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Low temperatures during the growing season restrict the growth of trees at high
elevations and lead to the formation of the high-elevation treeline. To ensure the
survival and growth of trees in such extreme locations, sufficient vascular transport
capacity – enabled by vascular anatomical characteristics – is required. However, in
contrast to the xylem, only little is known about the effects of low temperatures on
the anatomy and formation of the phloem as important nutrient- and signal-conducting
tissue. In this review, known findings of cold-induced changes in the anatomical and
phenological properties of vascular tissues are used as starting points to discuss how
low temperatures might affect phloem formation at the treeline and how this conductive
tissue might adaptively respond to this growth-limiting environmental variable. Data
currently available suggest that low temperatures lead to changes in the anatomy
and phenological development of the phloem. In order to ensure the functionality of
the phloem and thus the survival of trees at the high-elevation treeline, appropriate
adaptations to the prevailing low temperatures are therefore to be expected and are
discussed in this review.

Keywords: adaptation, intra-annual phloem formation, low temperature, phloem anatomy, phloem transport,
phenology, tree growth, treeline

INTRODUCTION

Phloem is a highly complex vascular tissue that performs numerous functions for the growth and
survival of trees. The long-distance transport of both phytohormones and RNAs as information
signals between above- and belowground tissues (Lacombe and Achard, 2016; Kondhare et al.,
2021) and carbohydrates as nutrients from source to sink (Savage et al., 2016) are considered to be
important key functions, enabled by the anatomical properties of phloem (Schulz and Thompson,
2009; Knoblauch and Oparka, 2012; Liesche et al., 2015). The characteristics of the phloem in
trees differ from those in herbaceous plants (for more details see De Schepper et al., 2013 and the
literature therein). Phloem transport occurs along three functional units (i.e., collection, transport,
and release phloem) via sieve cells and sieve tube elements in gymnosperms and angiosperms,
respectively (van Bel, 2003; De Schepper et al., 2013). The water required for phloem transport
is provided by the radial connection to the xylem via ray parenchyma (Box 1; Hölttä et al., 2009;
Pfautsch et al., 2015; Sevanto, 2018). In this process, ray parenchyma cells provide not only the
radial transport of water and carbohydrates between xylem and phloem (van Bel, 1990) but also
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in and out of the axial parenchyma tissue (Pfautsch et al.,
2015). Sieve elements and companion cells are laterally connected
via sieve areas consisting of several sieve pores. Axially, sieve
elements are connected by sieve areas in gymnosperms, which
form a sieve plate with large sieve pores in angiosperms (Liesche
et al., 2017). During the growing season, there is a transition
from early phloem cells with wide lumen that have a conducting
function to late phloem cells with narrow lumens that primarily
have a storage function (Gričar et al., 2021). These phloem cells
are separated by a band of axial parenchyma cells (Figure 1;
Gričar and Čufar, 2008).

Although both the xylem and phloem arise from radial cell
division of the cambium (Larson, 1994), the formation of both
tissues is not synchronous and is driven by different factors
(Prislan et al., 2013; Gričar et al., 2015, 2021). In contrast to
the xylem, the phloem was found to be less susceptible to
environmental influences and mainly endogenously controlled
(Alfieri and Evert, 1968; Rosner et al., 2001; Gričar and Čufar,
2008; Prislan et al., 2013; Swidrak et al., 2014; Miller et al.,
2020; Gričar et al., 2021). Even before the reactivation of cambial
activity after dormancy, phloem formation starts with expansion
and differentiation of overwintered phloem cells (Alfieri and
Evert, 1968, 1973; Antonova and Stasova, 2006; Gričar and Čufar,
2008). After the reactivation of the cambium, the onset of phloem
cell production precedes xylem production by approximately
2–3 weeks (Alfieri and Evert, 1968; Antonova and Stasova, 2006,
2008; Swidrak et al., 2014; Jyske et al., 2015), due to the short
functional life span of sieve cells of 1–2 years before they collapse
(Evert, 2006).

Because climate change strongly affects tree growth and the
phloem fulfills important functions in carbon allocation, phloem
anatomy and phenology gained increasing importance in the
last decade (e.g., Liesche et al., 2015, 2017; Miller et al., 2020;
Gričar et al., 2021). Surprisingly, no studies were published yet
dealing with intra-annual development and anatomy of phloem
cells at high-elevation treeline sites, where trees reach their
uppermost distributional limit due to temperature constraints
on tree growth. Globally, trees at high-elevation treelines are
exposed to seasonal mean air temperature between 5.5 and
7.5◦C (Körner, 1998). In this brief review, we will evaluate
possible adaptations in phloem phenology and anatomy under
low temperatures.

TEMPERATURE LIMITATION OF TREE
GROWTH AT HIGH ELEVATIONS

Low temperatures are considered to be the main reason for
the upper distributional boundary of trees (e.g., Körner and
Paulsen, 2004; Rossi et al., 2007; Caccianiga et al., 2008; Körner,
2015). Only a few taxa are able to reach the uppermost high-
elevational limit for trees – the treeline – which is a conspicuous
climate-driven ecological boundary and occurs worldwide at high
elevations (Körner, 2012). In the temperate climate zone, conifers
of the genera Pinus, Larix, and Picea, as well as tree species
belonging to Betulaceae and Fagaceae, are among the most
successful tree taxa dominating at the high-elevation treeline

(e.g., Körner and Paulsen, 2004; Caccianiga et al., 2008; Körner,
2012; Leuschner and Ellenberg, 2017).

At high elevations, the meristem activity, i.e., cell division,
enlargement, and differentiation, is more sensitive to low-
temperature conditions prevailing during the growing season
than photosynthesis. The “carbon-sink-limitation hypothesis” is
currently the most widely accepted hypothesis for explaining
the formation of treelines (e.g., Körner and Paulsen, 2004; Rossi
et al., 2007; Körner, 2015). While photosynthesis is still active at
temperatures near the freezing point (e.g., Häsler, 1982; Weng
et al., 2005), the exponential increase in cell doubling time below
c. 5◦C causes the upper elevational limit for the occurrence of
trees (Körner, 2003, 2015). Numerous studies revealed that both
aboveground and belowground growth is strongly reduced at
temperatures below 5◦C (Häsler et al., 1999; Alvarez-Uria and
Körner, 2007, 2011; Rossi et al., 2007, 2008; Schenker et al.,
2014). All growth processes, i.e., root, radial stem, and shoot
growth as well as budburst, and subsequent leaf and flower
development require water, carbon compounds, nutrients, and
hormones via the vascular system, i.e., phloem and xylem (Savage
and Chuine, 2021). Several findings have already demonstrated
the effects of low temperatures on the xylem, i.e., reductions
in wood formation, cell diameter, and cell wall thickness (e.g.,
Rossi et al., 2007, 2008; Castagneri et al., 2017; Babushkina et al.,
2019). Therefore, it is necessary to consider low-temperature
influences at high elevations on the anatomical characteristics
and phenology of the phloem to comprehensively understand
temperature-induced growth limitation.

ARE CARBON AVAILABILITY AND
PHLOEM TRANSPORT REDUCED AT
THE HIGH-ELEVATION TREELINE?

A continuous supply of carbohydrates is essential for tree growth
(Cuny et al., 2015; Deslauriers et al., 2016), especially under
extreme climatic conditions prevailing at the treeline. Several
authors have shown that photosynthesis is less limited by low
temperatures than growth (Grace et al., 2002, for a review,
see Körner, 2015). Larcher (2003) reported that photosynthetic
production in evergreen conifers commences at temperatures
between −5 and −3◦C. An excess of these assimilates are stored
as non-structural carbohydrates (Box 1; NSC) like starch and
other carbon compounds (sugar, alcohol, lipids, proteins) which
can be later mobilized for growth, development, and regeneration
(Palacio et al., 2014). Several studies have shown an increasing
trend in the content of NSC in leaves, stem, and root along an
elevational transect, i.e., decrease in air temperature, up to the
treeline (e.g., Hoch et al., 2002; Hoch and Körner, 2003, 2009;
Gruber et al., 2011). An increase in NSC storage is considered as
an immediate physiological response to low temperatures and to
compensate for the imbalance between carbon production and
demand (Hoch and Körner, 2012).

As mentioned above, root growth decreases at temperatures
below 5◦C (Alvarez-Uria and Körner, 2007, 2011; Schenker et al.,
2014). However, at the treeline, reduced nutrient availability due
to low nutrient mineralization rates (e.g., Meentemeyer, 1977)
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BOX 1 | Glossary of terms.
Axial parenchyma: Longitudinally arranged parenchyma cells for vertical transport and storage of carbohydrates.
Callose: Polysaccharide (β-1,3-glucan) found in cell walls of higher plants; involved in phloem transport and deposited as response to injury.
Companion cells: Specialized nucleated parenchyma cells regulating transport of substances in and out of sieve elements.
Early phloem: First formed phloem cells with large diameter primarily for transport of substances.
Initial early phloem: Undifferentiated overwintering cells formed at the end of the previous growing season, which differentiate to early phloem in spring.
Late phloem: Formed after early phloem with narrow diameter primarily for storage.
Non-structural carbohydrates: Comprise primarily soluble sugars and starch; provide substrates for growth, metabolism and osmoregulation.
Sieve area: Are developed in axial and lateral cell walls between sieve elements and between sieve elements and companion cells, respectively.
Sieve elements: Enucleate functional units for phloem transport connected via sieve plates and/or sieve areas.
Sieve plate: Are developed in angiosperms in transverse cell walls between axial connected sieve elements (cf., Figure 1).
Sieve pores: Pores lined with callose within sieve areas and sieve plates (cf., Figure 1).
Ray parenchyma: Radially arranged parenchyma cells for storage and lateral transport of water and carbohydrates between xylem and phloem.

as well as cold-related physical constraints in water and nutrient
uptake from soil to root (Weih and Karlsson, 2001, 2002) require
appropriate adaptive responses for an efficient nutrient uptake.
In this regard Hertel and Schöling (2011) found an increase of
fine root biomass with elevation in Norway spruce (Picea abies)
resulting in a higher root to shoot ratio. Additionally, Kubisch
et al. (2017) demonstrated an accelerated fine root turnover and
higher production rate in Pinus cembra under soil temperatures
lowered by self-shading, which underpin the previous results.
This implies both a sufficient carbon availability and an efficient
phloem transport in favor of root growth to ensure an adequate
nutrient uptake at the treeline. Hence, phloem is able to remain
functional even at the world’s highest treeline formed by Polylepis
sp. at c. 5,000 m a.s.l. (Hoch and Körner, 2005).

EXPECTED ADAPTATIONS OF PHLOEM
ANATOMY AND PHENOLOGY AS A
RESPONSE TO EXTREME CLIMATE
CONDITIONS AT THE HIGH-ELEVATION
TREELINE

In field experiments, several authors found that phloem
formation and anatomy are less responsive to variability in
environmental conditions compared to the xylem (Alfieri and
Evert, 1968; Rosner et al., 2001; Gričar et al., 2014; Swidrak et al.,
2014; Miller et al., 2020). However, extreme climate conditions
might impair intra-annual phloem formation and/or phloem
anatomy which would adversely affect carbon transport and
dependent metabolic processes such as growth and development
(e.g., Savage and Chuine, 2021). Salmon et al. (2019) described
in detail the anatomical constraints of phloem under severe
drought, whereas species-specific effects on phloem anatomy at
low soil water availability were shown by Epron et al. (2019). This
raises the question of how low temperatures can affect phloem
formation and anatomy.

In a cooling treatment in the field, it was found that low
temperatures (9–11◦C) resulted in reduced cambial activity,
indicated by a lower proportion of latewood in Picea abies, while
the phloem anatomy and width of growth increments remained
unaffected (Gričar et al., 2006). However, long-term cooling of a
stem portion of Picea abies caused not only a significant reduction
in cambial activity but low temperatures also led to anatomical

alterations on the phloem side (Gričar et al., 2007). Specifically,
early phloem was less affected, but the tangential band of axial
parenchyma separating the early and late phloem was no longer
continuous and the number of late phloem cells was reduced.
Similar results were found at mid-elevation sites in Picea abies
(1,200 m a.s.l.; Gričar et al., 2015, 2021). Based on these studies,
it can be expected that comparable effects occur at the high-
elevation treeline (Figure 1).

Does the Temperature-Induced
Reduction in Cambial Activity Also Affect
Phloem Anatomical Features?
Based on several studies on coniferous species, temperature-
induced changes in xylem anatomy affect cell size, as well as cell
wall thickness, the latter being related to carbon mobilization
and deposition rates (e.g., Rossi et al., 2008; Lupi et al., 2010;
Körner, 2012). Castagneri et al. (2017) and Babushkina et al.
(2019) demonstrated along an elevational gradient, that low
temperatures especially at high elevations are one of the key
climatic factors affecting xylem cell enlargement and cell wall
deposition, which subsequently are reflected in a reduction
of cell diameter and cell wall thickness. Similar effects on
phloem anatomy are to be expected at the treeline, where low
temperatures prevail during the growing season (Figure 1).
Moreover, it should be noted that possible low-temperature
effects on phloem formation and anatomy may impair the carbon
transport in some tree species. Liesche et al. (2015) demonstrated
in their study a lower phloem transport rate in narrow sieve
cells of gymnosperms compared to angiosperms, which supports
this assumption. Additionally, Pfautsch et al. (2015) reported
that phloem sap becomes increasingly viscous with decreasing
temperature, which additionally increases resistance in phloem
transport. Because at high elevation xylem cells were found to be
highly vulnerable to cavitation (Mayr et al., 2002, 2003), impaired
phloem transport could also have an impact on the repair of
embolized xylem cells (cf., Pfautsch et al., 2015).

How Can Phloem Transport Efficiency Be
Ensured Under Low Temperatures
Prevailing at the High-Elevation Treeline?
Several findings conducted at mid-elevation sites (1,200 m
a.s.l., Gričar et al., 2014, 2015, 2021; Miller et al., 2020)
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FIGURE 1 | Schematic illustration of known and assumed low-temperature effects on phloem anatomy and formation along an elevational transect. Upper graphic:
Current studies dealing with environmental influence on the phloem conducted at different elevations. Below: General phloem structure at low-elevation sites,
alterations caused by decrease in temperature at mid-elevation sites, and effects and possible phloem adaptations at the high-elevation treeline. Low elevation, top:
Annual phloem ring exemplified by Picea abies after Gričar and Čufar (2008) consist of early phloem (EP) with initial early phloem (IEP), the continuous tangential
band (BAP) of axial parenchyma cells (AP), late phloem (LP) with adjacent cambial zone (CZ) and latewood tracheids (LW); bottom: phloem cells (axial view) with
lateral sieve areas (LSA) and sieve pores (SPo), as well as axial sieve areas (SA) in conifers (right) and sieve plates (SP) with larger sieve pores in angiosperms (left),
respectively.

indicate plasticity in phloem formation, i.e., the ability to
adapt structurally to ensure optimal function under local
environmental conditions. Phloem cells show a tip-to-base
widening (Jyske and Hölttä, 2015; Ryan and Robert, 2017),

and to compensate for the smaller conducting area the
number of conduits per unit phloem area increases (Jyske
and Hölttä, 2015). Due to aerodynamic coupling of the
shoot to the macroclimate, height growth at the treeline is
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more strongly restricted than radial stem growth (Hoch and
Körner, 2005; Körner, 2012; Wang et al., 2012). Therefore,
it can be assumed that phloem responds with an increase
in cell density resulting in an increased ratio of early to
late phloem cells for better conductivity. The priority of the
early phloem as the conductive part over the late phloem
(storage) is shown by its robustness to environmental influences
and underpins its greater importance for the survival of
trees (Larson, 1994; Gričar et al., 2015, 2021). Temperature-
related changes in radial dimension (lumen) of initial early
phloem (Box 1; i.e., first tangential rows of cells at the
phloem growth ring boundary formed in the previous year)
and late phloem cells (Gričar et al., 2015), as well as a
seasonal variability in length of sieve elements and axial
parenchyma (Jyske et al., 2015), suggest an adaptive change in
cell size for an efficient conductivity under low temperatures.
Furthermore, several authors reported a decrease in cell
wall thickness in earlywood and latewood tracheids at mid
elevations (1,260 m a.s.l., Gindl et al., 2001; 1,200 m a.s.l.,
Gričar et al., 2015), and a similar effect in sieve cell wall
thickness could be conceivable as another way to increase
the sieve cell lumen diameter at high elevations. However,
the conductive capacity of the phloem at the treeline may
be favored not only by adaptations in the aforementioned
anatomical traits but also by an increase in sieve pore size
and frequency along the pathway (Mullendore et al., 2010).
Sieve pores can be lined with callose or nearly occluded with
it, which may play a significant role in transport regulation
through the symplast (Neuberger and Evert, 1975; Knoblauch
and van Bel, 1998). Callose is deposited as a response to
cell injury, senescence, or dormancy (Evert, 1990) whereby
not all pores are sealed with it (Montwe et al., 2019;
Prislan et al., 2019). Due to the prevailing extreme climate
conditions at the high-elevation treeline, less callose might
accumulate as a temperature-dependent response to increase
sieve pore size and create less resistance to ensure phloem
transport capacity (cf., McNairn, 1972). Because of the severely
time-limited lifespan of sieve elements, the priority for tree
survival is in phloem production while xylem thickness can
be reduced or become discontinuous (Evert, 2006). Especially
under extreme environmental conditions, this is reflected in a
lower xylem to phloem ratio (Larson, 1994; Plomion et al., 2001;
Gričar et al., 2009).

Phenological adaptations can also influence anatomical
properties of vascular tissues in favor of functional capacity,
as demonstrated by Cuny et al. (2019). It became apparent,
that in cold environments xylem differentiation rate (i.e.,
cell elongation and cell wall thickening) decreased but to
mitigate the influence of low temperatures the duration of
these processes was extended. Miller et al. (2020) reported a
delay in the transition from early to late phloem in Picea
abies along an elevational gradient extending from 450 m
to 1,250 m a.s.l., which was related to the onset of cambial
activity, cell production rate, and the number of cells in
the early phloem. Findings in this study also provide the
first evidence that in contrast to xylem formation (e.g., Rossi
et al., 2006) maximum phloem cell production rate does

not coincide with the summer solstice. These results suggest
that at the high-elevation treeline the maximum phloem
growth rate may shift to the warmest period instead of being
controlled by photoperiod or endogenous factors. Furthermore,
it is conceivable that more overwintering phloem cells are
formed or that phloem cells remain functional for more than
one to two growing seasons, which would correspond to
the observations of Holdheide (1951). Hence, adaptations in
intra-annual phloem formation and anatomy in response to
low temperatures and climate extremes (e.g., the occurrence
of frost drought) prevailing at the high-elevation treeline
are to be expected (Figure 1; cf., Agusti and Greb, 2013;
Gričar et al., 2015, 2021; Miller et al., 2020). This would
also entail a shift from endogenous to exogenous control of
phloem formation.

AREAS OF FUTURE RESEARCH

Expected adaptations of phloem phenology and anatomy
induced by extreme climatic conditions prevailing at
the high-elevation treeline are shown in Figure 1. In
order to understand the effects of low temperatures on
the phloem at high elevations, several questions need to
be clarified, e.g., (i) How does phloem phenology and
anatomy adapt to climate extremes (e.g., cold summer
with shortened growing period, early or late frost events)
at the treeline? (ii) To what extent is phloem transport
capacity and efficiency affected by low temperatures?
(iii) Is tip-to-base widening occurring at treeline (cf.,
Jyske and Hölttä, 2015; Ryan and Robert, 2017)? (iv)
Are there organ specific differences in phloem formation
and anatomy, e.g., in branches (twigs) vs. roots due to
exposure to different temperature regimes, i.e., high vs.
low daily temperature variability? (v) How sensitive is
phloem formation to environmental stress (e.g., frost
drought) within the treeline ecotone? (vi) Is there a year-
to-year variability in phloem formation depending on
weather conditions or does endogenous control of phloem
formation also predominate at the high-elevation treeline?
A combination of high measurement frequency and long-
term observations in the field together with field chilling
experiments, laboratory manipulations, and histo-anatomical
analyses will be necessary to answer these questions. As there
are differences in phloem anatomy between gymnosperms
and angiosperms (Jensen et al., 2012; Liesche et al., 2015,
2017) the question arises if species-specific adaptations
regarding phloem anatomy and/or phenology at the
high-elevation treeline occur.

CONCLUSION

Phloem fulfills important functions for tree growth and
development (Hölttä et al., 2009; Pfautsch et al., 2015;
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Sevanto, 2018). However, compared to the xylem much
less is known about the influence of growth-limiting
temperatures at high elevations on the anatomy and intra-
annual formation of the phloem. Therefore, to advance our
knowledge about the characteristics of phloem tissue at the
high-elevation treeline, field and experimental studies are
urgently needed. This review is intended to highlight the
existing gaps in knowledge regarding phloem adaptation to
extreme climate conditions prevailing at the high-elevation
treeline and to serve as a stimulus to open up a new
area of research.
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variation in xylem and phloem formation in Fagus sylvatica from two
contrasting sites. Agric. For. Meteorol. 180, 142–151. doi: 10.1016/j.agrformet.
2013.06.001
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