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Abstract: The longleaf pine ecosystem is dependent on frequent fire. Climate change is expected to
influence moisture availability and it is unclear how drought conditions may interact with prescribed
fire to influence management objectives associated with maintaining longleaf pine ecosystems. This
study aimed to understand the impacts of drought, fire intensity and their interaction on P. palustris
grass-stage seedlings. We used droughted and well-watered P. palustris seedlings burned at two
different fire intensity levels at an indoor combustion facility. Needle fuel moisture content of burned
seedlings was not different between droughted and well-watered groups. Mortality and resprouting
only occurred at fire intensity levels exceeding 3.5 MJ m−2 in combination with drought that resulted
in predawn water potentials more negative than −1.7 MPa. Our observations of minimal mortality
after exposing P. palustris seedlings to a range of fire intensities in a burn lab contrast the higher
mortality observed in field studies for the species. Compared to seedlings and saplings of Western US
Pinus species, this study demonstrates that P. palustris is considerably more resistant to the combined
effects of high surface fire intensity and drought.

Keywords: grass stage; Pinus palustris; prescribed fire; recovery; transpiration; water potential

1. Introduction

Earth’s terrestrial biomes are expected to undergo major changes in the coming decades
in response to climate change, largely caused by increases in atmospheric [CO2] and land
use changes, resulting in altered temperature and precipitation patterns [1–3]. Some of the
most visible impacts of climate change will be forest die off or lack of seedling recruitment
as a result of an increased frequency of individual and concurrent extreme events such as
fire, drought and pests [4,5]. While much past plant ecophysiology research has focused on
responses to changes in mean rainfall and temperature, more recently the field has shifted
towards understanding the responses to extreme events such as heatwaves and extended
drought [6,7]. Throughout the southeastern United States, climate change is expected to
result in a change in precipitation regimes with individual rainfall event intensity increasing
but with an associated decline in the actual frequency of precipitation events [8]. This will
likely result in surface water saturation leading to more frequent flooding [8,9], but also
more frequent severe drought periods and favorable wildfire conditions [10].

Understanding how seedlings respond to the combined effects of fire and drought
has been of interest for decades in wildfire research [11]. Previous investigations of how
tree seedlings respond to fire have been focused on tracking seedling regeneration based
on fuel loading and fuel moisture [12,13] or assessing seedling mortality and physiology
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pre- and post-fire [14]. There are few studies that have looked at the physiological conse-
quences of drought and fire, and their interaction at known fire radiative energy (FRE),
the energy released by fire per area [15–19]. FRE, in contrast to measures of fuel or max-
imum temperature, can be used to compare different fuel loads, moistures and burning
environments as to better understand plant response to energy released by fires [20]. The
most intensively studied Pinus species in relation to fire and drought effects on young
life stage physiology is Pinus ponderosa Doug. C, a western US species dependent upon
frequent fire regimes. Pinus ponderosa can survive low to intermediate fire intensity at when
there is ample moisture, but under drought it is likely to die from these fires [17,18,21].
However, understanding remains limited on how the coupling of fire intensity and drought
will change plant mortality under changing land use practices and climate change [22].
Seedling responses to varying degrees of fire intensity are generally unknown, especially
for trees of the southeast United States [19], where more prescribed fire is used to manage
more than 2 million hectares annually, representing approximately 80% of the total annual
prescribed fire area in the US [23].

P. palustris is unique in its growth forms, where it begins its life as a “grass stage”, a
morphology only found in a few other pines that experience frequent fire regimes (e.g.,
Pinus merkusii Jungh. & Vriese ex Vriese, P. montezumae Lamb, P. michoacana Lindl.; [24]).
Grass stage seedlings only have a few centimeters of woody tissue above the soil with
a dense tuft of needles insulating a singular apical bud from low intensity fire [25,26].
After five to ten years in the grass stage, seedlings allocate carbon to stem production
to grow up to two meters in a single year to escape subsequent fires [27]. The exact
conditions that promote this accelerated stem growth are currently unknown [28,29]. Where
frequent fire is maintained, the interaction of resinous and quickly consumed needles and
herbaceous understory creates a positive feedback response among fuels, fire and vegetation
to allow P. palustris to persist under many soil and environmental conditions [26,30,31].
P. palustris grass stage, thick bark and insulated buds present a unique model under which
to understand the response to drought and fire compared to other species.

P. palustris is an ideal species to investigate seedling response to fire as it not only
tolerant of fire, but dependent upon it as well for regeneration and growth [25]. Within
this study we aimed to understand what FRE it takes to top kill (kill all needles but cause
resprouting from existing dormant buds) or completely kill (no resprouting) P. palustris and
how hydraulic drought (as opposed to atmospheric drought) impacts potential survival
and recovery. We hypothesized that our highest FREs would completely kill longleaf based
on previous studies on P. ponderosa [17,21], but the combined effects of drought and fire
would kill P. palustris at lower fuel loads. We also predicted that P. palustris would have less
mortality following fire and drought compared to the previously studied western conifers.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Pinus palustris (Mill.) grass stage seedlings were acquired from a state nursery (Georgia
Forestry Commission, Byromville, GA, USA) from open pollinated 1-0 seedstock in January
of 2020 and stored in a cooler at 4 ◦C for approximately one week before being planted into
10 L round plastic pots. A 5 cm layer of playground sand followed by 30 cm commercially
available sand was placed into each pot as a growing medium. Plastic mesh was placed
at the bottom of each pot to prevent sand mixture from spilling through drainage holes
while watering. Plants were fertilized with 20-10-20 liquid fertilizer (J.R. Peters, Inc.,
Allentown, PA, USA) at 75 ppm of nitrogen equivalent once to prevent transplant shock,
and then at 200 ppm equivalent thereafter approximately every 12 weeks. Seedlings were
grown in a glasshouse for the following year. In March 2021, seedlings were placed in two
Conviron BDW40 (Controlled Environments LTD., Winnipeg, MB, CA) growth chambers
on 14/10-h day/night cycle with 800 µmol m−2 s−1 of photosynthetically active radiation.
Temperatures were set to 25 ◦C during the day and 18 ◦C at night and relative humidity
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was set at 50% during the day and 85% at night. Chamber [CO2] was not controlled but
averaged 445 ± 0.36 ppm (Table S1).

2.2. Experimental Design & Treatment Application

An incomplete factorial design with eight treatment groups was used to test the
interaction of fire intensity 3 levels of fuel loading representing a relative scale of low (L),
medium (M), and high (H) fire intensities and drought (two levels; well-watered control
(W) and drought (D)) on survival of P. palustris grass stage seedlings (Table S2). There
were two control groups that did not receive a burn, the first well-watered throughout
the experiment (C), and the other (DD) that was used for more intensive physiological
measures (listed below). The drought treatment seedlings were not watered for 14 days
prior to experimental burn, whereas well-watered controls were watered at least two times
per week throughout the entire experiment. Fire intensity treatments consisted of three
fuel amounts of 0.24 kg m−2, 0.49 kg m−2, and 0.99 kg m−2 (Table S2). The lowest fuel load
was based on average pine needle fuel loading for controlled burns in managed longleaf
stands throughout the Southeast United States [32]. A dry down curve was performed
on five seedlings and was used in developing a relationship between pre-dawn water
potential and leaf level transpiration (described below). Preliminary data suggested (data
not shown) and dry down data confirmed (described and analyzed below) that drought
alone would not cause whole plant mortality, so the drought only treatment group was kept
intentionally small (n = 6) as to increase sample size of fire and drought treatment groups.

Eight experimental burns occurred across two non-consecutive days at the Athens
Prescribed Fire Science Lab, part of the United States Forest Service Southern Research
Station. The low and medium intensity burns were completed on 13 May 2021 (weather
conditions averaged 15 ◦C & 50% RH) and the high intensity burns were completed on
29 July 2021 (weather conditions averaged 26 ◦C and 80% RH) (UGA Climatology Research
Lab 2022). A 2.44 m by 2.44 m platform was constructed using plywood elevated on lumber
supports with holes cut into the plywood to place ten seedlings at a time (Figure 1, [19]).
Seedling pot rims were cut to be flush with the soil surface and plywood platform. One
gram of fresh needles was collected from all droughted seedlings and a subset of well-
watered seedlings minutes before burning to test potential differences in Live Fuel Moisture
(LFM), a metric related to plant water status and flammability [33]. LFM was calculated
using Equation (1):

% Fuel moisture =
Fresh sample mass − Dry sample mass

Dry sample mass
× 100 (1)

Longleaf pine needles (Vigoro, Atlanta, GA, USA) were used as fuel for the burns and
were dried at 105 ◦C for at least 24 h prior to each of the burns and dead fuel moisture
averaged 5.8 ± 2.33% across all burns. Longleaf needles were sorted manually to remove
unwanted non-longleaf litter, as well as all sticks and cones. Fuel was spread by hand into
a level bed across the platform prior to each burn.

Fuel was ignited with a propane torch and a generated wind speed of 1.5 m s−1

produced by a bank of fans to produce a head fire with a uniform wind field. Each fire
took approximately one to two minutes to move across the platform and consume the fuel,
with the higher intensity burns taking longer than the lower intensity burns. A FLIR A655
thermal imager (Teledyne FLIR LLC., Wilsonville, OR, USA) positioned 3.5 m above the
burn platform was used to capture temperature and fire radiative power (kW m−2) of solid
surfaces during each fire at a resolution of 640 × 480 pixels at one frame per second.
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Figure 1. Low, medium, and high fuel loads after ignition. (A) Burn platform with 0.24 kg−1 m−2 of 
fuel, low fuel load (L). (B) Burn Platform with 0.49 kg−1 m−2 of fuel, medium fuel load (M). (C) Burn 
platform with 0.99 kg−1 m−2 of fuel, high fuel load (H). 
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Figure 1. Low, medium, and high fuel loads after ignition. (A) Burn platform with 0.24 kg−1 m−2 of
fuel, low fuel load (L). (B) Burn Platform with 0.49 kg−1 m−2 of fuel, medium fuel load (M). (C) Burn
platform with 0.99 kg−1 m−2 of fuel, high fuel load (H).

2.3. Plant Imaging and Tracking of Recovery

RGB images were collected of all seedlings at various timepoints, representing pre-
burn, day after burn, and then periodically after the burn to track regrowth of foliage using
an iPhone 8 (Apple Inc. Cupertino, CA, USA). Unburned seedlings were imaged on the
same days for comparison. All seedlings were placed in front of a white fabric background
at 1.5 m from a tripod affixed camera within a BW40 growth chamber during daytime light
conditions. The reflective walls within the chambers allowed seedlings to be illuminated
from all sides to reduce shadows. Images collected more than two days after the second
burn were done at the glasshouse on sunny days at the same distance from the camera and
in front of the white background. Images collected with the growth chamber appeared very
warm due to light bulb temperature, so image color temperature was adjusted to 3000 K to
appear similar to those at the greenhouse under full sun. Seedlings were categorizing as
either (1) alive, if new needles emerged and persisted from the apical bud, (2) resprout, if
the apical bud was killed but new needles emerged from epicormic buds, and (3) dead, if
no new growth was present.

2.4. Physiological Measurements

Pre-dawn leaf water potential (Ψpd) was measured using a pressure chamber (Model
600D, PMS Instruments, Corvallis, OR, USA) on the day of the burn on all droughted
seedlings and a subset of 3 seedlings per growth chamber per well-watered group. Whole
plant conductance was calculated by measuring Ψpd, mid-day water potential (Ψmd), and
changes in pot mass (i.e., water lost via transpiration) within growth chambers on all
droughted seedlings and a subset of well-watered seedlings at the beginning of drought
and the day or two days before burn [34,35]. Ψpd was measured before lights turned
on within growth chambers. Between 9:00 and 10:00 seedlings were placed on balances
(Ohaus EX35001, Corp. Parsippany, NJ, USA) to measure initial mass ±0.1 g, placed
back into the growth chamber, and then final mass measured again approximately two
hours later. Stopwatches were used to calculate time between mass measurements for
each seedling. Ψmd was measured at the time of the final mass measurement. During
transpiration measurements, 6 mil thick plastic was placed on the top of the soil in seedling
posts to prevent soil evaporation. Whole plant conductance was then calculated using
Equation (2) [36]:

K =
Inital mass (g)− Final mass (g)

Ψpd − Ψmd∗elapsed time (s)
(2)
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After experimental burns, eight seedlings that were never burned or droughted were
used to construct a dry down leaf-level transpiration curve within the glasshouse beginning
on 24 September 2021. Three seedlings were used as controls and watered regularly while
five were droughted. All measurements were performed once before water was withheld
and at least twice per week thereafter until plants reached a Ψpd of ~−2.5 MPa at which leaf
level transpiration had completely stopped. Seedlings were rewatered and re-measured
one week and two weeks after cessation of drought. Leaf level gas exchange was measured
using a LI-6800 infra-red gas analyzer (LICOR Biosciences, Lincoln, NE, USA) at ambient
temperature and humidity but under a constant light level of 800 µmol−1 m−2 s−1 and
under 415 ppm of CO2 at mid-day (11:00–13:00). For each measurement, two fascicles,
approximately 5–6 needles, were placed into the cuvette and allowed to equilibrate for
approximately 1–2 min before being logged. Needles within the chamber were cut and their
leaf area was determined using a portable scanner (Canon LiDE220, Ōta, Tokyo, Japan) and
ImageJ software [37] to correct gas-exchange data for leaf area. The LI-6800 IRGAs were
matched using the auto match function between every measurement. Pre-dawn (before
07:00, Ψpd) and mid-day (11:00–12:30, Ψmd) leaf water potentials were measured on the
same day as leaf level transpiration using a pressure chamber. Ψmd were taken on fascicles
adjacent to those being measured for gas exchange.

2.5. Analyses

A combination of ResearchIR (Teledyne FLIR LLC., Wilsonville, OR, USA) and Python
were used to analyze infrared images using the Stefan-Boltzmann Equation [19,38]. Total
energy release was integrated for the duration of each burn and corrected for the size of
the burn area. We also aggregated pixels around each individual pot (646 cm2) to calculate
FRE for each seedling. All statistical analyses were performed in program R version 4.0.2
using the ‘Tidyverse’ and ‘cowplot’ suite of packages ([39,40], R Core Team 2020). To
synthesize data from previous studies testing the interaction of FRE probability of mortality,
we replotted data along the same axis [15,17,21].

3. Results

At the time of the first burn, seedling diameter at soil level was 29.10 ± 0.26 mm
(mean ± SE) and plant height was 6.58 ± 0.77 cm for all seedlings. Ψpd were statistically
different between droughted and watered control groups on the day of burn (Students
t test, n = 51, t = 16.23, p = >0.001). However, there were no differences (α = 0.05) in water
potential between the different droughted groups or between the different well-watered
groups on the day of burn (Figure S1). Live Fuel Moisture (LFM) of droughted and well-
watered seedling was not statistically different immediately prior to each burn (n = 49,
t = 0.44, p = 0.65, Figure S2).

FRE released from each fuel loading treatment ranged from 0.66 MJ m−2 to 5.5 MJ m−2

(Table S2 and Figure S3). While fuel loading of the high fire intensity treatment (H and
HD at 0.99 kg m−2) was double that of the medium fire intensity treatment (M and MD at
0.49 kg m−2), FRE released was only ~50% greater than M and MD (Figure S3). A timeseries
of images representing all seedling outcomes (alive, resprout, and dead) and combination of
fire intensities and drought conditions at time of burn are represented within Figure 2 Our
fire intensity treatments only killed one seedling and top-killed two causing resprouting
(Figure 2A,C). Control seedling images were taken at the same points in time (Figure 2F).
Well-watered seedlings that received a low intensity burn still had green needles near the
apical bud approximately 1 week after burn (Figure 2E). Many seedlings that had moderate
to severe drought (indicated by Ψpd on day of burn) and high intensity fires appeared
completely brown after fire but flushed new needles within a month (Figure 2D,E). The
seedlings that resprouted or died experienced fire intensity levels of >3.5 MJ m−2 and a Ψpd
of at least −1.8 MPa the morning of the burn (Figure 3). The dry down curve of unburned
seedlings showed that seedlings had halted mid-day leaf level transpiration and carbon
assimilation by a Ψpd of −0.7 MPa (Figure 4A,C), while all transpiration had ceased at a



Fire 2022, 5, 128 6 of 13

Ψmd of −1.2 MPa (Figure 4B). Two weeks following rewatering, physiological measures of
plant status had recovered compared to controls on the same day: those measures being
transpiration (n = 7, t = 2.47, p = 0.143), carbon assimilation (n = 7, t = 1, p = 0.356), and
Ψpd (n = 7, t = 2.099, p = 0.198, Figure 4A–C). Whole plant conductance the day prior to
experimental burns had also ceased at water potentials of −0.7 MPa (Figure 4D).
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Figure 2. Burned and unburned longleaf seedlings over time. Each column represents a point in
time relative to when burned with time since burn increasing to the right. Each row is an individual
seedling with the pre-dawn water potential on day of burn (Ψ), and individual seedling burn intensity,
with intensity between seedlings increasing bottom to top. The first row (A) is one of the two seedlings
that resprouted. The second row (B), is of a seedling with moderate drought but very intense fire,
while the third row (C) is the only seedling that died. The fourth row (D) is of a droughted seedling
with moderate to severe intensity burn. The fifth row (E) is a seedling that was well watered with a
low intensity burn. The sixth row (F) is a control seedling with images at the same points in time.
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Figure 3. Pre-dawn water potential (MPa) and Fire Radiative Energy (FRE, MJ m−2) at time of
burn. Different colors represent each treatment group, and shape represents seedling fate. Points
circled in red are those that either sprouted or died. Points with a water potential of 0 were not
measured but plotted to show the distribution of FRE for the whole population of burned plants.
Treatment acronyms are low fuel loading (L), low fuel loading + drought (LD), medium fuel loading
(M), medium fuel loading + drought (MD), high fuel loading (H), high fuel loading + drought (HD).
Vertical dashed red line is the point at which mid-day leaf level transpiration had stopped according
to our dry down curve.

As a comparison of this study to others, we visualized the interaction of FRE and
probability of mortality for droughted and watered conifer seedlings (Figure 5). Other
studies [15,17,21] observed complete mortality in droughted and well-watered saplings
by 1.5 MJ m−2, while this study had no mortality for well-watered seedlings and one
seedling death within the drought group at 1.5 MJ m−2. All droughted seedlings were
binned together at each FRE level for this studies data, although actual Ψpd varied at the
time of burn.
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predawn water potential (MPa) and leaf level transpiration (E, mmol m−2 s−1). (B) Interaction of Figure 4. Plant physiological parameters measured throughout the experiment. (A) Interaction of
predawn water potential (MPa) and leaf level transpiration (E, mmol m−2 s−1). (B) Interaction of
midday water potential (MPa) and leaf level transpiration (E, mmol M−2 s−1). (C) Interaction of
predawn water potential (MPa) and leaf level carbon assimilation (A, µmol m−2 s−1). For panels
(A–C), Control trees are squares, while dry down and dry drown recovery trees are circles. (D) Inter-
action of predawn water potential (MPa) and whole plant conductance (K, mmol MPa−1 s−1) of trees
the day before burn. For panel D, each point color is a different burn treatment, acronyms are control
(C), low fuel loading (L), low fuel loading + drought (LD), medium fuel loading (M), medium fuel
loading + drought (MD), high fuel loading (H), high fuel loading + drought (HD). Vertical dashed
red line is the point at which mid-day leaf level transpiration had stopped during the post burn dry
down curve (−0.7 MPa).
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Figure 5. Interaction of fire radiative energy levels (FRE) (MJ m−2) and probability of mortality for
this study and others. Well-watered samples are represented by circular symbols and solid lines while
droughted samples are represented by triangular symbols and dotted lines. Data from other studies
are redrawn from [15,17,21]. Seedlings that resprouted were considered alive for the P. palustris data
from this study. Individual points are averaged from all droughted or well-watered samples at a
given FRE.

4. Discussion

While this experiment showed that interaction of extreme drought and fire can kill
longleaf pine seedlings (see dead and resprout points in Figure 3), complete mortality
and top kill were uncommon. We were unable to definitively determine the threshold of
fire intensity and level of drought at which this occurs; however, the only seedling that
experienced mortality had a water potential of −2.4 MPa and received a FRE > 3.5 MJ m−2.
Even our highest fuel load was only able to kill one seedling and cause two to resprout, sug-
gesting that fuel loads in frequently burned stands are unlikely to cause longleaf seedling
mortality under extreme drought unless woody fuels are near the seedling [41]. We also
posit that increased incidence of fire-induced mortality of P. palustris seedlings might occur
if the plant has a carbohydrate or nutrient deficiencies that may occur following dormancy
or following repeated fires. Synthesizing results from previous studies, we showed that
P. palustris seedlings are resilient to increased levels of experimental fire when compared
to several western United States conifer species (Figure 5). Related studies of how FRE
and drought influences mortality have shown that saplings of P. ponderosa, P. contorta
and Larix occidentalis are killed at ≤1.5 MJ m−2 regardless of plant water status [15,18,21].
Additionally, P. ponderosa saplings experiencing a drought of −2.0 MPa were killed com-
pletely at 0.7 MJ m−2 [17]. However, in the current study, mortality was only observed at
FRE > 3.5 MJ m−2, even in droughted seedlings, indicating that P. palustris seedlings are
more resilient to drought and fire than western species, likely because of morphological
characteristics of its unique seedling stage. Although more Pinus studies need to be eval-
uated, this study provides additional evidence that the Pinus genus may exhibit a base
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resistance to fire, as evidenced by all species evaluated to date (e.g., P. palustris, P. ponderosa,
P. contorta var. latifolia) exhibiting 100% survival when FRE doses are ≤0.4 MJ m−2.

The only seedling that died (Figure 2C) had the most negative water potential of any
seedling burned (Figure 3, Triangular point). One week after burn, foliage was brown, but
one-month and two-months post burn foliage appeared red (Figure 2C). Other seedlings
that recovered from fire initially appeared brown, but quickly recovered with new needle
growth based around the apical bud (Figure 2E). These images indicate that the presence of
brown scorched foliage alone cannot be used to predict mortality of P. palustris seedlings, but
red scorched foliage may indicate subsequent mortality (but see also [42]). Two seedlings
utilized buds at the root collar to sprout approximately one month following fire (Figure 2B).
One seedling had its root collar above the soil level, while the other’s root collar was just
below the soil level. Within P. palustris, exposed root collars and smaller seedlings had
higher rates of mortality, while small seedlings depend on resprouting for survival [43].

The drought treatments prior to burns were effective at creating a range of Ψpd at
time of burn and did not differ between groups (Figure S1). However, there was no
difference in live fuel moisture between the well-watered and drought treatment which
is likely due to the brief duration of the drought and the fact that the plants were kept in
the high humidity environment of the growth chambers until the morning of the burn.
The dry down curve showed that this population of P. palustris ceased tranpiration and
photosynthesis at −0.7 MPa Ψpd and thus, gas exchange in the droughted seedlings is
assumed have been near zero. However, two weeks after rewatering of dry down seedlings,
gas exchange had completely recovered (Figure 4). Three of the five dry down seedlings
lost needles towards the bottom of the stem after rewatering indicating hydraulic stress but
otherwise recovered. The hydraulic stress was likely limited to the rhizosphere because gas
exchange values were not statistically different than controls two weeks after rewatering
(Figure 4). Under field conditions, P. palustris that has had prior drought may lose needles
which would result in less insulation the apical bud making subsequent fire potentially
more damaging [26].

While this study was unable to determine the FRE that is necessary to kill P. palustris,
mortality may begin occurring around 3.0 MJ m−2 when under drought. Drought did
not limit seedlings’ ability to respond and regrow in the two months following fire. After
P. palustris is burned, it may be difficult to determine survival for up to a month within
the growing season. This study adds to the growing knowledge of plant response to
fire intensity, in addition to better understanding P. palustris’ response to fire and drought.
Although P. palustris are unlikely to die from fire on managed lands, it does occur [13,43–46],
creating a disconnect between experimental lab-based burns and practical applications of
fire outdoors. The severity of our experimental drought is likely beyond the point that
which safe prescribed fire would occur [47]. Therefore, P. palustris are unlikely to die during
fire on managed lands without the presence of coarse woody debris to further increase
intensity to cause seedlings mortality [41]. Additionally, the heterogeneity of fire intensity
during prescribed burns is not captured in lab conditions and could also result in seedling
mortality. Future investigations should use fine scale measurements of FRE outdoors to
accurately assess fire energy and mortality to compare to this study and others.
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