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Abstract
1.	 Feedbacks between fire and non-native grasses can lead to a grass-fire cycle that 

intensifies grass invasion and harms native trees. However, higher fire activity 
may reshape fire–grass–tree interactions by altering resource availability and 
reducing fire intensity. Understanding these dynamics and their effects on tree 
regeneration is critically important for maintaining and restoring declining oak 
populations in temperate deciduous forests.

2.	 Here, we performed a landscape-scale field experiment in oak-hickory forests of 
the U.S. central hardwood region to determine how grass invasion and variation in 
fire activity alter post-fire regeneration of oak seedlings and juveniles. We applied 
fire to outplanted white oak (Quercus alba) and black oak (Q. velutina) seedlings 
and naturally colonized juveniles in plots arrayed along a historical fire occurrence 
gradient that were either uninvaded or invaded by a widespread non-native grass 
(Microstegium vimineum).

3.	 We found that increased fire occurrence elevated light availability, with plots 
burnt five times receiving on average 2.5 times more light. Increased fire occur-
rence also reduced fire intensity, with each additional burn lowering the maxi-
mum temperature of experimental fires by 18°C. These changes contributed to 
post-fire oak survival rates being almost twice as high in plots burnt five times 
compared with those with a history of a single prior burn.

4.	 In contrast, Microstegium invasion decreased fire intensity and had no ef-
fect on post-fire oak seedling survival in plots with a history of multiple burns. 
Microstegium cover also declined as fire occurrence increased.

5.	 Synthesis and applications. These results suggest that recurring fire can mitigate 
the negative effects of grass invasion and create conditions more favourable for 
early oak regeneration in temperate deciduous forests.
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1  |  INTRODUC TION

Fire is an important driver of the structure and composition of 
ecosystems globally (Bond & Keeley, 2005; Bowman et  al.,  2009; 
Pausas & Keeley,  2009), including open forests, woodlands, and 
savannas (Hanberry et al., 2020; Ratnam et al., 2011). In open forests, 
fire prevents total canopy closure (Stockdale et al., 2019), enabling 
the persistence of many fire-tolerant species (He et  al.,  2019; 
Morrison,  2002). However, fire suppression is rising due to local 
policies, agriculture, and fragmentation (Arora & Melton,  2018; 
Fowler & Konopik, 2007). Lack of fire has allowed canopy gaps to be 
filled by shade-tolerant, fire-intolerant trees, leading to more mesic, 
less flammable understories with lower light availability (Alexander 
et  al.,  2021; Álvarez et  al.,  2025; Nowacki & Abrams,  2008). Oak 
ecosystems, in particular, have suffered across the globe as 
the effects of fire suppression and canopy closure inhibit oak 
regeneration (Altman et al., 2016; Li & Ma, 2003; Spînu et al., 2020).

Reintroducing fire and increasing fire activity can reverse these 
trends (Brose et  al.,  2013; Pile Knapp et  al.,  2024) and would bet-
ter match historical fire regimes (Guyette et  al.,  2002; Ruffner & 
Groninger, 2006). Fire reduces the density of midstory and understory 
stems, especially of problematic fire-intolerant trees (Hutchinson 
et  al.,  2024; Keyser et  al.,  2018). The resulting increased under-
story light penetration and reduced competition can benefit juvenile 
oak trees shaded out during fire suppression (Arthur et  al.,  2012; 
Hutchinson et al., 2012). However, mechanical overstory thinning may 
also be necessary to achieve the light levels required for oak recruit-
ment to the overstory (Bragg et al., 2020; Dey & Fan, 2009). Oak trees 
and their associated vegetation communities are ecologically import-
ant for biodiversity conservation (Grundel & Pavlovic, 2007; Narango 
et al., 2020; Noble & Bauer, 2022), and provide economic value through 
timber harvest and carbon sequestration (Huang et al., 2004). Despite 
widespread oak decline and the need for improved oak regeneration, 
forest responses to changes in fire activity remain concerningly under-
studied, particularly in the presence of invasive grasses (Tomat-Kelly & 
Flory, 2023; Varner et al., 2016).

Invasive grasses are among the most successful invasive plants 
globally (Pertierra et  al., 2023). They can harm native ecosystems 
not only by outcompeting native species but also by increasing fire 
activity, which may positively feedback to invasion and perpetuate 
an invasive ‘grass-fire cycle’ (D'Antonio & Vitousek,  1992; Fusco 
et  al.,  2019). In non-forested arid and semiarid systems, invasive 
grass-fire cycles have eliminated native grasses and shrubs by dis-
rupting the historical fire regimes under which these species have 
evolved (Brooks et al., 2004; D'Antonio et al., 2000). Although such 
cycles can also become established in temperate deciduous forests 
(Kerns et al., 2020), their effects on fire activity and native tree com-
munities remain equivocal due to these environments' higher mois-
ture and lower light availability (Tomat-Kelly & Flory, 2023). In the 
eastern U.S., for example, grass invasions have been found to both 
increase and decrease prescribed fire intensity (Flory et  al., 2015; 
Salemme & Fraterrigo,  2021; Wagner & Fraterrigo,  2015) and re-
sult in either neutral or negative effects on tree regeneration (Flory 

et al., 2015; Salemme & Fraterrigo, 2021), suggesting that other fac-
tors may be influencing survival. This uncertainty complicates the 
use of prescribed fire for promoting oak regeneration.

Most studies evaluate invasive grass-fire feedbacks in response 
to single fires. However, recurring fires can more profoundly alter for-
est ecosystem structure and function (Cuprewich & Saunders, 2024; 
Knapp et al., 2015), potentially reshaping fire–grass–tree interactions 
(Fraterrigo & Rembelski, 2021). For example, while a single fire has little 
effect on understory light, recurring fires can enhance light availability 
(Alexander et al., 2008; Hutchinson et al., 2012; Iverson et al., 2017)–a 
key mechanism through which prescribed fire promotes oak regenera-
tion in fire-suppressed forest understories (Brose et al., 2013; Rebbeck 
et al., 2011). On the other hand, many invasive grasses grow and re-
produce better with higher light availability (Cheplick, 2010; Funk & 
McDaniel, 2010; Horton et al., 2010). Although single fires temporarily 
increase soil inorganic nitrogen (N) availability (Certini, 2005), favour-
ing the growth of invasive grasses (Johnson et al., 2011), recurring fires 
tend to decrease soil N availability through volatilization, leaching, and 
pyrolysis (Knicker, 2007; Pellegrini et al., 2018; Soong & Cotrufo, 2015). 
Recurring fires can also decrease soil moisture by increasing evapo-
rative demand (Refsland & Fraterrigo, 2018) and reducing water infil-
tration through the soil (Certini, 2005; MacDonald & Huffman, 2004). 
Together, these changes can reduce the vigour of invasive grasses 
(Fraterrigo & Rembelski, 2021; Rembelski & Fraterrigo, 2023), which 
may indirectly benefit trees by decreasing resource competition. 
Moreover, recurring fires tend to decrease fire intensity by reducing 
fuel loads (Stephens et al., 2012), which may enhance tree seedling sur-
vival (Brose & Van Lear, 1998). The benefits of recurring fires for oak 
regeneration may therefore outweigh the potential positive feedbacks 
to grass invasion. Given the ongoing and projected increases in plant 
invasion in forests (Iannone III et al., 2016), there is an urgent need to 
determine how changes in fire occurrence influence oak regeneration 
dynamics in grass-invaded forests.

We performed a landscape-scale field experiment along a gra-
dient of historical fire occurrence to investigate how variation 
in fire occurrence affects post-fire oak seedling regeneration in 
grass-invaded forests. We characterized oak regeneration as post-
fire survival and resprouting vigour, which constitute important, 
early stages in the regeneration process (Dey et  al., 2009; Dey & 
Fan, 2009) and can be influenced by different mechanisms (Resco 
de Dios et al., 2020). We focused on Microstegium vimineum (Trin.) 
A. Camus, an annual C4 grass native to Asia that is widely distrib-
uted across eastern U.S. deciduous forests. Microstegium can survive 
across a wide range of light and moisture conditions (Cheplick, 2010; 
Flory, 2010). Additionally, it can increase fire intensity and responds 
positively to fire (Wagner & Fraterrigo, 2015), which together can 
reduce tree regeneration in grass-invaded forests (Flory et al., 2015; 
Salemme & Fraterrigo, 2021). Conversely, frequent fire can reduce 
Microstegium abundance (Fraterrigo & Rembelski, 2021), making this 
an ideal model system for investigating relationships between fire 
activity, grass invasion, and tree regeneration. We asked: (1) How 
does variation in fire occurrence interact with grass invasion to 
alter resource availability and fire intensity? and (2) How do these 
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changes affect post-fire survival and resprouting vigour of oak seed-
lings and juveniles? We hypothesized that higher fire occurrence—
characterized by more numerous, frequent, and recent fires—would 
increase light availability due to lower midstory stem density and 
decrease soil moisture, soil inorganic N availability, and fuel loads. 
In turn, we hypothesized that these changes would enhance post-
fire oak regeneration by alleviating light limitation for sub-canopy 
oaks (Rebbeck et  al.,  2011), reducing resource competition from 
Microstegium, and minimizing heat-induced mortality through lower 
fire intensity.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The study was conducted in central hardwood forests within 
the eastern portion of the Shawnee National Forest (US Forest 
Service LTR occupancy permit 2023-02-15) and at Dixon Springs 
State Park (Illinois Department of Natural Resources permit 
SS24-02) in southern Illinois (37°48′ N, 88°47′ W). The climate 
is humid subtropical with a mean summer temperature of 25°C, 
mean winter temperature of 3°C, and mean annual precipitation 
of 1360 mm for the period from 2004 to 2025 (Western Regional 
Climate Center,  2025). The region is unglaciated with varying 
topography. The soils are silt loam Alfisols (mesic Oxyaquic 
Fragiudalfs) containing ca. 15% clay in the top 15 cm (NRCS 
et al., 2025). The dominant overstory tree species include Quercus 
spp. and Carya spp., with Acer spp., Fraxinus spp., Juniperus 
virginiana, Liriodendron tulipifera, and Ulmus spp. also commonly 
appearing in the overstory.

Prior to European settlement, upland forests in southern Illinois 
were dominated by oak and hickory species, maintained through pe-
riodic burning by Indigenous peoples (Ruffner & Groninger, 2006). 
In the mid-1800s, European-descended settlers used fire to clear 
land for agriculture and extensively logged these forests. By the 
mid-1900s, however, prescribed fire use declined due to agricul-
tural abandonment and fire suppression policies, allowing forests 
to regenerate from existing seeds and sprouts. In recent decades, 
low-intensity prescribed fire has been reintroduced to restore and 
maintain upland forests. Microstegium vimineum was introduced 
to the region in the early 1980s and maintains an active invasion 
front due to dispersal limitation (Anderson et  al., 2013; Tekiela & 
Barney,  2013). This grass invasion poses challenges to the use 
of fire as a management tool due to both its positive response to 
fire and potential to intensify fire (Flory et  al.,  2015; Wagner & 
Fraterrigo, 2015).

2.2  |  Experimental design

To evaluate how variation in fire activity affects post-fire oak seedling 
regeneration in grass-invaded forests, we compared outplanted oak 

seedling responses to experimental fire in paired invaded–uninvaded 
forest plots arrayed along a gradient of historical fire occurrence. We 
characterized the fire occurrence gradient and identified potential 
sites by performing principal component analysis on prescribed fire 
data (mean fire frequency, total number of burns [hereafter, total 
burns], years after last fire, and length of management period [i.e. 
years after first fire]) maintained by land managers (Appendix  S1, 
Figure  S1). These prescribed fires occurred primarily in the spring 
dormant season (March–April) and occasionally in the fall–winter 
dormant season (November–February). From the set of potential 
sites, we selected 26 research sites averaging 100 ± 34 (SE) ha 
and spanning a broad range of historical fire occurrence (Table S1; 
Figure  S2), all located in upland areas with hardwood-dominated 
canopies, relatively flat slopes (<10°), and similar aspects.

In each site, we established between one and four pairs of 
5 m × 5 m plots, each pair comprising an uninvaded and Microstegium-
invaded plot (n = 100 plots). Pairs were separated by at least 100 m. 
To control for the size, number, and species of trees in the plots, we 
outplanted four 1-year-old Quercus velutina and four Q. alba bare-
root seedlings in each plot (n = 800 trees; Mason State Tree Nursery, 
Topeka, Illinois) in March 2023 (Appendix S1). Additionally, we se-
lected up to eight naturally colonized oak juveniles in each plot for 
additional measurements (see Section 2.5). In February and March 
2024, we experimentally burnt 30 plot pairs varying in historical fire 
occurrence (Appendix S1).

2.3  |  Resource availability

To characterize resource availability, we measured light, soil 
inorganic N, and soil moisture availability, as well as soil temperature 
for its potential to inform understanding of nutrient availability and 
uptake (Bassirirad, 2000). To determine understory light availability, 
we measured photosynthetic photon flux density (PPFD) 1 m above 
the ground in each plot in June 2024 (Appendix S2). To determine 
soil inorganic N availability, we buried two nylon bags filled with 20 g 
of ion exchange resin beads (AmberLite MB20 Mixed Ion Exchange 
Resin, Sigma-Aldrich, St. Louis, MO, USA) 5 cm below the soil surface 
in each plot in June 2023 and retrieved them in September 2023. We 
analysed samples for NH4

+-N using the salicylate method and NO3
− 

plus NO2-N using a cadmium column reduction (Lachat QuickChem 
8500, Hach Company, Loveland, CO, USA), summing these values 
by sample and averaging by plot to represent total inorganic N 
availability (Appendix S2).

In February through September 2023 and 2024, we mea-
sured soil moisture (7.5 cm depth; FieldScout TDR 100, Spectrum 
Technologies, Inc., Aurora, IL) and soil temperature (10 cm depth; 
Traceable, Fisher Scientific, Waltham, MA) instantaneously sev-
eral times in each plot and hourly in a subset of plots spanning 
the range of environmental conditions encountered using HOBO 
data loggers (Onset Computer Corporation, Bourne, MA, USA). 
To interpolate hourly soil moisture and temperature at the plot 
scale from the continuous records, we regressed the discrete 
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measurements for each plot against the continuous series that 
produced the highest R2 value (mean R2: 0.90 ± 0.01). Hourly es-
timates were used to calculate plot-level means for each summer 
(June–August) (Appendix S2).

2.4  |  Fuel availability and fire intensity

Because undecomposed and partially decomposed leaf litter 
comprises the majority of the fuel bed in these forests, we 
measured the depth, mass, and moisture content of the soil 
O-horizon (Oi + Oe + Oa) in each plot immediately before 
experimental burning to characterize fuel availability. We 
collected two 0.14 m2 samples of the O-horizon using a sampling 
frame after measuring the depth at each corner (n = 8). In the 
laboratory, we weighed samples before and after drying at 70°C 
for 48 h to calculate percent moisture. To quantify fire intensity 
(maximum fire temperature and fire residence time), four type K 
thermocouples with buried data loggers were deployed on the 
soil surface to record fire temperature every second. We placed 
one thermocouple in each plot quadrant halfway between two 
outplanted oak seedlings so that all seedlings were 0.5 m from 
the nearest thermocouple. For each outplanted seedling, we 
calculated the fire residence time as the number of seconds the 
fire exceeded 60°C, which is the point at which cell death can 
occur (Levitt, 1980).

2.5  |  Plant measurements

To quantify local invasion severity, we estimated Microstegium cover 
in a 0.5 m radius circle around each outplanted oak seedling in June 
2023. To assess the nutrient status of outplanted seedlings, we 
measured their foliar N and C content in September 2023. Using a 
hole punch, we collected 15 leaf punches per species per plot from 
the sun leaves of each living individual. Leaf punches were returned 
to the laboratory, dried at 60°C for 48 h, finely ground, and analysed 
for total N and C at the University of Illinois Urbana-Champaign (ECS 
4010 CHNS-O, Costech Analytical Technologies Inc., Valencia, CA, 
USA).

Seedling size can strongly influence post-fire survival (Keyser 
et  al., 2018). We therefore measured the diameter at decimetre 
height (10 cm; DDH) and stem height from stem base to the lead-
ing shoot tip of each outplanted seedling in February 2024 be-
fore experimental burning. We also tagged and measured up to 
eight naturally colonized oak juveniles (<1 m height; n = 82, pri-
marily Q. velutina, Q. alba, and Q. stellata) in each plot for com-
parison with the outplanted seedlings. In September 2024, we 
assessed oak seedling survival and repeated size measurements 
for all surviving individuals to determine resprouting vigour. We 
defined survival as the presence of living leaves on a seedling 
during September measurements. Because oaks often respond 
to topkill by resprouting with multiple stems, resprouting vigour 

was defined as relative sprouted stem height or diameter for each 
individual, using the height or DDH of each individual's tallest, re-
sprouted stem (Schafer & Just, 2014) in September 2024 divided 
by the height or DDH of its tallest stem measured before burning 
in February 2024.

2.6  |  Statistical analysis

We used an information theoretic approach to evaluate models 
relating historical fire occurrence, Microstegium invasion, resource 
availability, fire intensity, and oak regeneration. This entailed 
fitting sets of candidate models and selecting plausible models by 
calculating Akaike's Information Criterion (AIC) for each model in 
a set. For all model sets, we included a null model containing only 
the random effect and covariates if present. Models with AIC values 
within two units of the lowest AIC value in a set (ΔAIC < 2) were 
considered supported (Burnham & Anderson, 2002).

To evaluate how historical fire occurrence influenced resource 
availability, we fit candidate linear mixed-effects models (LMMs) 
consisting of either total burns, fire frequency, years after fire, or 
management length as fixed effects, and pair as a random effect 
with the nlme package (Table S2; Pinheiro et al., 2025). Because C4 
grasses can maintain elevated soil moisture levels (Fahey et al., 2018) 
and Microstegium can increase soil inorganic N availability (Ehrenfeld 
et al., 2001; Lee et al., 2012), we fit additional candidate LMMs for 
soil moisture and inorganic N availability that contained Microstegium 
cover as a fixed effect and its additive interactions with fire occur-
rence variables (Table  S2). To evaluate how historical fire occur-
rence and resource availability influenced Microstegium cover, we 
fit two sets of candidate LMMs, with one set consisting of either 
total burns, fire frequency, years after fire, or management length as 
fixed effects, and the other set consisting of either light availability 
or soil temperature as fixed effects, including pair as a random effect 
in both sets (Table S3). We fit similar candidate LMMs to evaluate 
how historical fire occurrence and resource availability influenced 
oak seedling nutrient status. We also fit candidate LMMs to evalu-
ate relationships between fuel availability (O-horizon depth, mass, 
and moisture), Microstegium cover, soil moisture, and fire intensity 
(Table S4).

We evaluated how historical fire occurrence, invasion, re-
source availability, and fire intensity influenced post-fire oak sur-
vival using a three-step process. First, we fit a set of candidate 
generalized linear mixed-effects models (GLMMs) with a binomial 
distribution (lme4 package; Bates et al., 2015) consisting of either 
fire occurrence variables, Microstegium cover, or their interac-
tions as fixed effects, with pair as a random effect and initial oak 
seedling height and species as covariates (Table S5). Because pre-
liminary analyses suggested historical fire occurrence influenced 
resource availability and fire intensity, we next fit a set of can-
didate GLMMs consisting of resource availability variables, maxi-
mum fire temperature, Microstegium cover, or their interactions as 
fixed effects (i.e. proximate drivers), with plot as a random effect 
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and initial oak seedling height and species as covariates (Table S5). 
We repeated these steps to evaluate how historical fire occur-
rence, invasion, resource availability, and fire intensity influenced 
resprouting vigour, using LMMs with the fixed and random effects 
noted above and initial oak seedling height or diameter (as appro-
priate to account for allometric scaling) and species as covariates 
(Table S5). Post-fire oak survival and resprouting vigour analyses 
were performed separately for outplanted seedlings and naturally 
colonized juveniles. Finally, to evaluate the effect of individual 
predictors in the survival and resprouting models, we conducted 
unconditional model averaging with the AICcmodavg package 
(Burnham & Anderson, 2002; Mazerolle, 2023).

To quantify the relative magnitudes of direct and indirect ef-
fects of historical fire activity and invasion on post-fire oak seed-
ling survival and resprouting vigour, we fit two structural equation 
models (SEM) using the piecewiseSEM package (Lefcheck, 2016), 
with survival and resprouting vigour as the response variables 
(Appendix  S3). Resprouting vigour of outplanted seedlings was 
modelled using resprouting height because we did not find sig-
nificant relationships between resprouting diameter and resource 
availability. Our initial models were based on the hypothesized 
relationships whereby fire occurrence increases light availabil-
ity and decreases soil moisture, soil inorganic N, and O-horizon 
depth, which directly and indirectly influence Microstegium cover 
and ultimately improve oak seedling regeneration. We specified 
plot and pair as random effects, depending on predictor vari-
ables, to account for any non-independence of the residuals. Our 
previous analyses informed variable selection, and we removed 
nonsense independence claims during model tuning. We calcu-
lated goodness-of-fit using Fisher's C statistic in which a p > 0.05 
indicates the SEM fits the data. We log-transformed response 
variables as needed to meet normality and homogeneity of vari-
ance assumptions and centred and scaled continuous predictor 
variables to enable comparison of effect sizes. Analyses were 
considered significant at p < 0.05 and marginally significant at 
0.05 ≤ p < 0.10. All analyses were conducted using R v. 4.4.1 statis-
tical software (R Core Team, 2024).

3  |  RESULTS

3.1  |  Fire occurrence, invasion, and resource 
availability

Of the resource variables measured, only light availability was 
significantly related to historical fire occurrence (Table  S6). Light 
availability increased with total burns (Tables S2 and S6; Figure 1), 
averaging 7.8 ± 1.9 (SE) % in plots burnt once and 19.5 ± 2.2% in 
plots burnt five or more times. Soil moisture increased significantly 
with Microstegium cover (Figure S3) and marginally with total burns 
(Tables  S2 and S6). Soil inorganic N availability also increased 
significantly with Microstegium cover (Figure S4). Although models 
including the additive interactions of Microstegium cover and 

historical fire occurrence variables were supported, none of the 
fire variables had a significant effect on soil inorganic N availability 
(Tables  S2 and S6). Similarly, none of the historical fire variables 
had a significant effect on soil temperature, even though models 
including these terms were supported (Tables S2 and S6).

Examining the predictors of variation in Microstegium cover, we 
did not find support for a relationship with historical fire occurrence. 
Models including historical fire variables ranked lower than the null 
model, and none of the historical fire variables had a significant ef-
fect on Microstegium cover (Tables S3 and S7). However, there was 
a significant, positive relationship between Microstegium cover and 
light availability.

3.2  |  Fuel availability and fire intensity

Experimental fires had an average maximum temperature of 204 ± 13 
(SE)°C (range: 44–484°C; Table S8) and an average residence time 
(seconds above 60°C) of 408 ± 29 s (range: 0–1008 s; Table S8). Both 
maximum fire temperature and fire residence time were positively 
related to O-horizon depth (Tables  S4 and S9; Figure  S5), with 
maximum fire temperature increasing by 41°C and residence time 
increasing by 65 s for every additional cm of O-horizon depth. In 
contrast, there was no significant relationship between maximum 
fire temperature and Microstegium cover (estimate: −0.28 ± 0.13) 
or soil moisture (estimate: −0.31 ± 0.15), and a marginal negative 
relationship between fire residence time and Microstegium cover 
(Table S9). Although Microstegium cover was not significantly related 
to fuel moisture (estimate: 0.11 ± 0.15) or O-horizon depth (estimate: 
0.12 ± 0.12), it was positively related to soil moisture (Tables S4 and 
S9).

F I G U R E  1 Relationship between total burns and light availability 
(%). Light availability was log-transformed to meet normality and 
homogeneity of variance assumptions and graphed on a logarithmic 
scale. Points are observed values. Shaded region surrounding the 
regression line is 95% confidence interval.
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3.3  |  Post-fire oak seedling survival, resprouting 
vigour and leaf nutrient status

Overall, 653 of the 800 (82%) outplanted oak seedlings survived 
the initial growing season, and neither historical fire occurrence 
nor invasion affected first-year survival. Twenty of these 
surviving seedlings could not be found in February 2024 when 
pre-fire measurements took place and were excluded from further 
analysis. Of the 363 outplanted oak seedlings treated with fire, 
130 (36%) seedlings survived, with 110 of the surviving seedlings 
(85%) suffering topkill and resprouting. Over the same period, 
200 of 270 (74%) unburnt oak seedlings survived. Historical 
fire occurrence was positively related to post-fire survival of 
outplanted seedlings, with total burns being the best predictor. 
Post-fire survival was 81% higher in plots with five prior burns 
compared with plots with one burn prior to experimental fire 
(Table S5; Figures 2a and 3). Although the model consisting of the 
additive effects of total burns and Microstegium cover was also 
supported, it ranked lower than the null model, and there was no 
statistical evidence of an effect of Microstegium cover on post-fire 
survival (estimate: 0.08, 95% CI: −0.22–0.37; Table S5; Figure 3). 
However, there was a non-significant trend for declining survival 
with increasing Microstegium cover in plots with only one historical 
burn (Figure S6). Across all models, initial oak seedling height was 
positively associated with survival, while oak species had no effect 
(Figure 3).

The proximate drivers of variation in post-fire survival of out-
planted oaks included light availability and maximum fire tempera-
ture (Table  S5; Figure  3). Survival was 85% higher in plots with 
25% light availability compared with plots with 5% light availability 
(Figures 2b and 3) and 27% lower for fires that reached 250°C com-
pared with fires that reached 150°C (Table S5; Figure 3). Although 
the model consisting of light availability, maximum fire temperature, 
and Microstegium cover was also supported (Table  S5), the effect 
of Microstegium cover was not significant (estimate: −0.1, 95% CI: 

−0.4–0.2; Table S5; Figure 3). Across all models, initial oak seedling 
height was positively associated with survival, while oak species had 
no effect (Figure 3).

Similar to post-fire survival, the resprouting vigour of outplanted 
seedlings was positively related to historical fire occurrence. Both 
relative resprout height and diameter increased with total burns 
(Table  S5; Figures  3 and 4a; Figure  S7), increasing 35% and 47% 
more in plots that had five prior burns compared with plots that 
had one prior burn. Resprout height was also positively related to 
Microstegium cover (Table  S5; Figure  3). Across all models, initial 
seedling size was negatively related to resprout size, while oak spe-
cies had no effect (Table S5; Figure 3).

Evaluating the proximate drivers of variation in resprouting 
vigour, we found that relative resprout height was best predicted 
by soil moisture (Table  S5; Figures  3 and 4b), with a 21% greater 
increase in resprout height in plots with 25% soil water content com-
pared with plots with 15% soil water content. Resprouting vigour 
was also positively related to light availability, with slightly stron-
ger effects on resprouting height than diameter (Table S5; Figure 3). 
Across all models, initial seedling size was negatively related to re-
sprout size, while oak species had no effect (Table S3).

Of the naturally colonized oak juveniles, 76 out of 82 (93%) sur-
vived burning. None of the fire or resource variables significantly 
predicted post-fire survival of naturally colonized oak juveniles 
(Table S10; Figure S8). However, the average height and diameter of 
natural juveniles that perished were 25.8 ± 5.2 cm and 3.2 ± 0.7 cm, 
versus 40.5 ± 2.2 cm and 4.1 ± 0.2 cm for those that survived.

Similar to outplanted seedlings, resprouting vigour of naturally 
colonized oaks was positively related to historical fire occurrence. 
Relative resprout height increased with increasing total burns and 
decreasing years after fire (Table S10; Figure S8). Although resprout 
diameter was best predicted by the null model, models including 
total burns and years after fire were also supported (Table S10), with 
relative resprout diameter increasing with total burns and decreas-
ing with years after fire (Figure S8). Microstegium cover did not affect 

F I G U R E  2 Relationships between 
expected post-fire oak seedling survival 
and (a) total burns, and (b) light availability. 
Microstegium cover was modelled 
continuously but is shown as a categorical 
variable to improve visualization. Points 
are observed outcomes and are jittered 
vertically and horizontally. Shaded regions 
surrounding the logistic regression lines 
are 95% confidence intervals.
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resprouting vigour, nor did it interact with historical fire occurrence. 
There was also no effect of oak species. However, initial size was 
negatively related to resprout size (Table S10; Figure S8).

The proximate drivers of resprouting vigour for naturally colo-
nized oak juveniles were similar to those of outplanted seedlings. 
Resprout height was best predicted by light availability (Table S10), 
with higher light availability increasing relative resprout height 
(Figure S8). Resprout diameter was best predicted by soil tempera-
ture, followed by light availability (Table S10), with warmer soil and 
higher light availability increasing resprout diameter (Figure  S8). 

Microstegium cover did not affect resprouting vigour, nor did it in-
teract with fire occurrence. There was also no effect of oak species. 
However, initial size was negatively related to relative resprout size 
(Table S10; Figure S8).

3.4  |  Seedling nutrient status

The nutrient status of outplanted seedlings did not vary with 
historical fire occurrence or Microstegium cover (p > 0.1 for all 

F I G U R E  3 Model averaged parameter estimates predicting (a, b) post-fire survival, (c, d) relative resprout height, and (e, f) relative 
resprout diameter of (a, c, e) outplanted oak seedlings using fire occurrence models and (b, d, f) resource availability models. Microstegium 
cover was included in both sets of models, and fire intensity was included in the post-fire survival models. In all models, plot was included 
as a random effect. Error bars represent the 95% confidence interval. Intervals that do not contain 0 indicate a parameter that significantly 
predicts a given oak seedling outcome.
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models). However, leaf N (%; p = 0.02) increased and leaf C:N ratio 
(p = 0.07) decreased with soil NH4

+-N.

3.5  |  Structural equation modelling

The SEM for post-fire oak seedling survival adequately fit our data 
(Fisher's C = 39.2, df = 32, p = 0.18) and revealed that higher fire 
occurrence promoted survival via the indirect pathways of light 
availability and maximum fire temperature (marginal R2 = 0.15, 
conditional R2 = 0.21, Figure 5). The main drivers of these changes 
were total burns and years after fire. As total burns increased, light 
availability increased (p = 0.04) and maximum fire temperature 
decreased (p = 0.002). There was also a weak positive indirect effect 
of total burns on maximum fire temperature, mediated by the positive 
effect of light availability on O-horizon depth (p < 0.001). Years 
after fire indirectly increased maximum fire temperature through 
its positive effect on O-horizon depth (p = 0.01). Standardized 
effect sizes indicated that the strongest predictor of survival was 
the positive effect of light availability (p < 0.001), followed by the 
negative effect of maximum fire temperature (p = 0.01), and the 
positive effect of initial height (p = 0.006). Additionally, there was 
a marginal negative interaction between initial height and light 
availability on survival (p = 0.06; Figure  S9), such that light had a 
diminishing effect as seedling height increased.

There was no direct effect of Microstegium cover on post-fire 
oak seedling survival (Figure 5). However, by decreasing maximum 
fire temperature (p = 0.02), Microstegium cover exerted a weak pos-
itive indirect effect on survival. Total burns had a negative direct 
effect on Microstegium cover (p = 0.05), despite the weak positive 
indirect effect on cover through light availability (p < 0.001). As ex-
pected, there were positive relationships between soil moisture and 

Microstegium cover (p < 0.001), soil moisture and soil inorganic N 
(p < 0.001), and Microstegium cover and soil inorganic N (p < 0.001). 
However, neither soil moisture nor soil inorganic N availability was 
affected by fire occurrence, nor did they influence post-fire oak 
seedling survival, except for a weak indirect effect of soil inorganic 
N availability on O-horizon depth (p < 0.001), with higher inorganic 
N decreasing depth.

The SEM for resprouting vigour adequately fit our data (Fisher's 
C = 14.4, df = 14, p = 0.42) and revealed that higher fire occurrence 
promoted resprout height via the indirect pathway of light availabil-
ity (marginal R2 = 0.34, conditional R2 = 0.36, Figure 6), with higher 
total burns increasing light availability (p = 0.05). Standardized effect 
sizes indicated that the strongest predictor of resprouting vigour 
was the negative effect of initial height (p < 0.001), followed by the 
positive effects of soil moisture (p = 0.006) and light availability 
(p = 0.005).

We did not find a significant effect of Microstegium cover on re-
sprouting vigour (Figure 6). Similar to survival, total burns had a nega-
tive direct effect on Microstegium cover (p = 0.008), despite the weak 
positive indirect effect on cover through light availability (p < 0.001). 
Higher soil moisture increased Microstegium cover (p < 0.001) but 
was not influenced by fire occurrence. Soil inorganic N availabil-
ity increased with soil moisture (p < 0.001) and Microstegium cover 
(p = 0.02) and decreased with total burns (p = 0.04).

4  |  DISCUSSION

We experimentally burnt plots established across a fire occurrence 
gradient containing outplanted oak seedlings and naturally colo-
nized oak juveniles to investigate how an invasive grass alters the 
effect of fire on early oak regeneration, namely post-fire survival 

F I G U R E  5 Structural equation model 
showing the ultimate and proximate 
drivers of post-fire oak seedling survival. 
Arrows represent significant relationships 
(p < 0.05), with black arrows representing 
positive relationships and red arrows 
representing negative relationships. The 
values next to each arrow represent the 
standardized effect size of the given 
predictor variable on the response 
variable. MIVI refers to Microstegium 
vimineum. The Fisher's C and p-value in 
the bottom left correspond to the entire 
model, with a p-value of >0.05 indicating 
a well-fit model.
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and resprouting vigour. Previous studies have found that invasive 
grasses can harm native plants and ecosystems by creating posi-
tive feedbacks with fire activity (Brooks et al., 2004; D'Antonio & 
Vitousek, 1992), with several finding damage to tree seedlings due 
to interactions between grass and fire (Flory et al., 2015; Salemme 
& Fraterrigo, 2021). This interaction potentially conflicts with pre-
scribed fire management goals, such as improving oak regeneration. 
However, when considering 26 years of prescribed fire occurrence, 
we found that historical fire occurrence is positively related to 
post-fire oak seedling regeneration, with the benefits from higher 
fire occurrence overriding the effects of grass invasion (Figure 2a; 
Figure S6). Our results demonstrate that early oak regeneration in-
creases because recurring fire enhances light availability and reduces 
fuel loads, leading to lower intensity fires that reduce mortality and 
conditions that promote resprouting following topkill (Figures 5 and 
6). Resprouted oak juveniles that naturally colonized also showed a 
positive response to recurring fire and light availability (Figure S8). 
Collectively, these results suggest that in temperate deciduous for-
ests, grass invasion does not counteract the ability of recurring pre-
scribed fire to promote early oak regeneration.

Although Microstegium vimineum has been shown to reduce 
post-fire tree seedling survival in forests experiencing lower fire 
occurrence or where fire occurrence is unknown (Flory et al., 2015; 
Salemme & Fraterrigo,  2021), we found limited support for this 

effect (Figure  S6). Moreover, there was no effect of Microstegium 
on post-fire survival as fire occurrence increased. Increasing fire 
occurrence also reduced Microstegium vigour (Figure  5), suggest-
ing that recurring burns may disrupt positive feedbacks between 
Microstegium and fire either by altering N availability (Fraterrigo & 
Rembelski, 2021) or by reducing seed viability and seedling emer-
gence (Emery et  al.,  2013; Wagner & Fraterrigo,  2015). Although 
single fires can only affect the current seedbank, the cumulative ef-
fects of recurring fires on an annual grass could reduce population 
abundance over time.

Beyond reducing grass invasion, our results also support the hy-
pothesis that recurring fires increase oak regeneration by increas-
ing light availability (Hutchinson et al., 2012; Iverson et al., 2017). 
Although prescribed fire intensity in temperate forests may be 
too low to reduce overstory canopy cover in many cases (Dey & 
Fan, 2009; Hutchinson et al., 2005), and overstory recruitment can 
require mechanical overstory thinning (Bragg et  al., 2020), these 
fires can reduce midstory stem density, thereby increasing under-
story light availability (Brose et al., 2013; Hutchinson et al., 2024). 
Light availability determines the extent to which oak seedlings can 
photosynthesize, develop root systems, and store non-structural 
carbohydrates below-ground (Brose,  2008; Dillaway et  al., 2007; 
Resco de Dios et  al., 2020), which are crucial factors controlling 
post-fire resprouting (Bond & Midgley, 2001; Bowen & Pate, 1993; 
Dey & Fan, 2009). In our study, taller outplanted seedlings and nat-
urally colonized juveniles both had higher post-fire survival rates. 
These individuals would have been better able to compete for 
light (Figure S9) and may have also had larger root systems (Jacobs 
et al., 2005; Knapp et al., 2006), which would promote resprouting.

Following fire, resprouts that quickly reach a size class that can 
tolerate fire will have a better chance of escaping mortality from 
subsequent fires (Grady & Hoffmann, 2012). Yet, post-fire survival 
and resprouting vigour do not necessarily correlate and can result 
from differing mechanisms (Resco de Dios et al., 2020). In our study, 
resprouting vigour increased with light availability, likely for the 
same reasons as post-fire survival. However, the relative resprouting 
height of seedlings also increased with soil moisture (Figures 3, 4 and 
6). Soil moisture has previously been shown to increase the growth of 
resprouting oak and other tree seedlings (Grady & Hoffmann, 2012; 
Refsland & Fraterrigo, 2018; Resco de Dios et al., 2020). Contrary 
to expectations, we found a weak positive relationship between soil 
moisture and total burns when accounting for Microstegium cover 
(Table S6). Past fires may not have been intense enough or recent 
enough to reduce soil moisture (MacDonald & Huffman,  2004). 
Furthermore, although unmeasured, we observed higher understory 
vegetation cover in plots with higher fire occurrence, a pattern also 
observed in other forests (Burton et al., 2011; Knapp et al., 2015). 
Dense understory vegetation can promote a moister soil microcli-
mate (Pickering et al., 2021), with moisture in the top 20 cm of soil 
decreasing when vegetation is removed (Barzegaran et  al.,  2022; 
Wang et al., 2011; Zhang et al., 2020). Thus, it is possible that soil 
moisture increased with total burns due to increased understory 
plant cover, resulting in stronger resprouting vigour.

F I G U R E  6 Structural equation model showing the ultimate 
and proximate drivers of post-fire relative oak seedling resprout 
height. Arrows represent significant relationships (p < 0.05), with 
black arrows representing positive relationships and red arrows 
representing negative relationships. The values next to each arrow 
represent the standardized effect size of the given predictor variable 
on the response variable. MIVI refers to Microstegium vimineum. The 
Fisher's C and p-value on the bottom left correspond to the entire 
model, with a p-value of >0.05 indicating a well-fit model.
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We also found that higher fire occurrence increased post-fire oak 
regeneration by reducing fire intensity through reductions to fuel 
loads (Stephens et  al., 2012). Our results showed fewer historical 
burns leading to increased maximum fire temperature (Figure 5). Fire 
intensity is also influenced by years after fire, as several years must 
pass before litter reaches pre-fire levels (Stambaugh et al., 2006). We 
found that O-horizon depth increased with years after fire (Figure 5), 
which led to an increase in maximum fire temperature and residence 
time (Figure S5), as deeper litter increases fire intensity (Ganteaume 
et al., 2011). Higher fire intensity can reduce post-fire tree seedling 
survival by increasing tree tissue damage (Brose & Van Lear, 1998; 
Ward,  2015). Indeed, maximum fire temperature was the second 
most important variable after light availability for determining post-
fire oak seedling survival, with hotter fires resulting in higher mor-
tality (Figure 5).

Fire intensity is often increased by invasive grasses, including 
Microstegium, through increased fuel loads or continuity (Brooks 
et al., 2004; D'Antonio & Vitousek, 1992; Flory et al., 2015; Wagner 
& Fraterrigo,  2015). These effects are intensified when burning 
under dry conditions, especially following a wet year in which in-
vasive grasses can grow more vigorously (Balch et  al., 2013), po-
tentially leading to increased tree seedling mortality (Ward, 2015). 
However, invasive grasses have also been found to decrease fire 
intensity by reducing fuel loads and increasing fuel moisture 
(McGranahan et al., 2013); have no effect on fire intensity (Poulos 
& Roy, 2015); and decrease fire severity, especially in wetter years 
(Pilliod et al., 2017). These differences underscore the importance 
of interannual weather variability for shaping the invasive grass-
fire intensity relationship (Salemme & Fraterrigo, 2021), and align 
with recent evidence indicating that weather conditions exert 
greater influence than fuel conditions on fire behaviour in oak 
forests (Wepryk et al., 2025). Moreover, in our study, we found a 
negative relationship between Microstegium cover and fire intensity 
(Tables  S4 and S9; Figure  5), and a positive relationship between 
Microstegium and soil moisture (Tables S4 and S9; Figure S3), but 
no relationship between Microstegium cover and fuel loads or fuel 
moisture (Table S4). This suggests that Microstegium cover damp-
ened fire intensity mainly by selecting for wetter environments 
and potentially by promoting wetter conditions. As a C4 grass, 
Microstegium would be expected to reduce overall water loss from 
the soil during the growing season because C4 plants have lower 
evapotranspiration rates than C3 plants (Feldhake & Boyer, 1986), 
which might have led to higher soil moisture during the dormant 
season. However, additional research is needed to evaluate these 
potential microclimate effects across seasons and their influence 
on fire intensity. Had our experimental burns occurred during the 
growing season, a practice many land managers support (Knapp 
et al., 2009), it would likely have been difficult for the fire to carry 
across the living Microstegium biomass (Flory & Lewis,  2009). 
Despite lower fire intensity, oak seedlings are more vulnerable to 
mortality during the growing season (Keyser et al., 2019), making 
the potential effect of burn season on the fire–grass–tree relation-
ship somewhat ambiguous. Collectively, these findings suggest that 

the effects of Microstegium on fire intensity in temperate forests 
will strongly depend on site conditions and the timing and weather 
surrounding burns.

The interaction between fire, non-native grass invasion, and 
native tree regeneration is a globally important issue (Kerns 
et al., 2020; Nowacki & Abrams, 2008). Fire plays a key role in main-
taining open forests and can favour non-native grasses (D'Antonio & 
Vitousek, 1992; Hanberry et al., 2020), suppressing tree recruitment 
and reducing regeneration. Understanding the effects of prescribed 
fire on these relationships and the response of oak regeneration is 
crucial for optimal forest management, especially in systems where 
the same challenges co-occur. We found that increased fire oc-
currence improves post-fire oak seedling survival and resprouting 
vigour by increasing understory light availability and decreasing fire 
intensity through O-horizon reductions. Prior studies in forests ex-
periencing low or unknown fire occurrence have found a negative 
effect of Microstegium on post-fire oak survival (Flory et al., 2015; 
Salemme & Fraterrigo,  2021), but our results suggest that with 
recurring fires, Microstegium does not inhibit post-fire oak regen-
eration. Furthermore, we found that recurring fires led to lower 
Microstegium cover. This implies that in temperate forests invaded 
by Microstegium, recurring fires may disrupt the grass-fire feedback 
loop, mitigating harm to native plants by limiting fire intensity and 
increasing resource availability. Overall, our results show that recur-
ring fires improve early oak regeneration, even in the presence of an 
invasive grass.
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