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Abstract
1.	 Disturbance regimes, like low-intensity fire, canopy gaps and ungulate browsing, 

play a critical role in determining ecological composition and structure in temper-
ate forests around the world.

2.	 Each disturbance (or lack thereof) can lead to unique plant communities, but we 
do not understand how combined disturbances change plant diversity and the 
resulting soil seed bank. Changes in the soil seed bank, which depend on the 
plants that survive post-disturbance, can then influence future biodiversity and 
succession.

3.	 We used a long-term experiment in West Virginia, USA, that factorially manipu-
lated low-intensity fire, deer exclusion and canopy gaps. Thirteen years after dis-
turbance initiation, we sampled the seed bank from each disturbance treatment.

4.	 We found that low-intensity fire led to increased seed bank density, with ad-
ditional canopy gaps and deer exclusion each creating unique seed bank com-
munities. Combined fire, canopy gaps and deer presence led to high seed bank 
diversity and the most unique seed communities, while canopy gaps and deer 
had no effect on seed banks unless the area was previously burned. In contrast, 
combined fire, canopy gaps and deer exclusion led to the lowest seed bank diver-
sity of all treatments, reflecting the continued legacy of extant plants that grew 
immediately after disturbance. Seed communities were also distinct from extant 
understory species over 13 years, regardless of disturbance treatment.

5.	 Each reintroduced disturbance combination left a unique legacy in the seed bank 
that will likely influence future forest reorganization following disturbances, 
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1  |  INTRODUC TION

Forests around the world have experienced substantial changes 
in their historic disturbance regimes with altered land use, cli-
mate change or forced removal of Indigenous peoples (Bowman 
et al., 2011; Gilliam, 2016; Götmark, 2013; Kelly et al., 2023). Many 
mesic temperate forests in North America, Europe and Asia have 
become more even aged, undergone severe fire suppression and 
experienced increased ungulate browsing (Carpio et  al.,  2021; 
Frelich, 2002; Hai et al., 2023; McDowell et al., 2020; Pascual-Rico 
et al., 2021). These altered conditions create adverse environments 
for the plant species that coevolved and depend on historic distur-
bance patterns, such as globally dispersed oak (Quercus) species 
(Carrero et al., 2020; Tinner et al., 2005). Changes in plant composi-
tion with altered disturbance regimes have led managers to restore 
or manipulate disturbance to support biodiversity and ecosystem 
function (Long,  2009; Stanturf et  al.,  2014). However, our under-
standing of how the reintroduction of multiple historic disturbances 
influences biodiversity is nascent and represents a key knowledge 
gap in our long-term management and restoration of temperate for-
est systems.

Mesic North American forests are expansive ecosystems that 
have experienced dramatic alterations in their disturbance regimes 
over the last century (Abrams,  2005; Hanberry & Nowacki,  2016; 
Vander Yacht et  al.,  2020; Webster et  al.,  2018). This scenario is 
particularly acute in Appalachian hardwood forests, which have lost 
oak (Quercus spp.) tree regeneration and are transitioning to wetter, 
maple-dominated (Acer spp.) systems (Nowacki & Abrams,  2008; 
Pile Knapp et al., 2024). This transition from oak to maple forests 
was initiated by the forced removal of Indigenous peoples and their 
use of cultural burning as a management tool (Abrams et al., 2021; 
Pile Knapp et al., 2024; Poulos, 2015). This was followed by mass 
deforestation and slash wildfires in the late 19th and early 20th 
century (Lafon et al., 2017). Negative perceptions of these wildfires 

led to a century of state-sanctioned fire exclusion and suppression 
that favoured maple growth and wetter understories (Alexander 
et al., 2021; Arthur et al., 2021). As a result, Appalachian forests be-
came dominated by even-aged stands with few mid-sized and large 
(>15-m diameter; >175 m2) canopy gaps and infrequent low-intensity 
fires (Clebsch & Busing, 1989; Nowacki & Abrams, 2008; Raymond 
et al., 2009). In regions of Appalachia, the fire return interval is now 
over 10,000 years, as opposed to the historic 1-to-2-decade fire 
return interval under Indigenous stewardship and with lightning-
ignited fires (Lafon et al., 2017).

Concurrently, white-tailed deer (Odocoileus virginianus) popula-
tions have increased dramatically above historical baselines (above 4 
to 8 deer/km2) in most of eastern North America, driving ecological 
change depending on their population density, similar to the effects 
of overabundant cervid populations in many other areas in Europe 
and Asia (Côté et  al.,  2004; Iijima et  al.,  2023; Reed et  al.,  2022; 
Valente et  al., 2020). To reverse the long-tailed effects of historic 
management and sustain oak-dominated plant communities, forest 
managers are reintroducing disturbances like prescribed burns, can-
opy gap creation through tree harvesting and lowering deer densities 
through hunting or fencing off vulnerable areas (Nuttle et al., 2013; 
Raymond et al., 2009).

Reintroducing multiple disturbances can be a powerful tool 
in efforts to restore and direct change within ecological commu-
nities (Abrams et al., 1985; Batllori et al., 2019; Reed et al., 2023; 
Sasaki et al., 2015; Yantes et al., 2023). For instance, combined low-
intensity fire and canopy gap creation can lead to greater oak growth 
in both North America and Europe, while these disturbances alone 
are less effective (Brose et al., 2013; Hutchinson et al., 2024; Izbicki 
et al., 2020; Petersson et al., 2020). In this example, the surviving 
oak trees represent a post-disturbance legacy, which is broadly char-
acterized as the adaptations, individuals and biomass that remain on 
the landscape following a disturbance (Cuddington, 2011; Franklin 
et  al.,  2000). Disturbance legacies can be material (e.g. wood and 

adding to our understanding of how multiple disturbances influence forest suc-
cession and organization.

6.	 Synthesis. Forest disturbance regimes have changed around the world and are 
being restored or manipulated to support biodiversity. Reintroduction of dis-
turbance leads to unique plant communities, but we do not understand how 
combined disturbances change the soil seed bank. Using an experiment that 
manipulates low-intensity fire, canopy gaps and deer exclusion, we find that 
combinations of these experimental treatments leads to substantially different 
seed communities. These disturbance-altered seed banks will likely influence fu-
ture biodiversity and successional patterns, highlighting how the restoration of 
disturbance can strongly and indirectly influence temperate forest community 
dynamics.

K E Y W O R D S
canopy gap, deer, disturbance legacy, fire, seed bank, temperate forest
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    |  3REED et al.

nutrient pools) and informational (e.g. species' adaptive responses 
and genetic material), although the categories are not mutually exclu-
sive (Johnstone et al., 2016). Each disturbance that occurs in a given 
area modifies the legacy community of the previous disturbance, 
and in certain cases, the disturbance combination and timing may 
lead to unique communities depending on how the disturbances in 
question interact (Anoszko et al., 2022). Thus, in eastern US forests 
and in temperate forests around the world, the disturbance legacies 
of combined low-intensity fire, canopy gap creation and ungulate 
browsing may have a particularly influential role in determining how 
forests reorganize and develop into the future when compared to 
the legacies of these disturbances individually (Cuddington,  2011; 
Seidl et al., 2014; Turner & Seidl, 2023).

To this end, the soil seed bank represents an important, but 
understudied, entity that may be strongly influenced by the re-
introduced disturbances and may influence future disturbance 
regimes (Archibold,  1979; Ferrandis et  al.,  1996; Morgan & 
Neuenschwander,  1988; Pakeman & Small,  2005; Sousa,  1984). 
Seed banking is a reproductive adaptation that allows plants to 
persist belowground as dormant seeds, wherein the soil serves as 
a buffer from aboveground disturbances (Baskin & Baskin,  2022; 
Thompson, 1987). The forest seed bank has been shown to be a res-
ervoir of biodiversity in temperate forests around the world, hold-
ing many herbaceous and woody early successional species (Grubb 
et al., 2013; Plue et al., 2010; Yang et al., 2021). The seed bank is also 
a latent source of genetic diversity (Levin, 1990; McCauley, 2014), 
making the seed bank both a material and information legacy.

Germinated plants that survive a disturbance eventually mature 
and release seeds, reestablishing the seed banking process that al-
lows for plant communities to reorganize with future disturbance, 
thereby setting another legacy depending on the seeds that are re-
turned to the soil (Baltzer et al., 2021; Falińska, 1999; Grubb, 1988; 
Hyatt & Casper, 2000; Seidl & Turner, 2022). Hypothetically, more 
disturbance will lead to a seed bank that is more similar to abo-
veground vegetation, as the herbaceous layer is homogenized and 
a few ruderal species survive and reproduce (Ma et al., 2021). These 
changes in the seed bank with disturbance can have long-lasting 
ecological ramifications. For example, rampant timber harvesting 
and slash wildfires in the United States during the late 19th and early 
20th centuries likely allowed the shrub Rubus to spread and saturate 
forest seed banks with its long-lived seeds, creating a century-old 
legacy of heavy Rubus regeneration following overstory disturbance 
throughout the eastern United States (Dunn et al., 1982; Peterson & 
Carson, 1996). Rubus can then survive as a recalcitrant understory 
for decades (Donoso & Nyland, 2006; Kern et al., 2012).

Prescribed burns, canopy gap creation and deer browsing each 
provide a unique and important opportunity for new vegetation to 
grow from the seed bank and for the seed bank to change (Gioria 
et  al.,  2022; Muscolo et  al.,  2014; Schuler,  2010). Prescribed fires 
clear plant material, catalysing seed germination with increased light, 
heat, smoke and nutrients (Keeley & Fotheringham, 2000; Ooi, 2012; 
Pausas et al., 2022). In fire-prone ecosystems throughout the world, 
Pausas and Lamont (2022) found that ≈42% of seed-banking species 

are adapted to germinate with heat or smoke. Canopy gaps increase 
understory resources like light, soil temperature and soil moisture, 
which are critical for seeds to germinate (Dalling & Brown,  2009; 
Pakeman & Small, 2005). Both fire and canopy gaps result in a tem-
porary depletion of seeds in the seed bank as plants germinate, 
but over time, newly established vegetation will grow, reproduce 
and replenish the seed bank (Auld & Denham,  2006; Shinoda & 
Akasaka,  2020). This replenishment process may be disrupted by 
ungulate herbivores, as chronic over-browsing can constrain seed 
set, reduce plant abundance and lower long-term understory plant 
diversity by shifting composition to browse tolerant species (Brody 
& Irwin, 2012; Pendergast et al., 2016). These direct consumptive 
effects may indirectly reduce the abundance and diversity of seed 
banking species (Beauchamp et al., 2013; Tamura, 2019). However, 
in regions where deer populations are low and similar to historic es-
timates, deer browsing has been shown to increase understory di-
versity by reducing the abundance of otherwise competitive ruderal 
species, which could then lead to a more diverse seed bank (Royo 
et al., 2010; Yacucci et al., 2024).

Despite the increasing prevalence and co-occurrence of ex-
perimental tests of reintroduced disturbances in the eastern 
United States and in temperate systems more broadly (Kleinman 
et  al.,  2019; Thom & Seidl,  2016), our understanding of how indi-
vidual and combined low-intensity fires, canopy gaps and ungulate 
herbivores change long-term forest seed banks is minimal. This high-
lights a significant gap in our understanding of post-disturbance leg-
acies, as seed banks are critical for maintaining forest biodiversity in 
light of disturbance. Therefore, the primary question guiding our re-
search is: Do multiple reintroduced disturbances cause more substantial 
long-term changes in the seed bank than each respective individual dis-
turbance? To test this question we used a unique, multi-disturbance 
forest experiment that factorially manipulated low-intensity fire via 
controlled burning, canopy gap creation via girdling and herbicide in-
jection and deer density via fenced exclosures. Thirteen years after 
the experiment's initiation, we sampled the seed bank in each distur-
bance combination treatment and tested how seed composition var-
ied by disturbance treatment and in comparison to extant vegetation 
at multiple time points.

We expected low-intensity fire to be the predominant driver of in-
creased seed density and diversity, as the Appalachian ecosystem has 
historically experienced frequent low-intensity burns and many plant 
species are likely favoured by fire (H1). Similarly, we expected canopy 
gaps to lead to a modest increase in seed bank density and diversity, 
mirroring the increased aboveground plant diversity with canopy gaps 
noted by Royo et al. (2010) (H2). We hypothesized that fire combined 
with canopy gaps would cause the greatest increases in seed bank 
density and diversity, leading to concomitant changes in seed com-
munity composition (H3). Based on studies showing negative impacts 
of deer herbivory on aboveground plant growth and reproduction, we 
expected deer to have a negative effect on seed bank density and di-
versity, particularly when combined with fire (H4). Lastly, when com-
paring the seed bank to extant vegetation, we expected the seed bank 
community to be most similar to extant vegetation in highly disturbed 
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4  |    REED et al.

plots, as many seed banking species are favoured by disturbance and 
may have been able to saturate the seed bank (H5).

2  |  MATERIAL S AND METHODS

2.1  |  Study site

To test how the forest seed bank responds to multiple reintroduced 
disturbances, we experimentally manipulated prescribed fire, deer 
presence and canopy gap creation in four replicate Appalachian hard-
wood stands in central West Virginia, USA (Figure 1). We established 
this experiment in 2000 in the Western Allegheny Mountain ecologi-
cal subsection using two stands in the Monongahela National Forest 
(39°06′N, 79°43′W) and two stands in the Fernow Experimental Forest 
(39°01′N, 79°42′W). Each stand was 60–90 years old and between 670 
and 800 m in elevation. All stands were dominated by oak (Quercus 
rubra L., Q. alba L. and Q. montana L.) with associated maple (Acer sac-
charum Marsh. and A. rubrum L.), cherry (Prunus serotina Ehrh.), beech 
(Fagus grandifolia Ehrh.) and birch (Betula spp.) (Royo et al., 2010). Mean 
annual max temperature is 15.1°C, mean annual min temperature is 
3°C, with an average of 122 cm of precipitation (McNab et al., 2007). 
For further details about the pre-existing manipulative experiment and 
aboveground plant sampling, please see Royo et al. (2010).

2.2  |  Disturbance treatments

Our experimental design was a split-plot factorial (Figure  1), with 
each stand split in half and randomly assigned a burn treatment 

(burned or unburned). In each burned and unburned half stand, we 
established eight treatment plots (20 × 20 m, 400 m2) for a total of 64 
plots with either deer exclusion (no deer) + closed canopy, deer ex-
clusion + canopy gap, deer presence + closed canopy, or deer pres-
ence + canopy gap. Treatment plots were 20 m from one another, 
stand edges and burn lines to avoid nonindependence and edge 
effects.

In May and June of 2000, we established 2-m high fencing around 
treatment plots to prevent deer entry. Deer densities in this location 
are between 4 and 7 deer/km2, which are slightly higher than his-
torical estimates, but low relative to most eastern North American 
forests (Horsley et  al.,  2003). We created all canopy gaps in June 
2000 by girdling multiple canopy-dominant trees. By summer 2001, 
all trees in canopy gaps were standing dead, fallen or near-dead. 
Canopy gaps were mid-sized (284  ± 16 m2) (Collins & Carson, 2003). 
We lit each understory fire between 27 April and 1 May 2001. Fire 
temperatures on the mineral soil surface were 245 ± 15.4°C, while 
temperatures at 1 m from the ground were 91.9 ± 1.7°C (Royo 
et  al.,  2010). Fires have been absent here for at least 100 years 
and took place during the historic peak spring fire season (Adams 
et  al.,  2012; Lafon et  al.,  2017; Nuttle et  al.,  2013), during under-
story bud-break but prior to canopy bud-break. Historically, fire re-
turn intervals in this region are between 25 and 30 years (Guyette 
et al., 2012; Lafon et al., 2017). While low-intensity fires were also 
started in the fall in this region, spring burns can benefit fire-adapted 
species such as oak (Knapp et al., 2009). Considering that there was 
a minimum of 20 m of space between burned and unburned regions, 
we assume that drifting smoke did not lead to a substantial germi-
nation event within unburned plots. Fire was only used once at each 
site.

F I G U R E  1  Diagram showing the organization of our replicated, factorial multi-disturbance study. Figure adapted from Thomas-Van 
Gundy et al. (2014).
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    |  5REED et al.

2.3  |  Seed sampling and germination

We placed five permanent 1-m2 sampling quadrats within each 
treatment plot. Within these quadrats, we measured forb, grami-
noid, shrub and vine species abundances in 2000 (pre-treatment), 
2001 (post-treatment), 2002, 2006 and 2013. Trees were meas-
ured within larger 10 × 10-m plots and were not included in com-
parative analyses between the extant understory and seed bank. 
One fire and canopy gap treatment plot could not be found in 
2013, thus n = 63. We sampled soil in early June 2013 and ger-
minated seeds using a standard seedling emergence methodol-
ogy (Brown,  1992; Gross,  1990). Following the recommendations 
of Plue and Hermy  (2012), in June 2013 we sampled ca. 3% of 
the quadrat surface area to represent seed bank abundance and 
diversity. We collected seed bank samples at each corner of the 
five quadrats using a 5-cm deep by 10-cm diameter PVC pipe (soil 
volume: 392.5 cm3 × 4 = 1570 cm3). All 20 soil cores per treatment 
plot were then pooled, mixed and subsampled for use in emergence 
trials (7850 cm3). Three subsamples were taken from each of the 
63 treatment plot's pooled soils and placed in separate 25 × 25-
cm trays in a greenhouse, with 2.5 cm of subsampled soil placed 
on top of 2 cm of sterile sand in each tray (1563 cm3 × 3 = 4689 cm3 
soil per plot; 625 cm2 × 3 = 1875 cm2 per plot). We watered all 189 
trays (63 treatment plots × 3 subsamples) daily and occasionally ro-
tated the trays to minimize any greenhouse positional effects (e.g. 
light and temperature). All germinants were identified to species or 
genera depending on life form, counted and removed from the tray 
(Table S1). After 5 months, we subjected trays to a 90-day, 5°C cold 
stratification period, after which they were returned to the green-
house for another 5-month germination phase, which has been 
shown to be adequate by Gross (1990).

2.4  |  Statistical analysis

For operational purposes, we define seed species density as the 
total number of species found across the three trays representing 
a single treatment plot. Seed species density is different from seed 
richness because it is not rarefied and does not represent an asymp-
totic estimate (Gotelli & Colwell, 2001). Similarly, seed abundance 
is a measure of density and is defined as the total number of germi-
nants found across the three trays per plot.

We conducted analyses using R software (R v4.3.1). We tested 
differences in average species density and abundance using a gen-
eralized linear mixed effects model (GLMM) with either Poisson 
or quasi-Poisson distributions in the ‘glmmTMB’ package (Brooks 
et  al.,  2017). We calculated classic seed Shannon diversity within 
the ‘vegan’ package based on species abundances per plot (Oksanen 
et  al.,  2022) and modelled responses using a linear mixed effects 
model in the ‘lme4’ package (Bates et al., 2015). The use of classic 
Shannon diversity and species density in our linear models allowed 
us to more easily explore two-way interactions between treatments. 

We also calculated Hill richness and Hill Shannon diversity based 
on total seed abundance using the ‘iNEXT’ package, which rarefies 
and extrapolates diversity metrics (Hsieh et  al.,  2016). The use of 
Hill richness and Hill Shannon diversity allowed us to calculate ‘true’ 
richness values and provides greater clarity regarding whether our 
sampling effort was sufficient, which is particularly important in 
seed bank studies, as the seed bank is often undersampled (Chao & 
Jost, 2012; Plue et al., 2021).

To explore life form-specific seed diversity metrics, we subset 
the data according to life form (forb, graminoid, shrub, tree and 
vine) and modelled life form abundance, species density and clas-
sic Shannon diversity response to treatments. Graminoid classic 
Shannon diversity was modelled using a GLMM with a Tweedie dis-
tribution due to the data being zero-inflated. Since Rubus is a critical 
species occupying the seed bank, particularly following disturbance, 
we tested how total Rubus seed abundance varied with disturbance 
treatments using a GLMM.

We constructed several hypothesis-derived models with individ-
ual disturbances and their interactions as fixed effects to align with 
experimental design and determine the best fit (Model Independent 
Variables: Fire; Deer Exclusion; Canopy Gap; Fire × Deer Exclusion; 
Fire × Canopy Gap; Canopy Gap × Deer Exclusion; Fire × Canopy 
Gap × Deer Exclusion). We used this set of models for every de-
pendent variable and then compared these models using AICc as a 
means to reduce the likelihood of overfitting our models and to re-
duce Type I error due to there being many hypothesis-derived main 
and interactive effects (Burnham & Anderson,  2004; Johnson & 
Omland, 2004). We report the results from models with the lowest 
AICc. For our random effects, treatment plot was nested within the 
experimental site. If models failed to converge, we only used exper-
imental site as a random effect. All model assumptions were tested 
using the ‘DHARMa’ package (Hartig,  2017), while post-hoc tests 
were done with the ‘emmeans’ package using a Bonferroni correc-
tion (Lenth, 2016).

We tested differences in community composition between 
treatments using seed species abundance data and the ‘adonis2’ 
PERMANOVA function, while checking community dispersion with 
the ‘betadisper’ function to meet the assumptions of PERMANOVA 
(Oksanen et  al.,  2022). Data was not transformed. We visualized 
differences among communities using three-dimensional NMDS 
to keep stress below 0.20. We identified indicator species using 
vegan's ‘multipatt’ function. When comparing extant plants (forbs, 
graminoids, shrubs and vines) and the seed bank at various time 
points, certain species were concatenated by genera as they could 
not be identified to species immediately after germination in 2013 
(Carex, Galium, Rubus, Solidago, & Viola). We removed species that 
did not occur in at least three plots for multivariate analysis. When 
comparing the seed bank and annual plant cover, all data were con-
verted to presence-absence format prior to analysis. Similar to Plue 
et al. (2021) we used Raup-Crick similarity within PERMANOVA to 
test for community differences between 2013 seeds and extant 
plants at each time point.
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3  |  RESULTS

A total of 3642 seeds germinated in our trials (across all trays there 
was an average of 309 germinants/m2 and 12,329 germinants/
m3), representing at least 59 different taxa, with 38 forb species, 8 
shrub species, 7 graminoid species, 5 tree species and 1 vine species 
(Table  S1). Rubus spp. accounted for 28% of total seeds, followed 
by Betula spp. (9%), Ageratina altissima (6%), Aralia spinosa (5%) and 
Robinia pseudoacacia (5%). Among all germinating taxa, nine species 
were non-native, accounting for 16% of all taxa (Table S1). However, 
non-native species' proportional abundance among all seeds was low, 
with non-native species representing 1% of total seeds germinated.

3.1  |  Seed abundance and species density

Fire under a closed canopy led to a 63% increase in mean seed 
abundance in comparison to unburned plots under a closed canopy 
(z = 2.5, p = 0.07), but when fire and canopy gaps were combined, 
there was a 205% increase in seed abundance in comparison to 
unburned plots with a closed canopy (z = 6.8, p < 0.001; Figure  2; 
Table 1). This increase in seed abundance was driven by a 478% in-
crease in forb seed abundance with fire and canopy gaps in com-
parison to unburned plots with a closed canopy (z = 6.7, p < 0.001; 
Figure 2; Table 2). In addition, canopy gaps in burned areas decreased 
vine seed abundance by 93% in comparison to unburned plots with 
a canopy gap overhead (z = − 4.6, p < 0.001), whereas canopy gaps 
in unburned plots had no influence on vine seed abundance. Lastly, 
fire alone decreased tree seed abundance by 33% in comparison to 
unburned plots (χ2 = 5.3, df = 1, p = 0.02).

We found that fire increased average seed species density from 
an average of 57.2 ± 2.7 species/m2 to 68.8 ± 3.3 species/m2 in com-
parison to unburned plots (χ2 = 6.4, df = 1, p = 0.01; Table  1). Fire 
and deer presence increased forb seed species density to 39.2 ± 4.1 
species/m2 in comparison to 18.7 ± 3.1 forb species/m2 in unburned 

plots with deer exclusion (z = − 4.2, p < 0.001). The combination 
of fire and deer exclusion had a strong influence on life-form spe-
cific seed abundance as well. Burned and deer excluded plots led 
to 750% greater shrub seed abundance in comparison to unburned 
plots with deer presence (z = 6.1, p < 0.001; Figure 2; Table 2). Fire 
and deer exclusion had an interactive effect on graminoid abun-
dance (χ2 = 3.2, df =1, p = 0.07), wherein deer exclusion in burned 
plots decreased graminoid seed abundance by 62% in comparison 
to burned plots with deer presence (z = −2.2, p = 0.03). There was a 
three-way interaction among fire, canopy gaps and deer exclusion on 
Rubus abundance, the most common germinant in our trials (χ2 = 3.0, 
df = 1, p = 0.08). Burning only increased Rubus seed abundance with 
a canopy gap or deer exclusion. Fire, deer exclusion and canopy gaps 
together caused a 1432% increase in Rubus seed abundance in com-
parison to unburned plots with deer presence and a closed canopy 
(z = 6.1, p < 0.0001).

3.2  |  Seed diversity

Deer exclusion decreased the classic Shannon diversity of the seed 
bank by 8% in comparison to plots with deer present (F1,58.1 = 9.1, 
p = 0.004; Table 1). Fire increased the classic Shannon diversity of 
forb seeds by 45% in comparison to unburned plots (F1,56.1 = 7.9, 
p = 0.003). In contrast, fire led to a 40% decrease in classic 
Shannon diversity of shrub seeds in comparison to unburned plots 
(F1,58.1 = 9.5, p = 0.007). However, the results from our linear models 
differed from rarefied and extrapolated Hill richness and diversity. 
When extrapolating seed species richness across all treatments in 
the iNEXT package, Hill richness was highly variable and there were 
no substantial differences between treatments (Figure 3; Table S2). 
In contrast, Hill Shannon diversity varied substantially depending 
on whether the plot had been burned. We found that fire with deer 
exclusion and a canopy gap led to the lowest Hill Shannon diver-
sity of all the treatments (6.7 species; 95% CI [6.0–7.5]; Figure 3; 

F I G U R E  2  Bar charts that represent the relative proportion of seeds for each plant life form in disturbance treatments.
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    |  7REED et al.

Table S2). Fire with deer exclusion and no canopy gap led to the 
second lowest Hill Shannon diversity of all treatments (9.1 spe-
cies; 95% CI [7.9–10.3]; Figure  3). In contrast, burned areas with 
a canopy gap and deer presence had the highest Hill Shannon di-
versity (18.1 species; 95% CI [16.4–19.7]; Figure 3). Unburned plots 
with deer presence or no gap overhead had roughly the same Hill 
Shannon diversity as the most disturbed plots (17.9 species; 95% CI 
[15.3–20.4]; Figure 3), although there were no major differences in 
Hill Shannon diversity between any of the unburned treatments.

3.3  |  Seed community composition

Despite having similar Hill Shannon diversities, burned plots with 
a canopy gap overhead and deer presence had very different seed 
species compositions in comparison to unburned plots with deer 
presence and no canopy gap (F = 3.4, p = 0.004; Figure 4; Table S3). 
Further, burning led to seed communities that were significantly 
different from nearly all unburned plot seed communities (F = 2.5, 
p < 0.001; Figure  4). Burned plots with no gap overhead and deer 
presence had the most similar seed bank communities to most of the 
unburned treatments.

Within burned treatments, plots with a canopy gap and deer pres-
ence had significantly different communities than all other burned 
treatments (Figure 4; Table S3). Burned plots with no canopy gap and 
deer presence had different seed communities than burned plots 
with deer exclusion and a canopy gap overhead (F = 4.8, p = 0.006). In 
contrast, burned plots with deer exclusion and no canopy gap over-
head had the most variable seed community, which overlapped with 
two other treatment's seed communities (burned plots with deer ex-
clusion and a canopy gap; burned plots with deer presence and no 
canopy gap (Figure 4). The presence or absence of canopy gaps and 
deer exclusion in unburned plots had no effect on seed bank commu-
nities and there were no differences in seed community amongst any 
of the unburned plots (F = 0.99, p = 0.5; Figure 4).

In addition, burned areas with canopy gaps and deer exclusion 
had several indicator species, including Rubus (shrub; p = 0.003), 

Phytolacca americana (forb; p = 0.02), Sambucus (shrub; p = 0.02) and 
Aralia spinosa (shrub; p = 0.05). In contrast, burned areas with can-
opy gaps and deer presence had Ageratina altissma (forb; p = 0.001), 
Carex spp. (graminoid; p = 0.005), Verbena urticifolia (forb; p = 0.03), 
Viola pubescens (forb; p = 0.02) and Solanum carolinense (forb; p = 0.1) 
as primary indicator species. Viola rotundifolia (forb; p = 0.06) was the 
primary indicator for plots that were burned with deer excluded and 
no gaps. There were no indicator species for burned plots with no 
canopy gap and deer presence, whereas the indicator for unburned 
plots with a gap overhead and deer presence was Sassafrass albidum 
(tree; p = 0.07).

When comparing 2013 seed communities to extant plant com-
munities sampled in disturbance treatments over time (2000 [pre-
treatment], 2001, 2002, 2006 and 2013), burned plots with a 
canopy gap overhead and deer presence had extant plant and seed 
bank communities that differed at every measured time point (F = 19, 
p < 0.001; Figure 5; Table S4). By 2013, burned plots with a canopy 
gap and deer presence maintained a unique seed bank in comparison 
to the extant understory, with 75% of the seed species not being 
found in the extant understory.

4  |  DISCUSSION

Using a 13-year experiment that factorially manipulated several 
historically important disturbances, we show how disturbance in-
teractions cause lasting imprints on the seed bank community. 
Specifically, interactions among low-intensity fire, canopy gap crea-
tion and continuous deer browsing left distinct disturbance lega-
cies in the seed bank community (Figure 6). Despite the importance 
of these disturbances in forests broadly, this study is the first, to 
our knowledge, to test how interactions between fire, canopy gaps 
and deer presence can change the seed bank. This work on seed 
bank legacies provides new applied and theoretical insight towards 
how biodiversity and forest communities are maintained and de-
velop following multiple disturbances. Further, these altered seed 
banks represent a critical reservoir of biodiversity that will influence 

TA B L E  1  Seed abundance, species density and classic Shannon diversity (H′) response to individual disturbance and their combinations. 
Each variable corresponds to a single model.

Treatments

Seed abundance Seed species density Classic seed H′

χ2 df p AICc χ2 df p AICc F df p AICc

Fire 1 603 6.4 1 0.01 329 1,58 −10

Deer 1 621 1 334 9.1 1,58 0.004 −18

Gap 1 615 1 334 1,58 −10

Fire × Deer 1 605 1 332 1,56 −9

Fire × Gap 4.9 1 0.03 591 1 332 1,56 1

Deer × Gap 1 618 1 337 1,56 −8

Fire × Deer × Gap 1 597 1 339 1,52 10.6

Note: The bold values indicates the significance which is included in p columns.
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8  |    REED et al.

community structure and reorganization following subsequent dis-
turbances (Gioria & Pyšek, 2016; Seidl & Turner, 2022).

4.1  |  Individual disturbances

In partial agreement with our first hypothesis, only burning increased 
average seed bank species density, likely driven by a post-fire increase 
in the proportion of forb species. These increases in species density 
in the seed bank after a single fire were relatively small and similar to 
the changes in aboveground forb species density following prescribed 
fire found by Hutchinson et al. (2005) and Keyser et al. (2012). These 
results contrast with Shi et al.'s (2022) global meta-analysis of relation-
ships between fire and seed banks, which found either null or negative 
influences of fire on forest seed species richness and abundance. These 
differences in results are likely due to our sites not having been burned 
in at least 100 years (Adams et al., 2012), meaning that our single, low-
intensity experimental burn may have favoured fire-dependent spe-
cies without reducing habitat for fire-intolerant species.

4.2  |  Canopy gaps and deer

In contrast to our second hypothesis, combined canopy gaps and 
deer exclusion in unburned areas had little effect on the seed bank. 
This differs with the strong interaction these disturbances had on 
seed bank species occurrence probability found by Shinoda and 
Akasaka  (2020) in a temperate forest in Japan. That canopy gaps 
and deer exclusion, or lack thereof, had no influence on seed banks 
except in the presence of fire indicates the importance of burning 
in shaping fire-dependent plant communities. However, if deer den-
sities were higher in our study site, it is possible that there would 
have been an interaction between deer exclusion and canopy gaps 
in unburned plots, as several studies in Japan, the United States and 
Poland have found that canopy gaps lead to increased browsing that 
can alter plant communities (Kuijper et al., 2009; Takatsuki, 2009; 
VanderMolen et al., 2021; Walters et al., 2020).

4.3  |  Fire and canopy gaps

In agreement with our third hypothesis, we found that the combi-
nation of a prescribed fire and canopy gap strongly increased seed 
abundance in comparison to plots that were only burned or only had a 
canopy gap overhead. In this scenario, fires cleared existing biomass, 
created microsite heterogeneity and stimulated seed germination 
through heat and smoke, which allowed for a pulse of plant growth 
from the seed bank. The abundant resources and associated hetero-
geneity within burned plots with a canopy gap then allowed for plants 
to invest in seed production within the growing season, thereby re-
plenishing the seed bank (Beck et al., 2023; Carbone et al., 2024).

Burning and canopy gaps also led to an increase in forb seed 
abundance and species density, similar to Hyatt  (1999) who found TA

B
LE

 2
 

Fo
rb

, g
ra

m
in

oi
d,

 s
hr

ub
, t

re
e 

an
d 

vi
ne

 s
ee

d 
ab

un
da

nc
e 

re
sp

on
se

 to
 in

di
vi

du
al

 a
nd

 c
om

bi
ne

d 
di

st
ur

ba
nc

e 
tr

ea
tm

en
ts

. E
ac

h 
va

ria
bl

e 
co

rr
es

po
nd

s 
to

 a
 s

in
gl

e 
m

od
el

.

Tr
ea

tm
en

ts

Fo
rb

 s
ee

d 
ab

un
da

nc
e

G
ra

m
in

oi
d 

se
ed

 a
bu

nd
an

ce
Sh

ru
b 

se
ed

 a
bu

nd
an

ce
Tr

ee
 s

ee
d 

ab
un

da
nc

e
V

in
e 

se
ed

 a
bu

nd
an

ce

χ2
df

p
A

IC
c

χ2
df

p
A

IC
c

χ2
df

p
A

IC
c

χ2
df

p
A

IC
c

χ2
df

p
A

IC
c

Fi
re

1
47

2
3.

3
1

0.
07

32
3

1
48

5
5.

3
1

0.
02

40
3

1
24

7

D
ee

r
1

49
7

1
32

5
1

49
1

1
40

8
1

26
4

G
ap

1
49

4
1

32
6

1
49

8
1

40
8

1
26

3

Fi
re

 ×
 D

ee
r

1
47

3
3.

2
1

0.
07

32
3

3.
5

1
0.

06
47

4
1

40
6

1
25

0

Fi
re

 ×
 G

ap
7.

7
1

0.
01

46
3

1
32

7
1

48
5

1
40

8
8.

1
1

0.
00

4
24

3

D
ee

r ×
 G

ap
1

49
9

1
32

7
1

49
2

1
41

2
1

26
7

Fi
re

 ×
 D

ee
r ×

 G
ap

1
47

0
1

33
0

1
47

7
1

41
4

1
25

0

N
ot

e:
 T

he
 b

ol
d 

va
lu

es
 in

di
ca

te
s 

th
e 

si
gn

ifi
ca

nc
e 

w
hi

ch
 is

 in
cl

ud
ed

 in
 p

 c
ol

um
ns

.

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14459, W

iley O
nline L

ibrary on [17/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  9REED et al.

F I G U R E  3  Seed bank Hill richness and Hill Shannon diversity by treatment. Shaded regions represent 95% confidence intervals. 
Rarefaction and extrapolation were calculated in the iNEXT package (Chao et al., 2014).

F I G U R E  4  NMDS showing seed community differences amongst burned and unburned disturbance treatments.

F I G U R E  5  NMDS showing differences within burned plots with a canopy gap and deer presence amongst seed communities in 2013 
(yellow) and extant plant communities sampled in 2000 (pre-treatment), 2001, 2002, 2006 and 2013.
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10  |    REED et al.

that forbs increased substantially with open canopies. Increased 
forb seed abundance parallels the increase in forb cover with fire 
and canopy gaps found by Royo et al. (2010) in this same experiment, 
which suggests that the forbs that initially germinated following 
these disturbances reached sexual maturity and established a long-
term presence in the seed bank. It is also possible that combined fire 
and canopy gaps may be a way to increase forb growth and seed 
bank persistence, which is often desired within fire-dependent sys-
tems (Lettow et al., 2014; Yantes et al., 2023).

4.4  |  Fire and deer exclusion

In contrast to our fourth hypothesis, we found that fire and deer 
exclusion decreased the seed bank's classic Shannon diversity and 
Hill Shannon diversity due to a parallel increase in shrub seed abun-
dance. Ruderal shrubs, such as Rubus, were likely able to grow pro-
lifically from the seed bank after a single low-intensity fire due to 
an increase in light and other resources (Borden et al., 2021; Reich 
et  al.,  1990). These shrubs, which produce highly palatable fruits, 
could then invest in reproduction in a high-resource environment 
without fruit being removed by deer browsing (Carbone et al., 2024; 
Gill & Beardall,  2001; Myers et  al.,  2004). As a result, long-lived 
shrub seeds accumulated in the seed bank and made the relative 

proportions of seed life forms highly uneven, thereby decreas-
ing classic Shannon diversity and Hill Shannon diversity. These re-
sults provide nuance to the finding that high densities of ungulate 
herbivores can reduce seed abundance (Beauchamp et  al.,  2013; 
DiTommaso et al., 2014; Levine et al., 2012; Tamura, 2019), as low 
and moderate deer browsing in burned areas seemingly maintains 
higher seed biodiversity by creating a more heterogeneous environ-
ment that allows for more even relative abundances of seed banking 
species.

4.5  |  Fire, canopy gaps and deer exclusion

The combination of fire, canopy gaps and deer presence led to 
the most unique seed communities and the highest Hill Shannon 
diversity, similar to results for aboveground plants found by Royo 
et al.  (2010) within this same experiment. In contrast, fire, canopy 
gaps and deer exclusion had a compounding effect on the seed bank 
and led to the lowest Hill Shannon diversity, likely due to these treat-
ment's synergistic influence on Rubus (shrub) seed abundance. Rubus 
seed abundance in areas that were burned and had both deer exclu-
sion and a canopy gap was substantially higher than in areas that 
were just burned and had deer exclosures. Nevertheless, the same 
deer-driven mechanism likely applies, wherein Rubus grew into a high 

F I G U R E  6  Schematic representing disturbance pathways to different seed bank communities found in our results. Burning with a closed 
canopy and deer presence led to a slight increase in forb seed abundance, burning with deer presence and a canopy gap led to a substantial 
increase in forb and graminoid abundance. In contrast, burning and deer exclusion led to a substantial increase in shrub seed abundance, 
particularly with a canopy gap overhead.
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    |  11REED et al.

resource environment due to fire and canopy gaps and its highly pal-
atable fruits dropped into the seed bank, thereby saturating the soil 
with Rubus seeds (Donoso & Nyland, 2006; Mladenoff, 1990; Widen 
et al., 2018). Rubus seeds can survive belowground for decades and 
readily germinate with disturbance (Donoso & Nyland, 2006), mak-
ing it very likely that this seed legacy will become apparent in the 
understory following the next fire or canopy gap-creating event.

Shrubs are known to heavily compete with herbaceous species 
such as forbs and graminoids (Van Auken, 2009). The increase in 
Rubus seeds with deer exclusion may explain why we see a con-
current decrease in graminoid and forb seed abundance, as dense 
and fast-growing Rubus would shade-out the shade intolerant 
herbaceous species before they could reproduce and drop seed. 
That we might expect entirely different seed legacies depending 
on the presence or absence of herbivores in a burned environ-
ment with a canopy gap provides critical insight for land managers 
battling woody encroachment in formerly fire-prone ecosystems. 
The influence of herbivory on encroaching shrubs in the pres-
ence of burning and tree harvesting has been demonstrated 
globally in open-canopy forests and savanna ecosystems (Ding & 
Eldridge, 2024; Knapp et al., 1999; Stevens et al., 2017), but few 
have tested how these combined disturbances influence the sub-
sequent seed bank. Our results suggest that the reintroduction of 
herbivores in open and burned ecosystems would reduce shrubs 
both aboveground and belowground.

4.6  |  Fire-driven plant communities

Fire combined with canopy gaps and deer exclusion treatments led 
to unique seed bank communities in comparison to unburned areas 
with deer exclusion or a canopy gap treatment. These results sup-
port Grubb  (1988) who found that fire and seed communities are 
coupled and that different disturbance events lead to different long-
term seed banks. Fire was the strongest driver of community change 
in our study, with added community differentiation when deer and 
canopy gap treatments were applied (Figure 6).

Several studies theorize that aboveground and belowground 
plant communities should homogenize and converge with increas-
ing disturbance due to there being greater ruderal species survival 
(Ma et al., 2021; Plue et al., 2021). In our study, seed communities 
in burned plots with a canopy gap and deer presence were sub-
stantially different from all extant communities at each time point. 
This result does not support our fifth hypothesis and suggests that 
the seed bank consistently maintains a unique species assemblage 
and likely changes over time due to many seeds having relatively 
short longevity in situ (Hille Ris Lambers et al., 2005; Probert et al., 
2009). Nevertheless, even in the plots with the most reintroduced 
disturbances, 75% of all species in the seed bank in burned plots 
with a canopy gap and deer presence were not found in the extant 
understory in 2013, highlighting how the seed bank maintains an 
important reservoir of biodiversity over time. Additionally, extant 
plant communities were compositionally variable in comparison 

to the seed bank, indicating that there is likely greater diversity 
to be found within seed banks than our sampling intensity indi-
cates (Plue et  al.,  2021; Plue & Hermy,  2012). Thus, we believe 
the forest seed bank represents an important reservoir of native 
plant biodiversity, especially considering that 16% of taxa were 
non-native to North America and these taxa represented only 1% 
of total germinants.

5  |  RUDER AL SPECIES ,  ECOLOGIC AL 
MEMORY AND FUTURE CONSIDER ATIONS

The novelty of this seed bank study highlights our limited un-
derstanding of how multiple disturbances influence forest suc-
cession, reorganization and future legacies. In our experiment, 
reintroducing disturbances favoured many ruderal species in the 
seed bank, several of which have shared genera and functional 
groups with those noted in Bossuyt and Honnay's  (2008) review 
of European seed bank restoration potential. Although many of 
these seed banking species would be considered ‘weeds’ by land 
managers and of low restoration potential, ruderal species can 
play an important role in ecosystem restoration and succession 
(Kirkman et al., 2007; Palacio et al., 2016; Richmond et al., 2005). 
For instance, Rubus, the most important indicator species in our 
germination experiment, has been shown to reduce forest floor 
temperatures, hide tree seedlings from browsers and fix nutri-
ents as biomass, which prevents nitrogen from leaching post-
disturbance (Donoso & Nyland, 2006; Widen et al., 2018). These 
ruderal species are eventually shaded-out by growing trees, so 
their survival strategy is to create dense seed banks that buffer 
them from year-to-year variability and can germinate after the 
next vegetation-clearing disturbance (DeMalach et  al.,  2021; 
Ristau & Royo, 2020).

There could also be generalizable patterns in how the seed 
bank responds to certain combinations of disturbance. Based on 
our results, we expect fire, canopy gaps and ungulate exclusion 
to create a long-lasting shrub seed legacy, especially considering 
that shrub seeds are often more persistent than extant understory 
plants (Plue et al., 2017). A shrub seed bank would then contin-
ually recur following infrequent low-intensity fire and canopy 
gap creation in the absence of herbivores, thereby cementing an 
ecological memory of a shrub-dominated system in the seed bank 
(Johnstone et al., 2016). This ecological memory likely cannot be 
broken except through burning more frequently or manipulating 
the intensity of ungulate browsing (Jõgiste et al., 2017; Nowacki 
& Abrams, 2008). These disturbance legacies and ecological mem-
ories make sampling the forest seed bank a valuable exercise to 
determine which combination of disturbances to apply in a resto-
ration or management setting, particularly as the climate changes 
and many seed banking species are favoured by warmer condi-
tions (Abella, 2022; Auffret et al., 2023).

The high numbers of disturbance-dependent species in 
the seed bank may also shed light on why many studies find a 
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12  |    REED et al.

‘seed bank bias’, wherein forest seed bank communities have 
low compositional similarity to those of aboveground plants 
(Hopfensperger, 2007; Larson & Suding, 2022). Our study appears 
to represent what Larson and Suding  (2022) define as a ‘parallel 
tracking’ seed bank bias, wherein diversity increases in both the 
extant understory and seed bank across a gradient of increasing 
disturbance frequency despite there being compositional dissim-
ilarity between both communities. The seed communities in our 
study are likely different from the extant understory because 
seeds of formerly living plants have slowly accumulated in the 
soil over 13 years and the ecosystem has not been burned or har-
vested recently. Compounding this seed bank bias, many studies 
under-sample the seed bank (Plue et al., 2021). These factors may 
then contribute to the assumption that seed banks are not an im-
portant source of biodiversity or component of forest develop-
ment (Hopfensperger, 2007; Larson & Suding, 2022); however, our 
study provides evidence to the contrary.

Future studies that evaluate the influence of multiple distur-
bances on forest seed banks should make several considerations. 
First and foremost, our study highlights why researchers should 
think beyond how trees respond to multiple disturbances. Often, 
many layers of a forest are forgotten in relation to multiple distur-
bances, such as the understory or the seed bank (Gilliam,  2007; 
Gilliam & Roberts, 2003; Spicer et al., 2020). The fast-growing seed 
bank species in our study can heavily influence forest succession and 
it can take decades for the effects of multiple reintroduced distur-
bances to become fully apparent amongst tree communities, making 
the understory and seed bank an excellent study system in a multi-
disturbance scenario. Further, seed bank studies should measure 
several functional traits rather than just species richness or diversity. 
This is one of the primary gaps in our understanding of seed commu-
nities, as species traits may be important in determining seed bank 
legacies following multiple disturbances (Larson & Suding,  2022; 
Saatkamp et al., 2019). Future work should also evaluate how seed 
banks vary with combinations of disturbance intensities, frequen-
cies and severities in forest biomes and regions outside of North 
America, considering that the majority of multi-disturbance studies 
occur in the United States and Canada (Antwi et al., 2022; Foster 
et al., 2016; Kleinman et al., 2019). It is critical that we consider and 
test disturbances in tandem, especially since increased prescribed 
burning and canopy structural heterogeneity could help support 
forest carbon sequestration and biodiversity (Ehbrecht et al., 2021; 
Hiers et al., 2020; Ryan et al., 2013), while large ungulates are often 
far above historic densities and are now a dominant contemporary 
disturbance with many interactive effects (Bernes et  al.,  2018; 
Carpio et al., 2021; Reed et al., 2023; Rooney & Waller, 2003). With 
greater and more nuanced multi-disturbance inquiry, we may be able 
to better detect nonlinear disturbance responses in forests around 
the world and improve research integration into meta-analyses 
(Buma,  2021; Mori et  al.,  2017; Sasaki et  al.,  2015). To this end, 
through our experimental and long-term approach to measuring 
how multiple disturbances influence the seed bank, we advance our 

limited understanding of how multiple drivers of change influence 
the forest seed bank, succession and biodiversity.

AUTHOR CONTRIBUTIONS
Alejandro A. Royo and Walter P. Carson contributed to experimental 
design, data collection and curation; Samuel P. Reed developed hy-
potheses, analysed data, created figures and wrote each manuscript 
draft; Alejandro A. Royo, Walter P. Carson, Castilleja F. Olmsted, Lee 
E. Frelich and Peter B. Reich contributed to conceptualization, writ-
ing and editing manuscript.

ACKNOWLEDG EMENTS
We thank A. M. Yang, A. M. Yantes, M. A. Thomas-Van Gundy, 
A. Waananen, C. R. Miller and the University of Minnesota 
Montgomery Lab for review. We also thank A. Johnson II, J. B. 
Young and Z. F. Fogel for help developing R code. We also thank 
the National Science Foundation Graduate Research Fellowship 
(Award No. 1839286), the Natural Resources Science and 
Management Program, the University of Minnesota Doctoral 
Dissertation Fellowship and the United States Forest Service 
Northern Research Station for their monetary support. This 
work was supported by the USDA National Research Initiative 
Competitive Grant (Award 99-35101-7732) to W. Carson. 
Additional support was provided by MeadWestvaco Corporation 
and the USDA Forest Service Northern Research Station. Finally, 
we thank two anonymous reviewers for their comments on an ear-
lier draft of this paper.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflicts of interest.

PEER RE VIE W
The peer review history for this article is available at https://​www.​
webof​scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1111/​1365-​
2745.​14459​.

DATA AVAIL ABILIT Y S TATEMENT
Data and code available at Dryad Digital Repository at https://​doi.​
org/​10.​5061/​dryad.​0gb5m​km8v (Reed et al., 2024).

ORCID
Samuel P. Reed   https://orcid.org/0000-0003-3508-2547 
Alejandro A. Royo   https://orcid.org/0000-0002-6813-0587 
Castilleja F. Olmsted   https://orcid.org/0000-0001-9554-4024 
Lee E. Frelich   https://orcid.org/0000-0002-9052-7070 
Peter B. Reich   https://orcid.org/0000-0003-4424-662X 

R E FE R E N C E S
Abella, S. R. (2022). Are pre-restoration soil seed banks and vegetation 

nested and predictive subsets of post-restoration communities? 
Ecological Restoration, 40(4), 234–246. https://​doi.​org/​10.​3368/​er.​
40.4.​234

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14459, W

iley O
nline L

ibrary on [17/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14459
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14459
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14459
https://doi.org/10.5061/dryad.0gb5mkm8v
https://doi.org/10.5061/dryad.0gb5mkm8v
https://orcid.org/0000-0003-3508-2547
https://orcid.org/0000-0003-3508-2547
https://orcid.org/0000-0002-6813-0587
https://orcid.org/0000-0002-6813-0587
https://orcid.org/0000-0001-9554-4024
https://orcid.org/0000-0001-9554-4024
https://orcid.org/0000-0002-9052-7070
https://orcid.org/0000-0002-9052-7070
https://orcid.org/0000-0003-4424-662X
https://orcid.org/0000-0003-4424-662X
https://doi.org/10.3368/er.40.4.234
https://doi.org/10.3368/er.40.4.234


    |  13REED et al.

Abrams, M., Nowacki, G., & Hanberry, B. (2021). Oak forests and wood-
lands as indigenous landscapes in the eastern United States. The 
Journal of the Torrey Botanical Society, 149, 101–121. https://​doi.​org/​
10.​3159/​TORRE​Y-​D-​21-​00024.​1

Abrams, M. D. (2005). Prescribing fire in eastern oak forests: Is time 
running out? Northern Journal of Applied Forestry, 22(3), 190–196. 
https://​doi.​org/​10.​1093/​njaf/​22.3.​190

Abrams, M. D., Sprugel, D. G., & Dickmann, D. I. (1985). Multiple succes-
sional pathways on recently disturbed jack pine sites in Michigan. 
Forest Ecology and Management, 10(1), 31–48. https://​doi.​org/​10.​
1016/​0378-​1127(85)​90012​-​X

Adams, M. B., Edwards, P. J., Ford, W. M., Schuler, T. M., Gundy, M. T.-
V., & Wood, F. (2012). Fernow experimental Forest: Research history 
and opportunities. EFR-2. U.S. Department of Agriculture, Forest 
Service.

Alexander, H. D., Siegert, C., Brewer, J. S., Kreye, J., Lashley, M. A., 
McDaniel, J. K., Paulson, A. K., Renninger, H. J., & Varner, J. M. 
(2021). Mesophication of oak landscapes: Evidence, knowledge 
gaps, and future research. Bioscience, 71(5), 531–542. https://​doi.​
org/​10.​1093/​biosci/​biaa169

Anoszko, E., Frelich, L. E., Rich, R. L., & Reich, P. B. (2022). Wind and 
fire: Rapid shifts in tree community composition following multiple 
disturbances in the southern boreal forest. Ecosphere, 13(3), e3952. 
https://​doi.​org/​10.​1002/​ecs2.​3952

Antwi, E. K., Boakye-Danquah, J., Owusu-Banahene, W., Webster, K., 
Dabros, A., Wiebe, P., Mayor, S. J., Westwood, A., Mansuy, N., 
Setiawati, M. D., Yohuno (Apronti), P. T., Bill, K., Kwaku, A., Kosuta, 
S., & Sarfo, A. K. (2022). A global review of cumulative effects 
assessments of disturbances on forest ecosystems. Journal of 
Environmental Management, 317, 115277. https://​doi.​org/​10.​1016/j.​
jenvm​an.​2022.​115277

Archibold, O. W. (1979). Buried viable propagules as a factor in post-
fire regeneration in northern Saskatchewan. Canadian Journal of 
Botany, 57(1), 54–58. https://​doi.​org/​10.​1139/​b79-​011

Arthur, M. A., Varner, J. M., Lafon, C. W., Alexander, H. D., Dey, D. C., 
Harper, C. A., Horn, S. P., Hutchinson, T. F., Keyser, T. L., Lashley, 
M. A., Moorman, C. E., & Schweitzer, C. J. (2021). Fire ecology and 
management in eastern broadleaf and appalachian forests. In C. H. 
Greenberg & B. Collins (Eds.), Fire ecology and management: Past, 
present, and future of US forested ecosystems (pp. 105–147). Springer 
International Publishing (Managing Forest Ecosystems). https://​doi.​
org/​10.​1007/​978-​3-​030-​73267​-​7_​4

Auffret, A. G., Vangansbeke, P., de Frenne, P., Auestad, I., Basto, S., 
Grandin, U., Jacquemyn, H., Jakobsson, A., Kalamees, R., Koch, M. 
A., Marrs, R., Marteinsdóttir, B., Wagner, M., Bekker, R. M., Bruun, 
H. H., Decocq, G., Hermy, M., Jankowska-Błaszczuk, M., Milberg, 
P., … Plue, J. (2023). More warm-adapted species in soil seed banks 
than in herb layer plant communities across Europe. Journal of 
Ecology, 111, 1009–1020. https://​doi.​org/​10.​1111/​1365-​2745.​
14074​

Auld, T. D., & Denham, A. J. (2006). How much seed remains in the soil 
after a fire? Plant Ecology, 187(1), 15–24. https://​doi.​org/​10.​1007/​
s1125​8-​006-​9129-​0

Baltzer, J. L., Day, N. J., Walker, X. J., Greene, D., Mack, M. C., Alexander, 
H. D., Arseneault, D., Barnes, J., Bergeron, Y., Boucher, Y., Bourgeau-
Chavez, L., Brown, C. D., Carrière, S., Howard, B. K., Gauthier, S., 
Parisien, M. A., Reid, K. A., Rogers, B. M., Roland, C., … Johnstone, 
J. F. (2021). Increasing fire and the decline of fire adapted black 
spruce in the boreal forest. Proceedings of the National Academy 
of Sciences of the United States of America, 118(45), e2024872118. 
https://​doi.​org/​10.​1073/​pnas.​20248​72118​

Baskin, C. C., & Baskin, J. M. (Eds.). (2022). Plant regeneration from 
seeds: A global warming perspective. In Plant regeneration from 
seeds (pp. i–iii). Academic Press. https://​doi.​org/​10.​1016/​B978-​0-​
12-​82373​1-​1.​00030​-​5

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 67, 
1–48. https://​doi.​org/​10.​18637/​​jss.​v067.​i01

Batllori, E., de Cáceres, M., Brotons, L., Ackerly, D. D., Moritz, M. A., 
& Lloret, F. (2019). Compound fire-drought regimes promote 
ecosystem transitions in Mediterranean ecosystems. Journal of 
Ecology, 107(3), 1187–1198. https://​doi.​org/​10.​1111/​1365-​2745.​
13115​

Beauchamp, V. B., Ghuznavi, N., Koontz, S. M., & Roberts, R. P. (2013). 
Edges, exotics and deer: The seed bank of a suburban second-
ary successional temperate deciduous forest. Applied Vegetation 
Science, 16(4), 571–584. https://​doi.​org/​10.​1111/​avsc.​12036​

Beck, J., Waananen, A., & Wagenius, S. (2023). Habitat fragmentation de-
couples fire-stimulated flowering from plant reproductive fitness. 
Proceedings of the National Academy of Sciences of the United States 
of America, 120(39), e2306967120. https://​doi.​org/​10.​1073/​pnas.​
23069​67120​

Bernes, C., Macura, B., Jonsson, B. G., Junninen, K., Müller, J., Sandström, 
J., Lõhmus, A., & Macdonald, E. (2018). Manipulating ungulate her-
bivory in temperate and boreal forests: Effects on vegetation and 
invertebrates. A systematic review. Environmental Evidence, 7(1), 
13. https://​doi.​org/​10.​1186/​s1375​0-​018-​0125-​3

Borden, C. G., Duguid, M. C., & Ashton, M. S. (2021). The legacy of fire: 
Long-term changes to the forest understory from periodic burns in 
a New England oak-hickory forest. Fire Ecology, 17(1), 24. https://​
doi.​org/​10.​1186/​s4240​8-​021-​00115​-​2

Bossuyt, B., & Honnay, O. (2008). Can the seed bank be used for eco-
logical restoration? An overview of seed bank characteristics in 
European communities. Journal of Vegetation Science, 19(6), 875–
884. https://​doi.​org/​10.​3170/​2008-​8-​18462​

Bowman, D. M. J. S., Balch, J., Artaxo, P., Bond, W. J., Cochrane, M. 
A., D'Antonio, C. M., Defries, R., Johnston, F. H., Keeley, J. E., 
Krawchuk, M. A., Kull, C. A., Mack, M., Moritz, M. A., Pyne, S., 
Roos, C. I., Scott, A. C., Sodhi, N. S., Swetnam, T. W., & Whittaker, 
R. (2011). The human dimension of fire regimes on Earth. Journal of 
Biogeography, 38(12), 2223–2236. https://​doi.​org/​10.​1111/j.​1365-​
2699.​2011.​02595.​x

Brody, A. K., & Irwin, R. E. (2012). When resources don't rescue: 
Flowering phenology and species interactions affect compensa-
tion to herbivory in Ipomopsis aggregata. Oikos, 121(9), 1424–1434. 
https://​doi.​org/​10.​1111/j.​1600-​0706.​2012.​20458.​x

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, 
C. W., Nielsen, A., Skaug, H. J., Mächler, M., & Bolker, B. M. (2017). 
glmmTMB balances speed and flexibility among packages for zero-
inflated generalized linear mixed modeling. The R Journal, 9(2), 378. 
https://​doi.​org/​10.​32614/​​RJ-​2017-​066

Brose, P. H., Dey, D. C., Phillips, R. J., & Waldrop, T. A. (2013). A meta-
analysis of the fire-oak hypothesis: Does prescribed burning pro-
mote oak reproduction in eastern North America? Forest Science, 
59(3), 322–334. https://​doi.​org/​10.​5849/​forsci.​12-​039

Brown, D. (1992). Estimating the composition of a forest seed bank: A 
comparison of the seed extraction and seedling emergence meth-
ods. Canadian Journal of Botany, 70(8), 1603–1612. https://​doi.​org/​
10.​1139/​b92-​202

Buma, B. (2021). Disturbance ecology and the problem of n = 1: A pro-
posed framework for unifying disturbance ecology studies to ad-
dress theory across multiple ecological systems. Methods in Ecology 
and Evolution, 12, 2276–2286. https://​doi.​org/​10.​1111/​2041-​210X.​
13702​

Burnham, K. P., & Anderson, D. R. (2004). Multimodel inference: 
Understanding AIC and BIC in model selection. Sociological Methods 
& Research, 33(2), 261–304. https://​doi.​org/​10.​1177/​00491​24104​
268644

Carbone, L. M., Tavella, J., Marquez, V., Ashworth, L., Pausas, J. G., & 
Aguilar, R. (2024). Fire effects on pollination and plant reproduction: 

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14459, W

iley O
nline L

ibrary on [17/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3159/TORREY-D-21-00024.1
https://doi.org/10.3159/TORREY-D-21-00024.1
https://doi.org/10.1093/njaf/22.3.190
https://doi.org/10.1016/0378-1127(85)90012-X
https://doi.org/10.1016/0378-1127(85)90012-X
https://doi.org/10.1093/biosci/biaa169
https://doi.org/10.1093/biosci/biaa169
https://doi.org/10.1002/ecs2.3952
https://doi.org/10.1016/j.jenvman.2022.115277
https://doi.org/10.1016/j.jenvman.2022.115277
https://doi.org/10.1139/b79-011
https://doi.org/10.1007/978-3-030-73267-7_4
https://doi.org/10.1007/978-3-030-73267-7_4
https://doi.org/10.1111/1365-2745.14074
https://doi.org/10.1111/1365-2745.14074
https://doi.org/10.1007/s11258-006-9129-0
https://doi.org/10.1007/s11258-006-9129-0
https://doi.org/10.1073/pnas.2024872118
https://doi.org/10.1016/B978-0-12-823731-1.00030-5
https://doi.org/10.1016/B978-0-12-823731-1.00030-5
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/1365-2745.13115
https://doi.org/10.1111/1365-2745.13115
https://doi.org/10.1111/avsc.12036
https://doi.org/10.1073/pnas.2306967120
https://doi.org/10.1073/pnas.2306967120
https://doi.org/10.1186/s13750-018-0125-3
https://doi.org/10.1186/s42408-021-00115-2
https://doi.org/10.1186/s42408-021-00115-2
https://doi.org/10.3170/2008-8-18462
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1111/j.1600-0706.2012.20458.x
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.5849/forsci.12-039
https://doi.org/10.1139/b92-202
https://doi.org/10.1139/b92-202
https://doi.org/10.1111/2041-210X.13702
https://doi.org/10.1111/2041-210X.13702
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644


14  |    REED et al.

A quantitative review. Annals of Botany, mcae033. https://​doi.​org/​
10.​1093/​aob/​mcae033

Carpio, A. J., Apollonio, M., & Acevedo, P. (2021). Wild ungulate over-
abundance in Europe: Contexts, causes, monitoring and manage-
ment recommendations. Mammal Review, 51(1), 95–108. https://​
doi.​org/​10.​1111/​mam.​12221​

Carrero, C., Jerome, D., Beckman, E., Byrne, A., Coombes, A. J., Deng, 
M., González-Rodríguez, A., Hoang, V. S., Khoo, E., Nguyen, N., 
Robiansyah, I., Rodríguez-Correa, H., Sang, J., Song, Y.-G., Strijk, 
J. S., Sugau, J., Sun, W. B., Valencia-Ávalos, S., & Westwood, M. 
(2020). The red list of oaks 2020. The Morton Arboretum.

Chao, A., Gotelli, N. J., Hsieh, T. C., Sander, E. L., Ma, K. H., Colwell, R. K., 
& Ellison, A. M. (2014). Rarefaction and extrapolation with hill num-
bers: A framework for sampling and estimation in species diversity 
studies. Ecological Monographs, 84(1), 45–67. https://​doi.​org/​10.​
1890/​13-​0133.​1

Chao, A., & Jost, L. (2012). Coverage-based rarefaction and extrapo-
lation: Standardizing samples by completeness rather than size. 
Ecology, 93(12), 2533–2547. https://​doi.​org/​10.​1890/​11-​1952.​1

Clebsch, E. E. C., & Busing, R. T. (1989). Secondary succession, gap 
dynamics, and community structure in a southern Appalachian 
cove forest. Ecology, 70(3), 728–735. https://​doi.​org/​10.​2307/​
1940223

Collins, R., & Carson, W. P. (2003). The fire and oak hypothesis: 
Incorporating the influence of deer browsing and canopy gaps. 
Proceedings of the 13th central hardwood forest conference, pp. 
44–63.

Côté, S. D., Rooney, T. P., Tremblay, J. P., Dussault, C., & Waller, D. M. 
(2004). Ecological impacts of deer overabundance. Annual Review of 
Ecology, Evolution, and Systematics, 35(1), 113–147. https://​doi.​org/​
10.​1146/​annur​ev.​ecols​ys.​35.​021103.​105725

Cuddington, K. (2011). Legacy effects: The persistent impact of ecolog-
ical interactions. Biological Theory, 6(3), 203–210. https://​doi.​org/​
10.​1007/​s1375​2-​012-​0027-​5

Dalling, J. W., & Brown, T. A. (2009). Long-term persistence of Pioneer 
species in tropical rain Forest soil seed banks. The American 
Naturalist, 173(4), 531–535. https://​doi.​org/​10.​1086/​597221

DeMalach, N., Kigel, J., & Sternberg, M. (2021). The soil seed bank can 
buffer long-term compositional changes in annual plant commu-
nities. Journal of Ecology, 109(3), 1275–1283. https://​doi.​org/​10.​
1111/​1365-​2745.​13555​

Ding, J., & Eldridge, D. J. (2024). Woody encroachment: Social–ecolog-
ical impacts and sustainable management. Biological Reviews, 99, 
1909–1926. https://​doi.​org/​10.​1111/​brv.​13104​

DiTommaso, A., Morris, S. H., Parker, J. D., Cone, C. L., & Agrawal, A. A. 
(2014). Deer browsing delays succession by altering aboveground 
vegetation and belowground seed banks. PLoS One, 9(3), e91155. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​0091155

Donoso, P. J., & Nyland, R. D. (2006). Interference to hardwood regen-
eration in northeastern North America: The effects of raspberries 
(Rubus spp.) following clearcutting and shelterwood methods. 
Northern Journal of Applied Forestry, 23(4), 288–296. https://​doi.​
org/​10.​1093/​njaf/​23.4.​288

Dunn, C., Guntenspergen, G., & Dorney, J. (1982). Catastrophic wind dis-
turbance in an old-growth hemlock-hardwood forest, Wisconsin. 
Canadian Journal of Botany, 61(1), 211–217.

Ehbrecht, M., Seidel, D., Annighöfer, P., Kreft, H., Köhler, M., Zemp, D. C., 
Puettmann, K., Nilus, R., Babweteera, F., Willim, K., Stiers, M., Soto, 
D., Boehmer, H. J., Fisichelli, N., Burnett, M., Juday, G., Stephens, 
S. L., & Ammer, C. (2021). Global patterns and climatic controls of 
forest structural complexity. Nature Communications, 12(1), 519. 
https://​doi.​org/​10.​1038/​s4146​7-​020-​20767​-​z

Falińska, K. (1999). Seed bank dynamics in abandoned meadows 
during a 20-year period in the Białowieża National Park. Journal 
of Ecology, 87(3), 461–475. https://​doi.​org/​10.​1046/j.​1365-​2745.​
1999.​00364.​x

Ferrandis, P., Herranz, J. M., & Martínez-Sánchez, J. J. (1996). The role 
of soil seed bank in the early stages of plant recovery after fire in 
a pinus pinaster forest in SE Spain. International Journal of Wildland 
Fire, 6(1), 31–35. https://​doi.​org/​10.​1071/​wf996​0031

Foster, C. N., Sato, C. F., Lindenmayer, D. B., & Barton, P. S. (2016). 
Integrating theory into disturbance interaction experiments to bet-
ter inform ecosystem management. Global Change Biology, 22(4), 
1325–1335. https://​doi.​org/​10.​1111/​gcb.​13155​

Franklin, J. F., Lindenmayer, D., MacMahon, J. A., McKee, A., Magnuson, 
J., Perry, D. A., Waide, R., & Foster, D. (2000). Threads of continuity: 
Ecosystem disturbances, biological legacies and ecosystem recov-
ery. Conservation Biology in Practice, 1, 8–16.

Frelich, L. E. (2002). Forest dynamics and disturbance regimes: Studies from 
temperate evergreen-deciduous forests. Cambridge University Press. 
https://​doi.​org/​10.​1017/​CBO97​80511​542046

Gill, R. M. A., & Beardall, V. (2001). The impact of deer on woodlands: 
The effects of browsing and seed dispersal on vegetation struc-
ture and composition. Forestry: An International Journal of Forest 
Research, 74(3), 209–218. https://​doi.​org/​10.​1093/​fores​try/​74.3.​
209

Gilliam, F. S. (2007). The ecological significance of the herbaceous layer 
in temperate Forest ecosystems. Bioscience, 57(10), 845–858. 
https://​doi.​org/​10.​1641/​B571007

Gilliam, F. S. (2016). Forest ecosystems of temperate climatic regions: 
From ancient use to climate change. New Phytologist, 212(4), 871–
887. https://​doi.​org/​10.​1111/​nph.​14255​

Gilliam, F. S., & Roberts, M. R. (2003). Interactions between the her-
baceous layer and overstory canopy of eastern forests: A mech-
anism for linkage. In The herbaceous layer in forests of eastern North 
America (pp. 233–254). Oxford University Press.

Gioria, M., Osborne, B. A., & Pyšek, P. (2022). Chapter 21—Soil seed banks 
under a warming climate. In C. C. Baskin & J. M. Baskin (Eds.), Plant 
regeneration from seeds (pp. 285–298). Academic Press. https://​doi.​
org/​10.​1016/​B978-​0-​12-​82373​1-​1.​00021​-​4

Gioria, M., & Pyšek, P. (2016). The legacy of plant invasions: Changes in 
the soil seed bank of invaded plant communities. Bioscience, 66(1), 
40–53. https://​doi.​org/​10.​1093/​biosci/​biv165

Gotelli, N. J., & Colwell, R. K. (2001). Quantifying biodiversity: Procedures 
and pitfalls in the measurement and comparison of species rich-
ness. Ecology Letters, 4(4), 379–391. https://​doi.​org/​10.​1046/j.​
1461-​0248.​2001.​00230.​x

Götmark, F. (2013). Habitat management alternatives for conservation 
forests in the temperate zone: Review, synthesis, and implications. 
Forest Ecology and Management, 306, 292–307. https://​doi.​org/​10.​
1016/j.​foreco.​2013.​06.​014

Gross, K. L. (1990). A comparison of methods for estimating seed num-
bers in the soil. Journal of Ecology, 78(4), 1079–1093. https://​doi.​
org/​10.​2307/​2260953

Grubb, P. J. (1988). The uncoupling of disturbance and recruitment, two 
kinds of seed bank, and persistence of plant populations at the re-
gional and local scales. Annales Zoologici Fennici, 25, 23–36.

Grubb, P. J., Bellingham, P. J., Kohyama, T. S., Piper, F. I., & Valido, A. 
(2013). Disturbance regimes, gap-demanding trees and seed mass 
related to tree height in warm temperate rain forests worldwide. 
Biological Reviews, 88(3), 701–744. https://​doi.​org/​10.​1111/​brv.​
12029​

Guyette, R. P., Stambaugh, M. C., Dey, D. C., & Muzika, R. M. (2012). 
Predicting fire frequency with chemistry and climate. Ecosystems, 
15(2), 322–335. https://​doi.​org/​10.​1007/​s1002​1-​011-​9512-​0

Hai, J., Zhang, L., Gao, C., Wang, H., & Wu, J. (2023). How does fire sup-
pression alter the wildfire regime? A systematic review. Fire, 6(11), 
424. https://​doi.​org/​10.​3390/​fire6​110424

Hanberry, B. B., & Nowacki, G. J. (2016). Oaks were the historical foun-
dation genus of the east-central United States. Quaternary Science 
Reviews, 145, 94–103. https://​doi.​org/​10.​1016/j.​quasc​irev.​2016.​
05.​037

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14459, W

iley O
nline L

ibrary on [17/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/aob/mcae033
https://doi.org/10.1093/aob/mcae033
https://doi.org/10.1111/mam.12221
https://doi.org/10.1111/mam.12221
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1890/11-1952.1
https://doi.org/10.2307/1940223
https://doi.org/10.2307/1940223
https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
https://doi.org/10.1007/s13752-012-0027-5
https://doi.org/10.1007/s13752-012-0027-5
https://doi.org/10.1086/597221
https://doi.org/10.1111/1365-2745.13555
https://doi.org/10.1111/1365-2745.13555
https://doi.org/10.1111/brv.13104
https://doi.org/10.1371/journal.pone.0091155
https://doi.org/10.1093/njaf/23.4.288
https://doi.org/10.1093/njaf/23.4.288
https://doi.org/10.1038/s41467-020-20767-z
https://doi.org/10.1046/j.1365-2745.1999.00364.x
https://doi.org/10.1046/j.1365-2745.1999.00364.x
https://doi.org/10.1071/wf9960031
https://doi.org/10.1111/gcb.13155
https://doi.org/10.1017/CBO9780511542046
https://doi.org/10.1093/forestry/74.3.209
https://doi.org/10.1093/forestry/74.3.209
https://doi.org/10.1641/B571007
https://doi.org/10.1111/nph.14255
https://doi.org/10.1016/B978-0-12-823731-1.00021-4
https://doi.org/10.1016/B978-0-12-823731-1.00021-4
https://doi.org/10.1093/biosci/biv165
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1016/j.foreco.2013.06.014
https://doi.org/10.1016/j.foreco.2013.06.014
https://doi.org/10.2307/2260953
https://doi.org/10.2307/2260953
https://doi.org/10.1111/brv.12029
https://doi.org/10.1111/brv.12029
https://doi.org/10.1007/s10021-011-9512-0
https://doi.org/10.3390/fire6110424
https://doi.org/10.1016/j.quascirev.2016.05.037
https://doi.org/10.1016/j.quascirev.2016.05.037


    |  15REED et al.

Hartig, F. (2017). DHARMa: Residual diagnostics for hierarchical (multi-
level/mixed) regression models. https://​schol​ar.​google.​com/​citat​
ions?​view_​op=​view_​citat​ion&​hl=​en&​user=​AdcDi​t0AAA​AJ&​citat​
ion_​for_​view=​AdcDi​t0AAA​AJ:​vofGI​Mt6cyEC

Hiers, J. K., O'Brien, J. J., Varner, J. M., Butler, B. W., Dickinson, M., 
Furman, J., Gallagher, M., Godwin, D., Goodrick, S. L., Hood, S. M., 
Hudak, A., Kobziar, L. N., Linn, R., Loudermilk, E. L., McCaffrey, 
S., Robertson, K., Rowell, E. M., Skowronski, N., Watts, A. C., & 
Yedinak, K. M. (2020). Prescribed fire science: The case for a re-
fined research agenda. Fire Ecology, 16(1), 11. https://​doi.​org/​10.​
1186/​s4240​8-​020-​0070-​8

Hille Ris Lambers, J., Clark, J. S., & Lavine, M. (2005). Implications of seed 
banking for recruitment of Southern Appalachian woody species. 
Ecology, 86, 85–95. https://​doi.​org/​10.​1890/​03-​0685

Hopfensperger, K. N. (2007). A review of similarity between seed bank 
and standing vegetation across ecosystems. Oikos, 116(9), 1438–
1448. https://​doi.​org/​10.​1111/j.​0030-​1299.​2007.​15818.​x

Horsley, S. B., Stout, S. L., & de Calesta, D. S. (2003). White-tailed deer 
impact on the vegetation dynamics of a northern hardwood for-
est. Ecological Applications, 13(1), 98–118. https://​doi.​org/​10.​1890/​
1051-​0761(2003)​013[0098:​WTDIOT]​2.0.​CO;​2

Hsieh, T. C., Ma, K. H., & Chao, A. (2016). iNEXT: An R package for rar-
efaction and extrapolation of species diversity (Hill numbers). 
Methods in Ecology and Evolution, 7(12), 1451–1456. https://​doi.​org/​
10.​1111/​2041-​210X.​12613​

Hutchinson, T. F., Adams, B. T., Dickinson, M. B., Heckel, M., Royo, A. A., 
& Thomas-van Gundy, M. A. (2024). Sustaining eastern oak forests: 
Synergistic effects of fire and topography on vegetation and fuels. 
Ecological Applications, 34(3), e2948. https://​doi.​org/​10.​1002/​eap.​
2948

Hutchinson, T. F., Boerner, R., Sutherland, S., Sutherland, E., Ortt, M., 
& Iverson, L. (2005). Prescribed fire effects on the herbaceous 
layer of mixed-oak forests. Canadian Journal of Forest Research, 35, 
877–890.

Hyatt, L. A. (1999). Differences between seed Bank composition and field 
recruitment in a temperate zone deciduous Forest. The American 
Midland Naturalist, 142(1), 31–38. https://​doi.​org/​10.​1674/​0003-​
0031(1999)​142[0031:​DBSBCA]​2.0.​CO;​2

Hyatt, L. A., & Casper, B. B. (2000). Seed bank formation during early 
secondary succession in a temperate deciduous forest. Journal 
of Ecology, 88(3), 516–527. https://​doi.​org/​10.​1046/j.​1365-​2745.​
2000.​00465.​x

Iijima, H., Nagata, J., Izuno, A., Uchiyama, K., Akashi, N., Fujiki, D., & 
Kuriyama, T. (2023). Current sika deer effective population size is 
near to reaching its historically highest level in the Japanese archi-
pelago by release from hunting rather than climate change and top 
predator extinction. The Holocene, 33(6), 718–727. https://​doi.​org/​
10.​1177/​09596​83623​1157063

Izbicki, B. J., Alexander, H. D., Paulson, A. K., Frey, B. R., McEwan, R. 
W., & Berry, A. I. (2020). Prescribed fire and natural canopy gap 
disturbances: Impacts on upland oak regeneration. Forest Ecology 
and Management, 465, 118107. https://​doi.​org/​10.​1016/j.​foreco.​
2020.​118107

Jõgiste, K., Korjus, H., Stanturf, J. A., Frelich, L. E., Baders, E., Donis, 
J., Jansons, A., Kangur, A., Köster, K., Laarmann, D., Maaten, T., 
Marozas, V., Metslaid, M., Nigul, K., Polyachenko, O., Randveer, T., 
& Vodde, F. (2017). Hemiboreal forest: Natural disturbances and 
the importance of ecosystem legacies to management. Ecosphere, 
8(2), e01706. https://​doi.​org/​10.​1002/​ecs2.​1706

Johnson, J. B., & Omland, K. S. (2004). Model selection in ecology and 
evolution. Trends in Ecology & Evolution, 19, 101–108.

Johnstone, J. F., Allen, C. D., Franklin, J. F., Frelich, L. E., Harvey, B. J., 
Higuera, P. E., Mack, M. C., Meentemeyer, R. K., Metz, M. R., Perry, 
G. L. W., Schoennagel, T., & Turner, M. G. (2016). Changing distur-
bance regimes, ecological memory, and forest resilience. Frontiers 

in Ecology and the Environment, 14(7), 369–378. https://​doi.​org/​10.​
1002/​fee.​1311

Keeley, J., & Fotheringham, C. (2000). Role of fire in regeneration from 
seed. Seeds: The Ecology of Regeneration in Plant Communities, 2. 
https://​doi.​org/​10.​1079/​97808​51994​321.​0311

Kelly, L. T., Fletcher, M. S., Oliveras Menor, I., Pellegrini, A. F. A., 
Plumanns-Pouton, E. S., Pons, P., Williamson, G. J., & Bowman, D. 
M. J. S. (2023). Understanding fire regimes for a better anthropo-
cene. Annual Review of Environment and Resources, 48(1), 207–235. 
https://​doi.​org/​10.​1146/​annur​ev-​envir​on-​12022​0-​055357

Kern, C. C., Reich, P. B., Montgomery, R. A., & Strong, T. F. (2012). Do 
deer and shrubs override canopy gap size effects on growth and 
survival of yellow birch, northern red oak, eastern white pine, and 
eastern hemlock seedlings? Forest Ecology and Management, 267, 
134–143. https://​doi.​org/​10.​1016/j.​foreco.​2011.​12.​002

Keyser, T. L., Roof, T., Adams, J. L., Simon, D., & Warburton, G. (2012). 
Effects of prescribed fire on the buried seed bank in mixed-
hardwood forests of the southern Appalachian mountains. 
Southeastern Naturalist, 11(4), 669–688. https://​doi.​org/​10.​1656/​
058.​011.​0407

Kirkman, L., Mitchell, R., Kaeser, M., Pecot, S., & Coffey, K. (2007). The 
perpetual forest: Using undesirable species to bridge restoration. 
Journal of Applied Ecology, 44(3), 604–614. https://​doi.​org/​10.​
1111/j.​1365-​2664.​2007.​01310.​x

Kleinman, J. S., Goode, J. D., Fries, A. C., & Hart, J. L. (2019). Ecological 
consequences of compound disturbances in forest ecosystems: A 
systematic review. Ecosphere, 10(11), e02962. https://​doi.​org/​10.​
1002/​ecs2.​2962

Knapp, A. K., Blair, J. M., Briggs, J. M., Collins, S. L., Hartnett, D. C., 
Johnson, L. C., & Towne, E. G. (1999). The keystone role of bison in 
North American tallgrass prairie. BioScience, 49(1), 39–50.

Knapp, E. E., Estes, B. L., & Skinner, C. N. (2009). Ecological effects of 
prescribed fire season: A literature review and synthesis for managers. 
PSW-GTR-224. U.S. Department of Agriculture, Forest Service, 
Pacific Southwest Research Station. https://​doi.​org/​10.​2737/​
PSW-​GTR-​224

Kuijper, D. P. J., Cromsigt, J. P. G. M., Churski, M., Adam, B., Jędrzejewska, 
B., & Jędrzejewski, W. (2009). Do ungulates preferentially feed 
in forest gaps in European temperate forest? Forest Ecology and 
Management, 258(7), 1528–1535. https://​doi.​org/​10.​1016/j.​foreco.​
2009.​07.​010

Lafon, C. W., Naito, A. T., Grissino-Mayer, H. D., Horn, S. P., & Waldrop, T. 
A. (2017). Fire history of the Appalachian region: A review and synthe-
sis. SRS-GTR-219. U.S. Department of Agriculture, Forest Service, 
Southern Research Station. https://​doi.​org/​10.​2737/​SRS-​GTR-​219

Larson, J. E., & Suding, K. N. (2022). Seed bank bias: Differential tracking 
of functional traits in the seed bank and vegetation across a gradi-
ent. Ecology, 103(4), e3651. https://​doi.​org/​10.​1002/​ecy.​3651

Lenth, R. V. (2016). Least-squares means: The R package lsmeans. Journal 
of Statistical Software, 69, 1–33. https://​doi.​org/​10.​18637/​​jss.​v069.​
i01

Lettow, M. C., Brudvig, L. A., Bahlai, C. A., & Landis, D. A. (2014). Oak 
savanna management strategies and their differential effects on 
vegetative structure, understory light, and flowering forbs. Forest 
Ecology and Management, 329, 89–98. https://​doi.​org/​10.​1016/j.​
foreco.​2014.​06.​019

Levin, D. A. (1990). The seed Bank as a source of genetic novelty in 
plants. The American Naturalist, 135(4), 563–572. https://​www.​
jstor.​org/​stable/​2462053

Levine, C. R., Winchcombe, R. J., Canham, C. D., Christenson, L. M., & 
Ronsheim, M. L. (2012). Deer impacts on seed banks and saplings 
in eastern New York. Northeastern Naturalist, 19(1), 49–66. https://​
doi.​org/​10.​1656/​045.​019.​0104

Long, J. N. (2009). Emulating natural disturbance regimes as a basis for 
forest management: A North American view. Forest Ecology and 

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14459, W

iley O
nline L

ibrary on [17/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=AdcDit0AAAAJ&citation_for_view=AdcDit0AAAAJ:vofGIMt6cyEC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=AdcDit0AAAAJ&citation_for_view=AdcDit0AAAAJ:vofGIMt6cyEC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=AdcDit0AAAAJ&citation_for_view=AdcDit0AAAAJ:vofGIMt6cyEC
https://doi.org/10.1186/s42408-020-0070-8
https://doi.org/10.1186/s42408-020-0070-8
https://doi.org/10.1890/03-0685
https://doi.org/10.1111/j.0030-1299.2007.15818.x
https://doi.org/10.1890/1051-0761(2003)013%5B0098:WTDIOT%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)013%5B0098:WTDIOT%5D2.0.CO;2
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1002/eap.2948
https://doi.org/10.1002/eap.2948
https://doi.org/10.1674/0003-0031(1999)142%5B0031:DBSBCA%5D2.0.CO;2
https://doi.org/10.1674/0003-0031(1999)142%5B0031:DBSBCA%5D2.0.CO;2
https://doi.org/10.1046/j.1365-2745.2000.00465.x
https://doi.org/10.1046/j.1365-2745.2000.00465.x
https://doi.org/10.1177/09596836231157063
https://doi.org/10.1177/09596836231157063
https://doi.org/10.1016/j.foreco.2020.118107
https://doi.org/10.1016/j.foreco.2020.118107
https://doi.org/10.1002/ecs2.1706
https://doi.org/10.1002/fee.1311
https://doi.org/10.1002/fee.1311
https://doi.org/10.1079/9780851994321.0311
https://doi.org/10.1146/annurev-environ-120220-055357
https://doi.org/10.1016/j.foreco.2011.12.002
https://doi.org/10.1656/058.011.0407
https://doi.org/10.1656/058.011.0407
https://doi.org/10.1111/j.1365-2664.2007.01310.x
https://doi.org/10.1111/j.1365-2664.2007.01310.x
https://doi.org/10.1002/ecs2.2962
https://doi.org/10.1002/ecs2.2962
https://doi.org/10.2737/PSW-GTR-224
https://doi.org/10.2737/PSW-GTR-224
https://doi.org/10.1016/j.foreco.2009.07.010
https://doi.org/10.1016/j.foreco.2009.07.010
https://doi.org/10.2737/SRS-GTR-219
https://doi.org/10.1002/ecy.3651
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1016/j.foreco.2014.06.019
https://doi.org/10.1016/j.foreco.2014.06.019
https://www.jstor.org/stable/2462053
https://www.jstor.org/stable/2462053
https://doi.org/10.1656/045.019.0104
https://doi.org/10.1656/045.019.0104


16  |    REED et al.

Management, 257(9), 1868–1873. https://​doi.​org/​10.​1016/j.​foreco.​
2008.​12.​019

Ma, M., Collins, S. L., Ratajczak, Z., & du, G. (2021). Soil seed banks, al-
ternative stable state theory, and ecosystem resilience. BioScience, 
71(7), 697–707. https://​doi.​org/​10.​1093/​biosci/​biab011

McCauley, D. E. (2014). What is the influence of the seed bank on the 
persistence and genetic structure of plant populations that experi-
ence a high level of disturbance? New Phytologist, 202(3), 734–735. 
https://​doi.​org/​10.​1111/​nph.​12732​

McDowell, N. G., Allen, C. D., Anderson-Teixeira, K., Aukema, B. H., 
Bond-Lamberty, B., Chini, L., Clark, J. S., Dietze, M., Grossiord, C., 
Hanbury-Brown, A., Hurtt, G. C., Jackson, R. B., Johnson, D. J., 
Kueppers, L., Lichstein, J. W., Ogle, K., Poulter, B., Pugh, T. A. M., 
Seidl, R., … Xu, C. (2020). Pervasive shifts in forest dynamics in a 
changing world. Science, 368(6494), eaaz9463. https://​doi.​org/​10.​
1126/​scien​ce.​aaz9463

McNab, W. H., Cleland, D. T., Freeouf, J. A., Keys, J. E., Jr., Nowacki, 
G. J., & Carpenter, C. A. (2007). Description of ecological sub-
regions: Sections of the conterminous United States. General 
Technical Report WO-76B, 76B, 1–82. https://​doi.​org/​10.​2737/​
WO-​GTR-​76B

Mladenoff, D. J. (1990). The relationship of the soil seed bank and under-
story vegetation in old-growth northern hardwood–hemlock treef-
all gaps. Canadian Journal of Botany, 68(12), 2714–2721. https://​doi.​
org/​10.​1139/​b90-​344

Morgan, P., & Neuenschwander, L. F. (1988). Seed-bank contributions 
to regeneration of shrub species after clear-cutting and burning. 
Canadian Journal of Botany, 66(1), 169–172. https://​doi.​org/​10.​
1139/​b88-​026

Mori, A. S., Lertzman, K. P., & Gustafsson, L. (2017). Biodiversity and 
ecosystem services in forest ecosystems: A research agenda for 
applied forest ecology. Journal of Applied Ecology, 54(1), 12–27. 
https://​doi.​org/​10.​1111/​1365-​2664.​12669​

Muscolo, A., Bagnato, S., Sidari, M., & Mercurio, R. (2014). A review of 
the roles of forest canopy gaps. Journal of Forestry Research, 25(4), 
725–736. https://​doi.​org/​10.​1007/​s1167​6-​014-​0521-​7

Myers, J. A., Vellend, M., Gardescu, S., & Marks, P. L. (2004). Seed disper-
sal by white-tailed deer: Implications for long-distance dispersal, in-
vasion, and migration of plants in eastern North America. Oecologia, 
139(1), 35–44. https://​doi.​org/​10.​1007/​s0044​2-​003-​1474-​2

Nowacki, G. J., & Abrams, M. D. (2008). The demise of fire and 
“Mesophication” of forests in the eastern United States. BioScience, 
58(2), 123–138. https://​doi.​org/​10.​1641/​B580207

Nuttle, T., Royo, A. A., Adams, M. B., & Carson, W. P. (2013). Historic dis-
turbance regimes promote tree diversity only under low browsing 
regimes in eastern deciduous forest. Ecological Monographs, 83(1), 
3–17. https://​doi.​org/​10.​1890/​11-​2263.​1

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., Minchin, P. R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens, 
M. H. H., Szoecs, E., & Wagner, H. (2022). vegan: Community ecology 
package. https://​cran.​r-​proje​ct.​org/​packa​ge=​vegan​

Ooi, M. K. J. (2012). Seed bank persistence and climate change. Seed 
Science Research, 22(S1), S53–S60. https://​doi.​org/​10.​1017/​S0960​
25851​1000407

Pakeman, R. J., & Small, J. L. (2005). The role of the seed bank, seed 
rain and the timing of disturbance in gap regeneration. Journal of 
Vegetation Science, 16(1), 121–130. https://​doi.​org/​10.​1111/j.​1654-​
1103.​2005.​tb023​45.​x

Palacio, R. D., Valderrama-Ardila, C., & Kattan, G. H. (2016). Generalist 
species have a central role in a highly diverse plant–frugivore net-
work. Biotropica, 48(3), 349–355. https://​doi.​org/​10.​1111/​btp.​
12290​

Pascual-Rico, R., Morales-Reyes, Z., Aguilera-Alcalá, N., Olszańska, A., 
Sebastián-González, E., Naidoo, R., Moleón, M., Lozano, J., Botella, 
F., von Wehrden, H., Martín-López, B., & Sánchez-Zapata, J. A. 
(2021). Usually hated, sometimes loved: A review of wild ungulates' 

contributions to people. Science of the Total Environment, 801, 
149652. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​149652

Pausas, J. G., & Lamont, B. B. (2022). Fire-released seed dormancy - a 
global synthesis. Biological Reviews, 97(4), 1612–1639. https://​doi.​
org/​10.​1111/​brv.​12855​

Pausas, J. G., Lamont, B. B., Keeley, J. E., & Bond, W. J. (2022). Bet-hedging 
and best-bet strategies shape seed dormancy. New Phytologist, 
236(4), 1232–1236. https://​doi.​org/​10.​1111/​nph.​18436​

Pendergast, T. H., Hanlon, S., Long, Z., Royo, A., & Carson, W. (2016). The 
legacy of deer overabundance: Long-term delays in herbaceous 
understory recovery. Canadian Journal of Forest Research, 46(3), 
362–369. https://​doi.​org/​10.​1139/​cjfr-​2015-​0280

Peterson, C. J., & Carson, W. P. (1996). Generalizing forest regeneration 
models: The dependence of propagule availability on disturbance 
history and stand size. Canadian Journal of Forest Research, 26(1), 
45–52. https://​doi.​org/​10.​1139/​x26-​005

Petersson, L. K., Dey, D. C., Felton, A. M., Gardiner, E. S., & Löf, M. 
(2020). Influence of canopy openness, ungulate exclosure, and low-
intensity fire for improved oak regeneration in temperate Europe. 
Ecology and Evolution, 10(5), 2626–2637. https://​doi.​org/​10.​1002/​
ece3.​6092

Pile Knapp, L. S., Dey, D. C., Stambaugh, M. C., Thompson, F. R., III, 
& Varner, J. M. (2024). Managing forward while looking back: 
Reopening closed forests to open woodlands and savannas. Fire 
Ecology, 20(1), 72. https://​doi.​org/​10.​1186/​s4240​8-​024-​00312​-​9

Plue, J., de Frenne, P., Acharya, K., Brunet, J., Chabrerie, O., Decocq, G., 
Diekmann, M., Graae, B. J., Heinken, T., Hermy, M., Kolb, A., Lemke, 
I., Liira, J., Naaf, T., Verheyen, K., Wulf, M., & Cousins, S. A. O. 
(2017). Where does the community start, and where does it end? 
Including the seed bank to reassess forest herb layer responses 
to the environment. Journal of Vegetation Science, 28(2), 424–435. 
https://​doi.​org/​10.​1111/​jvs.​12493​

Plue, J., & Hermy, M. (2012). Consistent seed bank spatial structure 
across semi-natural habitats determines plot sampling. Journal of 
Vegetation Science, 23(3), 505–516. https://​doi.​org/​10.​1111/j.​1654-​
1103.​2011.​01361.​x

Plue, J., van Gils, B., Peppler-Lisbach, C., de Schrijver, A., Verheyen, K., 
& Hermy, M. (2010). Seed-bank convergence under different tree 
species during forest development. Perspectives in Plant Ecology, 
Evolution and Systematics, 12(3), 211–218. https://​doi.​org/​10.​
1016/j.​ppees.​2010.​03.​001

Plue, J., van, H., Auestad, I., Basto, S., Bekker, R., Bruun, H., Chevalier, 
R., Decocq, G., Grandin, U., Hermy, M., Jacquemyn, H., Jakobsson, 
A., Jankowska-Błaszczuk, M., Kalamees, R., Koch, M., Marrs, R., 
Marteinsdóttir, B., Milberg, P., Måren, I., … Auffret, A. (2021). 
Buffering effects of soil seed banks on plant community com-
position in response to land use and climate. Global Ecology and 
Biogeography, 30(1), 128–139. https://​doi.​org/​10.​1111/​geb.​13201​

Poulos, H. (2015). Fire in the northeast: Learning from the past, planning 
for the future. Journal of Sustainable Forestry, 34, 6–29.

Probert, R. J., Daws, M. I., & Hay, F. R. (2009). Ecological correlates of ex 
situ seed longevity: A comparative study on 195 species. Annals of 
Botany, 104, 57–69. https://​doi.​org/​10.​1093/​aob/​mcp082

Raymond, P., Bédard, S., Roy, V., Larouche, C., & Tremblay, S. (2009). The 
irregular Shelterwood system: Review, classification, and potential 
application to forests affected by partial disturbances. Journal of 
Forestry, 107, 405–413.

Reed, S. P., Bronson, D. R., Forrester, J. A., Prudent, L. M., Yang, A. M., 
Yantes, A. M., Reich, P. B., & Frelich, L. E. (2023). Linked distur-
bance in the temperate forest: Earthworms, deer, and canopy gaps. 
Ecology, 104(6), e4040. https://​doi.​org/​10.​1002/​ecy.​4040

Reed, S. P., Royo, A. A., Fotis, A. T., Knight, K. S., Flower, C. E., & Curtis, P. 
S. (2022). The long-term impacts of deer herbivory in determining 
temperate forest stand and canopy structural complexity. Journal 
of Applied Ecology, 59(3), 812–821. https://​doi.​org/​10.​1111/​1365-​
2664.​14095​

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14459, W

iley O
nline L

ibrary on [17/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.foreco.2008.12.019
https://doi.org/10.1016/j.foreco.2008.12.019
https://doi.org/10.1093/biosci/biab011
https://doi.org/10.1111/nph.12732
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.2737/WO-GTR-76B
https://doi.org/10.2737/WO-GTR-76B
https://doi.org/10.1139/b90-344
https://doi.org/10.1139/b90-344
https://doi.org/10.1139/b88-026
https://doi.org/10.1139/b88-026
https://doi.org/10.1111/1365-2664.12669
https://doi.org/10.1007/s11676-014-0521-7
https://doi.org/10.1007/s00442-003-1474-2
https://doi.org/10.1641/B580207
https://doi.org/10.1890/11-2263.1
https://cran.r-project.org/package=vegan
https://doi.org/10.1017/S0960258511000407
https://doi.org/10.1017/S0960258511000407
https://doi.org/10.1111/j.1654-1103.2005.tb02345.x
https://doi.org/10.1111/j.1654-1103.2005.tb02345.x
https://doi.org/10.1111/btp.12290
https://doi.org/10.1111/btp.12290
https://doi.org/10.1016/j.scitotenv.2021.149652
https://doi.org/10.1111/brv.12855
https://doi.org/10.1111/brv.12855
https://doi.org/10.1111/nph.18436
https://doi.org/10.1139/cjfr-2015-0280
https://doi.org/10.1139/x26-005
https://doi.org/10.1002/ece3.6092
https://doi.org/10.1002/ece3.6092
https://doi.org/10.1186/s42408-024-00312-9
https://doi.org/10.1111/jvs.12493
https://doi.org/10.1111/j.1654-1103.2011.01361.x
https://doi.org/10.1111/j.1654-1103.2011.01361.x
https://doi.org/10.1016/j.ppees.2010.03.001
https://doi.org/10.1016/j.ppees.2010.03.001
https://doi.org/10.1111/geb.13201
https://doi.org/10.1093/aob/mcp082
https://doi.org/10.1002/ecy.4040
https://doi.org/10.1111/1365-2664.14095
https://doi.org/10.1111/1365-2664.14095


    |  17REED et al.

Reed, S. P., Royo, A. A., Carson, W. P., Olmsted, C. F., Frelich, L. E., & Reich, 
P. B. (2024). Data from: Multiple disturbances, multiple legacies: Fire, 
canopy gaps and deer jointly change the forest seed bank. Dryad 
Digital Repository, https://​doi.​org/​10.​5061/​dryad.​0gb5m​km8v

Reich, P. B., Abrams, M., Ellsworth, D., Kruger, E., & Tabone, T. (1990). 
Fire affects ecophysiology and community dynamics of central 
Wisconsin oak forest regeneration. Ecology, 71(6), 2179–2190. 
https://​doi.​org/​10.​2307/​1938631

Richmond, C. E., Breitburg, D. L., & Rose, K. A. (2005). The role of en-
vironmental generalist species in ecosystem function. Ecological 
Modelling, 188(2), 279–295. https://​doi.​org/​10.​1016/j.​ecolm​odel.​
2005.​03.​002

Ristau, T. E., & Royo, A. A. (2020). Influence of stand age, soil attributes, 
and cover type on Rubus (Rosaceae) seed bank abundance. The 
Journal of the Torrey Botanical Society, 147(3), 222–231. https://​doi.​
org/​10.​3159/​TORRE​Y-​D-​17-​00015.​1

Rooney, T., & Waller, D. (2003). Direct and indirect effects of white-
tailed deer in forest ecosystems. Forest Ecology and Management, 
181, 165–176. https://​doi.​org/​10.​1016/​S0378​-​1127(03)​00130​-​0

Royo, A. A., Collins, R., Adams, M. B., Kirschbaum, C., & Carson, W. P. 
(2010). Pervasive interactions between ungulate browsers and dis-
turbance regimes promote temperate forest herbaceous diversity. 
Ecology, 91(1), 93–105. https://​doi.​org/​10.​1890/​08-​1680.​1

Ryan, K. C., Knapp, E. E., & Varner, J. M. (2013). Prescribed fire in North 
American forests and woodlands: History, current practice, and 
challenges. Frontiers in Ecology and the Environment, 11(s1), e15–
e24. https://​doi.​org/​10.​1890/​120329

Saatkamp, A., Cochrane, A., Commander, L., Guja, L. K., Jimenez-Alfaro, 
B., Larson, J., Nicotra, A., Poschlod, P., Silveira, F. A. O., Cross, A. 
T., Dalziell, E. L., Dickie, J., Erickson, T. E., Fidelis, A., Fuchs, A., 
Golos, P. J., Hope, M., Lewandrowski, W., Merritt, D. J., … Walck, J. 
L. (2019). A research agenda for seed-trait functional ecology. New 
Phytologist, 221(4), 1764–1775. https://​doi.​org/​10.​1111/​nph.​15502​

Sasaki, T., Furukawa, T., Iwasaki, Y., Seto, M., & Mori, A. S. (2015). 
Perspectives for ecosystem management based on ecosystem re-
silience and ecological thresholds against multiple and stochastic 
disturbances. Ecological Indicators, 57, 395–408. https://​doi.​org/​10.​
1016/j.​ecoli​nd.​2015.​05.​019

Schuler, T. M. (2010). Seed bank response to prescribed fire in the central 
Appalachians. U.S. Department of Agriculture, Forest Service, 
Northern Research Station.

Seidl, R., Rammer, W., & Spies, T. A. (2014). Disturbance legacies in-
crease the resilience of forest ecosystem structure, composition, 
and functioning. Ecological Applications, 24(8), 2063–2077. https://​
doi.​org/​10.​1890/​14-​0255.​1

Seidl, R., & Turner, M. G. (2022). Post-disturbance reorganization of 
forest ecosystems in a changing world. Proceedings of the National 
Academy of Sciences of the United States of America, 119(28), 
e2202190119. https://​doi.​org/​10.​1073/​pnas.​22021​90119​

Shi, Y.-F., Shi, S.-H., Jiang, Y.-S., & Liu, J. (2022). A global synthesis of 
fire effects on soil seed banks. Global Ecology and Conservation, 36, 
e02132. https://​doi.​org/​10.​1016/j.​gecco.​2022.​e02132

Shinoda, Y., & Akasaka, M. (2020). Interaction exposure effects of multi-
ple disturbances: Plant population resilience to ungulate grazing is 
reduced by creation of canopy gaps. Scientific Reports, 10(1), 1802. 
https://​doi.​org/​10.​1038/​s4159​8-​020-​58672​-​6

Sousa, W. P. (1984). The role of disturbance in natural communities. 
Annual Review of Ecology and Systematics, 15, 353–391.

Spicer, M. E., Mellor, H., & Carson, W. P. (2020). Seeing beyond the trees: 
A comparison of tropical and temperate plant growth forms and 
their vertical distribution. Ecology, 101(4), e02974. https://​doi.​org/​
10.​1002/​ecy.​2974

Stanturf, J. A., Palik, B. J., & Dumroese, R. K. (2014). Contemporary 
forest restoration: A review emphasizing function. Forest Ecology 
and Management, 331, 292–323. https://​doi.​org/​10.​1016/j.​foreco.​
2014.​07.​029

Stevens, N., Lehmann, C. E. R., Murphy, B. P., & Durigan, G. (2017). 
Savanna woody encroachment is widespread across three conti-
nents. Global Change Biology, 23(1), 235–244. https://​doi.​org/​10.​
1111/​gcb.​13409​

Takatsuki, S. (2009). Effects of sika deer on vegetation in Japan: A re-
view. Biological Conservation, 142(9), 1922–1929. https://​doi.​org/​
10.​1016/j.​biocon.​2009.​02.​011

Tamura, A. (2019). Potential of soil seed banks for vegetation recovery 
following deer exclusions under different periods of chronic her-
bivory in a beech forest in eastern Japan. Ecological Research, 34(1), 
160–170. https://​doi.​org/​10.​1111/​1440-​1703.​1060

Thom, D., & Seidl, R. (2016). Natural disturbance impacts on ecosystem 
services and biodiversity in temperate and boreal forests. Biological 
Reviews, 91(3), 760–781. https://​doi.​org/​10.​1111/​brv.​12193​

Thomas-Van Gundy, M., Rentch, J., Adams, M., & Carson, W. (2014). 
Reversing legacy effects in the understory of an oak-dominated 
forest. Canadian Journal of Forest Research, 44(4), 350–364. https://​
doi.​org/​10.​1139/​cjfr-​2013-​0375

Thompson, K. (1987). Seeds and seed banks. New Phytologist, 106(s1), 
23–34. https://​doi.​org/​10.​1111/j.​1469-​8137.​1987.​tb046​80.​x

Tinner, W., Conedera, M., Ammann, B., & Lotter, A. F. (2005). Fire ecol-
ogy north and south of the Alps since the last ice age. The Holocene, 
15(8), 1214–1226. https://​doi.​org/​10.​1191/​09596​83605​hl892rp

Turner, M. G., & Seidl, R. (2023). Novel disturbance regimes and ecological 
responses. Annual Review of Ecology, Evolution, and Systematics, 54(1), 
63–83. https://​doi.​org/​10.​1146/​annur​ev-​ecols​ys-​11042​1-​101120

Valente, A. M., Acevedo, P., Figueiredo, A. M., Fonseca, C., & Torres, 
R. T. (2020). Overabundant wild ungulate populations in Europe: 
Management with consideration of socio-ecological consequences. 
Mammal Review, 50(4), 353–366. https://​doi.​org/​10.​1111/​mam.​12202​

Van Auken, O. W. (2009). Causes and consequences of woody plant en-
croachment into western North American grasslands. Journal of 
Environmental Management, 90(10), 2931–2942. https://​doi.​org/​10.​
1016/j.​jenvm​an.​2009.​04.​023

Vander Yacht, A. L., Keyser, P. D., Barrioz, S. A., Kwit, C., Stambaugh, 
M. C., Clatterbuck, W. K., & Jacobs, R. (2020). Litter to glitter: 
Promoting herbaceous groundcover and diversity in mid-southern 
USA oak forests using canopy disturbance and fire. Fire Ecology, 
16(1), 17. https://​doi.​org/​10.​1186/​s4240​8-​020-​00072​-​2

VanderMolen, M. S., Knapp, S. P., Webster, C. R., Kern, C. C., & Dickinson, 
Y. L. (2021). Spatial patterning of regeneration failure in experimental 
canopy gaps 15–24 years post-harvest. Forest Ecology and Management, 
499, 119577. https://​doi.​org/​10.​1016/j.​foreco.​2021.​119577

Walters, M. B., Farinosi, E. J., & Willis, J. L. (2020). Deer browsing and 
shrub competition set sapling recruitment height and interact with 
light to shape recruitment niches for temperate forest tree species. 
Forest Ecology and Management, 467, 118134. https://​doi.​org/​10.​
1016/j.​foreco.​2020.​118134

Webster, C. R., Dickinson, Y. L., Burton, J. I., Frelich, L. E., Jenkins, M. A., 
Kern, C. C., Raymond, P., Saunders, M. R., Walters, M. B., & Willis, 
J. L. (2018). Promoting and maintaining diversity in contemporary 
hardwood forests: Confronting contemporary drivers of change 
and the loss of ecological memory. Forest Ecology and Management, 
421, 98–108. https://​doi.​org/​10.​1016/j.​foreco.​2018.​01.​010

Widen, M. J., Petras O'Neil, M. A., Dickinson, Y. L., & Webster, C. R. 
(2018). Rubus persistence within silvicultural openings and its im-
pact on regeneration: The influence of opening size and advance re-
generation. Forest Ecology and Management, 427, 162–168. https://​
doi.​org/​10.​1016/j.​foreco.​2018.​05.​049

Yacucci, A. C., Carson, W. P., Martineau, J. C., Burns, C. D., Riley, B. P., 
Royo, A. A., Diggins, T. P., & Renne, I. J. (2024). Native tree species 
prosper while exotics falter during gap-phase regeneration, but 
only where deer densities are near historical levels. New Forests, 
55(5), 1083–1100. https://​doi.​org/​10.​1007/​s1105​6-​023-​10022​-​w

Yang, X., Baskin, C. C., Baskin, J. M., Pakeman, R. J., Huang, Z., Gao, R., 
& Cornelissen, J. H. C. (2021). Global patterns of potential future 

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14459, W

iley O
nline L

ibrary on [17/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.0gb5mkm8v
https://doi.org/10.2307/1938631
https://doi.org/10.1016/j.ecolmodel.2005.03.002
https://doi.org/10.1016/j.ecolmodel.2005.03.002
https://doi.org/10.3159/TORREY-D-17-00015.1
https://doi.org/10.3159/TORREY-D-17-00015.1
https://doi.org/10.1016/S0378-1127(03)00130-0
https://doi.org/10.1890/08-1680.1
https://doi.org/10.1890/120329
https://doi.org/10.1111/nph.15502
https://doi.org/10.1016/j.ecolind.2015.05.019
https://doi.org/10.1016/j.ecolind.2015.05.019
https://doi.org/10.1890/14-0255.1
https://doi.org/10.1890/14-0255.1
https://doi.org/10.1073/pnas.2202190119
https://doi.org/10.1016/j.gecco.2022.e02132
https://doi.org/10.1038/s41598-020-58672-6
https://doi.org/10.1002/ecy.2974
https://doi.org/10.1002/ecy.2974
https://doi.org/10.1016/j.foreco.2014.07.029
https://doi.org/10.1016/j.foreco.2014.07.029
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1016/j.biocon.2009.02.011
https://doi.org/10.1016/j.biocon.2009.02.011
https://doi.org/10.1111/1440-1703.1060
https://doi.org/10.1111/brv.12193
https://doi.org/10.1139/cjfr-2013-0375
https://doi.org/10.1139/cjfr-2013-0375
https://doi.org/10.1111/j.1469-8137.1987.tb04680.x
https://doi.org/10.1191/0959683605hl892rp
https://doi.org/10.1146/annurev-ecolsys-110421-101120
https://doi.org/10.1111/mam.12202
https://doi.org/10.1016/j.jenvman.2009.04.023
https://doi.org/10.1016/j.jenvman.2009.04.023
https://doi.org/10.1186/s42408-020-00072-2
https://doi.org/10.1016/j.foreco.2021.119577
https://doi.org/10.1016/j.foreco.2020.118134
https://doi.org/10.1016/j.foreco.2020.118134
https://doi.org/10.1016/j.foreco.2018.01.010
https://doi.org/10.1016/j.foreco.2018.05.049
https://doi.org/10.1016/j.foreco.2018.05.049
https://doi.org/10.1007/s11056-023-10022-w


18  |    REED et al.

plant diversity hidden in soil seed banks. Nature Communications, 
12(1), 7023. https://​doi.​org/​10.​1038/​s4146​7-​021-​27379​-​1

Yantes, A. M., Reed, S. P., Yang, A. M., & Montgomery, R. A. (2023). Oak 
savanna vegetation response to layered restoration approaches: 
Thinning, burning, and grazing. Forest Ecology and Management, 
537, 120931. https://​doi.​org/​10.​1016/j.​foreco.​2023.​120931

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
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and native status to West Virginia.
Table S2: Seed bank Hill richness and diversity in response to each 
treatment combination.

Table  S3: Seed bank community differences by treatment tested 
using pairwise PERMANOVA.
Table S4: Seed and extant herb pairwise comparison within burned 
plots with a canopy gap and deer presence.
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