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Abstract

On-going climate change is increasing the risk of drought stress across large areas worldwide. Such drought
events decrease ecosystem productivity and have been increasingly linked to tree mortality. Understanding
how trees respond to water shortage is key to predicting the future of ecosystem functions. Phloem is at the
core of the tree functions, moving resources such as non-structural carbohydrates, nutrients, and defence and
information molecules across the whole plant. Phloem function and ability to transport resources is tightly
controlled by the balance of carbon and water fluxes within the tree. As such, drought is expected to impact
phloem function by decreasing the amount of available water and new photoassimilates. Yet, the effect of
drought on the phloem has received surprisingly little attention in the last decades. Here we review existing
knowledge on drought impacts on phloem transport from loading and unloading processes at cellular level to
possible effects on long distance transport and consequences to ecosystems via ecophysiological feedbacks.
We also point to new research frontiers that need to be explored to improve our understanding of phloem
function under drought. In particular, we show how phloem transport is affected differently by increasing
drought intensity, from no response to a slowdown and explore how severe drought might actually disrupt the
phloem transport enough to threaten tree survival. Because transport of resources affects other organisms
interacting with the tree, we also review the ecological consequences of phloem response to drought and
especially predatory, mutualistic and competitive relations. Finally, as phloem is the main path for carbon from
sources to sink, we show how drought can affect biogeochemical cycles through changes in phloem transport.
Overall, existing knowledge is consistent with the hypotheses that phloem response to drought matters for
understanding tree and ecosystem function. However, future research on a large range of species and

ecosystems is urgently needed to gain a comprehensive understanding of the question.

Keywords : allocation, water stress, mortality, long-distance transport, climate change
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Introduction

On-going global climatic changes will increase the frequency and intensity of drought spells worldwide (Dai
2013) which, in turn, will significantly impact terrestrial vegetation and limit ecosystem net primary
productivity (Ciais et al. 2005; Zhao and Running 2010). Trees are long lived species, and their ability to shift
their life cycle to avoid drought events like annual plants is limited. Thus, they need to adapt to survive.
However, extreme global-change-induced droughts, especially when coupled with increasing temperatures,
are believed to overcome tree adaptive abilities thereby inducing vegetation die-offs (Breshears et al. 2005;

Allen et al. 2010).

Two main non-mutually exclusive mechanisms for drought-induced mortality have been proposed in
the past: carbon starvation and hydraulic failure (McDowell et al. 2008). While evidence for hydraulic failure
seems widespread (Anderegg et al. 2015a; Adams et al. 2017), results from experiments and observations are
less compelling regarding carbon starvation (Hartmann 2015; Korner 2015; Adams et al. 2017). This is mostly
because carbohydrate reserves have been measured in fewer studies than hydraulic failure, and no clear
mechanisms for why remaining carbohydrate reserves at plant mortality vary so widely have been identified
(Sevanto et al. 2014). Several studies, however, have highlighted the high integration of carbon and water
related mechanisms underlying tree responses to drought (O'Brien et al. 2014; Sevanto et al. 2014; Mencuccini
et al. 2015; Salmon et al. 2015). Because phloem transport depends on the balance between carbon and water
fluxes in plants (see below) it has been proposed as an important determinant of plant susceptibility and
responses to drought (Sala et al. 2010; McDowell et al. 2011; Sevanto 2014; Sevanto 2018), even if
experimental evidence of phloem failure during drought remains scarce due to the challenges in studying this
sensitive, highly reactive tissue (Sevanto et al. 2014; Savage et al. 2016; Dannoura et al. 2019). Therefore,
phloem transport was recently identified as a key focus area for better understanding and predicting tree

mortality during drought stress (Hartmann et al. 2018).

Besides the destructive impacts of strong and exceptional droughts, milder and non-lethal droughts are
also likely to influence plant fitness, shape future plant communities, and alter ecosystem goods and services.
Such drought stress is known to affect carbohydrate allocation and transport rate (Ruehr et al. 2009; Barthel et
al. 2011) and therefore it inevitably impacts the whole tree and ecosystem carbon balance (Briiggemann et al.
2011). Trees adapted to dry conditions exhibited higher root-to-shoot ratio and deeper root systems (Mokany
et al. 2006; Poorter et al. 2012). The transfer of recent photoassimilates belowground and their allocation to
root growth and mycorrhiza are therefore tightly coupled to the ability of trees to access limited soil water and
nutrients (Lehto and Zwiazek 2011; Brunner et al. 2015). The phloem represents the main pathway from carbon
source to carbon sinks in plants and ecosystems, and translocates up to 80% of assimilated carbon as non-
structural carbohydrates away from the leaves to be used in other plant parts (Lemoine et al. 2013). Phloem

also carries nutrients and defensive and signalling compounds within the plant (Van Bel 2003), which are
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involved in tree interactions with their biotic environment. Lowered phloem transport rates under drought

would inevitably influence all these processes.

The development of new methods for laboratory experiments such as position emission
tomography(PET, Hubeau and Steppe 2015), picogauge tissue pressure measurements (Knoblauch et al. 2014)
and magnetic resonance imaging (MRI, Windt et al. 2006) has allowed progress in studying phloem transport
in non-woody plants. However, phloem transport, and the interplay between its structure and function still
remains poorly understood (Savage et al. 2016) because of the challenges in studying phloem in woody plants
and in any plants under field conditions. Because of these experimental limitations, modelling approaches have
proven particularly useful (Box 1) to test hypotheses related to phloem response to changes in a tree’s
environment. However, despite numerous models of phloem transport (Tyree et al. 1974; Minchin et al. 1993;
Thompson and Holbrook 2003; Holtté et al. 2006; Jensen et al. 2011), effects of drought on phloem transport
have received attention only in the last few years (Sevanto 2014 and 2018), and only few studies have included
the impacts of drought (but see McDowell et al. 2013; and Mencuccini et al. 2015 for recent insights in such

attempts). Therefore, a comprehensive understanding of phloem response to drought is still lacking.

Here we review existing knowledge from experimental and modelling studies on trees that investigated
(D) the effect of drought on phloem and (II) its consequences for tree function and ecosystem processes. We
focus on the current knowledge of how drought (1) limits phloem loading; (2) limits phloem unloading, (3)
slows phloem transport and (4) impairs phloem defences. We discuss how a disruption of phloem transport
may (5) play a role in tree drought-induced mortality, (6) enhance pest and pathogen damage, and (7) decrease
tree ability to maintain symbiotic relation despite the potential cost in terms of fitness. Finally, based on our
understanding of phloem role in tree and ecosystem function, we identify research frontiers that require

exploration to improve our understanding of phloem response to drought.

Box 1: The basis of phloem function and transport

It is now widely accepted that phloem transport can be explained by the pressure-flow model, the so-called
Miinch theory (the origin of which are presented by Knoblauch and Peters 2010; Knoblauch et al. 2016).
Briefly, soluble carbohydrates (mainly sucrose) released by sources (mainly the leaf mesophyll and some
storage tissues) are loaded into the phloem, thereby increasing the carbohydrate concentration in the sieve
element — companion cell complex (SECCC). The resulting increased osmotic pressure (lower osmotic
potential) draws water from the nearby xylem and surrounding tissues into the phloem, resulting in an
increased turgor pressure in the sieve elements near the source. Near the sink (respiring cells,growing or
storage tissue), carbohydrates are unloaded from the phloem to the sink organs. This decreases the osmotic
pressure (increases osmotic potential), and water moves from the phloem into other tissues or back into the

xylem. Consequently, the turgor pressure in the sieve elements drops near the sink organs. The gradient in




turgor pressure, from near the source to near the sink, then drives the flow of sap (water and carbohydrates)

through the phloem (Figure 1).

The mechanisms of carbohydrate loading in the phloem of leaves has been widely investigated
(Gamalei 1991; van Bel and Gamalei 1992; Rennie and Turgeon 2009; Turgeon 2010; Davidson et al. 2011;
Liesche 2017) and three main types of loading strategies have been identified: (1) Active apoplastic: sucrose
diffuses from the mesophyll into cells in the close vicinity of the SECCC (apoplast of phloem parenchyma
cells), where they are actively loaded by selective transporters to the SECCC. This mechanism allows for
higher carbohydrate concentrations in the phloem than in the surrounding mesophyll resulting in a lower
osmotic potential. (2) Passive symplastic: sucrose moves passively through plasmodesmata within the
symplast from the mesophyll to the sieve elements along a concentration gradient, with some possible
regulation by the plant, for example through possible changes in plasmodesmata permeability (Liesche
2017). And (3) Polymer trapping: sucrose diffuses from mesophyll cells to intermediary cells, where it is
polymerized to raffinose and stachyose. Raffinose and stachyose cannot diffuse back to the mesophyll as
they are too big to pass the plasmodesmata, but they can diffuse to the sieve elements through larger
plasmodesmata. This creates a one-way flow of carbohydrates to the intermediary cells and increases the
carbohydrate (raffinose and stachyose) concentration gradient between the sieve tubes and the mesophyll.
This allows for an accumulation of sugar by passive diffusion from the mesophyll into the phloem conduits.
The majority of passive loading species are woody species (trees and shrubs, Davidson et al. 2011; Liesche

2017), but not all woody species rely on passive phloem loading.

At the unloading end of phloem transport, two types of mechanisms have been identified in sink
organs: (1) symplastic or (2) apoplastic unloading. The mechanisms seem to be sink specific, with, for
example, unloading in meristems following a symplastic way, while seeds receive phloem sugars
apoplastically (Milne et al. 2018). However, most of the knowledge on phloem unloading is based on crops

and information on trees is scarce.

Direct measurements of phloem transport or its driving gradients in turgor pressure have so far
mostly been conducted with small seedlings under laboratory conditions (Knoblauch et al. 2016; Savage et
al. 2017). Therefore, much of what we understand of phloem transport comes from modelling and indirect
measurements such as those of changes in living bark diameter (Mencuccini et al. 2013) or difference in
time lags observed at different positions along the stem in respired *CO, after pulse labelling (Dannoura et
al. 2011; Epron et al. 2012; Epron et al. 2016). Modelling and theoretical studies suggest that parameters
affecting phloem transport efficiency are phloem and xylem axial hydraulic conductivity, radial hydraulic
conductance, and the amount of phloem and xylem tissue (Holttd et al. 2009). In addition, the elasticity of
the phloem sieve tubes plays a role in a dynamic version of a phloem transport model, as it determines the
ratio between the change in phloem water content and phloem turgor pressure. Also, local loading and

unloading of solutes along transport phloem (Figure 1, also known as “leaky phloem™) could compensate
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for short term changes in either source and sink activity or water status (Liesche and Schulz 2018). In fact,
phloem sieve tubes have been found to be leaky at least in some species (Minchin et al. 1983; Minchin and
Thorpe 1987; De Schepper et al. 2013; Epron et al. 2016). However, a leaky phloem and the dynamics of
solute unloading and reloading has rarely been incorporated into models (for two notable exceptions, see
the work of Cabrita et al. 2013; Minchin and Lacointe 2017). Due to the length of the phloem transport
pathway in trees, it has been asked whether the simple pressure flow mechanism could be sufficient to insure
efficient phloem flow (Ryan and Asao 2014) because only a limited turgor pressure difference can be built
up between the source and sink ends of the phloem before the concentration of sugars that would be needed
near the source would increase viscosity to a point where phloem transport would be impaired. Recent
evidence however suggests that anatomical adaptations, even in gymnosperms, are sufficient to explain

phloem transport in the Miinch framework (Savage et al. 2017; Liesche and Schulz 2018).

Modelling phloem flow itself is not very challenging as it obeys the laws of physics. However,
setting realistic values for phloem loading and unloading and the different parameters needed for such
models is a major challenge (Minchin and Lacointe 2017) given the lack of experimental data. Furthermore,

how much these parameters can vary spatially, temporally and among species is also unknown.

How does drought affect phloem function in trees?

Potentially, drought impacts on all tree processes requiring energy (i.e., carbohydrates) and their interactions
(Figure 2) are integrated in phloem function. Little is known about how drought influences the biochemical
processes of loading and unloading in trees. Nonetheless, existing knowledge about carbohydrate
concentration dynamics in source and sink tissues allows to draw some conclusion about the likely effects of
drought on phloem function. Here we review existing knowledge about the main processes affecting phloem

function during drought: loading, unloading, transport and defences (Table 1 and Table 2).

Does drought impair phloem loading through changes in source activities?

There are several reasons why during drought carbohydrates may become less available to be transported from
leaves to other parts of the plant slowing down phloem loading and transport (Figure 2). Generally, trees close
stomata in response to drought in order to limit water loss through transpiration. Consequently, photosynthesis
is also impaired by drought leading to a decrease in the amount of carbon assimilated and thus potentially
available for export to the phloem (McDowell 2011). Nevertheless, although this has not yet been documented,
differences between species located at the opposite ends of the isohydric-anisohydric continuum can be
expected. In the more anisohydric trees, leaf growth is more sensitive to drought than photosynthesis (Hsiao
et al. 1976; Hummel et al. 2010). Therefore, one may expect that in the absence of other leaf-level carbon sinks
more carbohydrates may be available for export under mild drought conditions resulting in only small or no
effect on phloem loading. While leaf respiration often decreases during drought, maintenance respiration is

less sensitive to drought than photosynthesis and the ratio of photosynthesis to leaf respiration is thought to
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decrease (Flexas et al. 2006; Atkin and Macherel 2009). This could potentially reduce the amount of
carbohydrates available for export and should therefore also affect phloem loading rate (Figure 2). Which one
of these occurs first and influences loading rates most depends on the plant species and severity of drought.
Accumulation of soluble organic compounds for osmotic adjustment in leaves is considered the main process
that competes with phloem loading by reducing the amount of carbohydrates available for export (van Bel and
Gamalei 1992). Accumulation of hexoses at the expense of sucrose was observed in oak leaves under drought
(Epron and Dreyer 1996), while more specific soluble organic compounds (e.g. cyclitols) may accumulate in

other species such as pine or eucalypts (Nguyen and Lamant 1988; Arndt et al. 2008).

Drought may also change the partitioning of available carbohydrates within the leaf and increase production
of defensive or protective compounds (Figure 2). The fraction of photosynthetic carbon lost as isoprene has
been found to increase with drought (Figure 2) in several isoprene emitting tree species (Pegoraro et al. 2004;
Brilli et al. 2007). Isoprene emission protects leaves against elevated temperature (Sharkey et al. 2008), which
often occurs under drought because stomatal closure limits the evaporative cooling of foliage. Drought also
promotes the accumulation of secondary metabolites such as condensed tannins in foliage (McKiernan et al.
2016) thereby immobilizing some carbon in the leaf (Figure 2). Maintaining or enhancing the content of
secondary metabolites may be needed to protect leaves against other drought-related abiotic stresses such as
photoinhibition and high temperature, and biotic stresses such as attacks by pathogens and herbivores
(Niinemets 2016, see below). However, both isoprene emission and synthesis of secondary metabolites may

potentially decrease under severe drought with a decrease in available carbohydrates.

The need for osmotic adjustment and synthesis of secondary metabolites could explain all or part of
the observed increase in *CO» or "*CO, label residence times in leaves under drought (Ruehr et al. 2009;
Blessing et al. 2015; Dannoura et al. 2019) (See also Table 1). While there is a clear need to better address
how water stress of different intensities and different durations alters carbon partitioning within the leaf
between growth, export, osmoregulation and defence (Desalme et al. 2017), existing knowledge strongly
suggests that the decrease in assimilation, increase in respiration over photosynthesis ratio, and upregulation
of metabolic pathways that result in the formation of volatile compounds, osmotic solutes, and secondary

metabolites decreases the fraction of assimilates available to be loaded in the phloem (Figure 2).

Evidence from non-woody species suggests that the net effect of the competition among these different
carbon sinks in the leaves that challenges phloem loading might differ between plant species and particularly
between phloem loading strategies. While apoplastic loaders may have sucrose concentrations in the sieve
tubes up to several orders of magnitude above those in the mesophyll cells (Ainsworth and Bush 2011), the
passive symplastic pathway requires that the concentration of sucrose is higher in the mesophyll cells than in
the sieve tube for diffusion through plasmodesmata to occur (Rennie and Turgeon 2009)(Box 1). In several
apoplastic, i.e. actively loading species, genes of sucrose transporters are upregulated under drought (Xu et al.

2018). In Arabidopsis, an active loader, it was further shown that these genes were upregulated both in shoots
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and roots, which was thought to account for an enhanced carbon export rate to the roots (Durand et al. 2016).
Less data are available and thus less is known about the regulation of phloem export in passive symplastically
loading species, which are mainly tree species (van Bel and Gamalei 1992; Davidson et al. 2011). Sucrose
transporters in the tonoplast of mesophyll cells control the exchange of sucrose between the vacuole and the
cytoplasm in passive symplastically loading species (Liesche 2017). Gene expression of one of these
transporters was downregulated under water stress in poplar (Frost et al. 2012; Xu et al. 2018), which should
lead to increased sugar sequestration in the vacuole and less carbon export from leaves (Payyavula et al. 2011).
Therefore, the proposition that the apoplastic pathway for phloem loading may be an adaptive response to
drought and low temperature is appealing (van Bel and Gamalei 1992). So far, however, little data are available
regarding loading strategies in trees from different habitats with contrasting environmental conditions and the
probably indirect correlation between loading types and climate is weak and still poorly understood (Van Bel

1992; Davidson et al. 2011).

Does drought affects phloem unloading through changes in sink activities?

Drought effects on sink activities and phloem unloading are far less studied and understood than on source
activities and phloem loading. Plants grown under mild drought generally exhibit higher root-to-shoot biomass
ratios than plants grown under well-watered conditions, either from greater partitioning of photosynthesic
product towards root growth in agreement with the optimal partitioning theory (Bloom et al. 1985) or from
difference in tissues turnover time, or both. This results from a more pronounced reduction in aboveground
growth than in root growth (Lof et al. 2005; Hummel et al. 2010). However, these changes in allocation are
likely species specific and a function of the tree development stage, as no such effect was observed in a mature
beech forest (Meier and Leuschner 2010). Sugar unloading in elongating root tips of Arabidopsis follows a
symplastic route (Oparka et al. 1994). Therefore, turgor maintenance in expanding root cells and changes in
cell wall extensibility (Frensch and Hsiao 1995; Hsiao and Xu 2000) may play a role in sustaining carbon
transfer belowground under mild stress until root elongation stops (Figure 2). Using pulse labelling, an
increased belowground allocation of recent photosynthates has indeed been observed in young beech saplings
under mild drought (Hommel et al. 2016). Thus, despite some variability, existing evidences suggest the
possibility of an increase in phloem unloading under mild drought in root tissues. Root exudation has also been

found to increase under drought (Figure 2), at least under moderate water stress (Reid and Mexal 1977).

Growth is usually one of the first processes to be downregulated (McDowell 2011, and references
therein) or impaired due to higher sensitivity to lower water potential, although trees growing in some very
competitive ecosystems might maintain growth even under intense drought (Rowland et al. 2015). Thus, under
severe drought, the growth of potential sink tissues ceases also suggesting a cessation of phloem unloading in
these tissues (Figure 2), but the results are somewhat ambivalent. Some studies have observed decreasing non-
structural carbohydrate pools belowground with drought (Hartmann et al. 2013b) suggesting decrease in
phloem transport and unloading of new resources. While other studies support the idea of active carbohydrate

storage (see Wiley and Helliker 2012 for more details on the topic) under drought (Hagedorn et al. 2016)

8
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suggesting that phloem transport and unloading is not impaired and active storage might even help maintain
phloem transport by maintaining the osmotic and turgor gradient across the phloem (see Box 1). The
carbohydrate dynamics in sink tissues are necessarily associated with phloem response to drought by (1) the
changes it creates in the driving forces of phloem flow (Box 1), and (2) as a result of phloem transport between
sources and sinks. However, the lack of empirical data on sink responses to drought does not allow making
strong conclusions about phloem unloading responses to severe drought (Figure 2). Consequently, there is an
urgent need to investigate phloem unloading and sink responses to drought across a range of species and plant
functional groups, and a separation of drought effects on biochemistry, carbon availability and tissue growth,
particularly under drought severe enough to strongly limit the carbon sink. Although this kind of studyremain
a challenge in trees, isotope labelling experiments may be designed to specifically address the drought-induced
modulation of the unloading rate of carbohydrates in different types of sink tissue for either supporting growth
(fine root elongation, expanding leaves and twigs, secondary growth of stems or perennial branches and roots)
or for being stored in parenchyma (stems, buds). Similar experiments could also be used to understand how
sink strength and priority among sinks are adjusted under low photoassimilate production in source leaves

during drought.
How does drought affect phloem transport?

Phloem transport velocity has been found to decrease during drought (Ruehr et al. 2009; Dannoura et al. 2019,
see also Table 1 and Figure 2). From a theoretical point of view this can be expected to occur due to at least
three non-mutually exclusive reasons: (1) changes in growth and anatomy of the phloem which constrains
phloem conductivity, (2) changes in balances between phloem loading and unloading which can alter the turgor

gradient driving phloem flow (see Box 1) and finally (3) dynamic changes in phloem properties.
(1) How do drought-induced changes in phloem growth and anatomy affect phloem transport?

The effect of drought on phloem anatomy mostly depends on the timing and length of the drought.
Trees facing short-term drought or drought not concurring with secondary growth experience only little effect
of drought on phloem anatomy, except a potential legacy effect in subsequent growing seasons due to
decreased resource availability. Such an effect on sieve element diameter may last several years owing to the
legacy effect of previous years’ photosynthesis and stored carbohydrates on cambial growth (Berninger et al.
2004; Skomarkova et al. 2006). However, if trees are affected by longer droughts concurrent with phloem
growth, phloem anatomy is likely to be significantly impacted (Table 1). While less is known about the
regulatory factors (e.g. hormones, transcription factors) involved in the development of the phloem cell
compared to xylem cells (Nieminen et al. 2012; Schuetz et al. 2013), phloem formation has long been thought
to exhibit a lower sensitivity to water supply conditions than xylem formation (Grigar and Cufar 2008; Grigar
et al. 2009; Prislan et al. 2013; Swidrak et al. 2014). However, recent evidence suggests that beyond a certain
level of drought stress, phloem formation is also affected by water shortage (Figure 2). Water availability can

affect phloem growth since turgor is the driving force for cell expansion in plants (Lockhart 1965; Holtté et al.
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2010). Under drought, low water potentials reduce cell turgor and impair cell enlargement unless osmotic
adjustment or cell wall loosening compensate for the decrease in turgor (Hsiao 1973; Cosgrove 1993;
Kozlowski and Pallardy 2002; Schopfer 2006). Osmotic adjustment (Figure 2), is known to sustain root growth
and water extraction under mild drought (Frensch and Hsiao 1995), and has been reported in the phloem of
crop plants under drought (Girousse et al. 1996) but to the best of our knowledge has rarely been documented
in trees (Xiloyannis et al. 1999). Modelling studies suggest that xylem water potential influences turgor
pressure in sieve elements (HoIttd et al. 2006; De Schepper and Steppe 2010), and thus, a decrease in water
potential under drought is expected to decrease phloem turgor pressure (Mencuccini et al. 2013; Sevanto et al.
2014) leading to a reduction in the expansion of immature sieve cells originating from the division of cambial
cells (Figure 2). A decrease in phloem loading when stomata close and CO, assimilation is reduced also
contributes to the inability of plants to maintain phloem cell turgor and cambial growth under drought. In
addition to turgor, accumulation of abscisic acid (ABA) is known to suppress cambial growth in trees under

drought (Sorce et al. 2013).

Indeed, the size of phloem cells, including sieve cells, in spruce was shown to be site-specific and
positively influenced by the amount of precipitation (Gricar et al. 2015). Sieve element diameter was also
lower in young beech trees growing under prolonged drought (Dannoura et al. 2019). Such a reduction in sieve
element diameter may have a large impact on phloem transport because in Hagen-Poiseuille flow, hydraulic
conductivity depends on the fourth power of tube radius. Small sieve cells in tall Douglas-fir trees that were
related to a height reduction in shoot midday water potential were the main factor accounting for low phloem
conductivity in tall compared to small trees (Woodruff 2014). Interestingly, an increase in phloem conduit
diameter under drought in pifion pine, and no change in one-seed juniper with ambient and 50% precipitation
removal was found (Sevanto et al. 2018), suggesting that species adapted to drought may be affected less or
differently than species from moist environments. However, we lack experimental data showing whether water
in the phloem comes directly from the xylem or through the phloem parenchyma cells and therefore cannot

directly asses the influence of declining xylem water potential on phloem growth.

The overall ability of the phloem to transport carbon does not only depend on the diameter of sieve
elements and their individual hydraulic conductance but also on the conductance of the whole tissue. The
phloem total conductance is a function of the total number of active sieve elements, and thus of the total area
of the conductive phloem and sieve element density, the number of sieve elements per unit area (Epron et al.
2019). The thickness of the active phloem depends on the production rate of cell initials and the duration of
cambial cell production. Precipitation can positively affect the latter and thus the width of annual phloem
increment (Gricar et al. 2014). The thickness of the active phloem of young beech trees has been shown to be
negatively affected by prolonged drought (Dannoura et al. 2019). However, the total amount of sieve tubes
was not affected resulting in a higher sieve tube density in trees under drought. This higher sieve element
density is consistent with the lower sieve tube diameter mentioned above: the smaller the conduits, the more

can be packed into a given cross-sectional area of conductive phloem (Jyske and Holttd 2015). The influence
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of this more dense packing of smaller conduits on phloem transport capacity depends on the ratio of conduit
diameter vs. number of conduits, and how hydraulically independent the conduits are, which will likely depend
strongly on phloem anatomy of the species in question (Sevanto 2018). In the extreme case of completely
independent conduits, the total transport capacity would be a sum of the conductivity of all conduits and
proportional to the fourth power of the conduit radii (Hagen-Poiseuille law). In the case of high hydraulic
coupling between adjacent conduits, the small conduit radius influences the conductive capacity less than to
the fourth power, and the drought-induced anatomical changes in the phloem might have only a slight effect
on total transport capacity (Sevanto 2014). To shed light on the influence of anatomical changes on phloem
transport under drought, experiments evaluating the water and carbohydrate exchange capacity and flow rates

between phloem conduits in the transport phloem are needed (Sevanto et al. 2011; Stanfield et al. 2017).
(2) How do drought-induced changes in source-sink balances affect phloem transport?

When drought becomes more intense, carbohydrate transport in the phloem can be expected to decrease as
typically both the source (photosynthesis) and at least part of the sink (growth and respiration) activity rates
decrease (Blessing et al. 2016; Hagedorn et al. 2016). Since photosynthesis can be maintained when drought
is intense enough for growth to stop (Pantin et al. 2013; Klein et al. 2014), a sink-limited slowdown of transport
under drought is likely to occur (Lemoine et al. 2013). A slower export of new photoassimilates can feed back
to stomatal regulation of photosynthesis via increased concentrations of soluble carbohydrates and ABA in
leaves (Nikinmaa et al. 2013; Mitchell et al. 2017) and trigger stomatal closure (Ainsworth and Bush 2011).
ABA is transported from leaves to roots in the phloem sap (Hoad 1995) and recirculated to the shoot via the
xylem (Slovik et al. 1995). ABA independently controls root and leaf growth, which affects the ratio between
the two. Since phloem sap concentration of ABA is increased in drought-stressed plants (Hoad 1973), Munns
and Cramer (1996) suggested that leaves regulate root growth by feedforward control via hormonal signals in
phloem sap. On the other hand, reduced phloem transport in drought-stressed trees could lead to an
accumulation of leaf-produced ABA in the foliage of water-stressed trees (Mitchell et al. 2017), exerting a

feedback control on leaf expansion and stomatal conductance.

As drought intensity and duration further increase, most species show a reduction or cessation of
photosynthesis as stomata close in order to decrease the risk of embolism (Li et al. 2016). This can lead to a
source-limited slowdown of phloem transport (Figure 2). From a theoretical point-of-view, this means that the
overall transport need and transport rates of sugars are smaller as drought decreases loading (see above), and
possibly unloading in response to decreased sink activity (growth, respiration, storage, see above). While,
existing evidence clearly shows that changes in tree source-sink balance during drought will lead to a
slowdown of phloem transport (Table 1), we call for systemic studies of sink and source limitations of phloem
transport as a function of drought stress and the possible tipping points when the osmotic and turgor gradients
in the phloem become too small to allow for functional phloem transport. Such data would allow for improved

modelling of phloem response to drought.
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(3) How do drought-induced changes in water balance between xylem and phloem affect phloem

transport?

The degree of osmoregulation needed, and the potential impact of increasing viscosity on phloem transport
depends on how elastic the sieve elements are and how hydraulically isolated the phloem conduits are from
their surroundings. The phloem tissue is known to be rather elastic (low elastic modulus, Kallarackal and
Milburn 1985), and there is experimental evidence in grasses that the sieve element cell walls are more elastic
than companion cell walls (Torode et al. 2018). Difference in sieve element elasticity may also exist between
cell types in the phloem of trees, and among tree species, especially between gymnosperms and angiosperms,
but there are only few attempts to measure elasticity of sieve elements in trees (Lee 1981; Sovonick-Dunford
et al. 1983; Wright and Fisher 1983), and none has addressed its plastic response to drought. Cell wall elasticity
can protect phloem against turgor loss to some extent (Pfautsch et al. 2015) allowing maintenance of turgor
when water is lost to the xylem better than rigid cell walls (balloon effect). However, this comes at the cost of
reduced conductivity due to the decrease in diameter of shrinking cells. Hydraulic connection between phloem
conduits and the adjacent tissues reduces the influence of viscosity on flow resistance by diluting the solution
using water from adjacent tissues (Sevanto 2014). However, to maintain the turgor gradient between the source
and the sink, carbohydrates would need to be loaded to the stream along the pathway. To allow phloem
transport according to the pressure-flow theory, phloem conduit walls cannot be fully impermeable (Minchin
and Lacointe 2005), but the degree of permeability is unknown for most species. Phloem conduit walls in some
trees contain protein markers for aquaporins (Stanfield et al. 2017), which suggests that conduit walls are
permeable to water, and that plants may be able to control the degree of phloem conduit wall leakage

(Chaumont and Tyerman 2014).

There is also clear evidence from labelling experiments (Epron et al. 2016; Furze et al. 2018) that
carbohydrates can be exchanged with surrounding tissues along the phloem (Figure 1). However, data to
parametrize this exchange, understand the dynamics and quantify the responses to drought are lacking (see
Box 1 on the topic of modelling leaky phloem). Thus, we can only speculate about potential effects of a leaky
phloem during drought: On the one hand, it could buffer the effect of drought and help maintain a functional
phloem by allowing regulating the osmotic and turgor gradients driving phloem transport. On the other hand,
if it is an active process requiring energy, it could become impaired as drought progresses and supply of new

photoassimilates would become limited further threatening the ability of trees to maintain a functional phloem.

To reduce the influence of osmoregulatory needs on phloem sap viscosity during drought, plants could
transport carbohydrates that increase viscosity less than sucrose (Lintunen et al. 2016), or use other substances
such as salts to achieve the needed osmoregulation (Grange and Peel 1978; Smith and Milburn 1980). During
water stress the proportion of hexoses and other solutes in the transport phloem has been found to increase in
several species, such as oak, pine, spruce, aspen, birch and Douglas-fir (Woodruff 2014; Lintunen et al. 2016)

(Thompson and Zwieniecki 2005). At a given concentration, dissolved hexose has a smaller viscosity in
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comparison to sucrose, and for dissolved potassium the viscosity is even smaller (Lang 1983; Holtté et al.
2009). Provided that photosynthesis is maintained, the substitution of transport sugars with other osmolytes to
maintain hydraulic equilibrium (i.e. water potential equilibrium) between the xylem and the phloem and
facilitate phloem transport under drought would require sugar storage in leaves while export of
photoassimilates is downregulated. A difference in this capacity between anisohydric tree species doing
photosynthesis at low leaf water potentials and isohydric tree species that close stomata early during drought
has indeed been observed (Dickman et al. 2015), supporting the idea of the importance of lowering the

viscosity effects of the osmolytes by reducing the proportion of carbohydrates among them.

Although not all trees are likely to be equal in terms of the ability their phloem to cope with drought,
available data are still too scarce to differentiate responses according to their growth strategy (e.g. slow
growing versus fast growing species), their phylogenetic position (e.g. angiosperms versus gymnosperms), or
their stomatal behaviour (isohydric versus anisohydric). Although we are largely unaware of these differences
in terms of the effect of drought on phloem transport, overall, exiting evidence points toward phloem ability
to maintain its function under most drought conditions through regulation of phloem conduit wall permeability
and balancing osmoregulation with the resulting increase in viscosity. However, if conditions become too

extreme for maintaining this balance, phloem function might become impaired (see mortality section).
Does drought impact phloem-located defences?

Phloem as a resource-rich tissue is often targeted by pest and pathogens (see below) and thus has evolved
defence mechanisms to cope with such attacks. How these phloem defences are affected by drought is key for

a tree’s ability to maintain a functional phloem and survive drought.

The phloem defence responses of a tree depend on carbon source-sink relationships (see above: how
phloem transport is affected by drought) and relocation of resources, either towards wounded tissues to support
defence or away to protect them from the attackers (Schultz et al. 2013; Savage et al. 2016). Carbon and
nutrient investments in defence could be enhanced during mild drought when growth is impaired but
photosynthesis is still active (Figure 2). However, recent advances in this field challenge the existence of a
trade-off between growth and defence (Porth et al. 2018). Nonetheless, carbon and nutrient investments in
defence are assumed to suffer from carbon limitation during long-lasting drought (Steele et al. 1995; Netherer
etal. 2015; Hartmann and Trumbore 2016), and from changes in plant nutrient uptake and stoichiometry during
drought (see Gessler et al. 2017 for a recent review). Furthermore, the phloem transports both secondary
metabolites such as defence compounds produced in other tissues, and resources for local inducible defences
(Turgeon and Wolf 2009) and is therefore playing a central role in a tree’s ability to respond to biotic attacks.
However, no consistent pattern of resource allocation during biotic attacks has yet emerged from published
results (Schultz et al. 2013). Therefore, how tree defensive systems are traded-off against other vital processes
and are altered under drought is, yet, still a mainly unanswered question. Further research on phloem-located

defence mechanisms during drought should comprise controlled experiments that investigate the interactive
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effects of drought and biotic attacks on phloem function over time. It will be important to focus on the activity
and expression of whole defence-related gene families before expanding on single specific defence compounds
(Wallin and Raffa 2001; Porth et al. 2018). Measurements of anatomical factors alone (e.g. lesion length, cell
enlargement) are likely to not provide a sufficient picture about the trees’ defensive responses (Arango-Velez
etal. 2014). Finally, angiosperm tree species are largely underrepresented in studies on phloem-located defence
to biotic attacks. Yet, given their global ecological and economic importance, there is a need to include more

and more angiosperm tree species in further studies.

Even if the mechanisms underlying phloem defence response to drought are not well understood,
published studies suggest that often, inducible defences (which comprise structural defences e.g., early
lignification of fibers, formation of callus tissues, resin ducts, lesions, or wound periderms, which can directly
influence phloem function (Keeling and Bohlmann 2006) and chemical defences e.g., expression of enzymes,
phenolics, terpenoids, alkaloids and volatile organic compounds (Franceschi et al. 2005; Keeling et al. 2008))
are found to be impaired by drought while constitutive defences (production of a suite of defense compounds
e.g., terpenoids, phenolics, alkaloids, resins, and enzymes such as chitinases) and mechanical adaptations of
the bark (Franceschi et al. 2005) appear to be enhanced (Lorio et al. 1995; Lombardero et al. 2000; Lusebrink
et al. 2011; Gao et al. 2017; Klutsch et al. 2017) (Table 2). For example, genes of both the terpene-synthase
and chitinase families were upregulated in individuals of Pinus banksiana x Pinus contorta under water
limitation (Arango-Velez et al. 2014). It also appears that the secondary phloem, such as polyphenolic
parenchyma cells in conifers, is central to both inducible and constitutive defences (Franceschi et al. 2000;
Franceschi et al. 2005). Additionally, the presence of ABA in the phloem of trees under mild drought might
negatively affect aphid fecundity (Kerchev et al. 2013; Foyer et al. 2016) suggesting the existence of cross-

tolerance to both mild drought and aphids, that requires further investigations.

What are the consequences of phloem response to drought?

The phloem is located at the heart of a complex network of interacting processes (Savage et al. 2016).
Therefore, when its function is impacted by drought, it will have large consequences for the tree and its
environment ranging from changes in carbon allocation within the tree to changes in ecosystem carbon cycling
and tree and forest mortality. There is increasing evidence that changes in phloem physiology under drought
have consequences for the whole community of organisms around the tree. Finally, based on the theoretical
understanding of phloem role and function, research frontiers concerning major consequences of phloem

response to drought arise.
Is the phloem involved in drought-induced mortality?

Even if direct evidence of the contribution of phloem failure to tree mortality is currently lacking, phloem
responses to drought are thought to be important for predicting plant mortality under drought (Sala et al. 2010;
McDowell 2011; Hartmann et al. 2013a; Sevanto 2014; Sevanto et al. 2014; Salmon et al. 2015; Hartmann et

al. 2018). If phloem transport ceases, plant survival time might decline even if the whole plant carbohydrate
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reserves are not completely consumed (Sala et al. 2010) because carbon cannot be delivered to tissues in need.
Currently, there is no direct evidence on phloem transport ceasing or continuing during severe drought, or it
impacting plant survival time, but several indirect evidences point towards a role of phloem in drought

mortality.

The indirect empirical evidence of phloem transport failure comes from detection of severe shrinkage
of phloem tissue prior to mortality (Sevanto et al. 2014), indirect measurement of phloem turgor loss (Salmon
et al. unpublished data), lack of labelled carbohydrate detection in phloem sap and stem respiration after pulse
labelling with either '*C (Dannoura et al. 2019) or ''C (Hubeau et al. 2019), total depletion of carbohydrates
in the roots of Norway spruce, while the canopy does not suffer reserve depletion (Hartmann et al. 2013Db).
While Sevanto et al. (2014) study support the view of phloem turgor collapse and the role of osmoregulation
in maintaining turgor, phloem flow rates were not measured at the time of expected phloem failure (Sevanto
et al. 2014). Consequently, how much shrinkage of phloem tissue or apparent loss of turgor can occur before
transport ceases remains unknown. However, phloem transport could also cease independently of turgor loss,
if the loading and unloading are insufficient to maintain the turgor gradient generating the phloem flow.
Similarly, even if evidence of reduced carbohydrate pools e.g. in root tissue indicate slow or no phloem
transport (Hartmann et al. 2013a; Hartmann et al. 2013b), more direct measurements based on the detection of
labelled carbohydrates (Dannoura et al. 2019; Hubeau et al. 2019) are needed to confirm cessation of transport
in a wider range of tree species, and the possible reasons for it. Intriguingly, in at least some species the effect
of carbohydrate reserves on plant survival time (O'Brien et al. 2014) could arise from varying access to reserves

or varying phloem transport capacity among plants in the same environment (Sevanto et al. 2014).

There are some attempts to evaluate how to model and identify the main limiting factors of phloem
transport under severe drought for different types of plants. The most common view for herbaceous plants
seems to be a model in which conduit walls are permeable to water (i.e., water is exchanged along the entire
length of conduits), but carbohydrates are loaded and unloaded only in certain areas (‘semi-permeable phloem’,
Knoblauch and Peters 2010; Knoblauch and Peters 2017). This model suggests that plants are susceptible to
turgor loss, which hinders the phloem flow at low xylem water potentials or during prolonged drought when
carbohydrate reserves decline below the limit needed for effective osmoregulation (Sevanto 2014; Sevanto et
al. 2014). For trees, the model used might vary between the ‘semi-permeable phloem’ and models in which
conduit walls are non-permeable with loading and unloading zones where material exchange occurs, as well
as the degree to which the model can be modified (Sevanto et al. 2018). However most of the conclusions
about trees seem to be speculative or hypothetical because of a lack of empirical evidence (Sevanto 2014;
Malone et al. 2016; Sevanto et al. 2018). Furthermore, there are many open questions concerning the conduit
wall permeability, conduit location in relation to other cell types in the phloem, as well as the relevance of
these anatomical features for phloem function under environmental stress (De Schepper et al. 2013; Savage et
al. 2016). In addition, loss of xylem hydraulic conductivity during drought reduces the amount of xylem water

content. Therefore, less water is available to move from xylem to phloem. But how it alters phloem transport
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remains unclear and probably varies among species depending on their vulnerability to cavitation. These points
need to be addressed before we can claim full understanding of limitations in phloem transport and their impact

on plant performance under drought.
Drought impact on phloem feeding pests and pathogens

Biotic agents are known to play a major role in tree drought-induced mortality (McDowell et al. 2008, 2011),
and the phloem defence mechanisms are at least partially impacted by drought (see above) making trees more
vulnerable to attacks. Attacks of phloem-feeding insects and accompanying pathogens play an important role
for phloem functioning under water limited conditions and vice-versa. Outbreaks of phloem-feeding insects
have been found to be associated with drought and elevated temperature in many studies (Anderegg et al.
2015b; White 2015). Therefore, it has been assumed that a stressed physiological state of the tree leads to
outbreaks of phloem-feeding insects (White 1969; Whyte et al. 2016). Herbivore attraction is proposed to be
mediated by the osmotic adjustment of phloem sap (Table 2, see also effect of water balance on phloem
transport section) and neighboring tissues (Huberty and Denno 2004; Flaherty et al. 2011). Since impaired
protein synthesis under drought can lead to increased concentrations of nitrogen-containing compounds in
phloem sap (Table 2), the phloem attractiveness for phloem-feeding insects increases, further threatening
phloem transport in drought-stressed trees (Hsiao 1973; Huberty and Denno 2004; Flaherty et al. 2011). Insects
that directly influence phloem transport under drought stress (secondary agents; Six et al. 2011; Jactel et al.
2012) can be divided into phloem-sap feeders (Hemiptera, from here on: sap feeders; Huberty and Denno 2004;
Pompon et al. 2011) and cambium-feeding beetles (White 2015).

Sap feeders feed on the phloem via the insertion of a stylet leading to minimized structural damage
(Will et al. 2009; Will et al. 2013), but depleted sugar and nitrogen concentrations in the sap. Strong and
continuous drought stress has been shown to be unfavorable for sap feeders (Bjorkman 2000; Huberty and
Denno 2004) since (1) it makes sieve tubes more difficult to find because of lower rates of leakage (Pritchard
et al. 2007), (2) decreased turgor (see above, Figure 2) reduces the accessibility of the sap (Huberty and Denno
2004), and (3) increases in viscosity (see above, Figure 2) further impair sap extraction (Isaacs et al. 1998;
Pritchard et al. 2007). Whether intermittent drought is more favorable to sap feeders (Huberty and Denno 2004)
or not (Mcvean and Dixon 2001; Hale et al. 2003; Pritchard et al. 2007; Mody et al. 2009) remains an open
question. Cambium-feeding beetles, of which only few species are very destructive, mostly colonize trees with
an impaired defence system due to drought or other environmental stresses (Franceschi et al. 2005; Bentz et
al. 2010; Ryan et al. 2015; White 2015, see above). The most drought-stressed trees often are the most impacted
(Breshears et al. 2005; Wermelinger et al. 2008; Kleinman et al. 2012; White 2015). The larvae of cambium-
feeding beetles destroy the phloem and cambium cells (Flaherty et al. 2011) thereby increasing the disruption
of phloem translocation under drought (Franceschi et al. 2005). Therefore, impaired phloem means decreased
phloem defense and higher vulnerability to biotic attack, which in turn increases phloem disruption. Despite

the relatively well established effects on drought on the two main types of biotic agents affecting phloem
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(Table 2), many important questions remain unanswered, for example: are cambium-feeding beetles the true
cause of tree mortality under drought? How many beetles per tree does it take to critically harm a tree (see
Waring and Pitman 1985)? And, if the role of aggregation pheromones in insect response has been extensively
studied (Wood 1982; Erbilgin et al. 2003; Raffa et al. 2005), how do the insects first identify the most drought-

stressed trees remains unknown — is it just by chance or a directed movement?

Drought-affected phloem: implications for mutualism and competition

In addition to pest and pathogens, trees are interacting with other biotic organisms. Trees are often associated
with mutualists (e.g., mycorrhiza) which offer benefits (e.g., protection, increased nutrient uptake, pollination,
seed dispersal) to the trees in exchange for carbohydrates and can therefore be considered as an additional
carbon sink competing with growth and storage especially under stressed conditions. These mutualistic
relations have recently been reviewed by Pringle (2016), but we summarize a few of the key points related to
phloem under drought. Under drought stress, carbon allocation to mutualistic organisms (e.g., pollinators and
dispersers) which do not feedback on the ability of trees to maintain a normal carbon-water relation is expected
to decrease (Pringle 2016). Indeed phloem flow towards fruits was shown to decrease in pear trees under water
stress providing less reward to seed dispersers (Morandi et al. 2014). The picture is likely more complex for
mutualistic organisms providing a nutritional benefit and probably depends on the balance between carbon
cost and nutritional benefit which can be highly variable (Lendenmann et al. 2011). In legumes, symbiotic
nitrogen fixation has been shown to decrease prior to photosynthesis (Serraj et al. 1999), suggesting that
phloem transport towards this mutualistic carbon sink was down-regulated. Mycorrhiza appear to hold back
phosphorous under low carbon supply from the plant (Hammer et al. 2011) possibly leading to tree nutrient
deficiency under dry conditions (see Gessler et al. 2017 for a recent review). However, maintaining carbon
allocation towards rhizobia and mycorrhiza also increased water use efficiency and possibly photosynthesis in
Boswellia papyrifera (Birhane et al. 2012), which should be beneficial for the plants under drought despite the

carbon cost.
Research frontiers about the impact of phloem response to drought on ecosystem function

In addition to the previously mentioned consequences of phloem response to drought, several key ecosystem
processes are expected to be strongly affected by phloem function. However, experimental evidence is limited.
Therefore, we strongly encourage research in these areas to improve our understanding of tree responses to

drought and the role of phloem in tree and ecosystem function.

Competitive or facilitative interactions with other trees are expected to influence the changes in
phloem transport (Salmon et al. 2018) and allocation under drought based on optimal partitioning models of
biomass allocation (Franklin et al. 2012). However, experimental data on carbon allocation under both
competition and drought stress are extremely rare (for a rare example of such study see Hommel et al. 2016).
Furthermore, even across different speciesindividuals trees can donate and others receive large amounts of

carbon through their rooting system (Klein et al. 2016). How widespread this ability is remains unknown,
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however. Furthermore, how such carbon exchange might respond to drought is an open question, but must
depend on the trees’ ability to maintain a functional phloem. Therefore, the role of phloem in shaping tree

community and their environment needs to be further investigated, particularly under drought conditions.

The impact of drought on the carbon cycle of forest ecosystems is substantial and results in altered
fluxes and productivity (Reichstein et al. 2013; Anderegg et al. 2015¢; Doughty et al. 2015). The role of phloem
function in these ecosystem responses, however, remains unresolved (Savage et al. 2016). Since the phloem
connects the major ecosystem carbon source with the major ecosystem carbon sinks (Hogberg et al. 2001) it
can be assumed to represent an important piece in the ecosystem carbon cycle (Savage et al. 2016). Theoretical
predictions based on our understanding of phloem transport suggest that decreased source and sink activities
and increases in phloem sugar concentration and viscosity should slow phloem transport under drought (see
above). There is some experimental support for predictions (Ruehr et al. 2009; Barthel et al. 2011; Zang et al.
2014) but most of these experiments were performed on potted seedlings of a very limited number of species,
and experiments performed with different drought intensity, different species, at different developmental
stages or in more natural settings were not always conclusive (Epron et al. 2011; Epron et al. 2016; Hommel
et al. 2016). Furthermore, the complexity of the processes involved in heterotrophic respiration (e.g.,
exudation, diffusion of CO; to the soil surface, Stoy et al. 2007; Risk et al. 2012) might further limit our
understanding of phloem contribution to ecosystems respiration. As mentioned above, root exudation has been
found to increase at low water stress (Reid and Mexal 1977), but to decrease when drought intensity increases
(Reid 1974).The contribution of recent photoassimilates to the overall exudation flux remains unclear (Karst
et al. 2017) calling for more systemic studies of carbon fluxes under drought across a large range of species,
development stage, growing conditions are needed. Additionally, to improve our understanding of the role of
phloem transport in ecosystem biogeochemical cycles we need to: 1) develop methods to study phloem in the
field (Savage et al. 2016), and 2) conduct field experiments with mature trees. In particular, the rarely
investigated phloem responses to experimental precipitation manipulations (Epron et al. 2016) could provide
an ideal setup to test the effect of water stress on carbon flow as it has been done with water flow (Grossiord

et al. 2017).

Summary and conclusions

In the present review, we demonstrate that phloem is resistant to mild drought (Figure 2), but as the stress
becomes more severe and particularly under acute drought, phloem function becomes affected as the multiple
processes regulating it become impaired. This conclusion suggests that trees have sought to maintain
homeostasis of phloem transport for as long as they can. Due to their long life span, it is almost certain that
most trees will experience mild drought at some point. Supporting this idea, given the importance of phloem

transport for tree function, it is highly probable that trees developed a phloem resistant to drought.

Despite the great capability of trees to maintain a functional phloem during drought, three main effects

of drought have been recorded in severely drought-stressed trees: 1) a decreased phloem transport rate; 2) an
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increased sugar concentration of the phloem sap; and 3) changes in phloem anatomy towards smaller sieve
elements. These three responses to drought are obviously interacting and in agreement with predictions that
can be made from the pressure-flow model and the Lockhart equation. However, the relative importance of the
different factors reducing phloem transport rate (e.g., decrease conductivity, decreased source-sink gradient,
increases in phloem viscosity, collapse of turgor) is yet to be analysed. Nonetheless, even though the theory of
phloem transport is fairly well understood, attempts to quantify and model processes related to loading,
unloading, and reloading of carbohydrates, water exchange between phloem conduits, and the consequences
of these processes on phloem function under drought, suffer from the lack of available data. Among research
directions that would provide us with the lacking information on limitations of phloem function under drought
and its impacts on plant function and survival we suggest priority to these four of them: [1] the responses of
sink tissues to drought and their consequences on phloem unloading; [2] the relation between loading strategies
(apoplastic versus symplastic) and drought tolerance has not yet been explored, [3] the difference in phloem
behaviour under drought along the continuum between isohydric and anisohydric species; [4] how loss of
xylem hydraulic conductivity during drought feeds back on phloem transport. Even if the hypothesized
importance of phloem failure in tree mortality makes sense based on the pressure-flow theory, few studies
have experimentally addressed this question to offer a definitive answer to this question leaving answers on
when, how, and why phloem would fail remain mostly hypothetical. A research frontier worth investigating is
how sensitive to phloem failure trees might be in comparison to other potential causes of mortality (e.g.,

hydraulic failure) during drought stress, and how these causes interact with each other.

It is also striking that only a few studies have investigated phloem under drought over the last decades
(Table 1), which means that most of our knowledge is based on studies of seedlings of very few species, with
Fagus sylvatica alone being investigated in almost one third of the studies. From our understanding of tree and
ecosystem functioning, it can be expected that any disruption of phloem transport under drought has a strong
impact on the ecosystem functioning. Biotic attacks have been one of the factors considered central to studies
of drought-induced mortality. The damage brought to the phloem by pest and pathogens and how trees defend
themselves against such attacks has received a lot of attention, and despite numerous open questions (see
above), it is clear that sap feeders are suffering from drought and thus minimizing their damage to the phloem
while the opposite is true for cambium feeders (Table 2). Beyond biotic attacks, the ecological impact of
phloem response to drought is a topic that has barely been investigated. Overall, from our understanding of
tree physiology it seems clear that phloem must play a crucial role in shaping the biotic relationships of trees
under drought by controlling or constraining resource allocation both within trees and ecosystems. However,
the limited amount of empirical data or modelling attempts limits our ability to predict what that role might
exactly be. Furthermore, because phloem transport is central to many ecosystem functions and the main link
between carbon source and sink, understanding how phloem responds to drought and how it affects the carbon
cycle in ecosystems would help improve predictions of drought impact in large scale models (e.g., land-

surface-atmosphere or dynamic vegetation models). However, two challenges need to be overcome to
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implement phloem transport into models at scales beyond individual trees: (1) building a simple,
computationally cheap formulation of phloem transport models, and then (2) obtaining experimental data to
parameterize such models across a large number of species, growth stages and environmental conditions. Thus,
only a better understanding of phloem physiology and the cost-benefit relation between trees and other
organisms will allow us to understand how phloem responses to drought shape ecological interactions and

constrain biogeochemical cycles.
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Legends

Figure 1: A schematic illustration of phloem transport of carbohydrates based on the Miinch pressure
— flow hypothesis and its response to drought. Phloem loading (L) and unloading (U) create a pressure
gradient (AP) driving the mass flow of carbohydrates (F). The flow rate also depends on the fluid
viscosity () and conduit radius (r). Phloem and xylem exchange water either at source and sink areas
only or along the entire path if the cell walls of the sieve elements are semi permeable (dotted white
arrows). Dotted black arrows indicate a putative local loading and unloading of solutes along transport
phloem (leaky phloem).

Figure 2: Simplified conceptual model (left) of the effects of drought (driven by the decrease in water
potential) on several physiological processes in the foliage of an anisohydric species (top), in roots
(bottom) and along the phloem path (middle), and hypothetic physiological changes during drought
progression (right; areas in light, medium and dark grey depict mild, moderate and severe drought).
Top panels: leaf photosynthesis is less sensitive than leaf growth and starts to decrease under
moderate drought; photosynthesis is almost zero under severe drought conditions (it would start to
decrease under mild drought for an isohydric species). Leaf respiration also decreases but it is less
sensitive than photosynthesis. The amount of C immobilized for osmoregulation or defence, or lost
as volatile organic compounds (VOC) is expected to increase during the progression of drought, at
least until drought is severe enough. The amount of carbohydrate available for export is thus
decreasing with increasing drought intensity. Bottom panels: root growth is less sensitive than leaf
growth, maintaining sink strength under mild drought conditions. C requirement for osmoregulation,
defence and enhance exudation also contribute to sink strength, at least until drought is severe enough.
An active storage under drought remains speculative. Middle panels: phloem loading and unloading
remain largely unaffected by mild drought, decrease under moderate drought due to both a decrease
in the amount of C available for export in source and a decrease in carbohydrate requirement in sinks,
and almost cease during severe drought. Whereas change in C translocation is mainly related to
change in source activity (phloem loading) and sink activity (phloem unloading), a marked increase
in sap viscosity or collapse of turgor in sieve elements cannot be excluded under severe drought
conditions. Allocation of C to inducible defences might be impaired while constitutive defences might
be enhanced under drought. In the graphs, well-established responses are depicted with full lines
whereas more speculative responses are depicted with dotted lines. The schematic model is simplistic
in the sense that it does not take into account all existing physiological processes, links between water,
carbon and nutrient fluxes, and possible feedbacks. Signs (+ or -) are associated to each arrow
(individual effect). The overall effect of drought is the product of these individual effects. For
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1140  example: low water potential has a negative effect on photosynthesis (-), photosynthesis has a positive
1141  effect on available C in source (+) so low water potential has a negative effect on available C in source
1142 (+x-=-).
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Table 1: Summary of experimental studies investigating the effect of drought on phloem functions and properties (L: phloem loading, Tr: phloem
transport, C: phloem sap composition, Tu: turgor, A: anatomy)

Species Stage Conditions Drought Intensity” Methods Main results Reference
Salix vinunalis  young potted  laboratory osmotic stress moderate exudate collection Tr: lower exudation rate (Weatherley et al.
trees C: higher solute content 1959)
Ricinus seedlings (6- laboratory water removal, moderate to  '“C labelling, Tr: lower exudation rate (Hall and Milburn
communis wk-old) leaf excision severe exudate collection C: slightly higher solute 1973)
content
Gossypium seedlings greenhouse controlled mild to 14C labelling Tr: lower exudation rate (Sung and Krieg
hirsutum and field watering severe but less sensitive than 1979)
CO; assimilation
Ricinus seedlings (9- laboratory root excision, mild to exudate L: Higher rate of sugar (Smith and
communis wk-old) osmotic stress severe collection, uptake by leaf discs Milburn 1980)
C sugar uptake  Tr: lower exudation rate
C: higher solute content
Tu: maintained
Theobroma seedlings (14-  greenhouse controlled mild to 1C labelling L: longer residence time ( (Deng et al. 1990a;
cacao wk-old) watering moderate moderate drought) Deng et al. 1990b)
Tr: increased difference in
time lags
Fagus seedlings (1.5- greenhouse controlled moderate 13C labelling L: longer residence time (Ruehr et al. 2009)
sylvatica yr-old) watering Tr: increased difference in
time lags
Fagus potted climate controlled moderate 13C labelling Tr: increased difference in  (Barthel et al.
sylvatica saplings (0.8-  chamber watering time lags 2011)
m-tall)
Fagus trees (20-yr- forest rain exclusion mild C labelling Tr: no effect (Dannoura et al.
sylvatica old) 2011)
Quercus trees (20-yr- forest summer drought  mild 5C labelling Tr: increased difference in  (Dannoura et al.
petraea old) time lags 2011)
Pinus pinaster  trees (12-yr- plantation rain exclusion mild 13C labelling Tr: increased difference in  (Dannoura et al.
old) after summer time lags 2011)

drought



Pinus edulis

Pseudotsuga
menziesii

Fagus
sylvatica

Fagus
sylvatica

Eucalyptus
grandis

Fagus
sylvatica
Acer
platanoides
Fagus
sylvatica

Populus
tremula

potted mature
trees (2-m-
tall)

trees (2 to 60-
m-tall)

potted
saplings (5-yr-
old)

potted
saplings (1-m-
tall)

trees (9 to 12-
m-tall)

seedlings (2-
yr-old)
seedlings (2-
yr-old)
young trees
(8-yr-old)

potted
saplings (2-yr-
old)

greenhouse
forest
forest, climate

chamber

climate
chamber

plantation

greenhouse
greenhouse

tree nursery

greenhouse,
laboratory

zero irrigation

tree height
gradient

rain exclusion

controlled
watering

rain exclusion

controlled
watering
controlled
watering

rain exclusion

controlled
watering

SEevere

moderate

moderate

mild

mild

mild

mild

moderate to
severe

moderate to
severe

linear
displacement
transducers

13C labelling

C labelling

13C labelling

13C labelling
C labelling

13C labelling

'1C labelling,
PET imaging

C: lower sucrose content
Tu: collapse preceded
mortality

C: higher sugar content
A: smaller sieve element
radius

L: longer residence time
Tr: increased difference in
time lags

L: slightly longer
residence time

Tr: no effect on time lags
L: no effect on residence
time

Tr: no effect on time lags
Tr: no effect on time lags

Tr: no effect on time lags

L: longer residence time
Tr: increased difference in
time lags

C: higher sugar content
A: smaller sieve element
radius

Tr: reduction in phloem
sap velocity in leaves

(Sevanto et al.
2014)

(Woodruff 2014)

(Zang et al. 2014)

(Blessing et al.
2015)

(Epron et al. 2016)

(Hommel et al.
2016)
(Hommel et al.
2016)
(Dannoura et al.
2019)

Hubeau et al
(2019)

*Mild: net CO; assimilation above 50% of control; moderate: net CO» assimilation below 50% of control, and no turgor loss; severe: net CO>
assimilation at zero, turgor loss, just before death.



Table 2: Expected effects of drought on several characteristic of the phloem and putative
consequences on sap feeder and cambium feeder pests

Drought Effects on

response Sap feeders Cambium feeders
Constitutive defence + - -
Inducible defence - + +
ABA in phloem sap + - =
Turgor - - —
Osmotic adjustment and sap viscosity + - +
Sap organic N + + +

Overall effects of drought - +




