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Abstract

Drought-related tree mortality is increasing globally, but the sequence of events leading to it remains poorly understood. To
identify such sequence, we used a 2016 tree mortality event in the semi-arid pine forest of Yatir were dendrometry and sap
flow measurements were carried out in 31 trees, of which seven died. A comparative analysis revealed three stages leading to
mortality. First, a decrease in tree diameter in all dying trees, but not in the living ones, eight months ‘prior to the visual
signs of mortality’ (PVSM; e.g., brown needles). Second, a decay to near zero in the diurnal stem swelling/shrinkage dynamics,
reflecting the loss of stem radial water flow in the dying trees, six months PVSM. Third, cessation of stem sap flow three months
PVSM. Eventual mortality could therefore be detected long before visual signs are observed, and the three stages identified
here demonstrated the differential effects of drought on stem growth, water storage capabilities, and soil water uptake. The
results indicated that breakdown of radial stem water flow and phloem functionality is a critical element in defining the ‘point
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Abstract

Drought-related tree mortality is increasing globally, but the sequence of events leading to it remains poorly
understood. To identify such sequence, we used a 2016 tree mortality event in the semi-arid pine forest
of Yatir were dendrometry and sap flow measurements were carried out in 31 trees, of which seven died.
A comparative analysis revealed three stages leading to mortality. First, a decrease in tree diameter in all
dying trees, but not in the living ones, eight months ‘prior to the visual signs of mortality’ (PVSM; e.g.,
brown needles). Second, a decay to near zero in the diurnal stem swelling/shrinkage dynamics, reflecting
the loss of stem radial water flow in the dying trees, six months PVSM. Third, cessation of stem sap flow
three months PVSM. Eventual mortality could therefore be detected long before visual signs are observed,
and the three stages identified here demonstrated the differential effects of drought on stem growth, water
storage capabilities, and soil water uptake. The results indicated that breakdown of radial stem water flow



and phloem functionality is a critical element in defining the ’point of no return’ in the sequence of events
leading to mortality of mature trees.
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Introduction

Global climatic trends in previous decades have shown a rise in temperatures and drought intensity, leading
to the increased vulnerability of forests and tree mortality events in various biomes (Breshears et al. |
2009; Allen et al. , 2010, 2015; Preisler et al. , 2019). Tree mortality and canopy dieback can be traced
directly to water shortages, as well as to secondary stress factors, such as insect damage (McDowell, 2011).
Widespread forest mortality has consequences for global carbon, water, and energy fluxes (McDowell et al. |
2008; Adams et al. , 2012; Bastinet al. , 2017; Pugh et al. , 2019). Despite the significant impacts of trees on
the global biogeochemical cycles, the series of physiological responses to drought before, during, and after
a tree mortality event are unknown—inflating uncertainty in the future of our forests. Thus, understanding,
quantifying, and detecting the tree mortality sequences, from an ecophysiological perspective, is urgently
required.

Two physiological mechanisms leading to tree mortality are hydraulic failure (embolism) and carbon starva-
tion, which have been investigated in many previous studies over the past decade (McDowell et al. , 2008;
Sala et al. , 2010; Choat et al. , 2012; Hartmannet al. , 2013; Sevanto et al. , 2014; Hartmann, 2015; Meiret al.
, 2015; Adams et al. , 2017; Cailleret et al. , 2017; Kono et al. , 2019). Identifying early warning indicators to
determine when trees cross the ’point of no return’, beyond which mortality is inevitable, has been a major
focus of recent studies, which highlight plant water content, leaf wilting, and loss of hydraulic conductivity
as key parameters (Anderegg et al. , 2012; Hartmannet al. , 2018; Hammond et al. , 2019; Sapes et al. ,
2019). Experimental manipulations have largely been conducted on young trees (e.g., seedlings, saplings) in
controlled conditions measuring physiological responses such as percent loss of conductivity (PLC), water
potential (¥), and nonstructural carbohydrates (NSC), while large-scale observations (e.g., remote sensing)
have focused on foliar color, GPP, etc. (Ogaya et al. , 2015; Schwantes et al. , 2016; Paz-Kagan et al. |
2018). There are only few studies on mature trees — mainly due to logistic constraints; yet such studies are
likely to be the most important for understanding/predicting forest mortality events in relation to future
climate. Physiological indicators and thresholds of vulnerability to drought may be similar or differ quite
considerably among species. Yet, the progression of the risk of mortality is likely related to the coordination
of many plant traits, rather than a single trait (Hammond & Adams, 2019; Blackman et al., 2019). Further-
more, the resistance in different species to drought stress is also related to their anatomy and physiology.
While some species are expected to have minimal recovery after crossing their ¥ associated with 50 % loss
of xylem conductivity (P50) (Brodribb & Cochard, 2009), many conifers have been observed to survive 90
% loss of conductivity (Tyree & Sperry, 1988; McCulloh & Woodruff, 2012; Klein et al. , 2016a; Hammond
et al. , 2019). The progression of tree mortality risk can be related to different traits, such as stomatal
control (Delzon & Cochard, 2014; Martin-StPaulet al. , 2017), the use of internal water storage (Steppe et
al. , 2015; Colangelo et al. , 2017), cuticular water loss (Cochard, 2019), NSC availability and mobility, and
phloem transport (Sala et al. , 2012; Klein et al. , 2014a; Sevanto et al. , 2014; Hoch, 2015; Savage et al. ,
2016; Wiley et al. , 2017).

Recovery from embolism occurs during the radial growth of new sapwood (conductive xylem) that replaces
the old embolized xylem (Hammondet al. , 2019). Growing new conductive areas requires both available
carbon and a well-functioning phloem (De Swaef et al. , 2015; Steppe et al. , 2015). This link between
the xylem hydraulic state and the functioning of the phloem is also expressed in the daily stem diameter
changes caused by radial water transport from the living bark and phloem tissues to the transpiration stream,
following the water potential gradient between these neighboring tissues (Zweifel et al. , 2001; Daudet et
al. , 2005; Holtta et al. , 2006, 2009; De Schepper & Steppe, 2010; Sevanto et al. , 2011, 2014; Steppe



et al. , 2015). Diameter variations are driven by differences in xylem water potentials and phloem osmotic
concentrations (Holttd et al. , 2009; Sevanto et al. , 2014). Diurnal variations in stem diameters resulting
from radial water flow between xylem and phloem have been used for physiological assessments and modeling
efforts (Sevanto et al. , 2011; De Swaef et al. , 2015). Diurnal fluctuations in diameter originate mainly from
the shrinkage and swelling of the living phloem and bark tissues (70 — 90 % of the total diurnal fluctuations),
with the remaining contribution (30 — 10 %) from the xylem. Some studies show a higher proportion of the
daily fluctuations are from the xylem (> 30 % of the total) (Sevanto et al. , 2002; Zweifel et al. , 2014), but
in most cases, the phloem and bark are the major contributors (> 50 %) (see e.g. Cermak and Nadezhdina,
1998; Irvine and Grace, 1997; Scholz et al., 2008).

This hydraulic link between xylem and phloem supports phloem transport under well-watered conditions but
limits it under dry conditions when xylem tensions increase (Holtté et al. , 2009). Phloem tissues also act as a
water reservoir for transpiration, buffering high transpiration demands during the dry season, thus promoting
tree survival (Zweifel & Hisler, 2000; Pfautsch et al. , 2015a) and growth (Holttéd et al. , 2010; Coussement
et al. , 2018). Direct damage to the phloem via insects or pathogenic attacks will reduce the phloem’s ability
to transport and allocate sugars (Schultzet al. , 2013), potentially resulting in growth declines or increased
risk of tree death probably as a result of alterations of phloem transport as a response to drought (Salmon
et al. , 2019). Nonetheless, the direct effects of phloem damage to the xylem (in particular to the sap flow),
are still unclear (Savage et al. , 2016; Salmon et al. , 2019).

While knowledge of the physiological mechanisms of tree mortality and their sequences have been investigated
in controlled experimental conditions, it is unknown how mature trees in forests may differ in their responses.
The objectives of this study were: 1) to identify the ’point of no return’ in mature trees exposed to a
severe drought (or water limitation); and 2) to improve our understanding of the traits involved in the tree
mortality sequence. These objectives were addressed by using high-resolution physiological measurements of
both xylem and phloem hydraulic status. For these purposes, we monitored stem diameter changes using
band dendrometers (Sevanto et al. , 2014; Zweifel, 2016) and water uptake with sap flow sensors.

The radial growth and sap flow of the 50-year-old Aleppo pine (Pinus halepensis ) trees growing in the world’s
driest pine forest (P/PET=0.17) in Yatir (a FLUXNET site), have been measured continuously since 2009
(Klein et al., 2016; Tatarinov et al., 2016). In the spring of 2016, mortality was observed among the sampled
trees, with visual indicators of tree death (brown and dry needles) beginning in April 2016. Here, we describe
the physiological events leading to tree mortality in the mature Aleppo pine trees grown in the semi-arid
forest and demonstrate the link between phloem and xylem water transport under drought conditions. The
natural conditions of this study site, which constitutes long and harsh dry period and short and concentrated
rainy period, together with the ongoing measurements enabled us to investigate the potential processes that
define the 'point of no return’ in the mortality sequence of mature trees.

Methods
Experimental site

The study was conducted in the Yatir forest, located near the northern edge of the Negev desert (31@20°N,
35903’E, 550700 m above sea level). This forest, planted mainly in the mid-1960s, is dominated by Aleppo
pine (Pinus halepensis Mill.) and covers an area of about 3000 ha. Current stand density is “300 trees ha™!,
with a deep and unreachable ground-water table (>-300 m). The soil type is classified as light Rendzina
(Haploxeroll) above chalk and limestone. The climate is Mediterranean with prolonged summer drought
periods from May to October (average daily temperature in July is 25 @QC) and a winter period with low
levels of precipitation (annual mean is 280 + 90 mm) and moderate temperatures (710 @QC in January),
(Griinzweig et al. , 2007; Rotenberg & Yakir, 2010).

Tree physiology

Tree sap flow (SF) was continuously measured since 2012 in 31 trees, by home-made heat dissipation sensors
(Granier, 1985) with site and species specific adjustments (Appendix 1, Cohen et al. , 2008; Kleinet al. |



2014b). Variations in stem diameter at breast height (DBH; 1.3 m height)) were measured by automatic
band dendrometers (EMS, Brno, Czech Republic) in five trees since 2012, and in 20 trees starting in August
2015.

Intensive 16 to 24-h leaf-scale diurnal measurements were conducted in 13 trees equipped with dendrometers
and sap flow sensors in six campaigns from May 2014 to September 2015, 5-7 trees measured in each campaign
(Table S1). Measurements were taken every 1.5-2 hours, including twig water potential (¥)e,¢) using a pressure
chamber (PMS Instrument Company, Albany, OR, USA), needle water content, and leaf gas exchange (LI-
6400, Licor Inc., Lincoln, NE, USA). In total, 12-18 shoots per tree were sampled within each campaign (for
detailed methods, see Supplementary information methods).

Mortality event

In the spring of 2016, a mortality event occurred in the study plot where the sap flow and dendrometry
measurements were carried out. Visual browning (Figure S1) of the needles was observed in seven trees,
starting in April 2016. Bark beetle (Orthotomicus erosus ) presence was observed in five out of the seven
dead trees in June-July 2016, with typical galleries and exit holes (Figure S1). Some beetle attacks (mature
feeding of top canopy needles) were also observed in the living trees. All seven trees which died during the
mortality event had SF sensors, and five had dendrometers. The last diurnal physiological measurements,
in August 2015 and September 2015, included eight trees, of which three eventually died in Apr-May 2016
(18 branches were pruned during each campaign, per tree).

Statistical analysis

Measured values from the physiological campaigns were averaged across the sampled trees and sampling
hours. For each season, differences between the living and dying trees at each sampling hour (06:00 to
17:00) were analyzed using a paired ¢ -test. Piecewise regression analysis was applied to the half-hourly
dendrometer data to determine the branching point at which the DBH dynamics of the dying and living
trees started to diverge. A paired ¢ -test was then used on the two data sets (dying and living trees) for
the periods before and after the identified tipping point. Statistical analyses were performed in SigmaPlot12
(Systat Software, Erkrath, Germany) and R (R Core Team (2017) Version 1.1.447 Vienna, Austria.)

Results

The hydrological years relevant to this study (2013/14, 2014/15, and 2015/16 (October to September in each
year) were characterized by above average precipitation, 323, 357, and 349 mm, respectively, and 2016/17
was relatively dry, with 246 mm of total annual precipitation, compared with the long-term mean value of
285 mm (data not shown; http://gaia.agraria.unitus.it/home/site-details?id=IL-Yat).

Lack of stem growth as an indication of mortality

The mean annual stem diameter growth (2012-2016) of the Aleppo pine trees in the study site was 2.0 (£
1.4) mm (n=5 and 20, from 2012-2015 and 2015-2016 respectively). Stem growth started after the first rain
event (around December) and ceased in April. From April to the next rainy season, trees stem diameters
were either relatively stable or shrank up to 0.9 (£ 0.5) mm (Figure 1), depending on the precipitation
regime of the preceding rainy season.

No significant differences were found between the seasonal stem diameter trends of the living and dying trees
prior to September 2015 (p > 0.05). For trees which eventually died, the characteristic phenological trends
in stem diameter changed in 2015 (Figure 2). The stem diameter of the dying trees started to decline at the
end of the growing season (May 2015), similar to the living trees, but then diverged from the living trees
from September 2015 to the end of the record in June 2016 (p < 0.001). Stem diameter declined in dying
trees by 2.2 (£ 0.003) mm, but grew by 2.5 (& 1.4) mm in living trees between September 2015 and June
2016. Notably, in contrast to the living trees, the dying trees did not show any positive response (increase)
in their diameter to the onset of the rainy season in December 2015 or to any subsequent rain events.



Cessation of xylem water transport as an early indication of mortality

Seasonal patterns of sap flow were characterized by maximum values (34.5 + 3.1 L tree’* day™!) in the second
half of the rainy season between February and April and minimum values at the end of the dry season around
October - November (7.8 + 0.6 L tree! day!) (Figure 2b; Figure s2). The SF in the living and dying trees
co-varied until December 2015 when it started to differ. After the first big rain event in January 2016, the
SF increased dramatically in the living trees (midday maximum of 2.0 L /hr), whereas in the dying trees, the
SF showed only a minor recovery of 0.2 L tree’t hr!(Figure 2b). From February 2016 SF, in the dying trees
essentially stopped, with the sensors showing unreliable values (maximum values at midnight, indicating dry
wood and thermal artifacts of the sensors).

Evidence of xylem desiccation in the dying trees is supported by increasing temperature differences between
the heated and reference probes of the SF sensors, expressed in the voltage readings (dT, mV; Figure 3) from
February 2016 to June 2016. When the wood is dry, the ability of transferring the heat generated by the
heating probe decreases, resulting in lower heat conductivity and higher dT in the dying trees. Therefore,
in addition to the changes in the SF trend itself, dT depends on the xylem thermal conductivity, which, in
turn, depends on the wood water content. The increasing trend in dT of the dying trees during the period
when SF showed a sharp recovery (January-April 2016) in the living trees, strongly indicated a drying trend
in the xylem of the dying trees.

Reduction of daily radial stem water flows as an early indication of mortality

Diurnal dynamics of stem diameter provides insights into the radial water fluxes between the phloem and
bark to the xylem. The mean (2012-2017) diurnal dynamics of the stem diameter in the rainy season were
characterized by a morning maximum at around 08:00 and a minimum at the end of the day at around 17:00
hours (Figure S3). The mean diurnal trend of the live and dying trees was similar until November 2015,
when it started to differ significantly both in amplitude and trend (Figure 4; p<0.05).

Another way to present the diurnal fluctuation in stem diameter is the maximum daily shrinkage (MDS;
calculated as the difference between diurnal maximum and minimum of the DBH). The MDS shows one
value per day and it highlights long term changes along the year. The amplitude of the MDS did not differ
significantly between the living and dying trees prior to November 2015 (p>0.05; Figure 5). However, after
accumulated precipitation of 37 mm in November 2015, the MDS began to diverge significantly between
the living and dying trees (p < 0.001). Namely MDS in the living trees started to increase, indicating high
diurnal fluctuations implying high radial water flow, whereas in the dying trees it remained approximately
constant (Figure 5). Notably, the seasonal amplitude of the MDS signal did not clearly correlate with annual
precipitation, indicating that other controlling factors are involved, such as rain distribution (see Fig. 5
bottom).

Gas exchange and hydraulic traits prior to mortality

Overall, no consistent physiological differences were found between the living and dying trees during the
diurnal campaigns that took place between May 2014 and August 2015 (Table 1), prior to the mortality
event. Leaf transpiration and Wje,s were higher in the live trees than in the dying trees in May 2014 (P <
0.005 and < 0.001, respectively; two years prior to mortality), but these differences were not consistent over
time. In the diurnal campaign of August 2015 (7 months prior to tree decline), daytime needle WC was
higher in living than in dying trees (p = 0.006), but note that the sampling day in August 2015 occurred
during an extremely hot and dry period, with VPD >7 kPa, and that this difference between tree types was
not observed in the measurement campaign one month later.

Discussion

In this study, on-going comparative measurements over several seasons in a mature pine forest stand provided
the opportunity to reconstruct the development of a drought-induced mortality event when its visible signs
appeared. The dying trees in this study had dry brown needles in April-May 2016, but as shown recently



(Hammond et al. , 2019; Blackman et al. , 2019), needle color is a poor indicator of when a tree dies. It
probably occurs after a tree is already past the ‘point of no return’ leading to its mortality. Identifying the
evolution of the mortality process, especially in mature trees, will improve our understanding of key traits
to forest resilience and, potentially, management steps to minimize its impact. Obtaining information on
the mortality process under natural field conditions is invaluable in complimenting studies of small trees or
saplings in controlled environments (e.g., Garcia-Forner et al., 2016; Grossiord et al., 2017; Hammond et al.,
2019).

The cascade of tree mortality process

Based on our results we identified three discrete early signs of tree mortality, which could be detectable
several months before the visual signs of mortality were observed (Figure 6). The first “early warning”
indicator was a decrease in stem diameter, which started in September 2015, 8-9 months prior to any visual
signs of mortality. Decreases in stem net diameter can result from a combination of cessation of growth,
tissue destruction, and tissue shrinkage due to water loss, all of which can occur during prolonged drought
(Fernandez & Cuevas, 2010; Devine & Harrington, 2011; Urrutia-Jalabert et al. , 2015). In the Yatir forest
site, net stem shrinkage and apparent negative growth are not unusual, usually occurring towards the end
of the dry season (September-November). The start of the enhanced stem shrinkage of the dying trees,
compared with the living ones, occurred in that period, showing similar initial dry-season trend (in May)
and before the clear partitioning between the groups of trees was apparent (in September).

The net stem shrinkage was associated with a significant decrease in diurnal stem diameter fluctuations in the
dying trees, which appeared to be the second step identified in the mortality sequence. Here too, because the
diurnal amplitude is rather small during the dry season (<0.1 mm) it did not clearly differ from the live trees
before November 2015, when the first rain events triggered the more pronounced daily diameter amplitudes
in the living trees. Fluctuations in stem diameter can be a combination of several processes including part
of the permanent irreversible stem growth, swelling and shrinking of live tissues, water potential changes in
xylem conduits (tension changes), and wood daily thermal expansion (Zweifel, 2016; Zweifel et al. , 2016).
The diurnal fluctuations are mainly a result of live tissue radial water flow that support the transpiration
stream in the morning hours and rehydrate during the night (Sevanto et al. , 2002; Daudet et al. , 2005;
Sevanto et al. , 2011). Therefore, the striking complete stop of the diurnal fluctuations (Fig. 4,5) strongly
indicates impediment to the radial flux capacity in the dying trees (see also below).

The crucial role of radial water flow in the ’point of no return’ process

Radial water flow, from living tissues (mainly bark and phloem) to the xylem and then to the transpiration
stream is a well-known process (Zweifel et al. , 2001; Sevanto et al. , 2011; Pfautschet al. , 2015b) that
helps to buffer the high evaporative demand in dry conditions, and reduces the associated drop in xylem ¥
values, which may lead to hydraulic failure (Holtté et al. , 2009; Sevantoet al. , 2014). Therefore, the ability
to draw on stored water within the stem to support the transpiration stream contributes to the likelihood
that a tree will survive prolonged drought. In contrast, plants that are unable to exploit this trait might
cross their 'point of no return’ toward mortality faster (Lamacque et al. , 2020).

Based on our findings we suggest that interruption of the radial flow, as reflected in the MDS decline (Figure
4 & 5), is irreversible. The trees could not recover from this effect even with re-establishing sufficient water
supply (above average annual precipitation), and the large MDS response in the living trees. Furthermore,
we suggest also that the results indicate that the capacity for radial water flow is a critical trait for tree
recovery from drought, by mainly supporting the recovering water transport in the xylem and, sustaining
its hydraulic status, and possibly supporting the production of new xylem (Nardiniet al. , 2017; Hammond
et al. , 2019). It is important to stress that at the end of the dry season, under severe drought conditions,
diurnal fluctuations in stem diameter mainly reflect radial water flow as the capacity for growth is strongly
limited.

Note that the differences in the MDS between the dying and living trees became visible in the data only in
November 2015, two months after the net diameter started to diverge, but this could be because the natural



increase in the live trees MDS was delayed until the first rain events. But it seems clear that the ability to
recover from drought stress is also linked on the ability to transfer water radially, as also shown recently in
Lavender plants (Lamacque et al. , 2020).

Why did sap flow continue after diurnal fluctuations stopped?

The results demonstrated differential development of the disruption of radial and the sap fluxes. The ability
to have active sap flow, two months after the MDS of the dying trees started to diverge from the live trees,
is probably due to the renewed water supply from the soil, when the volumetric SWC in the root zone was
>25 % between November 2015 and February 2016 (data not shown). The final or total hydraulic failure (i.e,
SF cessation) occurred 2.5 months after the radial water flow cessation was identified. Although embolism
was not quantified directly, the gradually drying of the wood (Figure 3) may indicate that air continuously
accrued in the stems during these two months when xylem transitioned from at least partially fluid-filled,
non-flowing state, to an air-filled, embolized state. The wood drying expressed in the dying trees’ dT values
may be a good indication for embolism and is supported by the direct link between the increase in dT and
the decrease in xylem water content shown in previous studies (Tatarinov et al. , 2005; Vergeynst et al.
, 2014; Holttéet al. , 2015). Our results are consistent with the findings of hydraulic failure accumulation
during lethal drought events (Tyree & Sperry, 1989; Borghetti et al. , 1998; Choat et al. , 2012; Anderegg
et al. , 2012; Sperry & Love, 2015), and indications of the redundancy of the xylem (and the production
of new xylem) reducing the risk of hydraulic failure due to embolism (Hammond et al. , 2019; Korner,
2019). During the dry season, in a monthly means resolution shown in figure 2, the low SF rates makes
the differences between the living and the dying trees hardly detectable. Yet, no clear proof for separation
between the living to the dying trees was found until the end of January 2015 when SF values in dying trees
became unreliable data (figures 2b & 3).

Possible non-drought contributions to mortality

No clear evidence or early signs for the coming mortality was observed in the leaf-and branch scale physio-
logical measurements in the two years prior to the visual mortality. This goes in line with the idea that the
dying process starts from the stem radial water transport and not from the leaves. The significant pruning
that took place during these physiological measurements, for measurement purposes, may have led to some
damage to the trees defense system (e.g., resin production) and exposed the trees to biotic damage. However,
no link between the branch sampling and mortality could be established, as both living and dying trees were
sampled to the same extent throughout the study. The higher transpiration and ¥ values in May 2014, in the
dying trees (Table 1) were probably not an indication of the early signs of mortality, since it was measured
two years before mortality, and because such differences were not observed subsequently.

The clear MDS and diameter decline discussed above, might also reflect damage to the bark and phloem
tissues by pathogens. Indeed, the drought period was followed by a bark beetle attack at the site. However,
we note that the time of the onset of the bark beetle attack was not known and it could be a consequence
of the stress effects and weakening of the tree (Dobbertin et al. , 2007; Preisler et al. , 2019), rather
than its cause. Furthermore, our qualitative assessment of the bark beetle damage indicated that its effects
were similar in the living and dying trees and therefore cannot explain the specific mortality sequence.
Interestingly, the bark beetle attacks were also noted in two additional trees in the stand in 2017. One of
these trees died, while the other one survived showing similar DBH responses in the living vs. the dying trees
(i.e.- decrease in DBH during the wet season of the dying tree) , as shown above (data not shown). It seems
likely, therefore, that the bark beetle damage was not part of the drought-induced mortality development
discussed above but could have been the last phase in the described mortality sequence.

Seeking the ’'point of no return’ main trait/s

There is aggregating evidence from recent studies that emphasizes the fact that hydraulic stress leading to
runaway cavitation and loss of conductivity is not the single cause of tree death (Sevanto et al. , 2014;
Blackman et al. , 2019). Our results support the view that the coordination of several traits leads trees
to an irrecoverable state, and that this suites of interacting traits must be taken into consideration when



considering the sequences leading up to tree mortality, including stem drying and shrinkage, embolism, and
cessation of phloem radial flow.

Furthermore, our results indirectly suggest that the capability of trees to transfer water radially, e.g., from
the bark and phloem to the xylem, may be critical for resilience to drought. The exact "point of no return’ in
the steps leading to final mortality (Fig. 6) cannot be categorically determined in this study since this natural
sequence of mortality was not linked to a recovery study, as would be initiated by experimental watering
earlier than the following rainy season. However, we suggest the cessation of daily stem fluctuations as a
likely key trait in the 'point of no return’ definition. Radial water transport may also be linked to damage to
the phloem transport and can lead to carbon limitations, and damage to the roots, and further contribute
to critical steps leading to mortality (Mencuccini et al. , 2015). The evident effects of the direct damage to
the phloem can also harm the phloem transport coupled to the hydraulic failure. This is supporting the idea
that the mortality process is an integrative process linking hydraulic, carbon limitations, and tree’s ability
to develop new xylem (e.g., McDowell et al., 2008; Améglio et al. , 2002; Spicer & Groover, 2010; Hammond
et al. , 2019).

The results discussed above seem to indicate that ultimate mortality could be implied when water uptake
by the tree ceased. This, in turn, could be brought about in two ways: 1) sap flow stopped due to embolism
damage as a consequence of air infiltration via the de-hydrated bark and phloem tissues; or/and 2) phloem
transport failure led to damage to roots reducing water uptake and inducing xylem embolism. These two
scenarios are likely to coexist, and it maybe inconsequential to rank their contribution. Eventually, the
cascade of events identified in this study led to the lack of response to the renewed water supply in the
following rainy season, and complete failure of the xylem water transport identified by February 2016. This
was nearly four months prior to visual mortality.

The sequence of steps leading to tree mortality (Fig. 6), and the definition of tree mortality itself has been
investigated over at least the last decade (McDowell et al. , 2008; Sala et al. , 2010; Sevanto et al. , 2014;
Garcia-Forner et al. , 2016b; Adamset al. , 2017) and yet, our understanding is still limited. This case study
using a naturally occurring mortality events and in-situ measurements may help advance our understanding of
the the steps, and in particular the role of radial water movement and phloem transport, leading to mortality
of mature trees. Such knowledge can help identify the key traits to seek in our management attempts to
reduce the impact of forest mortality. It should also motivate research to identify the factors that contribute
to the extreme spatial heterogeneity in tree mortality, even within the same uniform stand, such as due to
small-scale variations in the sub-surface conditions to which individual trees are exposed (Preisler et al.,
2019).
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