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Summary 

Disruption of photosynthesis and carbon transport due to damage to the tree crown and 
stem cambial cells, respectively, can cause tree mortality. It has recently been proposed that 
fire-induced dysfunction of xylem plays an important role in tree mortality. Here, we simulta-

neously tested the impact of a lethal fire dose on nonstructural carbohydrates (NSCs) and 
xylem hydraulics in Pinus ponderosa saplings. 
Saplings were burned with a known lethal fire dose. Nonstructural carbohydrates were 

assessed in needles, main stems, roots and whole plants, and xylem hydraulic conductivity 
was measured in the main stems up to 29 d postfire. 
Photosynthesis and whole plant NSCs declined postfire. Additionally, all burned saplings 

showed 100% phloem/cambium necrosis, and roots of burned saplings had reduced NSCs 
compared to unburned and defoliated saplings. We further show that, contrary to patterns 
observed with NSCs, water transport was unchanged by fire and there was no evidence of 
xylem deformation in saplings that experienced a lethal dose of heat from fire. 
We conclude that phloem and cambium mortality, and not hydraulic failure, were probably 

the causes of death in these saplings. These findings advance our understanding of the physi-
ological response to fire-induced injuries in conifer trees. 

Introduction 

Millions of hectares of forest are burned every year by wildfres 
(Van Lierop et al., 2015; Artes´ et al., 2019), leaving many trees 
with injuries that can lead to tree death. Disruption of photosyn-
thesis and carbon transport via phloem caused by damage to the 
crown (buds and leaves) and stem cambial cells, respectively, are 
well known fre injuries that have been proposed to lead to tree 
mortality (Ryan, 2000; Hood et al., 2018; O’Brien et al., 2018; 
Bar¨ et al., 2019). It has also been widely proposed that fre may 
potentially affect tree water transport after exposure to heat. Pre-
vious studies concluded that fre or fre proxies resulted in dam-
age to the water conduit cell walls and induced formation of air 
bubbles (Michaletz et al., 2012; West et al., 2016; Bar¨ et al., 
2018), increased water tension in the xylem (Kavanagh 
et al., 2010) and increased the vulnerability to drought by forma-
tion of new xylem that is more vulnerable to embolism in the 
vicinity of fre scars (Partelli-Feltrin et al., 2021). Although cessa-
tion of photosynthesis and impaired carbon transport have been 
long proposed as primary causes of postfre tree mortality 
(Levitt, 1972), most studies since 2000 have assessed plant 

morphological measures of tree injury (e.g. crown scorch, bark 
char) and the correlation with postfre tree mortality 
(Ryan, 2000; Dickinson et al., 2004; Hood & Lutes, 2017). 
The impacts on tree physiology are predominately only implicit 
in these studies, whereas studies that have assessed the postfre 
physiological responses of whole plants that ultimately die are 
rare (Varner et al., 2021). Indeed, the impact of fres on plant 
physiological processes is poorly understood but is critically 
needed to better understand how individual plants and entire 
ecosystems will respond to novel and changing climate conditions 
(Smith et al., 2016). The majority of the research conducted 
with saplings has aimed to use smaller trees to understand the 
impact of natural disturbances, such as drought and fre, on 
mature trees (McDowell et al., 2013). However, it is important 
to point out that forest health and regeneration depend on sap-
ling responses to different disturbances and competition. Consid-
ering future drier conditions (IPCC, 2021) favoring more 
frequent occurrence of fres and a need for more controlled fre to 
prevent catastrophic wildfres (Vaillant et al., 2016), understand-
ing the impact of fre on sapling physiology is also critical to 
maintain forest health and resilience (Smith et al., 2017). 
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Tree nonstructural carbohydrates (NSCs) can potentially be 
affected by fre and play an important role in postfre tree survival 
(Bar¨ et al., 2019). During fre, tree tissues directly related to car-
bohydrate production (leaves) and transport (phloem) can be 
damaged (Hood et al., 2018) leaving trees partially or completely 
reliant on their carbon reserves for recovery. Phloem is the vascu-
lar tissue responsible for transport of photosynthates from the 
leaves to the roots (Zimmermann & Milburn, 1975), and 
phloem dysfunction, such as through irreparable damage to sieve 
cells, can disrupt carbohydrate transport (Knoblauch & van 
Bel, 1998; Knoblauch et al., 2014). Vascular cambium cells, 
responsible for producing both secondary xylem and phloem, are 
situated between these tissues (Esau, 1965; Larson, 1994). If 
cambial cells are killed around the entire circumference of the 
tree bole (i.e. girdling), trees are not able to regrow new phloem 
and xylem (Goren et al., 2004). Since cambial cells are sur-
rounded by phloem on the outside (towards the bark), any mor-
tality of cambial cells would be accompanied by mortality in 
phloem cells. Consequently, the transport of photosynthates 
from the leaves to the roots would be completely disrupted 
(Rademacher et al., 2019). Trees can still survive for years after 
complete cambium and phloem damage (Noel, 1970; 
Ryan, 2000) using carbohydrates stored in their roots (Mei 
et al., 2015; Aubrey & Teskey, 2018). However, after depletion 
of the root’s reserves, roots die, terminating water and nutrient 
transport to the rest of the tree and leading to eventual tree mor-
tality. However, if cambial cells are only partially damaged, the 
phloem and xylem can be restored from undamaged areas (Słupi-
anek et al., 2021). Trees probably depend, in part, on stored car-
bohydrates to recover from heat injuries to crown, stem and roots 
caused during fre. In wildland fres, examples of signifcant (i.e. 
≤ 80%) but partial damage to cambium cells are commonplace 
as highlighted by the formation of fre scars, which can appear 
drastic, but where several studies have observed no signifcant 
long-term reduction to growth in surviving trees (Mitchell 
et al., 1983; Furnis et al., 2020). 

Reductions in carbohydrate reserves can also occur by heat-
induced necrosis of the crown foliage. When leaves are damaged 
during a fre, photosynthesis can be signifcantly affected (Smith 
et al., 2017; Sparks et al., 2018; Partelli-Feltrin et al., 2020) and 
may cause decreases in NSC reserves, particularly when photo-
synthesis is halted for long periods of time (Li et al., 2018; 
Weber et al., 2018). Experiments conducted under controlled 
environments have shown that conifer saplings exposed to high 
doses of heat from fres had signifcant decreases in photosynthe-
sis as well as high rates of mortality (Sparks et al., 2016; Smith 
et al., 2017). Other studies have also shown that the probability 
of postfre tree mortality increases with an increase in the volume 
of crown foliage necrosis (Peterson & Ryan, 1986; Cansler et al., 
2020). Although these studies evaluated the tree physiological 
response that was related to carbohydrate production (i.e. photo-
synthesis), it is known that depletion of NSCs can occur when 
leaves are damaged or removed, such as has been reported in 
defoliated trees (Gregory & Wargo, 1986; Anderegg & 
Callaway, 2012; Wiley et al., 2013). Studies have posited that 
fre-induced tree mortality may be the result of the reduced 
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transport and depletion of carbohydrates (O’Brien et al., 2010; 
Smith et al., 2017; Partelli-Feltrin et al., 2020). Other than one 
previous study that assessed the decline of NSC reserves in roots 
of Pinus palustris postfre (Varner et al., 2009), there is as yet no 
direct evidence of depletion of NSC reserves in a whole plant 
exposed to fre. 

In this paper, for the frst time, we examine the simultaneous 
impact of fre on NSC pools and water transport in 1.5-yr-old 
Pinus ponderosa saplings exposed to a lethal fre dose. Our objec-
tives were to evaluate the impact of fre on needle, stem, root and 
whole-plant NSCs (starch and sugars) and on saplings’ stem 
hydraulic conductivity. We hypothesized that saplings exposed to 
lethal fre have lower NSC content in all organs and at the whole-
plant scale compared to plants not exposed to fre, and saplings 
exposed to fre are more vulnerable to embolism and show a 
decrease in hydraulic conductivity over time. In addition, we 
tested the hypothesis that burned saplings would have lower 
NSC content than defoliated plants (a control for needle loss but 
no stem heating from fre) due to fre damage caused in sapling 
stems whereas defoliated plants had only foliage loss. 

Materials and Methods 

Plant material 

Two sets of plants were used to conduct this study. For the frst 
experiment, hereafter named ‘Experiment 1’, a total of 100 2-yr-
old P. ponderosa Douglas ex P. Lawson & C. Lawson saplings 
potted in 3.8 l pots with Sungro® Sunshine Mix #3 (Sungro 
Horticulture, Agawam, MA, USA) were purchased from Western 
Forest Systems Inc. (Lewiston, ID, USA) in spring 2018. Sap-
lings were kept in a climate-controlled glasshouse at the Univer-
sity of Idaho with maximum and minimum temperatures of 
25°C and 15°C, respectively. Plants were watered every other 
day and fertilized with 20 : 20 : 20 Technigro® fertilizer (Sun-
gro Horticulture) monthly. Sapling mean root collar diameter 
(RCD) and mean height ( SE) were 1.42 0.03 and 
55.0 9.0 cm, respectively, at the time of the fre and defolia-
tion treatments. For ‘Experiment 2’, an additional 40 P. pon-
derosa saplings with RCD average of 0.90 0.01 cm and height 
of 0.41 0.09 m were purchased from the same nursery in sum-
mer 2020 to evaluate the potential cambium necrosis caused by 
heat generated during fre treatment. Saplings were kept in the 
same controlled glasshouse and received the same watering and 
fertilizer as those in Experiment 1. 

Treatments 

Fire treatments were conducted under a controlled environment 
at the University of Idaho Fire Initiative for Research and Educa-
tion (IFIRE) combustion laboratory, Moscow, Idaho, following 
established methods (Sparks et al., 2018; Steady et al., 2019; 
Partelli-Feltrin et al., 2021). Thirty well-watered P. ponderosa 
saplings (15 each for Experiments 1 and 2) were randomly cho-
sen and subjected to a surface fre with an intensity of 
1.4 MJ m −2, a known lethal (i.e. 100% probability of mortality) 
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fre intensity for well-watered P. ponderosa saplings of this age 
and size (Steady et al., 2019; Partelli-Feltrin et al., 2021). All 
saplings were watered to pot capacity 1 d before the burn. A fuel 
load of 0.304 kg m −2 of oven-dried P. ponderosa needles was 
used as fuel bed (Partelli-Feltrin et al., 2020). Needles were oven 
dried for 48 h at 105°C following the methodology of Mat-
thews (2010) and kept in the oven until immediately before each 
burn. A 1 m2 circular concrete board with an opening in the 
middle was used to align the top of the soil with the surface fre. 
Saplings were placed in the center opening and the pot soil was 
leveled with the top surface of the concrete board (Supporting 
Information Fig. S1). Any pot material above the soil surface was 
removed to allow for an obstruction-free transition from the 
cement board surface to the soil around the sapling. Any gaps 
between the pot and board were sealed from below to ensure air 
fow did not affect fre behavior. Dried needles were evenly 
spread around the saplings in the circular area and ignited using 
c. 2 g of ethanol spread on one-quarter of the circumference 
edge. Each burn lasted c. 5 min from ignition to extinction. After 
fre exposure, burned plants were returned to the glasshouse and 
watered. 

Exposure of saplings to fre in Experiments 1 and 2 was con-
ducted in July 2018 and August 2020. Fire experiments were 
conducted at this period due to higher fre risk during this time 
of the year in the western USA (Westerling et al., 2003). On the 
same day of the burning in Experiment 1, 15 unburned saplings 
were randomly chosen and manually defoliated. All of the needles 
were removed from each sapling. A defoliation of 100% was cho-
sen based on a previous study in which P. ponderosa saplings of 
similar size exposed to the same fre intensity (1.4 MJ m −2) had 
photosynthesis signifcantly decreased to approximately zero 1-d 
postfre and did not show any photosynthetic recovery 27 d after 
the fre treatment (Partelli-Feltrin et al., 2020). From the 
remaining saplings in Experiments 1 and 2, respectively, 40 and 
18 plants were used as unburned and nondefoliated controls, 
respectively. 

Stem hydraulic conductivity 

Native percentage loss of xylem hydraulic conductivity (nPLC) 
was measured in fve unburned plants before fre treatment and 
in fve unburned and fve burned plants on days 6, 14 and 28 
postfre in Experiment 1. In addition, nPLC was measured in six 
unburned plants on the day of the fre but before plants were 
exposed to the fre (day 0) and in six unburned and six burned 
plants 6 d postfre in Experiment 2. One day before native 
hydraulic conductivity (kn) was measured, all saplings were 
watered, and plants were randomly chosen from each treatment 
and transported to the laboratory at the University of Idaho 
Research Building. Saplings were covered with black plastic bags 
overnight and the next morning predawn leaf water potential 
(Ψp; MPa) was measured using a pressure chamber (PMS Instru-
ments Co., Albany, OR, USA). The main stem was excised at the 
RCD of each sapling and segments of c. 20 cm in length were 
cut under deionized water at ambient temperature (c. 22°C). 
About 2 cm of the distal ends of each stem were cut with a sharp 
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razor blade to remove any potential embolism caused when stems 
were harvested. 

−1 −1 −1Stem xylem hydraulic conductivity (ks, kg  m  MPa s ) 
was measured using a Sperry apparatus (Sperry et al., 1988). A 
fltering fask flled with deionized water was connected to a vac-
uum pump for 48 h for water degassing. kn was measured just 
after stem segments were excised. After kn was measured, stems 
were placed in a vacuum chamber with deionized water overnight 
to clear any air emboli. The following morning, stems were 
placed in another container with deionized water at ambient tem-
perature, both ends were shaved using a fresh razor blade and 
maximum hydraulic conductivity (kmax) was measured. All 
hydraulic conductivity was corrected by the length of each stem 
segment and nPLC was calculated using the following equation: 

� � 

nPLC ¼ 100 1 

�� 
kn 
kmax 

Eqn 1 

Photosynthesis and NSC analysis 

Predawn (Ψp) and midday (Ψm) leaf water potential and photo-
synthesis were measured 2 d before fre and defoliation treat-
ments in Experiment 1 in fve unburned plants. After plants were 
exposed to the treatments, measurements were performed on fve 
plants in the unburned and burned groups on days 6, 13 and 27. 

−2 −1Photosynthesis (A; μmol CO2 m s ) measurements were per-
formed in three needles of each sapling between 09:00 and 
11:00 h using a Li-Cor 6400XT device (Li-Cor, Lincoln, NE, 

−2 −1USA) with constant photosynthetic fux of 1400 μmol m s 
and CO2 set to 400 ppm. During measurements, average leaf 
temperature, relative humidity and vapor pressure defcit were 
30.5 0.43°C, 43.4 0.65% and 2.56 0.1 kPa, respec-
tively. A and stomatal conductance as a function of time were 
observed in real time; when stability was reached (i.e. no change 
in A and the conductance trend for at least 1 min), A was 
recorded. A fascicle of three needles was maintained inside the 
cuvette until photosynthesis and conductance were stable. The 
portion of the needles used to measure A were scanned using a 
Li-3100C area meter (Li-Cor) to correct for leaf area. 

Nonstructural carbohydrate analysis was performed in fve sap-
lings randomly chosen from each treatment (unburned, burned 
and defoliated) on days 7, 15 and 29 postburning and defolia-
tion. One day preburning and defoliation, NSC analysis was per-
formed in fve randomly chosen unburned saplings. Total soluble 
sugars and starch content in needles, stem (bark + wood) and 
roots were analyzed. Each organ was harvested, weighed, micro-
waved for 90 s to stop enzymatic activity, placed in a paper bag, 
oven dried for 2 d at 90°C and stored inside an oven at 30°C 
until samples were ground. One day before samples were ground, 
they were placed in an oven at c. 60°C overnight and weighed the 
next day to obtain plant dry mass. Samples were ground in a 
Wiley Mill (Arthur H. Thomas Type) and sieved to pass a num-
ber 60 mesh. The fne powder was placed in a vial and stored in 
the dark. Nonstructural carbohydrate analysis was conducted in 
the Environmental Ecology Laboratory at Oklahoma State 
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University, Stillwater, OK, USA. To determine the sugar and 
starch content, 25 mg of ground plant material was used follow-
ing the extraction and enzymatic digestion procedure described 
in Landhäusser et al. (2018). Total sugar and starch content in 
each organ were calculated by multiplying NSC content by the 
dry mass of each organ and dividing by whole-plant dry mass. 
Total NSC content in each organ was calculated as the sum of 
sugar and starch content in each respective organ and whole plant 
NSCs were the sum of needle, stem and root NSC content. 

Xylem anatomy and cambium/phloem analysis 

The potential heat damage caused in the xylem conduit cell walls 
was investigated in the stems used to measure k in Experiment 1. 
Three sections of the stem of c. 5 cm were cut and cross-sections 
of 40 μm were cut using a microtome (American Optical Co., 
Buffalo, NY, USA). Samples were stained with safranin 6% and/ 
or alcian blue. Cross-sections were imaged using a confocal 
microscope (Olympus BX51; Olympus Corp., Tokyo, Japan) 
equipped with a digital camera (Olympus DP70). Heat-induced 
phloem cell necrosis of the stems was determined visually. To 
assess cambial cell necrosis, in Experiment 2, on days 1 and 6 
postfre four unburned and four burned plants on each day were 
randomly chosen. In previous studies, to verify if conifer saplings 
were still alive after exposure to fre a scratch test was performed 
(Steady et al., 2019; Partelli-Feltrin et al., 2020). This test con-
sists of visually verifying the change in phloem coloration. Living 
plants usually show a greenish color when phloem is alive while 
dead phloem has a brownish color (Fig. S2). Here, to assess 
phloem viability, we cut the sapling at the root collar and 1 cm 
increment sections were made in the main stem to observe 
changes in phloem color. 

Statistical analysis 

Statistical analysis was conducted using R v.3.5.3 (R Core Team, 
2019). We used a linear model to compare the effect of treatment 
on Ψp, Ψm, kmax, nPLC and NSCs. Pairwise comparisons were 
conducted to evaluate the interacting effect of time and treatment 
on each response variable, using the R package EMMEANS (Lenth 
et al., 2020). Heat-induced damage to needles can cause poten-
tial errors in water potential measurement using a pressure cham-
ber. Therefore, on days 13 and 27 we were not able to make Ψp 

and Ψm measurements for at least three plants. Thus, those days 
were not included in the analysis to determine the difference in 
Ψp and Ψm. Linear regressions between wet and dry mass of a 
particular tree organ and treatment were ftted to estimate the dry 
mass of the plants’ organs that were missing (Tables S1, S2). 
Means SE are reported for all parameters. 

Results 

Stem hydraulic conductivity 

In Experiment 1, mean predawn water potential (Ψp) measured 
before native hydraulic conductivity (kn) measurements in 
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Fig. 1 Maximum hydraulic conductivity (kmax) and native percentage loss 
of hydraulic conductivity (nPLC) in stems of Pinus ponderosa saplings from 
0 to 28 d relative to the fire day (indicated by dashed red vertical line) in 
Experiments 1 and 2. A pairwise t-test was used to determine significant 
differences (P < 0.05) between treatments on the same day. Significant 
differences are indicated by asterisks. Error bars are SE. 

unburned saplings ranged from −0.25 to −0.34 MPa with no 
signifcant difference (P > 0.05) among unburned plants over 
time. Average maximum hydraulic conductivity (kmax) ranged

−1 −1 −1from 0.402 to 0.494 kg m MPa s in unburned and from 
−1 −1 −10.328 to 0.413 kg m MPa s in burned saplings over time. 

Unburned and burned sapling kmax did not differ signifcantly 
(P > 0.05) on each day postfre (Fig. 1), nor when kmax was 
compared over time within each treatment. Average nPLC ran-
ged from 8.0% to 16.7% in unburned and from 2.9% to 23.9% 
in burned plants. Over time, nPLC differed between days 14 and 
28 postfre in the burned treatment (P = 0.04), but no signif-
cant difference (P > 0.05) between treatments (Fig. 1) on each 
sampling day was found. 

In the second experiment, mean Ψp on day 0 (the day saplings 
were subjected to fre) in unburned plants was −0.26 0.04 MPa. 
On day 6 postfre, Ψp (−0.22 0.02 MPa) and kmax 

−1 −1 −1(0.430 0.03 kg m MPa s ) in unburned plants were simi-
lar to those in burned plants (−0.32 0.1 MPa and 

−1 −1 −10.431 0.04 kg m MPa s ). Although nPLC differed 
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signifcantly (P = 0.0002) between unburned and burned plants at 
6 d postfre, unburned plants had higher nPLC (22.39 4.18%) 
compared to burned saplings (2.83 1.19%) (Fig. 1). 

Photosynthesis and NSCs 

Photosynthesis (A) in burned saplings was reduced signifcantly 
for all days postfre when compared with unburned plants on the 
same day. During the period of Experiment 1, burned plant A 

−2 −1ranged from 0.9 to 1.8 μmol CO2 m s from day 6 to day 
27 postfre and A did not recover to prefre values 

−2 −1(11.08 2.27 μmol CO2 m s ; Fig.  2). Ψp and Ψm were 
signifcantly less negative (P < 0.05) in burned saplings when 
compared to unburned saplings 6 d postfre (Fig. 2). 

Our NSC analysis showed that total NSCs (sugar + starch) in 
needles of burned plants were lower but not signifcantly different 
than in unburned plants for all days after saplings were exposed 
to fre (Fig. 3). Stem NSCs in burned plants were 58% lower 
(P< 0.05) 7 and 15 d postfre than NSCs in stems of unburned 
plants. No signifcant difference was found between unburned, 
burned and defoliated stem NSCs at 29 d postfre. Root NSCs of 
burned plants were signifcantly lower (P < 0.05) than in 
unburned and defoliated plants on all days postfre. Roots NSCs 
in burned plants were 37–64% and 36–44% lower than 
unburned and defoliated plants, respectively, from 7 to 29 d 
posttreatments. Defoliated plants had 36% lower root NSCs 
than unburned plants at 29 d post-defoliation (P-
value = 0.014). Over time, root NSC content increased about 
47% in unburned plants from 1 d prefre to 29 d after, but this 
change was only signifcant between 1 d prefre and 29 d postfre 
(P = 0.03). Root NSC content in burned and defoliated plants 
was similar over time. 

Burned plants showed a reduction of 26%, 35% and 32% 
(P < 0.05) in whole-plant NSC content compared to unburned 
plants at 7, 15 and 29 d postfre, respectively (Fig. 4). Over time, 
whole-plant NSCs increased in unburned plants with greater 
NSC content at 29 d posttreatments (13.40 0.26%; 
P = 0.009) compared to pretreatments (7.95 1.38%). Mean 
total NSCs of burned plants were similar (P > 0.05) over time. 
When leaves were not included in the analysis (stem + root), 
burned plants had 54% and 49% (P < 0.05) lower whole-plant 
NSC content compared to unburned and 45% (P < 0.05) lower 
than defoliated plants at 7 and 15 d postfre, respectively (Fig. 4). 
At 29 d postfre, mean total NSC content was signifcantly lower 
in burned plants (2.46 0.37%; P = 0.001) compared to 
unburned plants (5.13 0.43%), but similar to defoliated 
plants (3.91 0.37%). Mean total NSC content in unburned 
and defoliated plants was similar on all days posttreatment 
(Fig. 4). 

Xylem anatomy and cambium/phloem damage 

Our anatomical analysis did not show any potential heat-induced 
physical damage to the tracheid cells walls in Experiment 1 with 
no visual difference observed between unburned and burned tra-
cheid cell walls (Fig. 5a,b). The change in phloem/cambium 

New Phytologist (2023) 237: 1154–1163 
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Fig. 2 Mean predawn and midday leaf water potential (Ψ) and 
photosynthesis (A) in  Pinus ponderosa saplings from −1 to 28 d relative to 
the fire day (indicated by dashed red vertical line). A pairwise t-test with 
Tukey’s method of adjustment was used to determine significant differ-
ences (P < 0.05) between treatments on the same day. Asterisks indicate 
significant differences between treatments. Error bars are SE. 

from greenish in unburned plants to a brown coloration was 
observed in the entire circumference of all burned plant stems in 
Experiments 1 and 2 (Figs 5c–f, S3). Thus, we concluded that 
100% of the cambium and phloem were damaged in these sap-
lings (i.e. was girdled). We also observed an effect of fre-induced 
heat on the xylem in the stems used to measure water 

� 2022 The Authors 
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Fig. 3 Mean total nonstructural carbohydrate (NSC) content (%) in 
needles, stems and roots of Pinus ponderosa saplings relative to the fire 
day. Different bar colors represent the unburned, burned and defoliated 
treatments. A pairwise t-test with Tukey’s method of adjustment was used 
to determine significant differences among unburned, burned and defoli-
ated treatments on the same day. Significant differences among treat-
ments are shown with different letters (P < 0.05). Bars are SE. 

conductivity. This was clearly distinct based on the change in 
color from light to dark brown on portions of the stem that 
received heat during fre. For instance, a light brown color was 
observed in a small portion (stem height closer to the soil surface, 
Fig. S4) of the stem while the rest of the stem showed a dark col-
oration. 

Discussion 

We assessed the impacts of a lethal fre dose on NSCs and stem 
hydraulic conductivity in P. ponderosa saplings over 29 d after 
exposure to fre. Our results showed that neither the main stem 
hydraulic conductivity (nPLC) nor xylem conduit structure were 
affected by the lethal fre dose (Figs 1, 5c–f). We found that fre 

Fig. 4 Mean total nonstructural carbohydrate (NSC) content (%) in whole 
Pinus ponderosa saplings (leaf + stem + root) and stem + root (excluding 
leaves, to allow for comparison with the defoliated treatment) relative to 
the fire day. Different bar colors represent the unburned, burned and 
defoliated treatments. A pairwise t-test with Tukey’s method of adjust-
ment was used to determine the differences among unburned, burned and 
defoliated treatments on the same day postfire. Significant differences 
among treatments are shown with different letters (P < 0.05). Bars are 
SE. 

caused a signifcant decrease in total whole-plant NSCs. 
Although foliage was injured by fre and photosynthesis was sig-
nifcantly reduced in burned saplings, we did not observe a signif-
icant reduction in total NSCs in foliage of burned saplings. 
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Fig. 5 Phloem and xylem cross-sections of Pinus ponderosa saplings 
exposed to lethal fire intensity. Cross-sections of unburned (a) and burned 
(b) plants in Experiment 1 show similar nonheat-induced damaged xylem 
cell walls (arrows). Cross-sections of unburned (c, e) and burned (d, f) 
plants in Experiments 1 and 2, respectively. Arrows show phloem tissue in 
unburned plants with a greenish color while in burned plants the arrows 
show phloem with a brownish coloration around the entire circumference 
of the sapling stem. 

However, total NSCs in stems and roots of burned plants was sig-
nifcantly lower than in unburned plants. Notably, this was dri-
ven by lower sugar and starch concentration in these organs of 
burned plants (Fig. S5). Thus, the NSC depletion in stem and 
roots contributed the most to reductions in total NSCs in the 
whole plant. The observed depletions in stem and root NSCs 
combined with observed phloem and cambium color changes 
suggest that phloem death had occurred (i.e. inhibited NSC 
transport) in burned saplings, and the cause of sapling mortality 
was probably cambial death and/or disruption of carbohydrate 
transport in the phloem. 

Here we provide evidence that NSCs are depleted in P. pon-
derosa saplings after exposure to a lethal fre. We observed a sig-
nifcant reduction in whole burned plant NSCs particularly 
compared to unburned plants. This reduction was mostly driven 
by depletion of carbohydrates in stems and roots. Because burned 
plants suffered 100% cambial cell death, it was expected that 
depletion of NSCs in roots would occur, consistent with fndings 

Phytologist 

that girdled trees have depleted root NSCs (Mei et al., 2015; 
Aubrey & Teskey, 2018). However, compared to defoliated 
plants, we found that burned saplings had lower total NSC con-
tent. Given that saplings exposed to fre had low rates of photo-
synthesis and that saplings manually defoliated did not produce 
new photosynthate (i.e. no photosynthesis), our results suggest 
that the additional damage caused by fre in the stem contributed 
to increase the demand of NSCs for recovery and for mainte-
nance of metabolism. In addition, extra demand for NSCs in 
trees injured by fre can potentially be directed to secondary 
metabolism, such as resin production (Hermes & Matt-
son, 1992; Du  et al., 2022). Thus, it is possible that plants with 
larger NSC reserves are more likely to survive as fre can cause 
injuries in multiple organs and more energy may be required for 
tree survival. Also, because of the potential higher demand for 
NSCs to recover from fre injuries, trees that were previously 
exposed to other disturbances that can impact the NSC pools 
(Adams et al., 2013; Rosas et al., 2013), such as long periods of 
antecedent drought or competition, are more likely to die. 
Although a recent study showed that conifer saplings under 
drought exposed to fre had higher sapling mortality (Partelli-
Feltrin et al., 2021), how fre impacts sapling NSC pools is 
unknown, particularly when cambial/phloem tissues are only par-
tially damaged. Therefore, more studies assessing the interactions 
between drought and fre and the impact on physiological mecha-
nisms are needed for a better understanding of how trees and for-
ests will respond to changes in future climates (IPCC, 2021; 
United Nations Environment Programme, 2022). 

Other characteristics previously observed in girdled plants were 
an increase in NSC accumulation above girdle in stems and foli-
age and a decrease in photosynthesis due to carbohydrate accu-
mulation (Goren et al., 2004). In the present study, the pattern 
of NSC accumulation in organs above ground in burned plants 
was not observed over time. One possible explanation for this is 
that consumption of carbohydrates for metabolism and repair of 
fre injuries was potentially greater than production of carbohy-
drates, which was reduced (Fig. 2) by heat-induced damage to 
the photosynthetic machinery in needles. This also supports the 
idea that saplings exposed to fre required higher NSC content 
when compared to defoliated plants (Fig. 4) to repair the damage 
caused by fre in the stem. 

Plant NSC pools change during the year (Martı́nez-Vilalta 
et al., 2016; Furze et al., 2019) and if low NSC reserves con-
tribute to postfre tree mortality, the time of the year and pheno-
logical state that plants are experiencing when exposed to fre 
might increase or decrease the chances of tree mortality. For 
example, a study with two broadleaf evergreen trees with distinct 
leaf phenology showed that defoliation at the same period had a 
signifcant impact, such as lower NSC content and high mortality 
rates, in the species that regenerated leaves before defoliation 
(Chen et al., 2017). It is possible that if saplings were burned 
when NSC pools were lower (e.g. winter or beginning of spring; 
Furze et al., 2019), mortality could occur faster. Although plant 
phenological state coupled with fre behavior can impact the 
magnitude of heat-induced injuries (Bison et al., 2022), it is still 
unclear how tree physiological processes will be affected when 
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plants are exposed to fre in different phenological states. Studies 
investigating the impacts of fre on plants at different phenologi-
cal states is extremely important, particularly due to shifts caused 
by early snowmelt and consequently the greater chances of early 
fre occurrence (Westerling et al., 2003). 

Although we observed differences in NSCs in burned vs 
unburned plants, sapling hydraulic parameters were not affected 
by fre. Consistent with previous fndings (Partelli-Feltrin et al., 
2021), exposure of P. ponderosa saplings to a lethal fre dose did 
not impact nPLC in this study. Despite the fact that in Experi-
ment 1 burned plant nPLC increased from 3% to 24% between 
14 and 28 d after fre, the burned plants did not differ from the 
unburned plants on those days (Fig. 1). nPLC values in our study 
were similar to those reported in conifer species not under 
drought stress grown in a controlled environment (Hammond 
et al., 2019) and mature trees in the feld (McCulloh et 
al., 2011). Moreover, these values did not even approach the crit-
ical thresholds of 60–80% observed to result in mortality (Bro-
dribb & Cochard, 2009; Hammond et al., 2019). Thus, the 
hypothesis that the impacts of fre on xylem function result in 
sapling mortality was not supported in our study. In addition, 
the saplings used in this study were short (c. 0.5 m), which 
increased the chances of foliage and bud necrosis. Notre also that 
saplings of this size lack the thick bark found in mature Ponderosa 
pine trees. Since bark thickness increases with tree age and size 
(Sonmez et al., 2007; Berrill et al., 2020) and we found no evi-
dence of xylem dysfunction in saplings, which should have the 
thinnest of bark, we suggest that it is becomes increasingly unli-
kely that larger tree hydraulics in species with thick bark will be 
affected by fre. However, the exact age at which bark thickness 
confers increased fre protection is probably dependent on the 
tree species and fre behavior (e.g. intensity). For mature tree spe-
cies with very thin bark (< 1 cm), such as Populus tremuloides or 
Betula papyrifera, we acknowledge that damage to the xylem 
through heat exposure could remain an important process in fre-
induced tree mortality. 

Studies using water baths have observed heat-deformed con-
duit cell walls that could potentially increase PLC content 
(Michaletz et al., 2012; West  et al., 2016; Bar¨ et al., 2018). 
However, our stem anatomical analysis showed that the heat gen-
erated by the lethal fre dose did not deform the tracheid cell 
walls. Although we did not quantify the total heat reaching the 
xylem, we visually observed changes in xylem coloration, suggest-
ing that heat generated during fre reached the xylem cells 
(Figs 5c–f, S2, S3). Our fndings agree with previous results 
showing no effect of fre on nPLC for saplings of ponderosa pine 
exposed to nonlethal and lethal fre doses (Partelli-Feltrin et al., 
2021). Despite no evidence of tracheid deformation in burned 
saplings, we did observe a slight decrease in maximum water con-
ductivity from 6 to 28 d postfre in burned plants. Such a 
decrease in maximum water conductivity could be related to 
clogging of xylem pits (small pores that link the water conduits) 
by resin and/or physical deformation of the pits. Another previ-
ous study suggested that the prefre xylem conduits in the vicinity 
of fre scars could have pits clogged by resin (Partelli-Feltrin 
et al., 2021). However, there is as yet no direct evidence of this 
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or heat-induced deformation of pits. These are interesting possi-
ble mechanisms of reduced maximum conductivity, and future 
investigations of these possibilities are needed. 

In addition to the stem anatomical analysis, we visually 
observed changes in the coloration of phloem/vascular cambium, 
indicating phloem mortality in the entire circumference of the 
plant stems. Therefore, our results suggest that the cause of sap-
ling mortality here was cambial death and/or disruption of carbo-
hydrate transport by heat-induced death of phloem. Although 
xylem hydraulic failure was not observed during our study (29 d 
postfre) and it was not the cause of mortality, we could have 
potentially observed an increase in nPLC after the onset of root 
mortality caused by depletion of root NSC reserves due to stem 
heat-induced girdling. Thus, further research is needed into more 
diverse factors such as the long term-impact of fre on water 
transport and the interaction of partial cambium/phloem dys-
function (Partelli-Feltrin et al., 2021) in different tree species. 

Depletion of carbohydrates and loss of hydraulic function can 
cooccur (Sevanto et al., 2014; McDowell et al., 2022), but in 
this study fre only induced depletion of NSCs in the roots due 
to heat-induced girdling. Our results implicate phloem dysfunc-
tion and cambial death (but not hydraulic failure) as a potential 
mechanism of postfre tree mortality in ponderosa pine saplings. 
Although we did not observe changes in nPLC, it is likely that 
when roots reach a maximum depletion of NSCs, thus supplying 
less water due to root mortality, an increase in nPLC can occur. 
In addition, because fre can potentially have a greater effect on 
tree NSCs than water transport, our results suggest that trees 
which do not suffer complete cambial tissue necrosis and have 
higher NSC content are more likely to survive fre. 
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