-3-O-glucuronide Flavonoid -0.285 <0.001 
Ladanein Flavonoid -0.113 0.151 
Ladanein18 Flavonoid 0.007 0.934 



 
 

Ladanein20 Flavonoid 0.308 <0.001 
Myricetin Flavonoid 0.401 <0.001 
Myricetin-3-O-galactoside Flavonoid 0.056 0.477 
Myricetin-3-O-rhamnoside OR Quercetin-
rham 

Flavonoid -0.121 0.125 

Myricetin-3-O-rhamnoside OR Quercetin-
rham15 

Flavonoid 0.445 <0.001 

Naringenin Flavonoid -0.123 0.119 
Pentahydroxyflavone trimethyl ether Flavonoid -0.142 0.070 
Pentahydroxyflavone trimethyl ether21 Flavonoid 0.319 <0.001 
Quercetin Flavonoid -0.07 0.375 
Quercetin-3-arabinoside Flavonoid 0.088 0.263 
Quercetin-3-arabinoside_? Flavonoid -0.096 0.274 
(Galloyl-HHDP-glucose) Corilagin Hydrolysable tannin 0.227 0.004 
(Galloyl-HHDP-glucose) Corilagin25 Hydrolysable tannin 0.123 0.119 
1.2.3.4.6-penta-O-galloylglucose Hydrolysable tannin 0.149 0.058 
1.2.6-tri-O-galloylglucose Hydrolysable tannin -0.155 0.048 
1-beta-O-GalloylPedunculagin Hydrolysable tannin 0.211 0.007 
1-beta-O-GalloylPedunculagin27 Hydrolysable tannin 0.386 <0.001 
Casuarin Hydrolysable tannin 0.390 <0.001 
Casuarin26 Hydrolysable tannin 0.197 0.012 
Casuarin_derived Hydrolysable tannin 0.049 0.536 
Digalloylglucose 1 Hydrolysable tannin -0.057 0.47 
Digalloylglucose 2 Hydrolysable tannin -0.052 0.509 
Digalloylglucose 3 Hydrolysable tannin -0.124 0.116 
Digalloylglucose 123 Hydrolysable tannin -0.017 0.831 
ellagic acid-2-O-beta-D-glucopyranoside Hydrolysable tannin -0.047 0.548 
Gallic acid_conjugated Hydrolysable tannin -0.267 <0.001 
Pedunculagin Hydrolysable tannin 0.002 0.984 
Pedunculagin22 Hydrolysable tannin 0.094 0.23 
Pedunculagin24 Hydrolysable tannin 0.068 0.387 
Tellimagrandin I Hydrolysable tannin 0.28 <0.001 
Tetragalloylglucose 1 Hydrolysable tannin -0.143 0.068 
Deacetylpapyriferic acid_2 Triterpene -0.360 <0.001 
Deacetylpapyriferic acid_230 Triterpene -0.412 <0.001 
Deacetylpapyriferic acid_231 Triterpene -0.331 <0.001 
BFTO Triterpene -0.32 <0.001 
BFTO (m/z 646.392) Triterpene -0.379 <0.001 
BFTO_conjugated Triterpene -0.281 <0.001 
BFTO_conjugated (m/z 1043.66) Triterpene 0.341 <0.001 
BFTO_conjugated (m/z 653.364) Triterpene -0.281 <0.001 
BFTO_conjugated_629 Triterpene -0.191 0.145 
BFTO28 Triterpene -0.324 <0.001 
BFTO29 Triterpene -0.342 <0.001 
compound 4_1 Triterpene -0.228 0.003 
compound5 Triterpene 0.089 0.258 
compound5_1 Triterpene 0.095 0.225 
compound5_1 (m/z 1171.69) Triterpene -0.35 <0.001 
Compund6 Triterpene -0.247 0.001 
Compund7 Triterpene 0.171 0.029 
Compund8 Triterpene 0.192 0.014 
demalonyl PA Triterpene -0.384 <0.001 
demalonyl PA_2 Triterpene -0.273 <0.001 



 
 

demalonyl PA_conjugated (m/z741.405) Triterpene -0.358 <0.001 
Dihydroxy demalonyl PA_1 Triterpene -0.37 <0.001 
Dihydroxy demalonyl PA_2 Triterpene -0.353 <0.001 
Dihydroxy demalonyl PA_3 Triterpene -0.353 <0.001 
Hydroxy demalonyl PA_1 Triterpene -0.355 <0.001 
Hydroxy demalonyl PA_2 Triterpene -0.287 <0.001 
Hydroxy demalonyl PA (m/z 735.306) Triterpene -0.346 <0.001 
Hydroxy demalonyl PA (?) Triterpene -0.336 <0.001 
methyl papyriferate Triterpene 0.015 0.061 
Papyriferic acid Triterpene -0.324 <0.001 
Papyriferic acid (m/z 1075.74) Triterpene -0.323 <0.001 
Papyriferic acid_2 Triterpene -0.346 <0.001 
Papyriferic acid32 Triterpene -0.324 <0.001 
papyriferic acid_conjugated (m/Z 561.378) Triterpene 0.022 0.783 
papyriferic acid_conjugated (m/z 757.345) Triterpene -0.366 <0.001 



 
 

 
S2: Chlorogenic acid 

 
S2. Boxplot representing chlorogenic acid content in samples from four dwarf birch taxa (B. glandulosa, B. nana 
ssp. exilis, B. nana ssp. nana and B. pumila). 

 



 
 

S3 Carbon and nitrogen 

 
  
S3. Boxplots representing carbon (a) and nitrogen (b) content in samples from four dwarf birch taxa (B. glandulosa, 
B. nana ssp. exilis, B. nana ssp. nana and B. pumila).
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