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ABSTRACT.—Although prescribed fires are commonly used in management, little is known
about how temperatures generated during fires affect the seed viability of species of conservation
concern. We measured seed viability of six herbaceous forbs native to Ozark glade ecosystems and
the glade-invading shrub Juniperus virginiana (eastern redcedar) after exposure to four
temperature treatments for 15 min: 24 C, 50 C, 100 C and 150 C. Viability of Allium canadense
and Ruellia humilis was reduced to near zero after exposure to temperatures of 100 or 150 C,
whereas viability of Echinacea simulata and J. virginiana was only significantly reduced at 150 C.
Lespedeza virginica, Oenothera macrocarpa, and Silphium terebinthinaceum maintained substantial
viability after exposure to 150 C, with the proportion of viable seeds ranging from 0.3–0.5. Our
results suggest that interspecific differences in tolerance to heat-related mortality of seeds may be
an important factor mediating post fire patterns of plant regeneration.

INTRODUCTION
Grasslands provide a variety of ecosystem services but are among the world’s most
fragmented and degraded ecosystems (Bond and Parr, 2010). Prescribed fire has become
one of the most commonly used tools for promoting native plant establishment and
reducing encroachment by undesirable invasive and woody plants (Briggs et al., 2005) but
without fully appreciating the myriad of effects that fire has on altering ecosystems.
Understanding which species are affected by fire and whether certain species that are
impediments to restoration are more susceptible to deleterious effects of burning relative to
grassland species, will ultimately enhance the utility of prescribed fires in a restoration and
management context (Pyke et al., 2010).
Using Ozark glade grasslands as a study system, we examined the relative effect of heat on
the viability of six herbaceous species, that are indicators of glade grasslands, as well as the
problematic woody species eastern redcedar (Juniperus virginiana). We focused on seed
viability for two reasons. First, because establishment of many grassland species is limited by
the presence of viable seeds (Clark et al., 2007), recruitment from the seed bank may be
important for determining plant population dynamics and community composition
following prescribed burning. Second, although the Ozark glades are a fire-maintained
system (Batek et al., 1999; Ware, 2002) and fire can have profound effects on seed viability
and germination (e.g., Baskin and Baskin, 2001), little is known about how heat affects the
viability of many native glade species. Our goal is to test the relative effects of heat on the
seed viability of six species that are characteristic of Ozark glade plant communities (Baskin
and Baskin, 2000) and the undesirable woody shrub J. virginiana (Briggs et al., 2002).
METHODS
STUDY SYSTEM

Ozark glades are highly diverse grassland ecosystems found on shallow soils surrounded
by hardwood forests (Baskin and Baskin, 2000). Herbaceous forbs, including several
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endemics, constitute a significant fraction of glade plant diversity and are considered of
high conservation value (Ware, 2002). Historic fire return intervals (pre-1940s) ranged from
1 y to 2 dec (Batek et al., 1999), where shorter fire return intervals maintained herbaceous
vegetation (Ware, 2002). More recently, fire suppression has been a primary mechanism of
glade conversion to shrubland, particularly by Juniperus virginiana encroachment (Briggs et al.,
2002), because frequent fires generally kill J. virginiana seedlings and saplings (Ortmann et al.,
1998).
HEAT SHOCK EXPERIMENT

We purchased seeds from commercial suppliers: Allium canadense L. and Ruellia humilis
Nutt. (Prairie Moon Nursery, Winona, MN), Echinacea simulata R.L. McGregor (Easyliving
Wildflowers, Willow Springs, MO), Lespedeza virginica (L.) Britton, Oenothera macrocarpa
Nutt., Silphium terebinthinaceum Jacq. (Hamilton Native Outpost, Elk Creek, MO) and
Juniperus virginiana L. (Sheffield’s Seeds, Locke, NY). Nomenclature follows the USDA,
NRCS (2012). Seeds were stored at room temperature and ambient relative humidity. The
native species were selected based on their status as indicator species of Ozark glades
habitat (see Baskin and Baskin, 2000). We heated seeds on aluminum trays (ten seeds per
tray) in an oven for 15 min at four treatment temperatures: 24 C, 50 C, 100 C, and 150 C.
We selected our treatments to represent temperatures and duration near the soil surface
during grassland fires (Archibold et al., 1998; Wally et al., 2006), which are most likely to
affect seeds near the soil surface. Grassland fires can reach temperatures upwards of 400 C
for short durations (a few min or less) in grass and shrub canopies (Gibson et al., 1990;
Archibold et al., 1998) but tend to be lower (50–200 C, depending on litter substrate) and
of longer duration (.5 min, depending on litter substrate) at the soil surface (Archibold et
al., 1998; Wally et al., 2006). Because seeds near the soil surface are most likely to
experience these lower, prolonged temperatures, we opted to use a 15 min duration
time in order to produce a conservative estimate of the effect of temperature on seed
viability.
Each species had three replicate trays except for A. canadense and R. humilis at 100uC and
E. simulata and J. virginiana at 150 C, which had eight replicate trays. Expansion of
aluminum trays during heating resulted in the loss of a small number of seeds per replicate;
39 of the 109 trays lost at least one seed, but on average, trays had 9.5 seeds per tray (61.0 SD,
n 5 109), and all trays had at least five seeds. After heating, a standard tetrazolium chloride
(TTC) assay was used to assessing seed viability (Peters, 2000).
Three species (L. virginica, O. macrocarpa, and S. terebinthinaceum) seemed to be tolerant of
our temperature treatments, so we exposed them to additional heat treatments: 175 C (only
for O. macrocarpa and S. terebinthinaceum) and 200 C (for all three species) using the same
methods described above.
STATISTICAL ANALYSIS

We used a generalized linear model (GLM) with a binomial response distribution to
examine the proportion of viable seeds (Littell et al., 2006). Our model included two factors,
temperature treatment (four levels: 24 C, 50 C, 100 C, and 150 C) and seed species (seven
levels), as well as their interaction. We present the results for the three species in which we
conducted additional temperature treatments as means (6 95% CI) for comparison to the
main trial. We used an inverse link function to present means and confidence intervals on a
linear scale. All analyses were performed using PROC GLIMMIX in SAS 9.2 (SAS Institute
Inc., Cary, NC, U.S.A).
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FIG. 1.—Proportion of seeds viable after a 15 min exposure to various temperatures. Six herbaceous
species are indicative of glade grassland ecosystems (Allium canadense, Echinacea simulata, Lespedeza
virginica, Oenothera macrocarpa, Ruellia humilis, Silphium terebinthinaceum); Juniperus virginiana is a woody
species that often establishes in glade ecosystems following fire suppression. We used a GLM and
applied an inverse link function in order to report the estimated means on a linear scale. Error bars are
95% confidence intervals. Variance estimates for treatments where all replicates had either all seeds
viable or no seeds viable (indicated by a zero in the figure) are not included

RESULTS
The species main effect (F6,81 5 4.68, P 5 0.0004), the temperature treatment main effect
(F3,81 5 24.01, P , 0.0001), and the interaction term (F18,81 5 6.49, P , 0.0001) were all
highly significant, suggesting that species’ seed viability varies in response to heat shock. Most
species had highest viability between 24 C and 100 C and lowest viability at 150 C (Fig. 1).
Juniperus virginiana seed viability was reduced from 0.87 (0.68, 0.95; 95% CI) at room
temperature (24 C) to 0.62 (0.43, 0.78; 95% CI) at 50 C, 0.57 (0.38, 0.74) at 100 C, and to 0.05
(0.02, 0.13; 95% CI) at 150 C. Seed viability of A. canadense, L. virginica, and R. humilis was
reduced to nearly zero after 15 min of heat exposure at 100 C. However, the 150 C treatment
for L. virginica increased to 0.38 (0.21, 0.58; 95% CI) proportion of viable seeds, although this
result may be driven by one replicate that had complete viability. Echinacea simulata had high
viability (.0.60) between 24 C–100 C but was reduced to nearly zero at 150 C. In contrast the
proportion of O. macrocarpa and S. terebinthinaceum seed viability remained moderate at 150 C
with 0.47 (0.30, 0.65; 95% CI) and 0.32 (0.17, 0.52; 95% CI), respectively.
Heating to 175 C reduced the proportion of viable seeds of O. macrocarpa to 0.04 (0.009,
0.16; 95% CI) and that of viable S. terebinthinaceum seeds to 0.08 (0.003, 0.21; 95% CI) at
175 C. All three of the species that were subjected to additional heat treatments (L. virginica,
O. macrocarpa, and S. terebinthinaceum) at 200 C had zero viable seeds.
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DISCUSSION
Our work suggests that heat differentially affects the viability of seeds of glade plant
species. Seeds of some native forbs (e.g., Oenothera macrocarpa and Silphium terebinthinaceum)
were relatively heat tolerant and may be able to survive and establish after fires. In contrast
other species were susceptible to heat at low (e.g., above 50 C: Allium canadense and Ruellia
humilis) or high (e.g., above 100 C: Echinacea simulata, Juniperus virginiana, and Lespedeza
virginica). Field studies from grasslands suggest that at sites with high plant diversity, the
seed bank seems to be an important source of post-fire regeneration for many species of
forbs (Taft, 2003). However, the seed bank may contribute little to the distribution of
grasses, which are of often the dominant plant cover in glades, or other species that resprout
from belowground organs (Benson and Hartnett, 2006). Thus, heat tolerance of seeds may
be an overlooked mechanism contributing to post-fire regeneration of some forbs, which
constitute a large portion of overall plant diversity. Additional studies are needed to assess
the degree to which different methods of regeneration (i.e., vegetative or seed) are most
important for structuring post-fire glade diversity.
Spatial variation in burn intensity and duration can create spatial patterning in plant
communities (Gagnon et al., 2012). Our results illustrate that differential susceptibility of
seeds to high temperatures may be an underappreciated mechanism by which variance in
fire intensity generates spatial variation in plant communities. For example, fires that are
uniformly hot can effectively homogenize vegetation because the elimination of many viable
seeds leads to communities dominated by perennial plants that resprout following fire
(Benson and Hartnett, 2006; Collins et al., 2006). However, if fire produces low or
heterogeneous temperatures across the landscape, this can promote spatial heterogeneity in
plant regeneration (Turner et al., 1994; Gagnon et al., 2012). Patch characteristics (e.g.,
edges, patch size, and connectivity) that influence fire intensity also may affect the
composition of the subsequent plant community. For example conservation corridors that
connect patches of disjunct habitat and edges can alter spatial patterns of burn
temperatures by affecting both fuel loads and wind speed or direction (Brudvig et al.,
2012). Changes in fire intensity or duration could then give rise to corridor- or edgemediated changes in plant recruitment via differential susceptibility of species to
temperature (Fig. 1). Finally, seed moisture can affect heat tolerance (Le Fer and Parker,
2005; Stephan et al., 2010), so variation in soil moisture could also generate spatial patterns
in post-fire regeneration.
Our results also have implications for management of J. virginiana, particularly by
targeting the seed bank. Prescribed fires that target the seed bank have been effective in
controlling invasive species in other systems. Temperatures greater than 125 C reduced seed
germination of Genista monspessulana (Terraga et al., 1992), an invader of fire maintained
chaparral systems in California, and prescribed burns may contribute to reducing the G.
monspessulana seed bank (Alexander and D’Antonio, 2003). In Hawaiian grasslands,
D’Antonio et al., (2001) found that Melinus minutiflora invades after fires due, in part, to
tolerance of seeds to heat shock. These authors suggest that high-intensity fires (.120 C)
may deplete the seed bank, although they question if this will adequately control this species
because the vertical distribution of seeds in the litter and soil can change the efficacy of fireinduced heat shock. Emery et al. (2011) found that high-intensity fires may reduce seed
viability of both native and nonnative plants in eastern deciduous forest herb layers.
However, if nonnative seeds are more tolerant of heat shock, prescribed fire could actually
facilitate invasion. Since J. virginiana does not form long-lived seed banks (Holthuizen and
Sharik, 1984), most recruitment likely is from seeds that have been recently dispersed and
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are near the soil surface. Our study suggests that high-intensity fires (.150 C) should
effectively kill J. virginiana seeds and that if combined with other removal methods (e.g.,
cutting adults) could contribute to controlling multiple life stages.
Our results reveal there is considerable variation in the susceptibility of seeds to relatively
low temperatures (Fig. 1). Because many grassland species do not form long-lived seed
banks (e.g., Young et al., 1989; Coffey and Kirkman, 2006; Orrock and Hoisington-Lopez,
2009), post-fire recruitment in these systems is likely to be driven by recently dispersed seeds
that are present in the litter duff and soil, and so are likely to experience longer heating
periods similar to temperatures studied here. As a result, our work suggests that future
studies may benefit from examining how longer duration times and lower temperatures
affect seed viability, because this may be an important source of variation in seed survival
(Fig. 1). Furthermore, differences in the effect of temperature on seed viability like the ones
we observed between native glade plants and the undesirable invasive J. virginiana (Fig. 1)
may have implications for management and restoration of many ecosystems (Pyke et al.,
2010). Thus, studying the effects of fire on seed viability will improve our understanding of
how fire shapes plants communities in both basic and applied ecological contexts.
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