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Abstract

This article comments on: ‘Short- and long-term effects of fire on stem hydraulics in Pinus ponderosa saplings
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A summer storm passes, flashing lightning but little rain and a fire starts to grow. Flames lick the bases of
trees, charring stems and strong winds fan the fire at times, causing the flames to scorch foliage, as it burns
through a forest. The fate of these burned trees after the flames are doused is one of intense interest. Will
the forest become a carbon source? Will there be suitable wildlife habitat? Will enough trees survive to
perpetuate and regenerate the forest? Are the trees now more vulnerable to bark beetle attacks or drought?
To answer these questions, ecologists are reliant on accurate predictive models of fire-caused tree mortality.
Yet, we still know remarkably little about the actual physiological impacts of fire on trees, limiting our
ability to build mechanistic mortality models (Bär, Michaletz, & Mayr, 2019; Hood, Varner, van Mantgem,
& Cansler, 2018).

Depending on the intensity and duration of heat that affects crown, stem, and root tissues, some trees are
killed immediately, others may die over the next several years, while others fully recover and survive future
fires (Hood et al., 2018). Death of foliage and branch meristems in the crown during a high intensity fire
is the most well-described cause of tree death or top-kill in species capable of resprouting. There is far less
research on the impact of lower intensity fires, where crown meristems are not as affected, causing injuries to
the stem and ultimately tree death. Delayed mortality is inherently difficult to predict, as numerous factors
influence physiological responses, such as plant water stress, that can increase post-fire tree mortality over
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time (Partelli-Feltrin, Johnson, et al., 2020; van Mantgem et al., 2013). The article by Partelli et al. (2020)
tested the two leading hypotheses explaining stem injury from fire that can cause both immediate and delayed
tree mortality, cambium necrosis and xylem dysfunction (Bär et al., 2019). The cambium necrosis hypothesis
predicts that when fire kills stem phloem and cambium tissue it severs the connection between foliage and
roots. Over time, without photosynthates to replenish carbon reserves, roots die, increasing xylem tension
until tree mortality occurs due to hydraulic failure. The xylem dysfunction hypothesis predicts that fire-
caused heating of xylem tissue causes irreversible deformation of cell walls, reducing hydraulic conductivity,
that increases xylem tension and stomatal closure, eventually leading to tree death from a combination of
depleted carbon stores and hydraulic failure.

Partelli-Feltrin, Smith, Adams, Kolden, and Johnson (2020) examined immediate (1-day) and delayed (21
month) impacts of fire on tree hydraulics through a series of small-scale, experimental fires using 1-year old
Pinus ponderosa saplings. Importantly, the authors standardized the “dose” of the fire using Fire Radiative
Energy (FRE), a measure of the intensity or radiative energy released from fuel during the fire, that each
tree received to ensure that the treatments were applied consistently. Previous work by some of the authors
has established the range of FRE dosages that are typically observed during surface fires in Pinus ponderosa
forests (A. M. S. Smith et al., 2017) and corresponding mortality dose-response curves (Steady et al., 2019).
They examined plant stem hydraulic responses to two fire intensity treatments: a high dose (1.4 MJm-2) and
a lower, sub-lethal dose (0.7 MJm-2) through two experiments. Plants were well-watered both before and
after the experiments.

The first experiment examined short-term impacts on plant hydraulics. One day after receiving a high dose
of FRE, no differences were observed in maximum xylem hydraulic conductivity (k max), native percentage
loss of conductivity (nPLC), or vulnerability to cavitation between the burned and unburned trees.

The second experiment examined plant hydraulics 21 months post-fire between unburned saplings and those
receiving a low dose FRE. The original design also included a high dose treatment, but all saplings receiving
this treatment died by the 21-month postfire measurement. As in the short-term experiment, no differences
kmax or nPLC were found between burned and unburned saplings. Despite this, the burned saplings were
more vulnerable to cavitation than the unburned saplings. When the stem xylem tissue was examined, no
deformation of the conduits was found in the xylem that had formed before the fire. However, several of the
burned saplings had traumatic xylem tissue forming post-fire in response to the fire killing cambium and
phloem tissue. In addition, in the areas of these fire scars, resin was impregnating the pre-fire xylem. The
authors attribute the increased vulnerability to water stress in the long-term to the post-fire wound tissue
that formed and resin soaking and clogging preexisting xylem.

The main finding of this work is the increased vulnerability to water stress that developed over the 21
months after the fire. Research on fire scar formation corroborates the finding of resin soaking into pre-
existing xylem around the area killed by fire (K. T. Smith, Arbellay, Falk, & Sutherland, 2016). Mundo,
González, Stoffel, Ballesteros-Cánovas, and Villalba (2019) found reduced xylem conductivity near fire scars
and increased vulnerability to water stress, but there was a slow recovery in the years afterwards. Results are
also consistent with experiments using water baths as a surrogate for fire-caused heating showing increased
vulnerability to water stress (Bär, Nardini, & Mayr, 2018; Lodge, Dickinson, & Kavanagh, 2018; Michaletz,
Johnson, & Tyree, 2012; West, Nel, Bond, & Midgley, 2016). Field-based studies of burned tree branches
showed mixed support of fire impacting hydraulic safety (Bär et al., 2018; Battipaglia et al., 2016).

The finding that fire did not cause xylem deformation conflicts with other research (Michaletz et al., 2012;
West et al., 2016). These studies used water baths as a surrogate for fire, suggesting that water baths are not
reliable substitutes for examining physiological effects of fire on plants. More research is needed to develop
standardized protocols for pyro-ecophysiological studies. Differences in results may also be due to differences
in tree sizes that range from the one-year old saplings to 40+ cm diameter trees.

Fire is a natural ecological disturbance in many ecosystems around the world, and tree species have numerous
adaptations to survive fire. Yet climate change is also increasing drought stress and driving changes in fire
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regimes that can alter tree susceptibility to fire. The discrepancies in existing studies on the physiological
effects of fire suggest that responses are species dependent and driven by suites of “pyrohydraulic traits” (West
et al., 2016). Quantification of and accounting for traits known to affect tree responses to fire and drought
are needed, such as has been documented for Mediterranean species (Paula et al., 2009). For example, bark
thickness is perhaps the single most important trait protecting cambium from heating during fire (Pellegrini
et al., 2017), but other traits such as meristem size and protection (Charles-Dominique, Beckett, Midgley,
& Bond, 2015), xylem anatomy (West et al., 2016), and nonstructural carbohydrate storage pools (Varner
et al., 2009) almost certainly affect a species tolerance of fire.

During a fire, heat can affect both the stem and crown. The results of Partelli-Feltrin, Smith, et al. (2020) hint
that some meristems were killed and this may have contributed to mortality, but crown scorch and bud kill
were not assessed. Carbon acquisition and hydraulic function are linked in ways still not fully understood, as
evidenced by a study of experimental manual defoliation that caused an increased vulnerability to embolism
(Hillabrand, Hacke, & Lieffers, 2019). Fire may act in a similar way as defoliation to kill foliage, also causing
changes to xylem anatomy. Quantifying impacts to foliage and meristems and tracking the time-to-death
of saplings would have complemented the work and future experiments should report both injuries to the
crown and stem tissues if possible.

The authors quantified the fire dose each sapling received using FRE, a measure of the radiative heat
released during a fire. FRE has the advantages of directly relating to the level of fuel consumed, can be
used to estimate the convective heat released, and can be assessed with remote sensing techniques over large
spatial scales (Kremens, Dickinson, & Bova, 2012; A. M. Smith et al., 2016). A limitation, however, is the
inability to estimate conductive heat. In fires where long-term smoldering occurs (Varner et al., 2009), this
is a fatal limitation of using FRE to measure physiological responses. Advances in quantifying total heat
flux from all heat transfer processes are needed to link the energy released during a fire to physiological and
ecological effects (O’Brien et al., 2018).

Increased vulnerability to embolism makes trees more prone to death if a severe drought occurs within
a few years of fire. As Partelli-Feltrin, Smith, et al. (2020) point out, how long this response persists is
unknown. Studying a range of physiological responses to fire over time is required to ultimately integrate the
responses into improved models of fire-induced tree mortality (Figure 1). For example, Partelli’s experiments
caused an adverse effect, as shown in Figure 1a, over the 21-month time period, but it is unknown which
curve the saplings given the low dose of fire would have ultimately followed. Would they fully or partially
grow out of the increased xylem vulnerability or would a drought interact to kill them during this phase of
increased vulnerability? Other studies have documented induced effects of enhanced physiological activity
after fire to resin defenses (Hood, Sala, Heyerdahl, & Boutin, 2015) and increased stomatal conductance
and photosynthesis (Gričar et al., 2020; Valor et al., 2018; Wallin, Kolb, Skov, & Wagner, 2003). How
physiological responses interact with species traits and exogenous factors will determine long-term, fire-
induced tree mortality (Figure 1B) and allow a better understanding of the full range of a species’s biological
plasticity and tolerance to fire (Figure 1C).

The idea of fire having a dose-dependent effect on plant physiological responses is promising and needs much
more research. Integrating the concept of hormesis, or non-linear responses and adaptative conditioning to
the environment (Agathokleous, Kitao, Harayama, & Calabrese, 2019), could provide a platform to develop
additional hypotheses of plant responses to fire for future experiments. As droughts become increasingly
frequent and intense, fire-affected trees may be more vulnerable to water stress, thereby increasing the chance
a tree dies in the years after fire. The complex interactions of climate and fire on tree physiological responses
and mortality underscores the importance of improving our understanding of how climate change and fire
will impact terrestrial ecosystems. Advances in quantifying and predicting physiological effects of fire on
trees will require a multi-disciplinary approach of plant ecophysiologists, ecologists, physical scientists, and
modelers.

Conflict of Interest statement

3



P
os

te
d

on
A

ut
ho

re
a

21
O

ct
20

20
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

33
19

37
.7

02
15

10
4/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

The author has declared no conflict of interest.

Acknowledgments

The author thanks the feedback of Morgan Varner and Charlotte Reed on an earlier version of this
manuscript. This work was supported by the USDA Forest Service, Rocky Mountain Research Station,
Fire, Fuel, and Smoke Program.

References

Agathokleous, E., Kitao, M., Harayama, H., & Calabrese, E. J. (2019). Temperature-induced hormesis in
plants. Journal of Forestry Research, 30 (1), 13-20. doi:10.1007/s11676-018-0790-7

Bär, A., Michaletz, S. T., & Mayr, S. (2019). Fire effects on tree physiology. New Phytologist, 223 (0),
1728-1741. doi:10.1111/nph.15871

Bär, A., Nardini, A., & Mayr, S. (2018). Post-fire effects in xylem hydraulics of Picea abies , Pinus sylvestris
andFagus sylvatica . New Phytologist, 217 (4), 1484-1493. doi:10.1111/nph.14916

Battipaglia, G., Savi, T., Ascoli, D., Castagneri, D., Esposito, A., Mayr, S., & Nardini, A. (2016). Effects
of prescribed burning on ecophysiological, anatomical and stem hydraulic properties in Pinus pinea L. Tree
Physiology, 36 (8), 1019-1031.

Charles-Dominique, T., Beckett, H., Midgley, G. F., & Bond, W. J. (2015). Bud protection: a key trait for
species sorting in a forest–savanna mosaic. New Phytologist, 207 (4), 1052-1060.
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Figure 1. Delayed tree mortality from wildland fire is a function the heat flux (time-integrated energy
release) or “dose” on numerous physiological responses. Heat flux includes the heat transfer processes of
radiation, convection and conduction. A) Potential physiological responses (oranges lines) over time to a
fire dose relative to baseline. Dots at end of orange lines indicate tree death, while arrows indicate survival.
Responses potentially affected by fire include, but are not limited to, photosynthetic rate (A), defense traits,
predawn water potential causing 50% loss of stem conductivity (P50), and stomatal conductance (gs). B)
Long-term, tree mortality from fire is a function of the total heat flux , plant water stress (Ψp) and ambient
air temperature (Ta) at the time of fire, physiological responses, species traits, and exogenous factors. C)
Tree binary endpoint (mortality or survival) to a fire dose. The solid line is the average tree response and
dashed lines reflect the lower and upper bounds of response based on species traits and environmental stress.
The grey zone denotes possible range of a species response or biological plasticity to fire; grey arrows provide
examples of ranges of variation in mortality from the same heat flux or variation in heat flux that causes the
same level of mortality.
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