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* Insect defoliations cause both plant
growth reduction and xylem alteration.

* Under disturbance, lignin and carbohy-
drate contents changed in fibres, but
not in vessels.

» Raman imaging proved useful for study-
ing plant responses to disturbance.
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ABSTRACT

Insect defoliations are a major natural disturbance in high-latitude ecosystems and are expected to increase in
frequency and severity due to current climatic change. Defoliations cause severe reductions in biomass and
carbon investments that affect the functioning and productivity of tundra ecosystems. Here we combined
dendro-anatomical analysis with chemical imaging to investigate the direct and lagged effects of insect outbreaks
on carbon investment.

We analysed the content of lignin vs. holocellulose, i.e. unspecified carbohydrates in xylem samples of Salix glauca
L. collected at Iffiartarfik, Nuuk fjord, Greenland, featuring two outbreak events of the moth Eurois occulta L. Cross
sections of the growth rings corresponding to both outbreaks +3 years were analysed using confocal Raman im-
aging to identify possible chemical signatures related to insect defoliation on fibres, vessels, and ray parenchyma
cells and to get insight into species-specific defence responses.

Outbreak years with narrower rings and thinner fibre cell walls are accompanied by a change in the content of
cell-wall polymers but not their underlying chemistry. Indeed, during the outbreaks the ratio between lignin
and carbohydrates significantly increased in fibre but not vessel cell walls due to an increase in lignin content
coupled with a reduced content of carbohydrates. Parenchyma cell walls and cell corners did not show any sig-
nificant changes in the cell-wall biopolymer content.

The selective adjustment of the cell-wall composition of fibres but not vessels under stressful conditions could be
related to the plants priority to maintain an efficient hydraulic system rather than mechanical support. However,
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the higher lignin content of fibre cell walls formed during the outbreak events could increase mechanical stiffness
to the thin walls by optimizing the available resources.

Chemical analysis of xylem traits with Raman imaging is a promising approach to highlight hidden effects of de-
foliation otherwise overlooked with classical dendroecological methods.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Temperature is one of the major drivers of tundra vegetation as it sets
physiological limits to growth (Biintgen et al., 2015; Kérner and Paulsen,
2004; Myers-Smith et al,, 2015). Nonetheless, climate warming is causing
expansion of woody shrub species in the Arctic by relaxing their growth
limitations (Elmendorf et al,, 2012; Myers-Smith et al.,, 2011; Myers-
Smith and Hik, 2018; Tape et al., 2006). However, not all shrub species
within tundra plant assemblages show similar responses. There is evi-
dence that deciduous species benefit more from the improved thermal
conditions than evergreen species (DeMarco et al., 2014; Elmendorf
et al,, 2012; Gough et al., 2012). Yet, such improved growth conditions
are not exclusive for plants; insects, including defoliators, also benefit
from warming (Huberty and Denno, 2004; Jactel et al., 2012).

Insect defoliations are considered an important co-driver for plant
growth and distribution (Dahl et al., 2017; Lund et al., 2017), particu-
larly considering that in the future, insect outbreaks are expected to in-
crease in severity and frequency due to the ongoing warming (Barrio
et al,, 2017; Callaghan et al., 2004; Chapin et al., 2005). These changes
in the disturbance agent regime will likely have cascading consequences
for the vegetation biomass and carbon investments, species composi-
tion, and for the functioning and productivity of the whole ecosystem
(Callaghan et al., 2004; Dahl et al., 2017; Heliasz et al., 2011; Lépez-
Blanco et al., 2017; Post and Pedersen, 2008).

In the tundra ecosystem, deciduous species are those most affected
by biotic disturbance, notably by insect outbreaks (Lund et al., 2017;
Temmervik et al., 2004; Wilmking et al., 2018; Young et al., 2016). In-
deed, recent studies have identified a lack in carbon (C) allocation and
primary production in affected shrubs associated to outbreak events
(Wilmking et al., 2018; Young et al., 2016). However, rapid regrowth
and increased C uptake the following years have also been observed
(Dahl et al., 2017; Lund et al., 2017). In particular, the abrupt reduction
in ring width observed during the outbreak, seemed compensated by a
rapid recovery the following years (Lund et al., 2017). Nevertheless,
growth performance should not be the sole metric to assess defoliation
effects. When detailed variation in wood anatomy is analysed, in paral-
lel to growth decline, a reduction in the cell-wall thickness can be found
and quantified (Wilmking et al., 2018; Young et al., 2016). Therefore,
not only growing season temperature (Schweingruber, 1996) but also
insect defoliation can influence C allocation to cell-wall thickness
(Prendin et al., 2020; Wilmking et al., 2018; Young et al., 2016).

Biotic disturbances result in differences in C allocation to growth,
storage, and defence (Moura et al., 2010). Several studies observed
that defoliation could also result in modifications of the chemical com-
position of different organs and tissues, i.e. a reduction of non-
structural carbohydrates in needles and stem (Deslauriers et al., 2015)
but not in branches (Asshoff and Hattenschwiler, 2006; Handa et al.,
2005) and reduced lignin content in the phloem in trees (Villari et al.,
2014). Cellulose, hemicellulose, and lignin are the major structural com-
ponents of the secondary cell wall of wooden cells (Fengel and
Wegener, 2003). Lignin provides stiffness and compression strength
(Donaldson, 2001) as well as hydrophobicity to cell walls allowing
plants to stand upright (Boudet, 2000) supporting water transport
(Moura et al., 2010). It also represents a key element in plant defence
acting directly as a physical barrier against pathogens (Cabane et al.,
2012) and indirectly reducing palatability for herbivores with the in-
crease of leaf toughness and the reduction of nutritional content (War
et al,, 2012; Johnson et al., 2009). Cellulose provides tensile strength,

assuring structural integrity and load bearing capacity to cell walls
(Gibson, 2012; Suseela, 2019). In addition, the inter connection between
cellulose and hemicellulose in the secondary cell wall (Hayashi, 1989;
Bussse-Wicherm et al., 2016) is fundamental in strengthening and
relaxing of the cell-wall structure and allows the cells to change shape
and size during differentiation (Hayashi and Kaida, 2011). Despite the
fact that cell wall biopolymer composition could affect cell and tissue
function (Boudet, 2000; Moura et al., 2010), no study has so far investi-
gated the potential alteration in the chemical composition of the walls of
different cell types under disturbances. Hence, it is still not clear how the
abrupt limitation in C availability due to defoliation could influence the
different cell-wall components of the xylem structure and consequently
their functionalities. Intense defoliation has been shown to cause not
only narrow growth rings but also thinner cell walls, leading to light
coloured (white) growth rings. The structure and functionality of these
“white rings” (Sutton and Tardif, 2005) could be weakened and reduced
due to lower lignin content in the cell wall (Kitin et al., 2010; Voelker
et al,, 2011). Consequently, this could deteriorate plant defence and fa-
vour infestation by pathogens as it happens, for example, with frost
damages (Diamandis and Koukos, 1992). In addition, these “white
rings” could be more prone to hydraulic failure due to a compromised
structure, e.g. micro fractures in the cell wall (Jacobsen et al., 2005).
The risk of cavitation during periods of drought the years after defolia-
tion might thus increase (Hillabrand et al., 2019). In general, most re-
search has focused on responses of trees, while to our knowledge, no
investigation has been performed on shrubs. Shrubs are one of the key
components in tundra vegetation. Gaining knowledge of the possible
structural responses that determine species-specific defensive strength
and recovery of shrubs could be of high importance for understanding
the vegetation dynamics in the tundra. In addition, quantifying those
structural adjustments could clarify the role of other factors that, to-
gether with increased temperatures (Dahl et al., 2017) or heat-
induced drought stress (Parent and Verbyla, 2010), could contribute to
a decreased carbon sink capacity of tundra ecosystems.

High resolution chemical imaging techniques permit spatially
resolved chemical analysis at cell wall level (Fackler and Thygesen,
2013; Griffith, 2009). Confocal Raman micro-spectroscopy has gained
recognition in the fields of wood science and biomass utilization due
to the possibility of analysing the biopolymers in situ in the plant cell
wall with a high spatial and chemical resolution (Agarwal, 2019;
Gierlinger et al., 2012). Raman imaging has previously been used to
study the chemical composition of different tissue types, changes in mo-
lecular composition, distribution of cell-wall polymers between differ-
ent cell wall compartments, and cellulose microfibril orientation
(Agarwal, 2006; Fredriksson et al., 2018; Gierlinger et al., 2010).

Gray willow (Salix glauca L.) is one of the dominant long living
deciduous shrub species present in the low Arctic, where it is wide-
spread. It is also one of the most browsed shrubs due to its high leaf
palatability and low structural defence (Christie et al., 2015). The
noctuid moth E. occulta L. is one of the major agents of biotic disturbance
of this willow (Karsholt et al., 2015). Intense outbreaks occur under the
proper combinations of climatic factors, e.g. temperature, solar radia-
tion, humidity, precipitation, and wind (Vibe, 1971). In this study, we
take advantage of a recent dendro-anatomical study on Salix glauca L.
with samples collected in Iffiartarfik, Nuuk fjord, West Greenland
where two outbreak events of the moth Eurois occulta L. were identified
in 2003 and 2010 (Prendin et al., 2020). Previous results of dendro-
anatomical analysis combined with state-of-the art confocal Raman
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imaging on the available wood material allow us to shed light on the re-
sponse strategy of the woody plants under attack. Our aims were to:
i) identify the possible differences in biopolymer composition and topo-
logical features of cell walls not only between growth years before,
under, and after the outbreak events, but also between cell types, i.e. fi-
bres, vessels, ray cells, and cell corners; ii) disentangle the effects of cli-
mate and outbreak events on cell-wall biopolymer composition; and iii)
understand how possible differences in chemical composition could af-
fect cell functionalities.

2. Material and methods
2.1. Study area and shrub material

The study area is located in the southern part of West Greenland, at
64°N/50°W along the Nuuk fjord. It is characterized mainly by dry and
wet shrub heaths interspersed with dry south-facing slopes and smaller
fen areas (Fig. 1 and Fig. S1). The heaths are mainly dominated by Salix
glauca, Betula nana, and Empetrum nigrum (Dahl et al., 2017). The
Iffiartarfik study site (Fig. S1) is located in the inner part of the fjord sys-
tem (Fig. 1), which is dominated by warm and dry summers and cold
winters (Fenger-Nielsen et al., 2019). Annual mean temperature and
total precipitation (1961-1990) in the fjord system are —1.4 °C and
750 mm, respectively (Cappelen et al., 2012). However, in the last de-
cades, an overall warming trend during the growing season (Tempera-
ture June-August, T_JJA, data from the regional climate model MAR 3.7
1980-2015) has been recorded in the area (Fig. 1) (Westergaard-
Nielsen et al., 2018).

In-situ measurements of soil water content carried out at the study
site (Fenger-Nielsen et al., 2019) showed that overall level of soil mois-
ture (from September 2016 to July 2017) in relation to precipitation is
well above the threshold for water limitation of arctic shrub growth
found by Ackerman et al. (2017). In addition, no clear link is evident be-
tween the tasseled cap wetness index (TCW) (Li et al., 2015) and air
temperature, precipitation or the drop in NDVI (year 2003 and 2010)
(Fig. S2). The drops in NDVI, caused by the almost completely defoliated
dwarf shrub vegetation (Lund et al., 2017) allowed for the reconstruc-
tion of several outbreak events across the fjord (Prendin et al., 2020).

In total, 24 individuals of Salix glauca L. were sampled and used for
tree-ring and xylem-trait analysis as described in Prendin et al., 2020.
To detect wedging, missing, and false rings, ring width measurements
were performed along three to six radii according to stem eccentricity
using a LINTAB sliding stage micrometer system (Rinn, Heidelberg,
Germany). The obtained measurements were first visually cross-
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dated, and pointer years of growth suppression during outbreaks of
Eurois occulta (year 2003 and 2010) were clearly identified together
with a significant growth release in the two following years. Then,
cross dating accuracy was verified with the computer program
COFECHA (Holmes, 1983). A subset of five S. glauca individuals was se-
lected and used for Raman image analysis in this study. These five indi-
viduals were randomly chosen among 24 shrubs collected at Iffiartarfik
in areas that were not limited by soil nutrients (Fenger-Nielsen et al.,
2019). The thin sections were selected based on the presence of narrow
and evident white rings.

2.2. Climate data

Time series of the last 30-y modelled air temperature (3 m above the
surface) were obtained from the regional climate model MAR 3.7
(Fettweis et al., 2017) (see Westergaard-Nielsen et al., 2018 for valida-
tion of temperatures). Based on these time series, we derived monthly
and seasonal variables (e.g. temperature during the growing season
June-July-August (T_JJA)).

2.3. Sample preparation

Wood discs from the five individuals were soaked in a solution of
water and 25% glycerol for three days to soften the tissue. Cross sections
(15 um) were then cut using a rotary microtome (Leica 2245). Glycerol
was removed from the microsections by rinsing them in demineralised
water. Each wood section was mounted on a microscope slide and
covered with a cover glass (thickness n°1, 18 x 18 mm). After gently
pressing the cover glass to remove excessive water, samples were
semi-permanently fixed with nail polish.

2.4. Chemical image acquisition

A full, detailed description of the Raman image acquisition can be
found in the Supplementary Information (Table S1). In brief, Raman
images were acquired from the cross sections with a confocal Raman
microscope (WITec300, WITec GmbH, Ulm, Germany). The width and
height of the images were typically in the range from 30 to 50 um, and
the pixel size was 0.3 um x 0.3 um. A Raman spectrum was acquired
for each pixel. This spectrum provides a molecular “fingerprint” of the
chemical composition in that particular location. For each of the five
S. glauca shrubs, Raman images were acquired for a time span of
seven years covering the outbreak year plus the three annual rings
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Fig. 1. Location and characterization of the study area. a) Vegetation cover map of the Nuuk Fjord in West Greenland (see cropped figure) assessed using a phenology-based approach
(Karami et al., 2018). The black square identifies the location of the study site Iffiartarfik. b) Detailed map of the study site showing the areas affected by Eurois occulta L. outbreaks
(Prendin et al., 2020). c) Growing season (June-July-August) mean temperature from 1980 to 2016 (data from Westergaard-Nielsen et al., 2018).
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before and the three years after. This adds up to 70 Raman images in
total (two outbreaks x 5 shrubs x 7 years).

2.5. Data processing and analysis

A full, detailed description of the data processing and analysis can be
found in the Supplementary Information (Table S2), including literature
references. In brief, spectra were baseline corrected and the data were
visualised as chemical images based on known absorbance bands.
From these images, pixels corresponding to specific locations within
the tissue were manually selected using the Raman software and a com-
puter mouse. The locations were cell corners, ray parenchyma cell walls,
and the second layer (S2) of the secondary cell wall of fibres and vessels.

The data were analysed in four steps. First step was an overview and
preliminary check of the selected spectra using Principal Component
Analysis (PCA). Second step was Multivariate Curve Resolution - Alter-
nating Least Squares (MCR-ALS) modelling performed on each of the 70
Raman images. This type of modelling deconvolutes the spectra into lin-
ear combinations of a few basic spectrum-like components that are the
same for all pixels, i.e. only the weights or concentrations of the basic
spectra differ between pixels. All models showed the presence of the
same four basic components in the Raman spectra: Spectra correspond-
ing to lignin, carbohydrates, water, and noise. Based on this result, it was
considered reasonable to combine spectra from all images in common
models (step three). Two such common models were prepared: One
combined spectra from S2 layers of fibre cell walls, the other from S2
layers of vessel cell walls. An overview of how many spectra were se-
lected from each image is given in Table S3. In the fourth and last step
of the analysis, the concentrations of the lignin and carbohydrate com-
ponents of these two common MCR-ALS models were compared be-
tween years by use of Linear Mixed Models (LMM), so that it could be
assessed whether differences found were statistically significant.

Linear Mixed Models (LMM) were used to assess the climate-
chemistry association and the effects of outbreaks on the time series in
both fibres and vessels by using the concentration profiles of the two
MCR-ALS multiset model components assigned to carbohydrate and lig-
nin, respectively. Additional models were run excluding the outbreak
years to evaluate the climate-chemistry association preventing possible
combined effects. The carbohydrate, lignin, and lignin/carbohydrate ra-
tios expressed in the concentration profiles of the multi-set MCR-ALS
models were considered as response variables. Monthly or seasonal cli-
mate and environmental variables (TCW as indicator of soil moisture
availability) were included as fixed effects, and individuals were used
as random factors in the initial model (Crawley, 2007). In this way, the
LMM s account for variance in the chemical components i) within indi-
viduals among years and ii) among individuals growing at the same
site. When necessary, response variables were log-transformed to com-
ply with assumptions of normality and homoscedasticity (Zar, 1999;
Zuur et al., 2009). The optimal models were selected based on AlCc
using the maximum likelihood method (Zuur et al., 2009). Finally, we
evaluated the fit of the models by graphical examination of the residual
and fitted values (Zuur et al., 2009). To evaluate the interference of out-
breaks on the climate-chemistry relationship we replicated the LMMs in-
cluding the categorical factor representing the disturbance events
(i.e., the outbreak year plus the three following years of potential recov-
ering) as a fixed effect. The ‘lme4’ package in R was used to perform these
analyses (Bates et al., 2015). The significance of the fixed effects was
tested with F-tests (Pinheiro and Bates, 2000) while the conditional R?
was calculated for each model using ‘ImerTest’ (Kuznetsova et al., 2017).

3. Results
3.1. Chemical differences between cell compartments and growth years

Average spectra were successfully extracted from all 14 annual rings
of the five Salix glauca shrubs from the four cell compartments: the cell
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corners, the S2 layers of fibre and vessel cell walls, and ray parenchyma
cells (Fig. 2, Fig. S3 and Fig. S4).

The Raman bands at 1600 cm™' and 1660 cm ™" are assigned respec-
tively to aromatic skeletal vibrations and C=C stretching in lignin
(Agarwal and Ralph, 2008, 1997). These are very intense in cell corners,
present but markedly weaker in S2 layers of fibre cell wall, and of inter-
mediate intensity in S2 layers cell walls of rays and vessels (Fig. 2). In
addition, the average Raman spectrum of the cell corners has markedly
stronger intensities of bands from 1215 to 1250 and 3000-3070 cm ™!
assigned to lignin (Larsen and Barsberg, 2010). Relatively stronger
bands at 1120, 1150 and between 2930 and 2960 cm ™!, assigned to
holocellulose (Gierlinger and Schwanninger, 2007; Wiley and Atalla,
1987) are observed in the average Raman spectrum of the S2 layer of
fibre cell walls compared to the average spectra of the three other cell
compartments (Fig. 2).

The differences in chemical composition between the four cell com-
partments are confirmed by the PCA (Fig. 3). The first principal compo-
nent (PC1) explains 88% of the variance between spectra. Spectra of cell
corners and S2 layer of fibre cell walls fall into two distinct groups,
whereas spectra of ray parenchyma and S2 layer of vessel cell walls
are placed in overlapping groups among fibres and cell corners. The
loading plot of PC1 shows that the intensity of the Raman band at
1600 cm ™! assigned to lignin is the major factor explaining the variance
between spectra. Hence, the higher the score for PC1, the higher the rel-
ative lignin content of the sample. The spectra of ray parenchyma cells
and the S2 layer of vessel cell walls are not as clearly separated. How-
ever, a clear tendency towards a higher lignin content in S2 layer of ves-
sel cell walls relative to ray parenchyma cells is observed. The second
principal component (PC2) explains 7% of the variance between spectra.
PC2 shows predominantly positive scores for the S2 layer of fibres cell
wall and a mixture of negative and positive scores for cell corners and
the S2 layer of vessel cell wall and ray parenchyma cells. The loading
plot of PC2 shows that the intensities of the Raman bands at approxi-
mately 2900, 1400, 1100 and 380 cm ™! primarily explain the differ-
ences between the spectra in this direction. Therefore, the explained
variance is interpreted as a signal from carbohydrates characterized by
higher scores. The carbohydrate content of the S2 layer of fibre cell
walls is thereby shown to be relatively higher than that for the three
other cell compartments.

The PCA analysis visualizes that the chemical composition of the S2
layer of fibre cell walls in outbreak years is different compared to both
the preceding and following years (Fig. 3). All fibres from outbreak
years have a higher score for PC1 indicating a higher lignin content rel-
ative to carbohydrates. The PCA analysis does not indicate any chemical
differences between outbreak and non-outbreak years for the three
other cell-wall compartments or shrubs clustering (Fig. S5).

3.2. MCR-ALS of individual Raman images

Fig. 4 shows an example of MCR-ALS spectral unmixing of an indi-
vidual Raman image. The figure includes the pseudo spectra of the
four obtained components and a concentration profile showing the lo-
cation of the individual components in the xylem tissue. All 70 Raman
images showed similar results for the same four components. In Fig. 4,
the first component shows high band intensity at 1600, 1660, and
3070 cm ™! assigned to lignin. In addition, bands with medium to high
intensity are present at 1340, 1280, and 1140 cm ™! assigned to contri-
butions from both lignin and carbohydrates (Lupoi et al., 2015). The
first component is therefore assigned primarily to the lignin polymer
of the cell wall. The second component has strong and medium band in-
tensities at 2900, 1410, 1100, 460 and 380 cm ™! assigned to contribu-
tions from carbohydrate polymers in the cell wall of wood (Lupoi
et al., 2015). As for the lignin component, the second component also
has medium intensity bands at 1340, 1280, and 1140 cm ™! assigned
to both lignin and structural carbohydrates in the cell wall. The second
component is therefore assigned primarily to structural carbohydrates.
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Fig. 2. Averaged Raman spectra of the four cell compartments considered in the study. a) Raman image of Salix glauca L. cross section generated by using a sum filter around the Raman
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The third component has a broad high intensity band at 3500-3000 cm ™"
assigned to OH stretching (Wiley and Atalla, 1987), mainly in the lumina.
Not showing other intensive constituents, this third component is there-
fore assigned to water. The fourth and last component has low to medium
intensity bands in the whole spectral range. This cannot be assigned to a
specific biopolymer and is considered as noise. The intensity of this noise
component is higher in the ray (Fig. 4d), which is in agreement with our
general observation of higher fluorescence in the ray parenchyma cells
during measurements and consequently more noise in these spectra
after baseline correction. The carbohydrate and lignin model components
were not different, neither between shrubs nor between rings. This

points out that the underlying chemistry of the individual biopolymers,
as deconvoluted by the MCA analysis, was unaffected by both outbreaks
and weather conditions (Fig. S6).

3.3. Multiset MCR-ALS of all Raman images

The results of the MCR-ALS models showed that for the individual
Raman images, the cell wall biopolymers had the same spectral signa-
tures throughout the data set. Based on these results, selected spectra
from all images were combined in two different multiset MCA-ALS
models: one based on spectra from the S2 layer of fibre cell walls and
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the other based on spectra from the S2 layer of vessels cell walls. These
two models allowed the cell-wall biopolymer contents to be assessed
and compared on the same scale within and between Raman images.
The average lignin and carbohydrate component concentrations as
well as the ratio between these components were calculated for each
shrub and for each of the 14 rings (Fig. 5). Considering the period
from year 2000 to 2013, lignin and lignin/carbohydrate ratio in fibres
and vessels showed a similar trend, with fibres showing lower values
compared to vessels. Contrary to this, carbohydrate concentrations
were higher in fibres and showed a clear reduction in years 2003 and
2010 corresponding to the outbreak events. In the same years, lignin
and lignin/carbohydrate ratio in the fibres showed increased values
(Fig. 5). In general, the responses in the outbreak years were stronger
in fibres than in vessels for all three components.

3.4. LMM of output from multiset MCR-ALS fibre and vessel models
The lignin and carbohydrate pseudo-concentrations shown in Fig. 5

were used for LMM modelling to test for relationships between cell-wall
composition, weather conditions, and outbreak years. In the LMM,

when including the disturbance factor (the outbreak 4+ 3 years), the ex-
plained variance (R? conditional) increased from R? = 0.05 to R? = 0.22
for the lignin content and slightly decreased from R? = 0.06 to R* =
0.01 for the carbohydrate content in the S2 layer of vessel cell walls.
The explained variance strongly increased from R?> = 0.53 to R*> =
0.81 in lignin and from R? = 0.16 to R?> = 0.52 in carbohydrate content
in the S2 layer of fibre cell walls (Table 1). As expected, the lignin/carbo-
hydrate ratio was positively related to outbreak events while no rela-
tionship was found with the three years following the outbreaks
(Table 1).

3.5. Outbreaks and climate effects on cell wall chemistry

LMM highlighted that the severe defoliations in 2003 and 2010 af-
fected the content of cell wall polymers. In particular carbohydrates in
the fibres were negatively related to outbreaks. The outbreak events
had a stronger positive impact on lignin and lignin/carbohydrate ratio
in the fibres (R?> = 0.81 and R?> = 0.83) than in the vessels (R*> = 0.22
and R? = 0.25). In addition, the cell wall chemical composition in fibres
and vessels showed a full recovery after the outbreak (p < .05). In
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Fig. 4. Model components from MCR-ALS single image deconvolution. a) Raman image of Salix glauca L. cross section generated as a sum filter around the Raman band at 1600 cm™

1

assigned to aromatic ring stretching in lignin, i.e. this image is a crude colour-coded representation of lignin concentration, going from black (no lignin) over orange to yellow (high
lignin concentration). b-e) MCR-ALS single image deconvolution of the same image as shown in a). The four model components are assigned to carbohydrates, lignin, noise, and
water. Concentrations are colour coded in the same way in all four images, going from dark blue (zero) over light blue to yellow (high concentration). f) The obtained basic spectra
corresponding to the four model components. The colour code for the frames of panels (b)-(e) is the same as the line colours in panel (f). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

contrast to this result, the temperature of the summer months did not
show any significant effect on the chemical composition of fibre and
vessel cell walls (p > .05) independent of the inclusion/exclusion of
the outbreak events (Table 1).

4. Discussion

Temperature and biotic disturbances are among the main drivers of
vegetation growth in the tundra ecosystems. Defoliations caused by the

noctuid moth E. occulta L., which represents one of the major agents of
biotic disturbance in Greenland, have been documented to be very in-
tense (Karsholt et al., 2015) with marked consequences at ring-width
level and xylem structure (Lund et al., 2017; Prendin et al., 2020).
Here we show that insect outbreaks can not only cause a drop in the
aboveground plant production and cell-wall thickness, but also impact
the S2 layer of the xylem cell walls at the chemical level, i.e. the carbo-
hydrate and lignin content. Reduced lignin content in cell walls could
have serious structural and functional consequences, such as reduced
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water conductivity, growth, and survival (Kitin et al., 2010, Voelker
etal, 2011).

The observed increase in relative concentration of lignin in the S2
layer of fibre cell walls during outbreak years could represent a shrub
response to two different abiotic and biotic drivers: i) a chilling/freezing
induced lignin synthesis due to below average growing season temper-
atures (Cabane et al., 2012); or ii) a plant defence mechanism to leaf
browsing that, in Salix spp. during insect attacks, could induce a reduc-
tion in leaf area to more than 80% (Boudet, 2000; Moura et al., 2010).
Our LMM results point towards this second hypothesis rather than the
first, which suggests that even in a temperature-limited environment
such as the arctic tundra, biotic disturbances could represent an impor-
tant driver for the alteration in the chemical composition of the xylem.

4.1. Chemical components in different cell compartments

The average Raman spectra obtained for the four different cell com-
partments (fibre, vessel, ray parenchyma, and cell corners) show the
same characteristic as identified earlier for xylem tissue (Fengel and
Wegener, 2003). It is well known that the Raman bands for xylem cell
wall biopolymers (i.e. lignin, cellulose, and hemicellulose) overlap
with each other but some of the contributions from lignin and carbohy-
drates are unique (Agarwal and Ralph, 1997; Gierlinger and
Schwanninger, 2007). Consequently, we are confident in the correct

assignment of PCA loadings as well as MCR-ALS spectral profiles. The
Raman bands corresponding to lignin were stronger for cell corners
compared to the S2 layer in fibre, vessel, and ray cell walls. Therefore,
the shrubs presented high lignin content in cell corners and a much
lower relative lignin content in the S2 layer of fibre cell walls, and con-
firmed earlier results for xylem tissue from other woody species (Fengel
and Wegener, 2003; Xu et al., 2006). Additionally, cell corners are con-
sidered the starting point for the lignification process (Evert, 2006),
where the proportion of lignin decreases from the most external layers
of the cell walls to the most internal ones (Rathgeber et al., 2016).
Therefore, cell corners together with the middle lamella and the pri-
mary wall, being heavily impregnated by the rigid and hydrophobic lig-
nin molecules (Rathgeber et al., 2016) allow xylem cells to be strong,
rigid, self-supporting, and waterproof in the external layers, while keep-
ing the inner parts ductile with high tensile strength (Gibson, 2012).
The PCA analysis clearly shows a pronounced higher lignin content of
the cell corners compared to secondary cell wall of both fibres, rays,
and vessels and a lower lignin content of fibre secondary cell walls
than secondary cell walls of rays and vessels, confirming what have
been previously observed in Salix gordejecii trees (Xu et al., 2006). In ad-
dition, multiset MCR-ALS analysis combined with LMM modelling
showed that fibre cell walls had higher lignin content relative to carbo-
hydrates during the outbreak events. Consequently, we hypothesize
that stressful conditions affect the lignification processes to reduce cell
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Table 1

Results of the optimal linear mixed effect models predicting the climate, e.g. temperature during the growing season (T_]JJA), and outbreak effects on cell wall components for the period (2000—2013) and (1980-2016) respectively (see methods for

details). In particular, carbohydrates (CH), lignin, and their ratio are considered. Numbers indicate the estimates + SE (Standard Error). Significant terms are highlighted in bold.

R? conditional

R? marginal

Intercept

Disturbance
Outbreak

TJJA

Cell type

Response variable

Model

2 year after 3 years after

1 year after

0.01
0.06
0.52
0.16
0.22
0.05

0.01

279 + 0.12***

—2.68-1073 + 0.03

0.27- 4+ 0.03

1.50-1073- + 0.03

7.25-1073- + 0.03

1.17-1073- 4+ 1.23-102
535-1073- + 9.86-10°
—1.65-1073- £ 0.01

Vessel

Logio(CH)

Cell wall components

0.00

2.76 + 0.10"**

0.45

—0.03- £+ 0.03 636-1073- £ 003 —0.03- + 0.03 3.13 £+ 1.00"**

—0.19- + 0.03***

Fibre

0.00

3.08 + 0.08***

2.79-1073- + 7.96-10

8.28-107% + 0.01
8.80-1073- + 0.01

0.11
0.01
0.60

2.84 + 0.14***
278 + 0.12"**

9.2373. 4+ 0.04

0.07- £ 0.04

0.03- £+ 0.03

+ 0.04*

0.09-

Vessel

Logqo(Lignin)

0.81
0.53
0.25
0.22
0.83
0.44

—229-1073- + 0.02 0.58- + 0.05*** 9.08-1073- + 0.04 0.01- + 0.04 0.03- 4 0.04 229 + 0.17***
—3.98-1073- £ 0.01

Fibre

0.00

231 £+ 0.15***
0.04 £+ 0.13
0.02 £ 0.12

0.07
0.00
0.

0.08- + 0.04* 0.03- + 0.04 0.05- + 0.04 0.01- + 0.04

—2.95-107% 4+ 0.13

Vessel

Logo(Lignin/CH)

—3.52-1073- £ 0.01

74
00

—0.85 + 0.18"**

0.04- £ 0.05 3.54-1073- £ 005 0.06- + 0.05

0.78- + 0.05***

—6.54-103- + 0.02
—6.89-107>- £ 0.01

Fibre

0.

—0.77 £+ 0.15***

*p < .05, *p < .01 and **p < .001.
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expansion and cell wall thickness (Prendin et al., 2020) and to favour
the reallocation of carbon resources to other defence mechanism as
also observed in trees (Cabane et al., 2012). This could contribute to re-
duce the impact of pathogens similar to reducing frost damage
(Diamandis and Koukos, 1992).

In addition, the individual MCR-ALS models provided nearly identi-
cal carbohydrate and lignin components within all shrubs and rings (ex-
ample shown in Fig. S2). This suggests that the individual biopolymers
are chemically similar regardless of individual and yearly variability.
Thus, at the level of detail discernible with Raman spectroscopy, lignin
produced in outbreak years is not chemically different from lignin pro-
duced in other years, indicating its cell compartments to be rather stable
and stress resistant.

4.2. Time series of cell wall biopolymer content in fibres and vessels

In angiosperm xylem, fibres are mostly devoted to mechanical sup-
port, while water transport from root to leaves occurs through the ves-
sels (Hacke, 2015; Myburg et al., 2013). Vessels are intimately
connected with living parenchyma cells. This allows for radial transport
between tissues and the storage of nonstructural carbohydrates facili-
tating the exchange of water and solutes between the apoplast and
symplast (Hacke, 2015). On the one hand, carbohydrates provide tensile
strength while lignin deposited in the middle lamella and the S2 cell
wall layer provides compression strength, stiffness (cell wall reinforce-
ment/rigidity), and hydrophobicity facilitating water transport (Boudet,
2000) but also acting as defence agent (Cabane et al., 2012). Therefore,
lignin/carbohydrate ratio and lignin composition reflect cell-wall struc-
ture and they differ between different positions within the cell wall
(Gierlinger, 2014). Our study showed that during the outbreak events,
the content of lignin in fibre cell walls increased while the content of
carbohydrates decreased. Therefore, the peak in lignin/carbohydrate
ratio during outbreak events was caused by adjustment in the content
of both these compounds. These results confirm similar structural re-
sponses of shrubs and trees. Indeed, under abiotic (Cabane et al.,
2012) and biotic disturbances (Bi et al., 2011) lignin synthesis seems
to be induced by specific transcription factors that are different from
the ones operating in normal years (Cabane et al.,, 2012). Nevertheless,
the increase in lignin and lignin/carbohydrate ratio in the fibres coin-
cides with growth contraction, fibre cell-wall thickness (CWTg), hydrau-
lic diameter, and specific hydraulic conductivity reduction during
outbreaks (Prendin et al., 2020). Therefore, under biotic induced C lim-
itation, shrubs tend to maintain an efficient water transport system
minimizing the adjustments of the cell-wall components, while the
lack in Cis reflected in thinner and lignin richer fibre cell walls maximiz-
ing mechanical stiffness. In agreement with our results for S. glauca,
fibre features have also been found to be more sensitive to defoliations
than vessel features in another member of the willow family, Populos
tremuloides Michx., suggesting that the maintenance of an efficient
water transport system is frequently prioritized over mechanical sup-
port during extreme events (Hillabrand et al., 2019).

4.3. Outbreak and climate effects on biochemical composition of wood
structure

While willow growth in Iffiartarfik, a typical temperature-limited
environment, is significantly correlated to summer air temperature
(Prendin et al., 2020), the chemical composition of the willows'
woody structure seemed highly independent of this environmental
driver. In contrast to previous studies, we found that insect outbreaks
have a stronger impact on the chemical composition of xylem cell
walls than temperature (Cabane et al.,, 2012; Hausman et al., 2000), at
least during the 14 years period of this study including two insect out-
break events. Considering i) the fundamental increase in the variation
explained by the model when we include the outbreak as a categorical
factor in the LMMs of the climate-chemical composition association
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(Table 1); ii) the better performances of fibre models compared to the
vessel models; and iii) the not significant climate-growth relationship
obtained even when excluding the outbreak years (Table 1), we can
conclude that the E. occulta outbreaks are the most likely agent for the
increase in lignin content and the decrease in carbohydrate content of
fibre cell walls in S. glauca in the years 2003 and 2010. The increased lig-
nin content in fibres could potentially mitigate the loss of carbon stored
during the outbreak events. Yet, despite the well documented structural
recovery the following years (Lund et al., 2017; Prendin et al., 2020), the
defoliated shrubs could still be exposed to a higher risk of cavitation in
case of a drought event (Hillabrand et al., 2019). Compromised vessels
with micro fractures in cell walls or pit membrane overstretching
could allow air permeation (Jacobsen et al., 2005). To our knowledge,
however, water stress seems unlikely in the area of Iffiartarfik and
Nuuk fjord, as soil moisture measurements indicate no water limitation
for these sites (Fenger-Nielsen et al., 2019, Hollesen et al., 2019). Never-
theless, this aspect should be considered when studying arctic ecosys-
tems as heat-induced drought stress could increase with ongoing
global warming (Parent and Verbyla, 2010; Seo et al., 2015).

5. Conclusion

Our study clearly highlights i) that Raman imaging, with the hyper-
detailed chemical analysis of individual cell walls and cell-wall layers,
allows the detection of chemical signatures of insect outbreaks on dif-
ferent xylem cell types and ii) the high potential in combining
dendroecology and spatially resolved biochemical analysis by the use
of micro-spectroscopy.

Dendrochemical adjustment of cell-wall composition could identify
physiological and anatomical processes driving changes in shrub struc-
ture and composition. Moreover, this approach allows to quantify the
effect of moth defoliation, not only on shrub woody structure, but at a
finer scale such as cell-wall composition. Under stressful conditions,
carbon is mostly invested in maintaining water transport efficiency at
the cost of adjustments in structure and composition of fibre cell
walls. Despite being generally considered a response to either abiotic
or biotic stresses to protect plant tissues, in the present case the higher
lignin content in fibre cell walls most likely represents a strategy to im-
prove the stiffness of the unusually thin fibre cell walls. This revealed
that also in shrubs, the maintenance of an adequate water transport sys-
tem is prioritized over structural support during extreme events. The
weakened structure of fibres could, however, increase the risk of vessel
cavitation under potential future drought events in the Arctic. Based on
the results of the current study, we expect that Raman micro-
spectroscopy could in the future contribute to improve the understand-
ing of dendroecological inferences especially in understanding plant
sink activities, and corresponding adjustments in the carbon budget, lig-
nification, and the possible physiological implications.
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