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Effects of fire seasonality and intensity on resprouting
woody plants in prairie-forest communities
Jed Meunier1,2 , Nathan S. Holoubek3, Yari Johnson4, Tim Kuhman5, Brad Strobel6

Woody plant expansion is one of the greatest contemporary threats to fire-dependent ecosystems. Reducing woody plant prev-
alence is often a primary objective of prescribed burns, yet little attention has been given to understanding the efficacy of burn-
ing to reduce their abundance. Fire intensity characteristics and plant phenology/physiology, which are sometimes presented as
competing hypotheses, influence howwoody plants respond to a fire event. Little work has been done in the prairie-forest region
of the upper Midwest to understand how fire characteristics interact with woody species phenology and/or physiology. Using a
controlled field experiment, we examined effects of timing (seasonality) and intensity (temperature and duration) of fires on top-
kill and resprouting of three invasive woody plants in this region (common buckthorn,Rhamnus cathartica; bush honeysuckles,
Lonicera spp.; and a native species, northern pin oakQuercus ellipsoidalis). Honeysuckles and pin oak burned in the spring dor-
mant period, a common practice in the region, resulted in low levels of top-kill and high levels of resprouting. Burning during
the late growing season yielded highest levels of top-kill and lowest levels of resprouting for honeysuckles and pin oaks. How-
ever, there was no apparent effect of season or fire intensity treatment for buckthorn stems. Under all treatment combinations,
buckthorn was easily top-killed but resprouted prolifically. Collectively, most prescribed burning in the Midwest appears to be
conducted during the least effective season (early growing season), when top-kill is reduced and/or resprouting most pro-
nounced. Our results indicate that fire use could be better prescribed in this region for controlling woody plants.
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Implications for Practice

• Traditional spring (April) and early growing season
(June) prescribed burns result in top-kill but may exacer-
bate woody plant invasion with prolific resprouting.

• Extending burn seasons later into the spring and/or early
summer due to wetter winters and early spring conditions
could be a worst-case scenario for controlling woody
plant invasion.

• Late growing season burns (August) most effectively
controlled invasive oaks and honeysuckles regardless of
fire intensity which suggests that plant physiology and
phenology may have greater influence in controlling
woody plants and represents an underutilized component
in restoration and maintenance of grasslands.

Introduction

Temperate grasslands, savannas, and woodlands are some of the
most imperiled ecosystems globally (Hoekstra et al. 2005).
Whittaker (1975) termed these communities “ecosystems
uncertain,” or areas that are determined less by climate, and
more by disturbances, particularly fire (Bond 2005). The relative

abundance of herbaceous and woody plants in these ecosystems
can be highly dynamic, even at short timescales (House
et al. 2003) contributing to classification issues that have contin-
ued to persist long after Whittaker’s (1975) general biome clas-
sifications. Unlike ecosystems with long fire return intervals,
fire-frequent ecosystems often undergo rapid changes in
vegetation composition during intervals between fires
(McPherson 1997; Drewa et al. 2002) via conversion to shrubs
and other woody plants (Archer 1996). With nearly universal
fire exclusion (Dellasala et al. 2004; Bond et al. 2005; Andela
et al. 2017), abrupt regime shifts from grassland and open woods
to shrublands are widespread, accelerating, and becoming more
difficult to reverse (Ratajczak et al. 2014; Alstad et al. 2016).
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While woody plant encroachment is fairly ubiquitous (Van
Auken 2000; Naito & Cairns 2011), these changes are particu-
larly pronounced in mixed woody-herbaceous plant systems
that comprise the prairie-forest border of the Midwestern Uni-
ted States (House et al. 2003; Hanberry & Abrams 2018; Han-
berry et al. 2020). Nearly one-quarter of United States Forest
Service Forest Inventory Analysis plots from this region are
infested by non-native invasive shrubs, with open woodlands
and forests being five times more likely to be invaded than
dense forests (Zhaofei et al. 2013). Beyond threatening to
change habitat composition and structure, woody encroach-
ment can result in a permanent state transition for many fire-
dependent communities (Briggs et al. 2005). Shrubs in the
eastern United States create microsites that deter fire spread,
lower fire intensity, and buffer aboveground stems against fire
mortality which in turn facilitates shrub expansion (Ratajczak
et al. 2014). In Illinois, for example, 20% of fire-dependent
conservation lands are too degraded to effectively carry fire
and this number is expected to grow rapidly without more
effective management (Saxton et al. 2016). Recent evidence
in Wisconsin suggests that degradation of fire-dependent
grasslands, directly related to lack of fire, is accelerating with
annual rates of invasive colonization changing by 129% and
native extinction by 214% between 1950–1987 and 1987–
2012 time periods (Alstad et al. 2016).

Managers generally try to manipulate interrelated compo-
nents of fire behavior, including rate of spread, flame height, res-
idence time, and surface temperatures to achieve desired
vegetation objectives. In the Midwest, these often include the
reduction of woody species (Joint Fire Science Program 2012).
Fire behavior and associated effects are confounded by a wide
range of variables including fuel characteristics, season of burn,
and weather conditions (Trollope et al. 2002; N’Dri et al. 2018).
In ecosystems where fires occur more frequently (e.g. 1–10 year
return intervals), fuel loading (Govender et al. 2006) and, in
turn, fire intensity (Robertson & Hmielowski 2014; Yurkonis
et al. 2019) vary seasonally. The extent to which prescribed fire
effects differ from historical fire effects may, in some cases, be
due primarily to differences in fire intensity (Knapp
et al. 2009). Experimentally, high-severity prescribed fire under
extreme conditions has been shown to effectively reduce sur-
vival and resprout density of woody vegetation (Twidwell
et al. 2016), but burning under these conditions is usually pro-
hibited. In many areas, local, state, or federal policies restrict
the implementation of prescribed burning to relatively moderate
weather conditions, thereby reducing the number of available
burn periods. Even when required weather conditions are met,
institutional convention favors spring burning in the Midwest
(Weir 2011).

Many woody species in fire dependent ecosystems are top-
killed by fire, but resprouting from dormant buds on under-
ground organs (Kauffman & Martin 1990; Pate et al. 1990; Le
Maitre & Brown 1992) and regrowth occurs shortly after fires
(Keeley & Zedler 1978; Matlack et al. 1993; Drewa
et al. 2002). In the southeastern United States, there is evidence
that growing-season fires reduce shrub resprouting, while dor-
mant season fires may increase resprouting (Plocher 1999;

Drewa et al. 2002). Different hypotheses have been used to
explain these resprouting responses. The fire-intensity hypothe-
sis suggests that resprouting rates are negatively related to fire
intensity and predicts that more intense fires cause more damage
or stress to plant organs deeper underground (VanWagner 1973;
Johnson 1992). The plant physiology hypothesis (Wade &
Johansen 1986; Matlack et al. 1993) posits that the effects of
burning, regardless of intensity, depend largely on the physio-
logical state of plants at the time of fire (Drewa et al. 2002). Dur-
ing the dormant season, shrubs store more of their carbohydrates
underground, which enable resprouting, while during the grow-
ing season, more carbohydrates are lost with top-kill, leaving
fewer reserves for resprouting (Drewa et al. 2002). However,
in practice, it is difficult to separate these factors. Under the fire
intensity hypothesis (e.g., biophysical processes that result in
plant injury or necrosis are characterized by approximately
exponential relationships between temperature and exposure
time (Levitt 1980), implying that longer exposure to lower tem-
peratures may have the same effect as short exposure to high
temperatures). Similarly, while research that has controlled for
fire intensity has shown an effect of fire seasonality (Mandle
et al. 2011), it is believed that fire intensity exerts a stronger
influence on ecosystems than variation in timing (Knapp
et al. 2009). Thus, to evaluate effects of burn season, both the
role of differences in intensity and timing need to be considered
(Knapp et al. 2009).

Outside of the southeastern pine zone, relatively little is
known about effects of burn season on understory shrubs in
the eastern United States (Knapp et al. 2009). One exception
was a study in northern Minnesota pine forests where both
spring dormant and growing season burns top-killed hazel (Cor-
ylus spp.), but resprouting was enhanced by repeated spring
burning and greatly reduced by repeated summer burning
(Buckman 1964). Historically, northern pine forests had varying
seasonality of fires (Guyette et al. 2016), but generally less is
known about seasonality of historical fires in grasslands.
Whereas there has been little to no contemporary fire use in
northern forests (Meunier et al. 2019; Meunier & Shea 2020),
in grasslands, dormant season burning has become standard
practice in order to reduce impacts to nesting birds and other
wildlife species (Knapp et al. 2009).

Maintaining and restoring fire-dependent ecosystems of the
Midwest depends upon land managers and policymakers
understanding how to most effectively implement prescribed
fires while balancing objectives like public safety and biolog-
ical concerns. Fire-dependent grassland communities, some
of the rarest plant communities on earth (Hoekstra
et al. 2005), are being degraded rapidly (Alstad et al. 2016)
and their restoration, maintenance, and conservation value rely
on finding ways to more effectively use fire. Prescribed fire
may be useful for controlling woody invasive plants, but there
is a dearth of controlled experiments to evaluate their benefits
(Mandle et al. 2011). Similarly, despite the importance of fire
intensity, it is seldom measured or included in fire effects
records (Govender et al. 2006). This study is an effort to
address those issues. We used an experimental design to help
isolate otherwise confounded variables related to prescribed
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fire to test the relative importance of plant physiology (season-
ality) and fire intensity (temperature and duration) on shrub
top-kill and resprouting within several grassland landscapes
where woody plant invasion is an ongoing issue.

Methods

Study Area and Species

Wisconsin lies on the northeastern boundary of North American
prairies and most of Wisconsin’s grasslands occur within the
prairie-forest ecotone (Wisconsin Department of Natural
Resources 2015). Wisconsin has a continental climate with
warm summers and very cold winters with average annual tem-
peratures ranging from 4 to 10�C. Annual precipitation averages
about 75 cm (circa 30 inches) with precipitation well distributed
throughout the year (Bailey 1980). Within the time frame of our
study (2017–2018), precipitation and temperatures were similar
to long-term averages, but the growing season in 2017 was wet
(circa 5 cm above average).

We evaluated fire effects on three invasive woody plant spe-
cies; two non-natives, common buckthorn (Rhamnus cathar-
tica) and bush honeysuckles (Lonicera spp.), and one native
species, northern pin oak (Quercus ellipsoidalis). These species
are invasive across broad regions of Wisconsin; however, each

species is particularly invasive within certain ecological land-
scapes of the state (Wisconsin Department of Natural
Resources 2015). In the Central Sands Plain, oak is particularly
problematic; in the Western Coulee and Ridges/Southwest
Savanna, honeysuckles are most prevalent; and in the Southeast
Glacial Plains, buckthorn is particularly abundant (Fig. 1).
Within these landscapes, we conducted treatments on pin oak
at the Necedah National Wildlife Refuge (latitude/longitude:
59.918260/�150.49162), buckthorn at the University of
Wisconsin-Madison Arboretum (43.047710/�89.421540), and
honeysuckles at the University of Wisconsin-Platteville
(42.733870/�90.488600).

In central Wisconsin, low-quality pin oak, colloquially
called “scrub oak,” represents one of the largest cover types
(Schwartz & Demchik 2013). Although native, it is often a
target species in prescribed fire operations to maintain grass-
lands and open-canopy woodlands. Pin oak is a relatively fast
growing, shade-intolerant oak and reproduces vegetatively
with vigorous sprouting when top-killed (Coladonato 1993).
It is often found on well-drained, nutrient-poor soils which
are typical of the Central Sand Plains of Wisconsin. Pin oak
produces a more flammable leaf litter than either honey-
suckles or buckthorn, but for all these species fuel character-
istics differ substantially based on density of plants (Dibble
et al. 2007).

Figure 1. Study sites in southern Wisconsin, U.S.A.—a transitional zone within the eastern temperate forests located between northern forest and great plains
ecological provinces (Commission for Environmental Cooperation 1997; Omernik & Griffith 2014; Wisconsin Department of Natural Resources 2015). Sites
were selected based on invasive species (from top to bottom) of pin oak (Quercus ellipsoidalis; photo courtesy of Necedah National Wildlife Refuge), common
buckthorn (Rhamnus cathartica L.; photo by University of New Hampshire Agriculture Experiment Station), and honeysuckles (Lonicera spp.; photo by Tom
Brock, Pleasant Valley Conservancy).
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“Invasive honeysuckles” is the collective term for several
shrub-form plants in the Lonicera genus (Lonicera tatarica,
L.morrowii, and their hybrid L. x bella). They are deciduous, mul-
tistemmed woody shrubs with perennating tissues on roots and
root crowns that are protected by soil and resprout with basal
and aerial sprouting following top-kill (Barnes & Cottam 1974).
Honeysuckles (Lonicera spp.) are particularly abundant in the
Midwest Driftless Area, an ecoregion that was not glaciated in
the Late Wisconsin glaciation of the Quaternary Period
(Syverson & Colgan 2011). Honeysuckles can persist in low light
environments, but growth is greatest with higher light availability
(Harrington et al. 1989). Honeysuckles have greater combustibil-
ity of foliage than buckthorn (Dibble et al. 2007), but the ability to
control honeysuckles with burning is dependent characteristics
such as their size, density, and vertical arrangement.

The invasive shrub, or small tree, Rhamnus cathartica
L. (common buckthorn) exhibits monotypic dominance in mesic
sites throughout southern Wisconsin with stem densities often
more than twice that of native-dominated sites (Mascoro &
Schnitzer 2007). It has been a particularly successful invasive
species in eastern temperate deciduous forests increasing con-
siderably in abundance across southern Wisconsin since the
1950s (Rogers et al. 2008). Buckthorn is shade tolerant and
can increase soil nitrogen while limiting growth of herbaceous
competitors. Buckthorn regenerates well from seed, but also
vegetatively by sprouting from cut or damaged stems
(Heidorn 1991). Both honeysuckles and buckthorn are some of
the earliest deciduous plants to leaf out (Harrington
et al. 1989) and retain their leaves longer than most plants. They
also grow best in open conditions, but thrive in a variety of light
conditions (Barnes & Cottam 1974). Buckthorn foliage gener-
ally contains high moisture content with lower heat of combus-
tion as compared to other invasive plants (Dibble et al. 2007).

Experimental Treatments and Analysis

At each study site, we selected a discrete management unit repre-
sentative of those experiencing encroachment by the respective
species of woody vegetation. We selected 340 individual plants
with stems between 1 and 2.5 cm diameter and located greater
than 5 m from all other plants included in the study within each
unit. We randomly assigned 80 plants to one of four fire-intensity
treatment groups for which individual plants were subjected to
either high (>246�C), or low temperatures (125–175�C) for long
(30 seconds), or short (15 seconds) durations (treatments: high/
long [HL], high/short [HS], low/long [LL], low/short [LS]).
These combinations of temperature and duration result in three
fire intensities: high (HL), moderate (HS and LL), and low (LS).
We based treatment temperature and duration (i.e. residence
times) on measurements from greater than 30 prescribed burns
(>400 temperature and residence time measurements) between
2015 and 2017 which were part of a companion field study to this
work in Wisconsin. In this study, and the companion study
(Meunier & Holoubek unpublished), temperatures and residence
times were collected with thermocouples that recorded data every
second for the duration of burns or treatments (high temperature
type K 600 probe, Auber Instruments, Inc., Alpharetta, GA,

U.S.A.) and dataloggers (EL-USB-TC, Lascar Electronics, Inc.,
Erie, PA, U.S.A.). Temperatures greater than 246�C represented
the upper quartile of measurements from greater than 30 pre-
scribed burns. Low temperatures (125–175�C) in this study were
moderate temperatures within middle quartile ranges for pre-
scribed fires in the same or similar landscapes and fuels
(Meunier & Holoubek unpublished; Ohrtman et al. 2015). Thus,
our use of low temperatures is in relation to the higher temperature
treatments. We used the same thresholds for duration based on
residence times from these same prescribed fires. Within each
fire-intensity treatment group, we randomly assigned 20 individ-
uals to treatments in four different time periods: spring (April
1–30), early growing (June 15–30), late growing (August 15–
31), and fall (October 17–November 7). While phenology among
species and geography (e.g. central sands vs. southeast plains)
varied, these time periods were general enough to capture sea-
sonal variability inherent in the data for useful comparisons. For
each of the three plant species, our experimental design featured
two, 2-level factors for fire intensity and one, 4-level factor for
seasonality each containing 20 replicates with an additional
20 plants as controls that received no treatment, but were moni-
tored over the course of the experiment for mortality and resprout-
ing (n = 80 treatments within each season, 20 controls total,
340 plants/species).

We manipulated treatment temperatures using a propane vapor
torch with a regulator gauge to control pressure output for which
we empirically established temperature profiles. We used a
500,000 BTU propane torch but modified it by restricting the rear
air mixing ports to moderate heat output to better represent condi-
tions of prescribed fires (Fig. 2). Prior to treating a plant, we tem-
porarily installed a flame-proof wind block to increase the
consistency of conditions and temperatures within and between
treatments. We treated all plants with the torch head located
approximately 45 cm away and aimed toward the base of
stem(s). We monitored temperature during each treatment using
two dataloggers and thermocouples, placing them within 1 cm
on each side of the base of the stem. We considered fire residence
time (duration) to be the time for which average temperatures of
the two probes exceeded 60�C, the lethal temperature to plant tis-
sues (Hood et al. 2018), which due to thermal inertia exceeded
actual flame treatment times.We expect thermal inertia acted sim-
ilarly in propane treatments to those found in prescribed fires.

We assessed spring, early and late summer treatments top-kill
and resprout response (counting all resprouting stems) 2 months
post-treatment (in 2017). We evaluated fall fire treatments for
resprouting response the following year (2018) after 2 months
of growing conditions. We evaluated top-kill using categories
of percentage of the plant killed (crown dead): less than 25%,
25–75%, 75–99%, or 100%. We measured resprout effort by
the number of basal sprouts coming from each plant and evalu-
ated Pearson correlation between top-kill and resprouting for
each species. We analyzed all data, including controls, by fire
intensity treatment and season for top-kill and resprout
responses by species using analysis of variance (ANOVA),
and for each model conducted Tukey pairwise comparisons for
significant differences (α= 0.05) among treatment effects using
R statistical software (R Core Team 2014). We analyzed data

Restoration Ecology4 of 10

Fire seasonality effects on resprouting shrubs



across species by treatment group as well as by species. Within
species groups, we modeled the responses (i.e. top-kill and
resprouting) to fire intensity treatments, season, and their inter-
action using the General Linear Model package and conducted
Tukey pair-wise comparisons among treatment effects to deter-
mine which of the means were significantly different
(Lenth 2021).

Results

We collected temperature profiles while applying short
(15 seconds) and long (30 seconds) durations treatments. Tem-
peratures were close to our goals, especially for the low temper-
ature/short duration (LS), and high temperature/short and long
duration (HS, HL) treatments (Fig. 3). Low temperature/long
duration (LL) treatment temperatures (μ = 298�C) exceeded
our desired temperature range (>125–175�C), likely due to ther-
mal inertia of the longer duration treatments. Treatments were
still relative in their overall intensity.

Overall, top-kill differed among fire intensity treatment groups
(F[4,985] = 71.14, p < 0.001) and among seasonal treatment
groups (F[4,985] = 57.15, p < 0.001). A post hoc test showed that
all fire treatments, regardless of intensity, yielded greater top-kill
than the control group, and higher temperature treatments resulted
in higher top-kill categories (Fig. 4). However, top-kill did not dif-
fer between the two treatment groups with moderate fire intensity
and overlapping temperature profiles (i.e. low temperature/long
duration [LL] and high temperature/short duration [HS];
p = 0.997). Further, a post hoc test showed that top-kill did not
differ between spring and fall treatment groups (p = 0.149) or
between early and late growing season treatment groups
(p = 0.116). However, top-kill was greater for growing-season
treatment groups (early and late growing seasons) than it was
for spring or fall dormant season treatment groups (Fig. 4).

Similar to top-kill response, the number of resprouts differed
among fire intensity treatment groups (F[4,965] = 14.52,
p < 0.001) and among seasonal treatment groups
(F[4,965] = 10.32, p < 0.001). A post hoc test showed that all
treatments, regardless of fire intensity, resulted in more
resprouts than the control group (Fig. 4). The number of

Figure 2. Propane vapor torch (A) with a regulator gauge to modify pressure and associated temperature profiles with restricted rear air mixing ports (B, C)
to moderate and better control heat output. All stems were treated with the torch approximately 45 cm away and toward the base of stems (C).

Figure 3. Kernel density estimates of the average temperature recorded
during each replicate of fire intensity and duration (i.e. residence time)
treatments collected during treatment implementation. Dashed lines
represent the mean maximum temperature within corresponding treatment
factor levels. Temperature treatment goals were for high (>246�C) and low
(125–175�C) temperatures for either a short (15 seconds) or long
(30 seconds) duration. The low temperature/long duration treatment
exceeded the desired temperatures, likely due to thermal inertia.
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resprouts for the low intensity treatment group was most similar
to the control group. This was possibly caused by the lower top-
kill values associated with this treatment group being less likely
to stimulate a sprouting response. The moderate and high inten-
sity treatment groups all resulted in a similarly high number of
resprouts compared to the remaining groups. Resprouting was
also similar among seasons though late growing season burns
had slightly less resprouting than spring or fall (p = 0.070,
0.034, respectively; Fig. 4).

When we analyzed these data by species, high levels of top-
kill and low levels of resprouting with late growing season treat-
ments were apparent for oaks and honeysuckles (Fig. 5).
Conversely, for buckthorn we found no significant treatment
effects of fire intensity or season other than lower levels of
resprouting with lower levels of top-kill for low intensity (LS)
treatments in spring (Table S1). The differences in resprouting
for oak and honeysuckle appear to be related primarily to burn
timing rather than intensity. The reduced seasonal effect on
top-kill and resprouts for pooled data (Fig. 4) seems to be almost
entirely driven by buckthorn. All three species showed a higher
average number of resprouts with increasing top-kill categories.
However, sprouting response was muted with late growing

season burning for oak and honeysuckle plants (Fig. 5). Buck-
thorn had greater resprouting response overall (2–4 times that
of the other species) and a higher correlation between top-kill
and resprouting (0.412) than oak (0.326) or honey-
suckles (0.237).

Discussion

Woody plant encroachment into grasslands, savannas, and
woodlands is a well-documented, rapidly occurring phenomena
(House et al. 2003; Knapp et al. 2008) and one of the greatest
contemporary threats to mesic grasslands in the central United -
States (Briggs et al. 2005). The result is not only a dramatic
change in structure, but also ecosystem function, which differs
fundamentally from successional changes occurring in post-
disturbance landscapes (Knapp et al. 2008). In Midwest
prairie-forest transitional landscapes, the failure of an ecosystem
to return to its original state when fire is eventually restored as a
process (i.e. hysteresis) is of particular concern (Beisner
et al. 2003; Nowacki & Abrams 2008; Ratajczak et al. 2012).
Once shrubs are established, their cover may increase regardless
of fire frequency and infrequent (i.e. ≥4 years) fires have been

Figure 4. Box and whiskers plot illustrating quartiles of top-kill and resprouting response by fire intensity treatment group: low temperature/short duration (LS),
low temperature/long duration (LL), high temperature/short duration (HS), high temperature/long duration (HL), and by season: spring (SP), early or late growing
season (EG, LG), or fall (FA). Figures also include controls that had no fire treatments.
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found to accelerate shrub recruitment (Heisler et al. 2003;
Briggs et al. 2005).

This study suggests that we may be using fire in a way that is
not only less effective due to burning under relatively moderate
conditions (Twidwell et al. 2016) and relatively infrequently
(circa every 4 years; Heisler et al. 2003; Briggs et al. 2005),
but also counterproductive by burning at a time that maximizes
resprouting of woody plants. We found that the most common
season for burning (i.e. April) resulted in less top-kill and greater
resprouting, especially in comparison to late growing season
burns (i.e. August) which resulted in highest top-kill and fewest
resprouts. Late growing season burns are typically overlooked
in this region and not used in practice. This could be, in part,

because of the difficulty separating confounded factors that
may drive fire effects. Fire effects can vary substantially even
during a single season, such as spring, because several pheno-
logical stages may occur over several months and plant phenol-
ogy, not season, can lead to differences in plant response to fire
(Brown & Smith 2000).

The response of woody plants to prescribed fire depends on
complex interactions among factors such as timing of prescribed
fire relative to historical fire season, phenological stage of vege-
tation at time of fire, fire severity, fire frequency, and climate
variability (Knapp et al. 2009). Resprouting responses of woody
plants, e.g., have been found to differ between single and
repeated fires (Bradstock 1995; Arthur et al. 1998), seasonal

Figure 5. Top-kill by category (from 0%, no apparent damage, to 100% dead) and average number of resprouts by fire intensity treatment group (temperature and
duration) and season for pin oak (Quercus ellipsoidalis), honeysuckles (Lonicera spp.), and common buckthorn (Rhamnus cathartica L.). Data are kernel density
estimates for the average maximum temperature recorded during each replicate of fire intensity and duration treatment factor levels. Dashed lines represent the
mean maximum temperature within the corresponding treatment factor level and error bars are �95% CI.
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timing (Buckman 1964; Waldrop et al. 1992; Williams &
Cook 1998), and fire intensity (Ansley & Jacoby 1998; Drewa
et al. 2002). Even where growing-season fires have resulted in
fewer resprouts than dormant-season fires, results have gener-
ally been attributed to fire intensity (Knapp et al. 2009). These
results are primarily from the southeastern United States, where
growing season fires tend to be more intense, causing greater
damage to underground organs, and fire intensity (heat output)
is thought to exert a stronger influence on ecosystems than var-
iation in timing of burns (Drewa et al. 2002; Knapp et al. 2009).
In contrast, higher fuel moisture during growing season pre-
scribed burns in Midwest transitional prairie-forest ecosystems
are thought to consume less fuel and therefore release less heat
(Brose & Van Lear 1999; Knapp et al. 2009). While our study
did not examine extreme fire intensities—we used high and
moderate temperatures and durations based on prescribed
burns—we were able to account for confounding factors of
intensity and timing. We found that late growing season burning
resulted in high levels of top-kill across species regardless of fire
intensity.

While strong seasonal effects on resprouting responses were
apparent in pin oak and honeysuckles, we found no apparent
effects of timing or intensity for buckthorn resprouting other
than fewer resprouts with less top-kill in low-severity spring
treatments. One potential explanation for a lack of seasonal
effects could be a difference in phenological stage of buckthorn
relative to the other species. Postfire recovery of plants is pro-
vided by carbohydrates stored in undamaged plant parts, usually
belowground structures (Trlica 1977) and timing of fluctuations
in annual cycle of nonstructural carbohydrates differs among
species due to variation in growth cycles (Zasada et al. 1994).
Harrington et al. (1989) compared photosynthesis of common
buckthorn, honeysuckle (Lonicera x bella), gray dogwood
(Cornus racemosa), and black cherry (Prunus serotina) in
understory and open habitats and found that buckthorn in the
understory made 38% of its total annual carbon gain while
the other species were leafless, whereas there was little differ-
ence in open habitats. Notably, buckthorn was the only species
in this study that was in an understory light environment, both
honeysuckle and pin oak plants were in full sunlight. However,
other research has found sprouting differences between spring
dormant and growing season treatments (fire and/or herbicide)
for buckthorn (Richburg et al. 2004), and it remains unclear
why we did not see treatment effects in at least one of our four
seasonal time periods. It is worth noting that the results we
report are from a single burn treatment and multiple burns may
have disparate fire effects (Buckman 1964). We are encouraged
by strong seasonal effects, for honeysuckles and pin oak, for
which resprouting was significantly reduced with growing sea-
son treatments. Our findings are also consistent with research
from other regions, particularly the southeastern United States
where issues of seasonality and fire intensity have a longer
history of investigation (Robbins & Myers 1992; Streng
et al. 1993; Drewa et al. 2002).

Increasingly, fire regimes are controlled, if not driven, by
humans (Gill & Allan 2008) and fire use is only growing in
importance for maintaining grasslands (Alstad et al. 2016).

Projected climate changes in the Midwest transitional prairie-
forest region, namely wetter winters and springs, have the poten-
tial to exacerbate issues of shrub encroachment (Wisconsin Ini-
tiative on Climate Change Impacts 2011). Winter precipitation
tends to favor woody plants (Gremer et al. 2018) and increased
spring precipitation limits potential burn days. This trend is
already evident in the northern Great Plains where the number
of acceptable burn days for conducting spring fires have
decreased over time and suitable burn days in late summer and
early fall have increased (Yurkonis et al. 2019). Despite long-
standing recommendations that grasslands be burned in spring,
the data supporting this practice are equivocal (Towne &
Craine 2014). Similarly, while spring burning became standard
practice in order to reduce impacts to nesting birds and other
wildlife species, negative effects generally have not been sup-
ported by research (Churchwell et al. 2008; Knapp et al. 2009;
Rahmig et al. 2009). Research evaluating seasonality and inten-
sity of fire use warrants further research in this region. This study
suggests that we may want to revisit the timing of prescribed
burning, not only to avoid potential negative effects, but to
achieve our objectives. If we cannot find ways to more effec-
tively use prescribed burning in the transitional prairie-forest
region to reduce woody plants, we may not have to worry about
the long-term impacts to grassland birds, wildlife, or for that
matter, grasslands because they will be gone.
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