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Wood anatomy of boreal species in a warming world: a review
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Global warming is affecting tree growth and forest productivity, especially in
the Northern boreal ecosystems. Wood quality, which is largely determined by
anatomical traits of wood, is vital for the forest industry and global carbon se-
questration. Cambium activity, wood density, fiber length and microfibril angle
are the anatomical traits that determine wood quality, depending on market
demands. Within the global warming scenario, a comprehensive understanding
of these traits is still lacking and urgently required for both the forest indus-
tries and ecological researches. In this review, we identify that large propor-
tions of mature wood, high wood density, longer fiber or tracheid length and
low microfibril angles are the anatomical traits closely related with high wood
quality. Higher temperatures could trigger onset and ending of cambial cell di-
vision, thus affecting wood quality by modulating duration of the growing sea-
son. Climate warming could also affect wood quality by impacting earlywood
and latewood formation, as well as changing wood density, fiber length and mi-
crofibril angle depending on different species and growing conditions. In addi-
tion, this review indicates that the anatomical traits involved in wood quality
are diverse and depend on the intended use. Improving our knowledge about
the underlying mechanisms of how the wood anatomical traits respond to a
changing environment with extreme climate events is thus still a crucial topic
in the forest sciences. Selection of species and provenances best adapted to
climate warming will be necessary to improve quality without sacrificing vol-
ume. Studies on wood traits and their relation to climate should therefore fo-
cus on a multitude of aspects including the physiology and genetics of boreal
tree species.

Keywords: Climate Warming, Earlywood, Fiber Length, Latewood, Microfibril
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Introduction
Global  mean  surface  temperature  has

risen  by  0.85  °C  during  the  last  century
(1880-2012) and is predicted to increase fur-
ther  in  the  next  decades  (IPCC  2014).
Forests in the boreal zone, where climate
change has the strongest effects over the
world, are one of the ecosystems most re-
sponsive to temperature (IPCC 2014). In re-
sponse to recent climate warming, boreal
trees  have  shown  advances  in  primary
growth,  such  as  earlier  shooting,  leafing,
and flowering (Lasserre et al. 2009, Zhai et

al. 2012), as well as the corresponding sec-
ondary  growth,  such as  earlier  xylem cell
production and differentiation (Rossi et al.
2007, Boulouf Lugo et al. 2012). By the end
of this century, boreal trees are expected
to still benefit from future warming to en-
hance their primary and secondary growth,
as shown by recent modeling studies (Mo-
rin et al. 2009), but reduced water availabil-
ity may reverse this beneficial effect (D’Or-
angeville et al. 2018). Overall climate warm-
ing influences the quality and quantity  of
boreal  forest  wood  supply  by  impacting

growth and mortality and by creating shifts
in species composition (Brecka et al. 2018)
Exogenous (e.g., climate and disturbances)
and genetic factors determine primary and
secondary  tree  growth.  When  combined
with  species  competition,  these  two  fac-
tors determine the form of a tree, and ulti-
mately the quality of its wood.

The  boreal  forest,  which  is  distributed
over high latitude regions of Asia, Europe
and North America,  and mostly in Russia,
Canada, the state of Alaska (USA), Finland,
and Sweden, encompasses more than 25%
of the global forest area (i.e., almost 1 bil-
lion hectares  – Gauthier  et  al.  2015).  It  is
dominated by coniferous species accompa-
nied  by  varying  proportions  of  angio-
sperms (Gauthier et al. 2015). Wood that is
utilized  in  the  forest  industries  in  these
countries  is  mainly  extracted from boreal
forests. For instance, more than 33% of the
lumber  and  25%  of  paper  on  the  export
market  are  generated  from  the  boreal
forests (Burton et al. 2010). The boreal for-
est  also  plays  multiple  important  roles  in
regulating  climate,  biogenic  carbon,  and
carbon  sequestration  (Bradshaw  &
Warkentin 2015, Steffen et al. 2015). There-
fore, the fate of wood in the boreal forest
under  a  warming  scenario  is  an  urgent
global concern.

Wood quality is not an absolute measure
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in the literature because it is largely depen-
dent on the intended practical application,
such as structural board and lumber or pa-
per making. Here, we define wood quality
according to the timber resources needed
to meet the requirements of forest indus-
tries  and  the  end  product  based  on  tree
morphological  (e.g.,  knots  and  their  size
and  distribution),  wood  anatomical  (e.g.,
ring  growth,  earlywood  and  latewood,
density, fiber or tracheid length, microfibril
angle), chemical (e.g., cellulose, hemicellu-
lose,  lignin),  and  physical  (e.g.,  stiffness,
strength)  properties  (Huang  et  al.  2003).
Wood quality is an important issue for the
boreal  forest  industry  because  the  tradi-
tional target of wood volume maximization
can be achieved only  occasionally.  Boreal
conifers typically have a short growing sea-
son,  live  in  harsh  conditions,  and  need
more  time  than  temperate  and  tropical
trees to reach maturity and similar volumes
of wood. Management decisions based on
an  increased  awareness  of  biodiversity
conservation may also limit the quantity of
harvested wood.

In addition, increasingly competitive mar-
ket pressure is pushing forest industries to
shift their focus from volume to quality of
wood  (Wei  et  al.  2013).  Therefore,  high
quality wood is now one of the main aims
to satisfy  both market  demands and sus-
tainable forest development. From the per-
spective  of  wood  anatomy,  high  quality
wood is characterized by large proportions
of  mature  wood,  associated  with  high
wood gravity or density, long fiber or tra-
cheid length, thick secondary wall with low
microfibril  angles  (Plomion  et  al.  2001,
Huang  et  al.  2003).  From  an  ecological
point  of  view,  high  wood  quality  means
that  more carbon is  sequestered in  trees
because the above-ground carbon assess-
ment  is  mainly  based on both xylem vol-
ume and density and their variations over
time and space (Chave et al. 2006, Frances-
chini et al. 2010). It is critical to strengthen
the role of the boreal forest in sequester-
ing  carbon and to mitigate  the increased
atmospheric  CO2 because  less  carbon
seems  to  be  accumulated  than  expected
by the available models (Ma et al. 2012).

The  anatomical  traits  that  determine
wood quality are controlled by a synergic
effect of genetics and environment (Dow-
nes & Drew 2008,  Downes et al. 2009). A
considerable number  of  studies  on wood
properties  and  quality  have  been  con-
ducted in  the boreal  forest.  Overall,  they
can  be  summarized  into  the  following
three  aspects:  (i)  investigations  on  tree
morphological, wood anatomical, physical/
mechanical  properties,  and  their  interac-
tions  (Beaulieu  et  al.  2011,  Huang  et  al.
2014); (ii) breeding programs for tree selec-
tion and improvement (Zhang et al. 2003);
(iii) silvicultural practices such as thinning,
spacing,  and  fertilization  (Cameron  2002,
Reid  et  al.  2009).  The  effect  of  climate
change on wood quality is known and stud-
ied  only  partially,  due to several  reasons.

Wood  market  demands  and  forest  indus-
tries require a better understanding of ba-
sic  wood  properties  such  as  juvenile  and
mature wood, average density, earlywood
and  latewood  proportion,  fiber/tracheid
length and microfibril  angle. The study of
the  response  of  these  traits  to  climate
change is often neglected because the em-
phasis is on quantity and quality improve-
ment  of  trees  through  management  and
breeding practices (Hart 2010, Schimleck et
al. 2018). Many studies focus on tree genet-
ics and wood traits (Beaulieu et al. 2011, Re-
sende et  al.  2012),  because wood proper-
ties are partly controlled by genetics (Lenz
et al. 2010). In addition, evaluating the ef-
fects of climate change on wood quality is
a long-term effort, which can hardly be in-
tegrated  into  the  current  rapid,  effective
tree  growth  improvement  programs
through silviculture and breeding, thus re-
ducing interest in exploring effects of  cli-
mate  on  wood  quality  (Dickmann  2006).
However,  it  is  obvious  that  climate  is  af-
fecting wood quality  directly  or indirectly
by  influencing  primary-  and  secondary-
growth  as  well  as  other  wood quality-re-
lated  factors  like  insect  disturbances  and
competition (Huang et al. 2014). We expect
that these effects of climate on wood qual-
ity  will  be  intensified  with  the  ongoing
global warming.

For sustainable forest development, it is
critical to address why and how climate af-
fects wood quality in the boreal forest. In
this paper, we aim to answer these ques-
tions  by  reviewing  the  literature  on  the
mechanisms  behind  the  effect  of  climate
warming on wood traits. We focus on bo-
real softwood forest and studies using phe-
nology, dendrochronology and wood ana-
tomy  in  relation  to  wood  properties  and
quality. This review includes (i) the anatom-
ical traits affecting wood quality, (ii) the ef-
fect  of  warming  on  these  traits,  and  (iii)
the perspectives and proposals for future
research.

Study area and species
This  literature  review  focuses  on boreal

softwood species such as jack pine, black
spruce, white spruce, larch and balsam fir.
We include studies on these species in their
natural environment or in controlled exper-
iments.

Selection of anatomical traits that 
determine wood quality

Wood anatomical traits related to wood
quality mainly include radial growth, wood
density,  fiber  or  tracheid  length,  and  mi-
crofibril  angle  (Barnett  &  Jeronimidis
2003). These anatomical traits are the basis
for  the  mechanical  properties:  bending,
stiffness  (modulus  of  elasticity,  MOE),
strength (modulus of rupture,  MOR), and
shrinkage behavior, which are the most im-
portant physical features to describe wood
quality (Barnett & Bonham 2004, Hein et al.
2013). For example, theoretical (Cave 1976)
and experimental  (Evans & Ilic  2001,  Hein

et al. 2013) evidences have shown that ana-
tomical traits such as density and microfib-
ril  angle  are  the  main  determinants  for
wood  stiffness  and  strength.  These  ana-
tomical traits are generally believed to be
directly  or  indirectly  affected  by  climate
(Huang et al.  2011).  Therefore, wood ana-
tomical  traits  can  be  regarded  as  the
bridge between wood quality and climate,
and it is necessary to address these proper-
ties to cast light on the mechanisms behind
the effect of climate change on wood qual-
ity. The anatomical traits considered in this
review  are  radial  growth,  wood  density,
fiber length and microfibril angle.

Wood anatomy and climate 
warming

The  anatomical  traits  that  determine
wood quality are regulated by environmen-
tal factors that alter the final expression of
genes (Lasserre et al. 2009). Climate warm-
ing, which is the most critical ongoing envi-
ronmental change, is impacting carbon se-
questration  and  wood  production  in  the
forest industry by affecting these anatomi-
cal traits in trees. Therefore, the effect of
warming  on  anatomical  traits  urgently
needs to be evaluated and discussed.

Radial growth
Radial  growth  in  terms  of  stem volume

achieved  over  a  rotation  is  often  consid-
ered as one of the important wood quality
traits  by  commercial  forestry  (Downes et
al. 2009). The average growth increment in
diameter, represented by the annual tree-
ring,  is  defined  as  rate  of  radial  growth,
representing the volume of wood, which is
the objective of the forest industry (Ram-
age et al. 2017).

Wood,  the  result  of  the  production  of
xylem cells by cambium, is divided into ju-
venile  (generally  including  the  xylem
formed in the first 15-20 years) and mature
(formed later) wood, which refer to the re-
gions that are close to and further from the
pith, respectively (Plomion et al. 2001, see
also  Jozsa & Middleton 1994 for more de-
tails about juvenile and mature-wood distri-
bution). The quality of juvenile and mature
wood and their proportions in a tree stem
largely represent and determine the wood
quality. Compared with mature wood, juve-
nile  wood  often  has  lower  density  and
larger microfibril angle, which could cause
inferior  quality  (e.g.,  low tensile  and  tear
strength  – Plomion et al.  2001).  From the
perspective of the forestry industry, a large
proportion of mature wood in a stem usu-
ally  indicates  good  quality  and  can  meet
varied  wood  demands.  Wood  quality  is
therefore largely determined by the radial
growth  represented  by  growth  rate  and
the  proportions  of  juvenile  and  mature
wood.

Radial  growth  is  the  result  of  both  en-
dogenous (e.g.,  physiological,  genetic  fac-
tors)  and  exogenous  factors  such  as  cli-
mate, of which environmental  factors are
recognized to play a more important role
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than genetics (Downes & Drew 2008, Lenz
et al. 2010 – Fig. 1). For instance, traits re-
lated  to  the  annual  diameter  growth  of
white spruce, including ring width and the
proportion  of  earlywood  and  latewood
were reported to be strongly controlled by
environmental  rather  than  genetic  influ-
ences (Lenz et al. 2010). The theoretical ba-
sis  of  tree-ring  research  summarized  by
Fritts (1976) assumes that ring growth con-
tains climatic information of both the previ-
ous  and  current  growing  season.  Radial
growth  has  thus  been  used  as  a  reliable
proxy to explore historical climate variabil-
ity and change in dendroclimatology. How-
ever,  it  is  less  clear  how  traits  of  wood
quality  such  as  earlywood  and  latewood
width,  and the corresponding density are
associated  with  temperature.  In  this  sec-
tion, we further discuss this issue from the
perspective of xylem formation process.

From dormancy to the onset of cambial 
cell division

It is well known that trees in temperate
and boreal  regions have annual  pulses of
activity  and  dormancy.  In  late  autumn,
trees  undergo dormancy,  including a  rest
phase that is controlled by internal factors,
and a quiescence phase that is maintained

by  unfavorable  environmental  conditions
(Fukuda 2004,  Rossi et al. 2007). Through-
out this period, low temperatures play a vi-
tal role in regulating tree physiological ac-
tivities through chilling (exposure to cold),
which is  necessary  for  trees  to  enter  the
quiescence phase. Throughout this phase,
trees could regain the ability to respond to
growth-promoting conditions. Then, expo-
sure to rising temperatures, associated to a
lengthening  of  photoperiod,  make  trees
capable of starting cambial cell differentia-
tion in spring (Fonti et al. 2007). Photope-
riod is also involved in driving the rate of
cambial activity. In cold climates, cell  pro-
duction mostly occurs close to the summer
solstice, and reduces under decreasing day
length (Rossi et al. 2006, Cuny et al. 2015).
Thus, photoperiod could play an important
role  in  combination  with  other  endoge-
nous and environmental factors in trigger-
ing the end of growth (Lupi et al. 2010, Sil-
vestro et al. 2019). However, while temper-
ature is expected to change under future
climate, photoperiod remains the stable as-
tronomical  signal  for  plants.  In  spring,  a
threshold temperature might be needed to
trigger  the  onset  of  cambial  cell  division
(Rossi  et  al.  2007)  because  this  thermal
threshold  may  affect  the  cambial  sensi-

tivity  to  auxin  (indole-3-acetic  acid,  IAA).
Therefore,  changing  temperatures  could
impact wood formation and thus the qual-
ity  of  wood  by  modulating  the  onset  of
cambium cell division.

Cytokinins, supplied by root apices (Aloni
2001) and produced only under  favorable
environmental conditions in spring, are the
central  regulators  of  cambial  activity  and
may interact with the cambial responses to
auxin  (Aloni  et  al.  2006).  Therefore,  the
earlier the threshold temperature is reach-
ed  in  spring,  the  earlier  the  initiation  of
xylem cell division starts. Consequently, un-
der warmer springs, a longer growing sea-
son  could  be  expected  for  radial  growth
and  wood  formation  (Deslauriers  et  al.
2008,  Zhai  et  al.  2012).  Although  it  is  ac-
knowledged that a threshold temperature
in  spring  may  trigger  the  onset  of  stem
cambial cell division, there is still  a lack of
consensus in the literature. This  might be
due to different species and sites. Recent
wood  anatomical  studies  using  a  weekly
sampling  to  monitor  xylem  formation
found  that  a  temperature  threshold  in
spring is critical for the onset of xylem for-
mation  in  boreal  trees  (Deslauriers  et  al.
2003,  Ren  et  al.  2018).  However,  this
threshold temperature varies across stud-
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Fig. 1 - Schematic diagram of factors (physiological and environmental) influencing wood formation, and annual diameter growth.
JW, MW, EW and LW denote juvenile wood, mature wood, earlywood and latewood, respectively.
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ies. For instance, Schmitt et al. (2004) doc-
umented that  growth at  the  tree-line oc-
curred  when  the  daily  temperature  was
above 5 °C and Rossi et al. (2007) reported
that  xylogenesis  was  active  when  the
mean daily air temperature was 5.6-8.5 °C.
In northwestern Quebec,  Zhai et al. (2012)
found that weekly mean minimum air tem-
perature for the onset  of  new xylem cell
production of  trembling aspen and white
birch ranged between 8.2 and 10.4 °C.

The process of xylem cell formation
Xylogenesis is initiated by cell division in

the vascular cambium, followed by differ-
entiation  of  cambial  derivatives  (Plomion
et al. 2001). Overall, cell division resulting in
xylem formation in temperate and boreal
trees is characterized by an S-shaped curve
(see  Huang  et  al.  2011 for  more  details
about  S-shaped  curve),  which  involves  a
slow  initiation  period,  a  fast-growing  pe-
riod followed by a slow termination period
(Rossi et al. 2007, Huang et al. 2011, Zhai et
al.  2012).  This S-shaped curve is the result
of an interaction of physiological and envi-
ronmental factors. It describes the dynam-
ics of wood formation in the growing sea-
son. During wood formation, number and
size  of  xylem  cells  determine  tree-ring
width  and  earlywood  and  latewood  pro-
portions, and, together with cell wall thick-
ness, wood density (Auty et al. 2014). Thus,
any temperature-induced change of wood
formation dynamics could influence wood
quality in a tree (Thomas et al. 2007).

The wood structure, originating from xy-
lem  formation,  is  a  long-term  adaptation
strategy of trees to the local environment,
particularly  their  water transport  capacity
(Fonti  &  Jansen 2012).  Xylem structure  is
generally believed to reflect the functional
balance between efficient water transport
to  achieve  optimal  growth,  minimum  in-
vestment of  construction costs  to secure
the  xylem  plumbing  system,  mechanical
support  of  the  assimilating  leaves,  and
storage of water and nonstructural carbo-
hydrates  for  defense  and  resistance  to
stress (Von Arx et al. 2012). A recent wood
anatomical  study showed that  during the
xylem formation process, water is the first
constraint in modulating the production of
xylem by the cambial cells in the growing
season, while carbon is secondary because
xylem  cell  expansion  is  a  turgor-pressure
driven  process  (Deslauriers  et  al.  2016).
Even when  trees  are submitted  to  water
stress,  mechanical  factors  may  drastically
impact secondary growth (Niez et al. 2019).
Under water deficit, cambium stops divid-
ing to limit the number of  cells  locked in
differentiation without enough water (Des-
lauriers  et  al.  2016).  This  may explain the
widely observed growth reduction of trees
reported during recent  decades  that  was
attributed  to  a  warming-induced  drought
(Peng et al. 2011, Luo & Chen 2015).

Cell wall thickness is determined by avail-
ability  of  non-structural  carbon  (NSC)  de-
posited in the secondary cell  walls,  which

are  composed  and  synthesized  by  cellu-
lose, lignin, hemicellulose and protein dur-
ing the secondary wall thickening (Plomion
et al.  2001,  Luo et al. 2006). It is believed
that cell wall thickness is strongly affected
by  environmental  conditions  during  the
growing season (Lenz et  al.  2010).  Under
favorable  climate,  trees  could  reserve
more current-year NSCs for cell wall thick-
ening (Deslauriers et al. 2016). The conifers
commonly  found  in  dry  regions  are
thought to avoid hydraulic failure through
an adaptive strategy, such as reduced con-
duit size and enhanced cell wall, and thus
resist higher negative water pressure (DeS-
oto et al.  2011).  Cell  coarseness (µg µm-1),
which  is  defined  as  the  ratio  of  cell  wall
mass to cell unit length, is proposed to be
used to measure paper quality and found
to  be  tightly  associated  with  drought  re-
silience in the theoretical models (Gartner
2006).  Overall,  climate  warming-induced
drought may affect cambial cell division, in
turn xylem cell number, size and wall thick-
ness, thereby affecting the whole structure
and ultimately wood quality.

Earlywood and climate
Earlywood  production  has  been  widely

shown to be directly related to climate (Na-
beshima et al. 2015). More earlywood cells
were observed at the black spruce tree-line
in warmer years (Wang et al. 2002). Deslau-
riers et al. (2003) found longer durations of
earlywood production in balsam fir in the
warmer  1999  (9-10  weeks)  compared  to
1998 and 2000 (6-7 weeks). By comparing
xylem formation of  black spruce at  three
sites along a latitudinal gradient in Canada,
Huang et al. (2011) showed that trees pro-
duced  more  earlywood  cells  at  southern
sites and in a warmer year than those at
northern sites and a cold year, respectively.
Average earlywood vessel area of  Quercus
robur L. trees was used to reconstruct min-
imum winter temperature during the past
two centuries in northern Poland (Pritzkow
et al.  2016). This suggests that earlywood
production is closely related to the climate
in the previous or current year depending
on the species.

Latewood and climate
Latewood formation is a result of carbo-

hydrates accumulation produced by photo-
synthesis, which is very sensitive to climatic
factors,  such  as  temperature  and  water
stress  (Sun et  al.  2016).  Studies  on wood
anatomy have shown that onset and termi-
nation of  latewood cell  production in the
boreal forest usually range from the end of
June  to  mid-August,  varying  by  species
(Deslauriers et al. 2003,  Huang et al. 2011,
Zhai  et  al.  2012).  Compared  to  the  warm
summer  of  2005,  Huang  et  al.  (2011) de-
tected a higher proportion of latewood in
black spruce in the cold summer of 2006.
Their research also found the cold summer
temperatures of 2006 resulted in an earlier
start and termination of latewood cell pro-
duction,  and  consequently  fewer  total

xylem  cells  were  produced  in  the  colder
year. Over the spatial  scale, they also ob-
served  higher  ratios  of  latewood  cells  to
total cells for northern trees than southern
trees in both years, which might be due to
the limiting effect of colder summer tem-
peratures in the north (Huang et al. 2011).
In a boreal forest of eastern Finland, Miina
(2000) found  a  negative  relationship  be-
tween  the  proportion  of  latewood  and
June  temperature,  however,  the  propor-
tion  of  latewood  in  Scots  pine  increased
with the temperatures  of  spring and late
summer.  In  a  dry  Mediterranean  area  in
Portugal,  Campelo  et  al.  (2007) found  a
negative  effect  of  temperature in  August
on latewood formation  of  Pinus  pinea L.,
probably due to the reduced photosynthe-
sis induced by high temperature.

Overall,  we  conclude  that  the  whole
xylem  formation  process,  including  early-
wood and latewood,  might  be mostly  af-
fected  by  the  climate  during  the  current
growing season. In particular, temperature
may influence the timing of earlywood and
latewood formation during the xylem for-
mation process according to the physiolog-
ical status of the trees.

Wood density
Basic wood density (kg m-3) is the ratio of

oven-dry mass to green volume and is de-
termined  by  cell  wall  thickness,  tracheid
size,  and  the  ratio  of  latewood  to  early-
wood and juvenile wood to mature wood
(Van Leeuwen et al. 2011). Wood density is
a quality trait that is easily measured and
relevant  to  many  product  performances
(e.g., timber stiffness, pulp, paper produc-
tivity  – Wimmer  et  al.  2002b).  Therefore,
wood  density  can  provide  a  simple  mea-
sure of the total amount of biomass pres-
ent in a piece of wood (Jozsa & Middleton
1994) and is one of the most excellent pre-
dictors and determinants of  wood quality
such as stiffness, strength, and machinabil-
ity (Jozsa & Middleton 1994, Wimmer et al.
2002b).

Within a tree, wood density can vary be-
tween  earlywood  and  latewood,  and  be-
tween juvenile and mature wood, with ear-
lywood and juvenile wood generally having
lower  density  values  (Mansfield  et  al.
2009).  On  a  transverse  section,  juvenile
and  mature  wood  densities  are  usually
used  to  describe  wood  density  variation
from the pith  to bark.  Hardwood species
have  a  much  higher  wood  density  (e.g.,
590-930  kg  m-3  for  oak)  than  softwood
species  (e.g.,  380  kg  m-3 for  western  red
cedar  – Van  Leeuwen  et  al.  2011).  Most
commercial softwoods have oven-dry den-
sities of 400-600 kg m-3 (Huang et al. 2003).
Besides,  wood  density  could  play  a  vital
role  in  hydraulic  efficiency  of  plants,  pro-
vide mechanical support and protect from
cavitation during drought (Van Leeuwen et
al. 2011). All wood density features (includ-
ing  early/late  and  juvenile/mature  wood
density) are critical and widely used to de-
termine wood mechanical properties such
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as  strength,  stiffness,  elasticity,  rupture
and pulp yield (Downes & Drew 2008), and
thereby to describe wood quality.

Radial growth rate of boreal conifers has
usually been shown to be negatively corre-
lated with  wood  density  in  many  species
(Gardiner et al. 2011,  Auty et al. 2014), and
consequently influences wood quality (e.g.,
gravity  and  stiffness).  For  instance,  com-
pared with slow-growing trees, fast-grow-
ing ones generally produce a larger volume
of wood with lower density (Livingston et
al. 2004). However, there are also some ex-
ceptional cases where a higher wood den-
sity  occurred  with  higher  growth  rate
(Mörling 2002, Rossi et al. 2015).

As  stated  in  the  previous  sections,  cell
number,  size  and  cell  wall  thickness  to-
gether  determine  wood  density  (Cuny  et
al.  2014).  These  anatomical  traits  are  re-
ported to be strongly affected by the cur-
rent and previous growing season climate,
such as for white spruce (Lenz et al. 2010).
Wood density has been widely shown to be
positively  associated  with  drought  toler-
ance and survival and an important trait re-
flecting hydraulic conductance (Vilà-Cabre-
ra  et  al.  2015).  In  eastern white pine,  La-
rocque et al. (2007) found that the genetic
influence  on  wood  density  and  growth
rate,  i.e., tree-ring width, is low, thus indi-
cating that they are strongly environmen-
tally  correlated.  In  boreal  and  temperate
conifer forests, maximum wood density is
usually  correlated  with  summer  tempera-
ture  (Van  Der  Maaten-Theunissen  et  al.
2012). This positive relationship is probably
due to a thermal-induced enhancement of
tracheid lignification in the growing season
(Gindl et al. 2001). For instance,  Camarero
&  Gutiérrez  (2017) found  a  decrease  in
maximum wood density related with cold
weather in the late growing season, proba-
bly due to a reduction of lignification and
thickening rates  of  latewood tracheids  in
cold  conditions.  In  addition,  species  with
high wood density were often found in dry
or  cold  environments  (Chave  et  al.  2006,
Camarero & Gutiérrez 2017). For example, a
wood density study at the tree-line of the
boreal  forest  in  Quebec  by  Wang  et  al.
(2002) showed  fewer  xylem  cells  and
higher latewood density of black spruce in
cold  than  in  warm  years.  A  geographical
analysis of 2456 tree species in Central and
South America showed that wood density
in trees from wet forests is lower than in
trees from dry forests (Chave et al. 2006).

Fiber length
Fiber length is  the length of  wood cells

along the longitudinal axis, which is called
tracheid length in softwood (Van Leeuwen
et  al.  2011).  Fiber  length  is  an  important
wood quality attribute for timber products
since  longer  fibers  result  in  greater  resis-
tance of wooden beams to buckling (Van
Leeuwen et al. 2011) as well as for the pulp
and paper industry because of the positive
relationship between fiber length and pa-
per strength (Jozsa & Middleton 1994). Fi-

ber  length  has  been  found  to  be  closely
correlated  with  microfibril  angle  within  a
tree, with the smaller angles being related
to the longer fiber lengths (Sheng-Zuo et
al. 2004). The decrease in microfibril angle
from the pith outwards to the bark contrib-
utes to the higher strength and stiffness of
mature wood compared to juvenile wood
(Mansfield et al. 2009). Studies by Zobel &
Buijtenen (1989) showed that the heritabil-
ity  of  fiber  length  varies  across  species,
ranging from weak to high genetic control.
For example,  fiber length in black spruce
[Picea mariana Mill.  (BSP)] and slash pine
(Pinus  elliottii Engelm)  was  found  to  be
highly genetically controlled, whereas this
was  not  the  case  for  loblolly  pine  (Pinus
taeda L.).

Fiber  length  is  shown  to  be  largely  im-
pacted by changing temperature. It is gen-
erally believed that trees form large diame-
ter, thin-walled fibers during the early part
of the growing season, and smaller diame-
ter,  thick-walled  fibers  in  the  latter  part
(Jozsa & Middleton 1994). Kilpeläinen et al.
(2003) found fiber length in Scots pine was
increased by high temperature.  Watt et al.
(2008) revealed that mean air temperature
is  the  strongest  environmental  determi-
nant of fiber length in Pinus radiata D. Don.
In addition to temperature, drought is also
shown to be an important factor in influ-
encing fiber length, although with different
effects according to season. For instance,
in a drought-treated poplar study, Arend &
Fromm (2007) reported that early-summer
drought significantly reduced fiber length,
whereas no effect was found in late sum-
mer.  In  conifers,  the  length  of  tracheids,
i.e., fiber length, is generally shaped by the
amount of water available during their for-
mation  because  of  its  basic  function  of
transporting  water  (Von  Arx  et  al.  2012).
Xylem  anatomy  and  fiber  length  define
how much water can be transported by a
conduit (Badel et al. 2015). Xylem hydraulic
architecture is therefore also a useful indi-
cator for climate reconstructions.

Microfibril angle
Microfibril angle (MFA) refers to the an-

gle of cellulose microfibrils in the second-
ary cell  wall  of  fibers to the tracheid axis
(Wimmer et al.  2002b,  Barnett & Bonham
2004).  MFA  can  strongly  influence  the
strength  and  elasticity  of  wood  (e.g.,
shrinkage behavior), which affects its qual-
ity  (Huang  et  al.  2003,  Donaldson  2008).
MFA varies  within  the  stem  from pith  to
bark  (Van  Leeuwen  et  al.  2011,  see  also
Downes et al. 2009 for more details about
MFA). Both vertical and radial variations of
MFA are observed in conifers with smaller
angles in mature wood than juvenile wood,
leading to higher stiffness and elasticity in
mature wood (Donaldson 2008). There are
three layers  in  the secondary  cell  wall  of
xylem  cell:  an  outer  S1  with  transversely
oriented microfibrils,  a thick S2 layer with
axially  oriented  microfibrils,  and  an  inner
S3  with  transversely  oriented  microfibrils

(Huang et al. 2003,  Donaldson 2008 – Fig.
1). MFA varies among cell wall layers, which
consequently  show  diverging  mechanical
properties  (Van  Leeuwen  et  al.  2011,  see
also  Downes et al. 2009 for more details).
S1 and S3 are relatively thin and play a key
role in strengthening the cell against defor-
mation  by  water  tension  force,  and  con-
tribute to the lateral hardness and crushing
strength  of  timber  (Donaldson  2008).  Of
the three layers, S2 is the thickest one ac-
counting for 60-90% of the volume of the
whole cell wall (Huang et al. 2003, Donald-
son  2008).  As  a  consequence,  S2  plays  a
dominant  role  in  cell  wall  physical  and
chemical properties and is the most impor-
tant layer for wood quality.

For  softwoods,  Wimmer  et  al.  (2002b)
and  Donaldson  (2008) reported  higher
MFA in earlywood and juvenile wood, and
lower  in  latewood  and  mature  wood.  In
contrast,  MFA  is  generally  below  20°  in
hardwoods  without  clear  decreasing
trends in juvenile and mature wood (Don-
aldson  2008).  MFA  is  higher  at  the  stem
base,  then  declines  exponentially  acro-
petally, is constant beyond about 7 m, and
then increases near the stem top (Donald-
son 2008). For example, Barnett & Bonham
(2004) reported  that  MFA  in  Betula  pen-
dula Roth declines from 19° at the pith to
12°  at  the  bark  at  1  meter  height,  with
slightly lower MFA towards the top.  As a
result, cell wall stiffness increases from the
pith to bark as the MFA decreases. The in-
creasing MFA results in an increasing non-
linear  longitudinal  shrinkage  (Barnett  &
Bonham 2004).

Varied MFA within and along the stem is
primarily controlled by heritability (Donald-
son 2008). However, it is also influenced by
environmental  factors  such  as  tempera-
ture,  water  availability  and  wind  speed
(Wimmer  et  al.  2002a,  Drew  et  al.  2013).
Donaldson (2008) stated that the environ-
mental effect on MFA increased with tree
age, and the environmentally-induced vari-
ation of  MFA is  less  than that  associated
with position along the stem radius.

The variation of MFA is subjected to cli-
matic influences with a response similar to
that of growth rate and ring width (Drew
et al. 2013). Temperature has proved to be
a significant influencing factor for MFA. For
instance,  Drew et al.  (2013) reported that
while  the  minimum  MFA  correlated  with
summer temperature, maximum MFA best
correlated with spring temperature. In ad-
dition, water availability has significant ef-
fect  on  MFA.  It  was  shown that  MFA in-
creases  with  irrigation,  release  of  water
stress,  and  rainfall,  and  decreases  with
drought (Wimmer et al. 2002a,  Drew et al.
2013). Wind speed is another factor that di-
rectly influences MFA as a result of flexural
stress  inducing  low  MFA  (Wimmer  et  al.
2002a).

Conclusions
Climate warming is  becoming more and

more apparent  on  the  forest  ecosystems
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of high latitudes. Dramatic impacts on tree
growth and the anatomical traits of xylem
cells  are  expected,  particularly  for  wood
quality.  Because  of  the  intrinsic  connec-
tions  between  macroscopic  (wood)  and
microscopic (xylem) characteristics  of  the
secondary growth, the study of wood qual-
ity is strictly related to the anatomical traits
and  growth  dynamics  of  xylem.  Under  a
global warming scenario, a comprehensive
and deeper  understanding of  these traits
involved  with  warming  conditions  is  ur-
gently required for the sectors basing their
economy  on  forest  products,  specifically
forest  companies,  and  the  private  forest
owners. Indeed, properties associated with
high  wood  quality  vary  for  different  end
uses (Hart 2010).

Under  climate  warming,  trees  must  ad-
just the anatomical traits of xylem cells to
adapt  to  the  increasing  temperatures.  In
general,  warming  conditions  advance  the
onset of xylem formation in boreal trees by
triggering  the  activity  of  cambial  cells  in
spring (Rossi et al. 2007, Huang et al. 2011).
Therefore, this advancement of xylem for-
mation might have a possibility to extend
growing  season  and  thus  increase  wood
volume  (Boulouf  Lugo  et  al.  2012).  How-
ever,  under  warming  condition,  winter
chilling, which is also the key factor for trig-
gering  growth  resumption,  is  reduced,
leading  to  a  delayed  growth  reactivation
(Delpierre et al. 2019). Timing and duration
of  the  growing  season  affects  cell  size
(Buttò  et  al.  2019).  In  addition,  photope-
riod also acts on the timing of tracheid pro-
duction, but this factor is not expected to
be impacted by climate warming. As a con-
sequence,  wood  production  and  quality
which are mainly determined by the timing
of the growing season is a complex issue
influenced by many factors  and needs to
be studied further.

The wood formation dynamics and tree-
ring reflect the interaction of physiological
and  environmental  factors.  Thus,  any
change  in  xylem  anatomy  induced  by
warming,  including number,  size and wall
thickness  of  cells,  would  influence  wood
quality. For boreal softwoods, the propor-
tion of latewood, which mostly determines
wood density, is correlated negatively with
warming conditions. However, fiber length
increases with temperature. Microfibril an-
gle is primarily controlled by heritability but
is also affected by temperature in various
ways. Our literature review on wood qual-
ity concludes that wood with a large pro-
portion  of  mature  wood,  high  density,
longer fiber length combined with smaller
microfibril angle would be optimal for the
wood industries (Jozsa & Middleton 1994).
Wood anatomy depends on a large range
of elements that  all  should be taken into
consideration when studying the effect of
climate warming.

Perspectives for future research
Forest  management  practices  including

silvicultural  techniques  to  manage  tree

growth and wood production can be used
to improve wood quality. For instance, cut-
ting  and  thinning  has  often  been  per-
formed  to  obtain  a  good  wood  quality
(Hart  2010,  Franceschini  et  al.  2018),  but
these techniques should be adapted as en-
vironmental conditions change. One of the
means  to  increase  productivity  is  to  pro-
mote  artificial  over  natural  regeneration.
Careful selection and provenance of breed-
ing  material  is  primordial  to  achieve  this
goal (Silvestro et al. 2019). In addition, us-
ing  molecular  and  genetic  techniques  to
improve  wood  quality  can  be  used  (Re-
sende et al. 2012). For example, marker ge-
nomic selection is expected to sufficiently
improve wood quality by considerably re-
ducing breeding cycles  and increasing se-
lection accuracy (Beaulieu et al. 2011). With
the development of molecular and genetic
techniques and a deeper understanding of
the xylem cell structure along with the pro-
cesses of xylem formation, trees with high
quality wood for future needs could be fos-
tered. These trees could also be expected
to cope with climate extremes, such as the
severe  climate  warming.  Future  research
should  focus  on  the  species  or  prove-
nances more adapted to warming and dry-
ing conditions, which may allow to improve
wood  traits  without  sacrificing  volume.
Forest  managers  and  ecologists  should
aim to combine production in volume (i.e.,
large tree-ring width or high growth rates)
and quality. Private forest owners from the
southern boundary of the boreal area may
focus  on  particular  wood  characteristics
depending  on  specific  demands  and  con-
vert  their  stands  towards  an  intensive
forestry  based  on  more  lucrative  hard-
wood species.

The anatomical traits can be hardly opti-
mized  simultaneously  because  of  the
trade-off  between  growth  maximization
and  environmental  adaptation  (Peltola  et
al.  2009).  For  example,  trees  with  a  high
growth  rate  often  produce  low  density
wood  (Gardiner  et  al.  2011,  Auty  et  al.
2014). Juvenile wood that is produced by a
high  growth  rate  in  the  early  years  of  a
tree’s  life  span usually  has  a low density,
short fiber length and large microfibril an-
gle  (Jozsa  &  Middleton  1994).  However,
poplar  clones  with  higher  growth  rates
also show better water use under drought
conditions  and  quicker  recovery  (Giovan-
nelli et al. 2007). Therefore, studies to find
an optimal balance between these anatom-
ical  traits  should  aim  to  enhance  wood
quality.

In a natural environment, extreme condi-
tions usually induce physiological stress in
trees.  For  example,  in  most  cases,  warm
conditions with high temperatures induce
drought stress (Adams et al. 2009). There-
fore, wood quality studies should be con-
ducted  in  an  interactive  environment  to
clearly investigate changes in wood quality
under realistic  climate change. Multi-disci-
plinary  physiological  and  biological  re-
searches,  including  molecular  studies  of

wood formation processes, are also need-
ed to reveal the underlying mechanisms of
wood traits  responses to climate change.
Lastly, not only global warming will not af-
fect  wood  formation  and  wood  quality
(IPCC 2014). Increasing CO2 and N deposi-
tion will accompany the rising temperature
and  changed  precipitation  patterns,  and
consequently  impact  wood  formation
(D’Orangeville et al. 2018). A more compre-
hensive understanding of the response of
wood traits to climate change is therefore
necessary.  Thus,  improving our  mechanis-
tic  understanding  of  the  responses  of
wood  formation  to  interacting  factors  of
climate change will be crucial to deal with
and  predict  changes  in  required  quality
wood production.

Understanding  of  mechanisms  and  dy-
namics  of  wood  formation  in  boreal  re-
gions progressed quickly during the last 20
years.  A  lot  of  literature  is  available  on
wood  formation,  anatomical  traits  and
quality (Rossi et al. 2006,  Cuny & Rathge-
ber 2016,  Schimleck et al. 2018). However,
there is  still  limited effort  being made to
explore the mechanisms and quantify the
relationships  between  wood  quality  and
cell anatomical traits.

There is a large quantity of tree-ring data,
including ring width, wood density, and iso-
topic data already archived in the interna-
tional tree-ring database, as well as wood
formation  data  collected  during  recent
years  using  the  micro-sampling  approach
(Cuny et al.  2015,  Delpierre et al.  2019) or
confocal laser scanning microscopy (Liang
et al. 2013, Hallman & Arnott 2015, Ziaco et
al. 2016). Using this data, a mechanistic or
process-based model should be developed
(Carteni et al. 2018) to predict wood quality
within the context of global change. There-
fore,  understanding  of  the  underlying
mechanisms  of  anatomical  traits  that  are
related  with  wood  quality  and  climate
change is still considered a crucial research
topic. This must be developed at a multidis-
ciplinary level,  including silviculture,  wood
sciences,  physiological  ecology as  well  as
molecular biology and genomics.
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