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Abstract

High Arctic is an intensively explored region in relation to predicted global warming. Its long-term impact is analysed in
dwarf-shrubs, such as a widely distributed and pioneering species Salix polaris (polar willow). Understanding the function-
ing of lateral meristems in these dwarf-shrubs is however limited, affecting interpretation of the data. The presented study
focused on the formation and anatomy of the derived secondary tissues in the stems of S. polaris from polar habitats. The
entire branches of the polar willow were collected in five vegetation types of tundra located in SW Spitsbergen (Svalbard)
and analysed on the series of transverse and longitudinal sections. Our analyses showed that the periderm developed in two
or three-year old stems as the secondary protective tissue, and that the multiple epidermis, typical of many willow species,
was not formed in S. polaris. The secondary xylem in the polar willow stems showed considerable differences in diameter
and length of vessel elements within a single stem. Importantly, the size of the vessel elements differed also depending on
the tundra vegetation type. Our findings suggest that the soil moisture was a main factor determining the size of vessels, and
that their size was not correlated to the nitrogen supply. Our study thus demonstrated the usefulness of different anatomical

features of wood, in above-ground organs, in High Arctic research.
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Introduction

Environmental factors, both climatic (e.g. precipitation and
temperature; Wodzicki 2001; Begum et al. 2018) and non-
climatic (e.g. the properties of soil or extreme events; Briu-
ning et al. 2016; Weil and Brady 2017), strongly influence
the functioning and growth of plants. It is clearly visible in
shrubs and trees, which are characterised by the presence
of secondary growth, resulting in the activity of two lateral
meristems i.e., vascular cambium and phellogen, which give
rise to secondary conducting and protective tissues, respec-
tively (Evert 2006). Cambium, which arises from procam-
bium and parenchyma cells, forms a continuous cylinder of
initial cells in young one- to two-year old organs and gives
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rise to secondary xylem and phloem (Larson 1994; Spicer
and Groover 2010). The first phellogen originates, from epi-
dermis, subepidermis or the layers located beneath, usually
as a continuous cylinder of meristematic cells. Then, phel-
logen gives rise to phelloderm and phellem (cork) result-
ing in the formation of secondary protective tissue, called
periderm. Subsequently, this first phellogen ceases its activ-
ity and is replaced by a new layer of phellogen (Trocken-
brodt 1990; Angyalossy et al. 2016). Both lateral meristems
strongly react to environmental factors and, therefore fluc-
tuation in the presence and/or intensity of these factors, are
recorded in the activity of lateral meristems and concomi-
tantly in the anatomy of the daughter tissues, especially in
wood (Begum et al. 2018). Therefore, wood is particularly
useful in dendrochronology and dendroecology (Douglass
1941; Eckstein 1972; Fritts 1976; Schweingruber 1996,
2007; Brauning et al. 2016).

In the last decade, effort to understand the impact of cli-
mate warming on the functioning of ecosystems resulted in
an increased interest in studying the effects of severe climate
conditions on Arctic or high mountains plant growth (e.g.
Bir et al. 2006; Liang and Eckstein 2009; Hallinger et al.
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2010; Gartner-Roer et al. 2013; Li et al. 2016). In the Arc-
tic, the studies are conducted on different species of dwarf
shrubs including e.g. Betula nana, Cassiope tetragona,
Rhododendron lapponicum and Empetrum nigrum (Blok
etal. 2011, 2015; Schweingruber et al. 2013; Biintgen et al.
2015; Li et al. 2016; Iturrate-Garcia et al. 2017; Weijers
et al. 2017). In addition, the representatives of the Salix
genus such as S. arctica (Woodcock and Bradley 1994;
Schmidt et al. 2010; Schweingruber et al. 2013), S. lanata
(Forbes et al. 2010), S. reticulata (Owczarek 2010), S. pul-
chra (Blok et al. 2011; Tturrate-Garcia et al. 2017) and S.
polaris (Owczarek 2010; Buchwal 2014; Owczarek and
Opata 2016; Opata-Owczarek et al. 2018; Sandal 2017; Le
Moullec et al. 2018) are commonly analysed with the use
of dendrochronological methods. Among them, the polar
willow (Salix polaris) is of particular importance, as a pio-
neer species playing a crucial role in colonisation of e.g.
deglaciated areas in the high-Arctic. Additionally, in some
habitats, together with Saxifraga oppositifolia they are the
only vascular plants (Nakatsubo et al. 2010; Wegrzyn and
Wietrzyk 2015).

Salix polaris is a representative of woody plants com-
monly growing across the Arctic including Northern Europe,
Kamchatka, Ural mountains, Siberia, Alaska and the North-
ern Canada. It is a slow-growing, small (8 cm high) decidu-
ous and dioecious dwarf shrub (Aiken et al. 2007). Although
the wood anatomy of the genus Salix in the temperate zone is
known (Schweingruber 1990; InsideWood 2004-onwards),
the detailed structure of the secondary xylem of S. polaris
is mostly limited to wood of the main root (Buchwal 2014).
The below-ground parts of the polar willow are extensively
used in dendrochronology, mainly to analyse the variations
of widths of annual rings, despite formation of discontinuous
or missing growth rings (e.g. Owczarek 2010; Buchwal et al.
2013; Owczarek and Opata 2016; Sandal 2017; Le Moullec
et al. 2018). In addition, there are some data on the thickness
of the bark of the polar willow (Iturrate-Garcia et al. 2017),
but without analysing the formation and functioning of the
periderm. However, this knowledge is of particular signifi-
cance, especially in the High Arctic, characterised by harsh
climate conditions, such as low temperature, low precipita-
tion and short growing season (Kwasniewska and Pereyma
2004; Marsz and Styszyniska 2013).

Due to the commonness of S. polaris across the High
Arctic and the fact that it is the only woody plant in some
locations (Nakatsubo et al. 2010), this plant species is widely
used in dendrochronological studies. Therefore, the activity
of secondary meristems should be well understood to be able
to observe any modification in anatomy. However, the lack
of information about the origin and development of these
meristems in S. polaris stems prompted us to analyse: 1. the
mechanism of formation of lateral meristems in the stem of
this species; and 2. the anatomy of the secondary tissues,
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especially the secondary xylem of the stem. Additionally,
we examined 3. the modifications in the wood anatomy (e.g.
dimensions of vessel elements) of polar willows growing in
different types of tundra vegetation regarding the fact that
increased availability of nitrogen in the ornithocoprophil-
ous type of tundra can affect the growth of the polar willow
(Skrzypek et al. 2015). Accordingly, as it is known that the
formation and functioning of meristems is affected by severe
climate, we hypothesised that: 1. the specific type of protec-
tive tissues i.e. the multiple epidermis is formed in the stems
of S. polaris as it is characteristic of other willow species,
both shrubs and trees (compare Kurczyriska 2002); 2. struc-
ture of S. polaris secondary xylem of stems is characterised
by similar features as in other tundra species; 3. as nitrogen
availability is limited in the Arctic tundra, cambial activity
and wood formation is influenced by this ecological factor.

Material and methods
Sampling design

The study site was located on the NW side of Hornsund
Fjord in Wedel Jarlsberg Land, located in SW Spitsbergen
(Svalbard), near the Polish Polar Station (77°00'N; 15°33'E).
According to Walker et al. (2005), Svalbard belongs to bio-
climatic subzone A of the Arctic. This subzone is the cold-
est part of the Arctic. The southwestern part of Svalbard
belongs to the northern arctic-tundra zone. At Hornsund, the
polar night lasts 104 days (from October 31 to February 11)
and the polar day lasts 117 days (from April 24 to August
18). The climate of Hornsund is characterised by the mean
annual air temperature of — 4.3 °C. The warmest month is
July with mean air temperature of +4.4 °C, whereas Janu-
ary (— 10.9 °C) is the coldest month. Four thermal seasons
are distinguished in Hornsund: the longest (151 days) is
winter, from December to April, with the mean tempera-
ture of — 10.1 °C. Spring covers May and June (61 days)
and is characterised by mean temperature of — 0.5 °C. July
and August are the months of summer (62 days) with the
mean air temperature of 4.2 °C. The last season, autumn,
lasts from September to November (91 days) and the mean
temperature is — 2.8 °C. The growing season covers three
months, from the beginning of June to the end of August.
The mean air temperature in these months are+1.9,+4.4
and +4.1°C, respectively. The mean annual relative humidity
at Hornsund is high, 79.4%. Annual mean precipitation is
434 mm/year with the extreeme days in August and Septem-
ber (Marsz and Styszyniska 2013).

The study area belongs to the Fuglebekken catchment
(Fig. 1a, b) which is characterised by a mosaic of tundra veg-
etation types driven by soil moisture and influence of little
auk (Alle alle) colonies (Skrzypek et al. 2015). The dry and
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Fig.1 Map showing study area and sampling locations and pictures
of tundra vegetation types. a. The Spitsbergen island. A rectangle
and an arrow indicate the area magnified in b. b. Sampling locations;
marked by filled dots. Numbers at dots correspond to the tundra veg-
etation types. ¢. Medium wet herb-moss tundra, No 1; d Dry lichen-

well-drained habitats of the catchment are vegetated by epi-
geic moss-lichen tundra and lichen-prostrate shrub tundra.
In contrast, permanently moist or wet habitats are vegetated
by moss-dominated communities of wet moss tundra. The
medium-wet habitats are covered by patterned-ground tundra

prostrate shrub tundra, No 2.; e Patterned-ground tundra—the over-
view of vegetation types Nos 3 and 5; f Dry parts of patterned-ground
tundra, No 3; g Medium wet ornithocoprophilous tundra, No 4, Photo
D. Richter; h Medium wet parts of patterned-ground tundra, No 5

and herb-moss tundra. The former is related to areas with
dynamic cryogenic processes and micro-relief forms which
are composed of fine and moist mineral material surrounded
by sorted circles of dry stones. The herb-moss tundra is
characterised by the domination of Saxifraga oppositifolia
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tufts and the moss Sanionia uncinata. The sites with high
accumulation of seabird faeces are covered by ornithocopro-
philous tundra developed on steep slopes. Detailed distribu-
tion and properties of soils within the area are described in
Szymarnski et al. (2013) and Migata et al. (2014). Although
tundra vegetation of study area as an unglaciated coastal
environment, represents only a small fraction of Svalbard’s
land area (Johansen et al. 2012), selected vegetation types
are driven by habitat moisture and influence of little auk
colonies. These two ecological factors commonly shape the
Arctic vegetation (Ellis 2005; Walker 2010).

The object of the study was Salix polaris Wahlenb., shrub
of the Salicaceae family. Its samples were randomly col-
lected in the field during the whole of July 2011, from the
independent individuals, growing in a distance of min. 10 m
from one another. To analyse the stem structure, the entire
branches of creeping dwarf plants, 20-25 cm long and con-
taining the apices, leaves and the adventitious roots were
collected. The material was immediately fixed in the field in
formalin—acetic acid—alcohol (FAA) (O’Brien and McCully
1981) for two weeks and then stored in 50% ethanol.

The plant fragments were sampled from five tundra veg-
etation types around the Fuglebekken catchment (Fig. 1c-h):

Medium wet herb-moss tundra,

Dry lichen-prostrate shrub tundra,

Dry parts of patterned-ground tundra,
Medium wet ornithocoprophilous tundra,
Medium wet parts of patterned-ground tundra.

AEE ol

These tundra vegetation types were selected for the study
as being representative, both as the commonest and wide-
spread of the study area.

Laboratory methods

The developmental changes in the structure of stems
related to the formation of lateral meristems (cambium
and phellogen) and their activity were analysed in ten
randomly selected branches, collected from the inde-
pendent individuals at each tundra vegetation type. Each
branch was cut into 0.5 cm long segments differing in the
degree of the maturity of tissues. Transverse hand-made
sections, 20-30 pm thick, were prepared using a razor
blade, for 7 branches from each tundra vegetation type
and observed under a microscope (from x50to X500 mag-
nification) with the bright field and UV light (excitation
light 360-370 nm) for the anatomy and autofluorescence
of cutin and suberin, respectively (Surovy et al. 2009;
Myskow 2014). The remaining three branches represent-
ing independent individuals in each tundra vegetation
type were processed according to the standard protocol
for embedding and sectioning in paraffin (O’Brien and
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McCully 1981). A series of transverse and longitudinal
Sects. 8—12 pm thick were cut with the Leica RM 2135
rotary microtome (Leica Instruments GmbH, Wetzlar, Ger-
many), double stained with Alcian blue — Safranin O or
Safranin O and Fast green (O’Brien and McCully, 1981),
mounted in Euparal and observed under the microscope
(from x50to X500 magnification).

The basal parts of four branches from every tundra veg-
etation type were macerated to analyse the anatomy of the
secondary xylem i.e., the shape and type of cells. In this
method, plant tissues are treated with chemicals which dis-
solve the middle lamella, and thus the cells are separated
from one another. Therefore, it is possible to analyse the
features of individual cells, e.g., lengths of single wood
cells, such as vessel elements, parenchyma cells or fibres.
To macerate the tissue, the periderm was removed from the
branches, the wood was separated from the pith and then
cut into smaller pieces. The material was fixed in a mixture
of acetic acid and alcohol (1:3) for 24 h and then boiled in
3% hydrogen peroxide solution for 4 h. Secondary xylem
cells were stained with Alcian blue — Safranin O (O’Brien
and McCully, 1981) and observed under a microscope in
bright field (X500 magnification). The recognition of vari-
ous types of cells was performed in accordance with the
TAWA Committee (1989). Additionally, for each of the five
analysed tundra habitats, the length and diameters of 100
randomly chosen vessel elements were measured, using
AxioVision Software. The measurements were performed
by assignation of the vertical maximal length between both
ends of each vessel element. The diameter of the vessel
elements was measured at their widest points.

Pictures were taken with an Olympus BX50 epifluores-
cence microscope using UV emission light (360-370 nm)
or in bright field with an Olympus DP71 camera inter-
faced with Cell B Software (Olympus Optical Co., War-
saw, Poland). Digital images were processed using Corel-
DRAW 2017.

Statistical analyses

The lengths and diameters of vessel elements measured
for plants from each tundra vegetation type were tested
for normality by means of Shapiro-Wilk’s W-test and the
homogeneity of variances was checked by means of the
Brown-Forsythe test (Sokal and Rohlf 2003). The differ-
ences in the means of vessel element lengths and diameters
between five vegetation types of tundra were compared
using one-way parametric ANOVA with Welch’s correc-
tion (because of unequal variances between groups) and
the equal N post-hoc Tukey’s test. Data analyses were
conducted in Statistica 13 software (StatSoft, Inc. 2014).
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Results
Primary growth of the stem.

In all the analysed transverse sections of young fragments
of the stems (max. 0.6-0.8 cm below the apex) only pri-
mary tissues were observed (Fig. 2a). The outermost
layer was the epidermis composed of one layer of cells
with cuticle deposited at its surface (Fig. 2b). Underneath
the epidermis, one or two layers distinct of hypodermis
consisting of cells with thick and lignified cell walls
were observed (Fig. 2b). Further, towards the centre of
the cross section, the parenchymatic primary cortex was
found and then collateral vascular bundles arranged in
a ring (eustele) and located very close to one another
(Fig. 2c). Between the primary phloem and xylem, a few
procambial cells were clearly visible in vascular bundles
(Fig. 2c). The stem centre was filled with parenchymatous
pith (Fig. 2a).

> .‘Onf\,'

Fig.2 Anatomy of primary and secondary stems of Salix polaris on
transverse sections. a Arrangement of tissues. Epidermis (E), hypo-
dermis (H), parenchyma of primary cortex (C), vascular bundles (Vb)
and parenchymatic pith (P), section acquired approx. 0.6 cm below
the apex; b Magnification of single-layer epidermis (E) covered by
cuticle. Underneath, two layers of cells with thick and lignified cell
walls designated as hypodermis (H), section acquired approx. 0.6
below the apex; ¢ Vascular bundles with primary xylem (Px), primary
phloem (Pp) and procambium (arrow); arranged in a ring. Paren-
chyma cells (arrowhead) between vascular bundles, section acquired
approx. 0.7 cm below the apex; d Origin of cambium. Periclinal divi-
sions of parenchyma cells (white arrow) and procambial cells (black

.‘E:.‘:'ﬁ

Origin and morphology of cambium in the stem

The earliest signs of cambium formation were visible on
the transverse sections acquired approx. 0.6—-0.8 cm below
the apex, in all the analysed stems. This distance from the
apex corresponded to the parts of the stem formed at the
beginning of the current vegetation season, or at the end
of the previous season. Periclinal divisions of parenchyma
cells, located between vascular bundles and in procambial
cells located in vascular bundles, were clearly recognised
(Fig. 2d). These resulted in the formation of the continuous
cylinder of cambium, visible on the transverse sections at the
distance of approx. 1-1.5 cm below the apex. The cambial
cylinder was very narrow and consisted of 1-3 cells in the
radial direction (Fig. 2e). The tangential sections of the old-
est stems revealed that the arrangement of fusiform initials
was nonstoried, meaning that the initials were located in a
random manner on the cambial surface (data not shown).
The activity of the lateral meristem, manifested in periclinal
divisions of initial cells, resulted in the formation of second-
ary conducting tissues, i.e. xylem and phloem, which were

arrow), section acquired approx. 0.8 cm below the apex; e Two to
three cell-thick cambium (bracket), section acquired approx. 1.2 cm
below the apex; f Stem with secondary phloem (Sp) and secondary
xylem (Sx) resulting from the activity of cambium. Epidermis (E)
and parenchyma in the primary cortex (C) are still present, section
acquired approx. 1.6 cm below the apex. Sections of S. polaris from
dry parts of patterned-ground tundra, habitat No 3 (a, b); medium wet
parts of patterned-ground tundra, habitat No 5 (¢, d); medium wet
ornithocoprophilous tundra, habitat No 4 (e) and medium wet herb-
moss tundra, habitat No 1 (f). Scale bars: e 20 um, b—d 50 pm, a, f
100 pum

@ Springer



764

Polar Biology (2019) 42:759-770

found on the transverse sections at 1.6—1.8 cm below the
apex (Fig. 2f).

Secondary xylem of the stems

The mature wood of polar willow stems was diffuse-porous
when analysed on the transverse sections. The annual rings
were narrow, approx. 43 um wide, with only 1-2 vessel
elements and a limited number of other cells, i.e. fibres,

Fig.3 Secondary xylem of
Salix polaris stems. aTransverse
section. The annual rings are
not continuous around stem
circumference (denoted by dot-
ted lines and arrowheads). Only
1-2 vessels (V) are formed in
the radial direction during the
growing season. The flattened
cells of terminal parenchyma
(arrow) mark the border of the
annual growth ring. b Ter-
minal parenchyma cells with
characteristic distinct simple
pits (arrows) on the tangential
section. ¢ Vessels with simple
perforation plates (arrows)
neighbouring the ray (bracket)
on the radial section. d Hetero-
cellular rays with procumbent
(black arrow) and upright
(white arrow) ray cells on the
radial section. Large vessel-ray
pits denoted by arrowheads. e
Intervessel pits (arrow) shown
on the tangential section. f
Macerated vessel elements
revealed different shapes. The
presence of both short and wide
(1,4) and long and narrow (7,9)
vessel elements is clearly vis-
ible. Here, the vessel elements
of S. polaris from dry parts of
patterned-ground tundra, habitat
No 3. are presented. Section

of S. polaris from medium wet
parts of patterned-ground tun-
dra, habitat No 5 (a); dry parts
of patterned-ground tundra,
location No 3 (b); medium wet
herb-moss tundra, location No 1
(c—e). Sections a—e are acquired
from the oldest parts of the
stems, approx. 13—18 cm below
the apex. Scale bars e 20 um, b,
d 50 um, a, ¢ and f 100 pm
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vascular tracheids and axial parenchyma cells formed dur-
ing the growing season. Such a limited number of cells indi-
cated short cambium activity (Fig. 3a). Additionally, in the
transverse sections, the parts of annual rings were discon-
tinuous around the stem circumference. Due to the small
number of vascular elements produced and discontinuity
of the xylem elements formation, the annual growth rings
were hardly distinguishable (Fig. 3a). However, marginally
located axial parenchyma cells were present at the annual
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ring border, both on transverse (Fig. 3a) and tangential sec-
tions (Fig. 3b), marking the subsequent year increments. The
vessel elements of the polar willow were characterised by
the presence of simple perforation plates on the radial sec-
tions (Fig. 3c) with the alternate type of intervessel pits,
which were polygonal in shape as seen on the tangential sec-
tions (Fig. 3e). The rays observed on the radial sections were
exclusively uniseriate and heterocellular i.e. with two types
of cells: procumbent in the centre of the ray and upright at
its margins (Fig. 3d). In the marginal cell of the ray, a char-
acteristic feature of the Salix genus, i.e. large vessel-ray pits
were observed (Fig. 3d).

As shown before, the developmental changes in the for-
mation and the anatomy of secondary tissues originating
from cambium were comparable in all the analysed speci-
mens regardless of the type of tundra vegetation. In addi-
tion, the macerates of secondary xylem of polar willow were
analysed. The following types of cells were recognised: ves-
sel elements, axial parenchyma cells, vascular tracheids and
fibres. In all the analysed branches, representing each of dif-
ferent types of tundra vegetation, large heterogeneity of ves-
sel elements was found (Fig. 3f). Differently shaped, from
short and wide to long and narrow vessel elements were
found in the macerate, which were composed of all annual
rings. However, the latter type of vessel elements was similar
to the tracheids except for the presence of perforation plates.

The ranges of vessel element lengths and diameters
are presented in Fig. 4. ANOVA proved that there were
statistically significant differences in the vessel diameter

a 295 "
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@ 285
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a

g 280 a
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o 275
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@ 270
>
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2 260
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250

245

1 2 3 4 5
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Fig.4 Comparison of vessel element lengths (a) and vessel element
diameters (b) (both in um) of Salix polaris growing in five vegetation
types of tundra around the Fuglebekken catchment. Mean value and
standard error are denoted by small and large boxes, respectively. The
Box—Whisker plots show confidential intervals. n=100 vessel ele-
ments, from all analysed annual rings, for each site. Significant differ-

(F4043.11=26.77, P<0.0001) between the sampling sites.
There were two homogenous groups of sites: one for No
2 and 3 (dry lichen-prostrate shrub tundra and dry parts
of patterned-ground tundra, respectively), and the second
for No 1, 4 and 5 (medium wet herb-moss, medium wet
ornithocoprophilous and medium wet parts of patterned-
ground types of tundra, respectively). The lowest mean of
vessel diameter was found for plants from site No 2 with
dry lichen-prostrate shrub tundra. The largest values were
measured for plants from site No 4 with medium wet orni-
thocoprophilous tundra, but they did not differ significantly
from the vessel diameter of plants collected in sites No 1
and 5 with medium wet herb-moss and medium wet parts of
patterned-ground types of tundra, respectively.

Periderm formation in the stem

In the stems of the polar willow, when the vascular cambium
in stem was already present, the epidermis was replaced by
periderm (Fig. 5). The first signs of periderm formation were
distinct at a distance of 2.5 to 3 cm below the apex, refer-
ring to two- or three-year old stems. Two parallel periclinal
divisions in a few neighbouring epidermal cells (Fig. 5b,
c) or occasionally in the subepidermal layer (Fig. 5a) were
observed at one side of the stem surface. Meristematic phel-
logen simultaneously divided periclinally, giving rise to 1-2
layers of phellem cells (cork) to the outside of the stem,
denoted by the distinct autoflourescence of the suberin in
their walls (Fig. 5b—e). Only after the formation of two or

32
301

281 b

26

b
24}
22} @

20

diameter of vessel elements

1 2 3 4 5

sampling sites

ences are denoted by lower case letters (P <0.001, Tukey HSD). The
number of the site corresponds to: No 1—medium wet herb-moss
tundra, No 2—dry lichen-prostrate shrub tundra, No 3—dry parts of
patterned-ground tundra, No 4—medium wet ornithocoprophilous
tundra, No 5—medium wet parts of patterned-ground tundra
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Fig.5 Periderm of Salix polaris on transverse sections; a Origin of
the first phellogen (arrow) resulting of periclinal divisions of subepi-
dermal cells (white bracket). Section acquired approx. 2.5 cm below
the apex; The activity of phellogen (white arrows) results in the for-
mation of phellem cells (stars) shown in bright field (b) and denoted
by autofluorescence of suberin under UV light (c¢). Epidermal cells
in which the phellogen was formed are denoted by brackets. Section
acquired approx. 2.8 cm below the apex; A few layers of phellem

three cork layers, phellogen produced also cells of parenchy-
matic phelloderm to the inside of the stem (Fig. 5f). Simulta-
neously with the formation of phellem and phelloderm, the
periclinal divisions leading to the establishment of phellogen
cells were also observed in neighbouring epidermal or sub-
epidermal cells. After starting phellogen formation on one
side of the stem, the divisions proceeded to neighbouring
cells resulting in the formation of a continuous cylinder of
phellogen and concomitantly the periderm around the stem
at a distance no closer than Scm from the apex.

Discussion

Contrary to our hypothesis, we have found that protective
tissue of S. polaris is formed as typical epidermis composed
of one layer of cells. The adaptation of more than 30 species
of willows (e.g. S. alba, S. exigua, S. cordata, S. cinerea or
S. viminalis) to high latitudes with a short growing season is
to form multiple epidermis with all layers covered by cuticle.
This feature was considered to be characteristic of the genus
Salix (Kurczyniska 2002), normally found in several-year-old
stems of both trees and shrubs. In these plants the formation
of periderm is delayed and enables photosynthesis to occur
in stems during the leafless period (Kurczyriska 2002). How-
ever, this unique multiple epidermis was not observed in any
of the analysed specimens of S. polaris and periderm was
formed in as young as 2-3-year old stems. It seems possible
that in the high-Arctic protection against severe environmen-
tal conditions, especially long winter, low temperature and
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(stars) formed before phelloderm formation in bright field (d) and
denoted by autofluorescence of suberin under UV light (e). Phellogen
denoted by arrows. Section acquired approx. 3 cm below the apex; f
Typical periderm (Pr) consisting of meristematic phellogen (arrow),
phellem cells (stars) and phelloderm (arrowhead). Section acquired
approx. 5 cm below the apex. a—c Sections from medium wet orni-
thocoprophilous tundra, habitat No 4; d—f sections from medium wet
parts of patterned-ground tundra, habitat No 5. Scale bars 50 um

frost, is more important than prolonged photosynthesis. The
importance of proper protection in the polar willow was fur-
ther manifested by the formation of several cork cells before
phelloderm, as was earlier postulated for other pioneering
species Cornus sanguinea and C. controversa (MySkow
2014). The high protective value of phellem is related to the
deposition of suberin and associated waxes in cell walls and
to the programmed cell death of phellem cells. Suberized
and dead cells form the barrier, which functions as a layer
with properties of an insulated flask between the inside of
the plant and the environment. This limits the evaporation of
water, the exchange of ions and gases, and protects the wil-
low against the entry of pathogens (Schreiber 2010; MySkow
and Tulik 2014). However, it seems worth monitoring in the
future whether the thickness of periderm and timing of its
development in S. polaris is not affected, as the decrease in
the bark thickness related to global climate warming (IPCC
2014) has recently been observed in three tundra shrubs. In
turn, changes in the periderm structure can result in higher
vulnerability of plants to pathogens or frost (Iturrate-Garcia
et al. 2017). Thus, the further analyses of the structure and
functioning of periderm in other woody polar species with
reference to different environmental factors seem to be an
important direction of the future studies.

Although in stems of S. polaris cambium originates simi-
larly as in many woody plants, i.e. from procambium and the
parenchyma cells located between vascular bundles (Evert
2006; Myskow 2010), our results highlight that cambium
produces only a small number of conducting elements dur-
ing the growing season. Moreover, periclinal divisions of



Polar Biology (2019) 42:759-770

767

cambial cells do not occur around the whole circumference
of the stem, resulting in discontinuous annual rings. Second-
ary xylem displays common features of willow wood (Sch-
weingruber 1990; InsideWood 2004-onwards), i.e. diffuse
porous wood with uniseriate and heterocellular rays. The
terminal layer in the stems is axial parenchyma and not the
fibres, although the latter have been previously described
in the main root of this species (Buchwal 2014). We also
showed the presence of the different types of cells in the sec-
ondary xylem of S. polaris stem, i.e. vessel elements, vascu-
lar tracheids, fibres and axial and ray parenchyma cells. In
all the analysed wood fragments the vessel elements, across
all annual rings in each stem, markedly differed in size: they
were long and narrow with diameters similar to tracheids
or even fibres, and thus difficult to distinguish from these
types of cells, or they were short with a larger diameter. This
specificity of S. polaris wood, and the fact that only one or
two vessels are formed during each growing season affect
both the identification of the type of cells and establishing
the threshold for the measurements of, e.g. the lumen area
or density of vessels. In the majority of dendrochronological
studies, the narrowest vessels are often below the threshold
(and are treated, together with other cells, as a ground tissue)
and are not analysed in the conductivity assays, as their role
in water conductance is regarded as marginal (von Arx et al.
2012; Girtner-Roer et al. 2013; Carrer et al. 2015). However,
in S. polaris, due to limited number of vessel elements, all of
them seem to be indispensable for water transport. However,
their role in water conductance requires further analyses. In
addition, it would be worth comparing vessel conductance in
other polar woody species differing in the secondary xylem
structure.

Although the anatomy of secondary xylem in specimens
coming from different tundra vegetation types was similar,
our results may indicate that the size of vessel elements was
probably mostly influenced by habitat moisture and, to a
lesser degree, by habitat fertility (Pallardy 2007; Migata
et al. 2014; Hacke et al. 2017). Statistically significant dif-
ferences in vessel diameter were found between the studied
tundra types (Fig. 4) with larger diameters in both medium
wet herb-moss and ornithocoprophilous tundra vegetation.
The differences were also maintained within one habitat
type, differing in moisture of microhabitat. Such micro-
habitats were found in patterned-ground tundra vegetation,
characterised by specific micro-relief, i.e. a central part
composed of fine and moist mineral material surrounded
by sorted circles of dry stones (Skrzypek et al. 2015). The
decrease in the diameter of the vessel of the polar willow
plants growing in dry tundra vegetation types may be an
adaptation to water availability. In dry environment there
is a risk of blocked water flow in the conducting elements
(vessels) by air bubbles (embolism). The formation of ves-
sels with smaller diameters is thus probably a way to prevent

that phenomenon from occurring, although the relationship
between the vessel diameter and their vulnerability to embo-
lism is not direct (Carlquist 2012; Marciszewska and Tulik
2013; Hacke et al. 2017). The differences in vessel length
between willow plants from five tundra vegetation types are
similar in terms of patterns to those of vessel diameter but
are of a much smaller magnitude and not statistically sig-
nificant (Fig. 4).

Low nitrogen availability is the major constraint for
plant growth in the Arctic (Atkin 1996; Skrzypek et al.
2015). The content of mineral forms of nitrogen and phos-
phorus in the soils (all in mg kg-) of ornitocporophilus
(9.0-24.3 N-NH,*; 106.2-285.1 N-NO;7; 36.6-49.6
P—PO4‘) and non-ornitocporophilus habitats (0.17-0.96
N-NH,*; <0.005-2.3N-NO;~; <0.003 — 2.3P-PO,") of
the Fuglebekken catchment differed markedly (Richter et al.
2018). Our results indicate that nitrogen might be impor-
tant for vessel dimensions, since the widest vessel elements
were present in the ornitocoprophilus tundra. However, this
result was not statistically significant. Our results suggest
that the main determining factor responsible for the differ-
ences in the final size of vessel elements in polar willow is
soil moisture.

Due to global climate changes, the impact of expected
warming on development and functioning of plants have
become an extensively studied issue. The high-Arctic is of
particular importance as predictably the most affected region
in terms of, i.e. temperature, precipitation level or the length
of growing season (Crawford 2008; Marsz and Styszyriska
2013; IPCC 2014). Climate changes are commonly analysed
there in the dwarf-shrubs, including the polar willow, with
the use of dendrochronological methods (Forbes et al. 2010;
Blok et al. 2011, 2015; Buchwal et al. 2013; Biintgen et al.
2015; Myers-Smith et al. 2015; Li et al. 2016; Iturrate-Gar-
cia et al. 2017; Le Moullec et al. 2018). Our results clearly
show that additional analyses, especially of the wood struc-
ture in the above—ground parts of shrubs can provide useful
data, illustrating i.e., changes in the vessel diameter in rela-
tion to the different habitat factors.

Conclusions

The manuscript presents the development and functioning
of the secondary meristems, cambium and phellogen in the
above-ground parts of Salix polaris growing in five different
tundra habitats. We showed that the periderm developed in
2-3-year-old stems and, in contrary to the majority of wil-
lows, the multiple epidermis was never formed. We relate
this to the necessity of proper protection of stems in harsh
climate conditions of the high-Arctic. Our analyses of the
stem wood structure proved that anatomical details can pro-
vide additional data showing the impact of the environment
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on secondary xylem formation. We also found the differ-
ences in the vessel diameter in the secondary xylem of the
polar willow stems in reference to the habitat conditions,
mostly moisture and nitrogen availability. However, the lat-
ter relationship requires further studies.
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