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Abstract
Disturbance legacies structure communities and ecological memory, but due to in-
creasing changes in disturbance regimes, it is becoming more difficult to characterize 
disturbance legacies or determine how long they persist. We sought to quantify the 
characteristics and persistence of material legacies (e.g., biotic residuals of distur-
bance) that arise from variation in fire severity in an eastern ponderosa pine forest in 
North America. We compared forest stand structure and understory woody plant 
and bird community composition and species richness across unburned, low‐, moder-
ate‐, and high‐severity burn patches in a 27‐year‐old mixed‐severity wildfire that had 
received minimal post‐fire management. We identified distinct tree densities (high: 
14.3 ± 7.4 trees per ha, moderate: 22.3 ± 12.6, low: 135.3 ± 57.1, unburned: 
907.9 ± 246.2) and coarse woody debris cover (high: 8.5 ± 1.6% cover per 30 m tran-
sect, moderate: 4.3 ± 0.7, low: 2.3 ± 0.6, unburned: 1.0 ± 0.4) among burn severities. 
Understory woody plant communities differed between high‐severity patches, mod-
erate‐ and low‐severity patches, and unburned patches (all p < 0.05). Bird communi-
ties differed between high‐  and moderate‐severity patches, low‐severity patches, 
and unburned patches (all p < 0.05). Bird species richness varied across burn severi-
ties: low‐severity patches had the highest (5.29 ± 1.44) and high‐severity patches 
had the lowest (2.87 ± 0.72). Understory woody plant richness was highest in un-
burned (5.93 ± 1.10) and high‐severity (5.07 ± 1.17) patches, and it was lower in mod-
erate‐  (3.43 ± 1.17) and low‐severity (3.43 ± 1.06) patches. We show material fire 
legacies persisted decades after the mixed‐severity wildfire in eastern ponderosa 
forest, fostering distinct structures, communities, and species in burned versus un-
burned patches and across fire severities. At a patch scale, eastern and western pon-
derosa system responses to mixed‐severity fires were consistent.
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1  | INTRODUC TION

Globally, changes are propagating in the timing, frequency, intensity, 
and attendant legacies of disturbances that lead to unique assort-
ments of plant and animal species in many ecosystems (Turner, 2010; 
Vitousek, Mooney, Lubchenco, & Melillo, 1997). Disturbance lega-
cies are defined as “biologically derived legacies that persist in an 
ecosystem or landscape following disturbance” (Cuddington, 2011; 
Johnstone et al., 2016). There are two types of disturbance legacies: 
information legacies, which are adaptations to a disturbance regime 
represented by the distribution of species traits in a community, and 
material legacies, which are the “biotic and abiotic residuals” (e.g., 
post‐disturbance structures and community compositions) that re-
main in an ecosystem following a disturbance event (Johnstone et 
al., 2016). Material legacies influence the trajectory of post‐distur-
bance systems because they provide individuals that subsequently 
make up the community and the physical materials that influence the 
establishment of individuals in an area (Franklin & MacMahon, 2000; 
Johnstone, Hollingsworth, Chapin, & Mack, 2010; Peterson, 2002). 
Material legacies thereby provide ecological memory of the pre‐dis-
turbance system to recovering systems, making them instrumental 
in keeping systems within “safe operating spaces” (Johnstone et al., 
2016; Peterson, 2002). Because material legacies are determined 
by the particular characteristics of a disturbance, alteration of dis-
turbance regimes often involves alteration of material legacies (e.g., 
Collins, Stephens, Moghaddas, & Battles, 2010; Tinker & Knight, 
2000). Over time, altering material legacies can lead to an erosion of 
ecological memory as material legacies are lost or altered (Johnstone 
et al., 2016). However, in many cases, it is unclear how long material 
legacies persist and remain important influences of biotic structures 
and communities post‐disturbance.

Fire is one of the most altered disturbance regimes on the planet 
(Bowman et al., 2009; Keane et al., 2002; Twidwell et al., 2016). 
Human actions that reduce fire severity, frequency, and distribu-
tion can unintentionally eliminate material legacies that keep sys-
tems within “safe operating spaces” (Carpenter, Brocks, Folke, Nees, 
& Scheffer, 2015; Dale et al., 2001). For instance, current forest 
management policies often attempt to constrain fire regimes to low 
severity, suppress fire altogether, or mitigate effects of severe and 

mixed‐severity fires via thinning treatments or post‐fire salvage 
logging (Covington et al., 1997; Reynolds et al., 2013). Efforts are 
growing to disentangle past fire legacies from contemporary trajec-
tories in order to determine their role in shaping historical ecosystem 
structure and composition and maintaining safe operating spaces 
(Metlen, Skinner, Olson, Nichols, & Borgias, 2018; Odion et al., 2014; 
Swetnam et al., 2016). But as fire regime alteration becomes more 
prevalent in forested systems, opportunities to study material leg-
acies of fire over longer time scales have become increasingly rare 
(Hutto et al., 2016), limiting our understanding of how long material 
legacies persist following disturbance (Odion & Hanson, 2013).

Ponderosa pine (Pinus ponderosa) forests of North America are 
fire‐dependent systems thought to require only frequent, low‐in-
tensity fire to retain safe operating space and biodiversity (Brown, 
Agee, & Franklin, 2004; Scholl & Taylor, 2010). Recent studies have 
questioned these assumptions: they suggest that historically, pon-
derosa systems also experienced mixed‐severity fires, defined by 
variability in intensities (including some areas of high intensity), 
every several decades or centuries (Odion et al., 2014; Williams & 
Baker, 2012). These mixed‐severity fires are thought to have led to 
diversity in forest succession and stand structure across the burned 
area (Williams & Baker, 2012; Figure 1). Further studies have de-
bated the importance of mixed‐severity fire in maintaining ponder-
osa systems (Fulé et al., 2014; Levine et al., 2017), particularly its 
historic frequency (Merschel, Heyerdahl, Spies, & Loehman, 2018) 
and geographic ubiquity (Stevens et al., 2016). Because ponderosa 
systems vary across their geographic range, it is unclear that either 
view of the role of mixed‐severity fire regimes holds across the en-
tire North American continent (Fulé et al., 2014; Odion et al., 2014). 
For instance, the relatively contiguous (at a landscape scale) western 
ponderosa forests embedded in mixed‐conifer systems may respond 
differently to mixed‐severity fire than eastern ponderosa pine sys-
tems (i.e., within the Great Plains of North America) that are typified 
by an ecotonal, patchy spatial distribution of ponderosa monocul-
tures within grassland matrices at landscape scales (Brown & Sieg, 
1999).

Despite the debate on its historic prevalence, examples exist 
of mixed‐severity fire and resultant legacies promoting diversity 
in ponderosa pine systems (DellaSala et al., 2017; Figure 1). For 

F I G U R E  1   Images of a typical study site sampled in the summer of 2016 for unburned forest and low‐, moderate‐, and high‐severity 
burned forests from the 1989 Fort Robinson wildfire
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example, the diversity of biotic structures (e.g., varying snag, live 
tree, and coarse woody debris) resulting from mixed‐severity fire 
in ponderosa pine systems fosters diversity in biotic communities 
(Huffman, Meador, Stoddard, Crouse, & Roccaforte, 2017; Malone 
et al., 2018). Numerous species require the open habitats created by 
high‐severity fire (e.g., Hutto, 2008; Fornwalt & Kaufmann, 2014), 
others prefer low tree densities that low‐severity fire fosters (Abella 
& Fornwalt, 2015; Kotliar, Kennedy, & Ferree, 2007), and still other 
species require high tree densities retained in areas that escape fire 
(Fontaine & Kennedy, 2012). Additionally, there is evidence that 
mixed‐severity fire legacies can provide ponderosa systems with ad-
aptations to future environmental changes such as climate change 
and the resultant disturbance regimes (e.g., more frequent droughts 
and fires; Baker, 2018).

Determining how mixed‐severity fire material legacies affect and 
maintain diversity in ponderosa pine systems will require studying 
systems in which disturbance legacies remain unaltered, an increas-
ingly difficult task due to pervasive human alterations of legacies 
(Donato et al., 2006; Hutto & Patterson, 2016). Additionally, quan-
tifying the role of mixed‐severity fires in structuring ponderosa 
systems where their prevalence is unknown but are nevertheless 
considered “catastrophic threats”, such as in eastern ponderosa 
pine systems (Schneider, Humpert, Stoner, & Steinauer, 2005), pro-
vides data‐driven assessment of the impacts of mixed‐severity fire 
on shaping ecosystems. Here, we aim to quantify the characteris-
tics and persistence of material legacies that arise from variation 
in fire severity in an eastern ponderosa pine forest. We quantified 
biotic residuals of disturbance (one aspect of material legacies) by 

measuring forest stand structure (tree density and coarse woody 
debris) and biotic communities (understory woody plant and bird 
communities) within a 27‐year‐old mixed‐severity wildfire perimeter 
that experienced minimal pre‐ or post‐fire management treatment. 
This provides a rare example of relatively unaltered material legacies 
three decades after disturbance.

2  | MATERIAL S AND METHODS

2.1 | Study site

We conducted this study in the Pine Ridge region of Nebraska, 
USA, in 2016. The Pine Ridge Escarpment is a semiarid region in the 
northwestern corner of Nebraska marking the northern border of 
the Northern High Plains and the southern border of the unglaciated 
Missouri Plateau (Urbatsch & Eddy, 1973). The escarpment sits hun-
dreds of meters above the surrounding plains and is characterized by 
rocky ridges, vertical slopes, and deep canyons with a mean eleva-
tion of approximately 1,219 m. The escarpment is an ecotonal region 
characterized by ponderosa pine interspersed with mixed grass prai-
rie (Schneider et al., 2005). Being ecotonal, the Pine Ridge hosts both 
forest (e.g., Mahonia repens, Prunus virginiana) and grassland species 
(e.g., Artemesia tridentata, Ericameria sp.; Johnsgard, 2005). Likewise, 
both eastern (e.g., Eastern Kingbird, Eastern Bluebird) and western 
(e.g., Western Kingbird, Mountain Bluebird) North American species 
inhabit the escarpment (Johnsgard, 2005).

Although the Pine Ridge is largely thought to have experienced 
a low‐severity wildfire regime (Brown & Sieg, 1999; Savage & Mast, 

F I G U R E  2   (a) The northeastern distribution of ponderosa pine in the United States provided by the US Forest Service indicated in 
green. (b) The Pine Ridge region of Nebraska, with the 1989 Fort Robinson wildfire in red and ponderosa pine distribution in green. (c) 
The distribution of sampling sites of different fire severity classes, indicated by colored points, within the Fort Robinson (42.6693°N, 
103.4689°W)wildfire perimeter (black), ponderosa distribution in green and public land boundaries for Fort Robinson State Park and 
Peterson Wildlife Management Area (gray).

(a)

(b)

(c)
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2005), the region has experienced multiple large mixed‐severity fires 
over at least the last three decades (MTBS, 2016). In 1989, the Fort 
Robinson mixed‐severity wildfire burned 18,975 ha across the Pine 
Ridge escarpment, much of which occurred within Fort Robinson 
State Park and the Peterson Wildlife Management Area (42.6693°N, 
103.4689°W; Figure 2). We define mixed‐severity fire following 
Agee's (1990, 1993) definition, where 20% to 70% of the fire that 
occurred in forested areas was stand replacing. Approximately 
1,330 ha were classified as high‐severity, 3,604 ha as moderate‐se-
verity, and 5,971 ha as low‐severity within the fire perimeter. Areas 
that were designated as moderate and high severity were limited 
to forested regions, while low‐severity areas burned through both 
forest and grasslands. Prior to the 1989 fire, land management sup-
pressed all fire. However, for the past 27‐year post‐fire, the burned 
area has received no post‐fire treatments or manipulations such as 
salvage logging or tree thinning. Limited cattle (Bos taurus) and horse 
(Equus caballus) grazing has occurred across the study area pre‐ and 
post‐fire.

2.2 | Site selection

In summer 2016, we collected data at Fort Robinson State Park 
and the Peterson Wildlife Management Area, two public lands 
within the Pine Ridge Escarpment that burned in the Fort Robinson 
wildfire of 1989. We selected 3,598 ha with adequate road ac-
cess within these public lands that captured a full range of burn 
severities and unburned forest (Figure 2). Unburned and burned 
forest sites occurred on the same butte system, separated by a 
~4 km pasture area. Burn severity classes followed the Monitoring 
Trends in Burn Severity project (MTBS, 2016) severity designa-
tions (unburned forest, low‐severity burned forest, moderate‐se-
verity burned forest, high‐severity burned forest; Eidenshink et 
al., 2007).

We used a stratified‐random design to distribute 14 sampling 
sites in each of the four burn severity classes for a total of 56 
sites. We mapped burn severity classes to the study area with 
MTBS geospatial raster data for the 1989 Fort Robinson fire. For 
each burn severity class, we randomly generated 14 points and se-
lected the closest patch of that class to each randomly generated 
point. We then placed sites in a central location within the patch. 
Because both grassland and forest are categorized under the same 
burn severity classes in MTBS data, we used historic USGS satel-
lite imagery from Google Earth to confirm that forest, rather than 
grassland, was present at the time of the wildfire for each burn 
class. We separated all sites by a minimum of 100 m (Buckland et 
al., 2001).

To identify legacy effects 27 years after a mixed‐severity 
fire, we collected forest stand structure, understory woody 
plant community, and bird community data at each sampling 
site. For stand structure, we surveyed tree density and total 
coarse woody debris cover. For community data, we estimated 
understory woody plant and bird community compositions and 
richness.

2.3 | Tree density and coarse woody debris

We used the point‐center quarter method to estimate tree den-
sity, placing a single point at each sample site (Cottam & Curtis, 
1956). At each site, we estimated live tree and snag densities. We 
defined live trees as woody plants standing ≥1.4 m (diameter at 
breast height). Similarly, we defined snags as free‐standing dead 
trees ≥1.4 m in height. Because of tree scarcity across many of 
our sites, we only measured trees up to 100 m from the point 
center. If no trees were within this distance, we entered a value 
of 101 m.

To sample coarse woody debris (woody debris with a diameter 
greater than or equal to 10 cm; CWD), we established a 30‐m transect 
in a randomly selected north–south or east–west direction at each site. 
We measured the length of the transect line that was covered with 
CWD and then divided this value by the total transect length (30 m), 
multiplied by 100, to determine the percent CWD cover at each site.

2.4 | Understory woody plant community 
composition

To estimate understory woody plant community composition, we 
collected species presence–absence data at each sampling site. We 
defined understory woody plants as woody plants <1.4 m in height 
(i.e., less than diameter at breast height level). We distributed five 
circular sampling plots with 5‐m radii around each sampling site. We 
placed one at the center of the sampling site, and the four others 
15 m from center of the sampling site in each of the cardinal direc-
tions. In each plot, we recorded all understory woody plant species 
rooted within the plot. If a species was present in any of the five 
plots, we counted it as present for the sampling site.

2.5 | Bird community composition

From May 25 to June 6, we estimated bird community composition from 
species presence–absence data. At each sampling site, we recorded 
bird species presence with visual and acoustic point‐count surveys. We 
conducted surveys within a 5.5 hr sampling window starting 30 min 
prior to sunrise and ending five hours after sunrise. We did not survey 
if winds exceeded 20 km/hr or during precipitation events (Flanders et 
al, 2006; Huff, Bettinger, Ferguson, Brown, & Altman, 2000). For each 
point‐count survey, we recorded all bird species we saw or heard during 
a five‐minute period within 50 m of the point to ensure recorded spe-
cies were using the burn severity at which the point was situated and 
to maximize detection probability (Buckland et al, 2001). We revisited 
each point once within 5 days to increase the probability of captur-
ing all present species (Sliwinski, Powell, Koper, Giovanni, & Schacht, 
2015). For analyses, we pooled the species recorded from both visits.

2.6 | Analyses

We used general linear models to test for legacy effects of burn 
severity on tree density and CWD cover. To differentiate legacy 
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effects on patterns in live trees and snags, we developed separate 
models for live tree and snag density data. Where necessary, data 
were log‐transformed to meet model assumptions. We conducted 
multiple comparisons of slopes among burn severities with false dis-
covery rate p‐value adjustments (Hothorn, Bretz, & Westfall, 2008; 
“glht” function; R package multcomp).

To examine differences in understory woody plant and bird com-
munity composition across burn severities, (a) we estimated mean 
species richness by severity class and compared 95% confidence 
limits across severities and (b) we compared multivariate community 
composition by severity class. To compare multivariate community 
composition, we first assessed community compositions visually via 
ordination. Because our data were presence–absence and fit uni-
modal assumptions (i.e., we sampled across the full range of burn 
severities), we use canonical correspondence analysis (CCA), set-
ting burn severity as the constraining variable (Palmer, 1993). We 
estimated the mean center and 95% confidence limits for the site 
ordination scores of each burn severity category for the first two 
CCA axes.

Following ordination, we used a permutational multivariate 
analysis of variance (PERMANOVA) to confirm any significant com-
munity composition differences across burn severities (Anderson, 
2005). We determined whether the overall effect of burn severity 
significantly predicted community composition. We then compared 
the community compositions of each burn severity, using false dis-
covery rate p‐value adjustments for multiple comparisons. Because 
PERMANOVA can be sensitive to variability between groups, 
we tested for homogeneity of variances for all comparisons using 
the permutational test of multivariate dispersions (PERMDISP; 
Anderson & Walsh, 2013). All ordination and significance tests were 
conducted with R software using the “vegan” package (Oksanen et 
al., 2007; R Core Team, 2015).

3  | RESULTS

3.1 | Tree density

Burn severity was a significant predictor of live (F3,51 = 26.260, 
p < 0.001) and dead (F3,33 = 18.250, p < 0.001; Supporting 
Information Table S1; Figure 3) tree density 27 years after 
fire (Figure 1). The live tree density generalized linear model 
(y = 1.221 + 2.646 (low) + 0.816 (moderate) + 5.184 (un-
burned)) indicated that low‐severity burn and unburned 
classes were positively related to tree density (p ≤ 0.001; 
Supporting Information Table S1). Only the unburned class 
was positively related to snag density in the dead density 
model (y = 2.029 + 0.684 (low) − 0.363 (moderate) + 4.357 (un-
burned); p < 0.001; Supporting Information Table S1; Figure 1). 
Live tree density differed significantly among all burn severity 
levels, except moderate and high severities (t = 0.816, p = 0.597 
Supporting Information Table S1). Snag density only distin-
guished unburned patches from burned patches (all p < 0.001; 
Supporting Information Table S1).

3.2 | Coarse woody debris

Coarse woody debris varied across the burn severity gradient 
27 years after fire, with fire severity being a significant predictor 
of coarse woody debris cover (F3,56 = 16.74, p < 0.001; Figure 3; 
Supporting Information Table S1). Our coarse woody debris model 
indicated that moderate and high severities had similar coarse 
woody debris cover and low and unburned severities had similar 
coarse woody debris cover. Coarse woody debris was significantly 
higher in moderate‐ and high‐severity burned forest than in low‐se-
verity and unburned forest (y = [8.479 − 6.149 (low) − 4.138 (moder-
ate) − 7.526 (unburned)]4; Supporting Information Table S1).

3.3 | Understory woody plant community 
composition

We observed 18 understory woody plant species across all sampling 
sites (Supporting Information Table S2), with 10 species in high‐se-
verity patches, 12 in moderate‐severity patches, 9 in low‐severity 
patches, and 15 in unburned patches (Supporting Information Table 
S2). Moderate‐severity, low‐severity, and unburned patches had two, 
one and three unique species, respectively (Supporting Information 
Table S2). We observed no species unique to high‐severity patches 
(Supporting Information Table S2). Understory woody plant richness 
was highest in unburned (5.93 ± 1.10) and high‐severity (5.07 ± 1.17) 
patches, and it was lower in moderate (3.43 ± 1.17) and low‐severity 
patches (3.43 ± 1.06; Figure 4).

In the CCA, the constraints explained 11.8% of variance, and 
the three constrained axes explained 59.6%, 22.9%, and 17.5% 
of total constrained variance, respectively. Because the first two 
CCA axes explained approximately 83% of the total constrained 
variance, we only considered these axes in the results. The first 
CCA axis distinguished burned and unburned communities, and 

F I G U R E  3  Forest stand structure across a 27‐year‐old burn 
severity gradient at Ft. Robinson State Park, Nebraska, 2016. The 
top panel shows boxplots of tree density per hectare for each burn 
severity class. The bottom panel shows boxplots of percent cover 
per 30 m transect of coarse woody debris for each burn severity 
class. The burn severity classes represent high‐severity (High), 
moderate‐severity (Moderate), low‐severity (Low), and unburned 
(Unburned)
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the second CCA axis differentiated high‐severity communities 
from moderate and low‐severity communities (Figure 5). The mean 
and 95% confidence limits of the constrained site scores from the 
first and second CCA axes and PERMANOVA results confirmed 
that burn severity was a significant predictor of understory woody 
plant community composition 27 years after wildfires (pseudo 
F3,53 = 4.502, p = 0.001; Figure 5; Supporting Information Table 
S3). Multiple PERMANOVA comparisons corroborated the CCA re-
sults as well: both unburned and high‐severity understory woody 
plant communities were distinct from all others (all F > 9.099, all 
p = 0.002; Supporting Information Table S3). Low‐  and moder-
ate‐severity communities were not different (F = 0.663, p = 0.624; 
Supporting Information Table S3). High‐severity communities 
differed from all others (all F > 5.680, all p < 0.005; Supporting 
Information Table S3). Ordination showed that Pinus ponderosa 
strongly associated with unburned sites; additionally, two Ribes 
species (Ribes oxyacanthoides and Ribes aurem), Prunus americana, 
Prunus virginiana, Ribes odoratum, and some mesophilic plants such 
as Mahonia repens and Acer negundo associated with unburned 
sites (Figure 5). Prunus virginiana and Ribes odoratum were also 
associated with high‐severity sites; Rosa woodsii, Symphoricarpos 
occidentalis, and Ribes americanum were also common in high‐se-
verity sites (Figure 5). Moderate‐  and low‐severity communities 
showed high overlap and shared several species including Ulmus 
americana, Juniperus communis, Ericameria sp., Gutierrezia saro‐
thrae, Rhus trilobata, and Toxicodendron radicans (Figure 5).

3.4 | Bird community composition

We observed 40 bird species throughout the study area (Supporting 
Information Table S4). We observed a total of 14 species in high‐
severity, 19 in moderate‐severity, 24 in low‐severity, and 23 in un-
burned classes (Supporting Information Table S4). We also detected 
unique bird species in each burn severity category that were not 
found in other areas: 1 in high‐severity, 3 in moderate‐severity, 2 in 
low‐severity, and 8 in unburned (Supporting Information Table S4). 
Bird species richness patterns differed from understory woody plant 
richness patterns (Figure 4). Bird species richness varied across burn 
severities: low‐severity patches had the highest (5.29 ± 1.44) and 
high‐severity patches had the lowest (2.87 ± 0.72; Figure 4).

Like understory woody plant community composition, in the 
bird CCA, constraints explained 10.1% of the variance, and the 
three constrained axes explained 59.3%, 24.5%, and 16.3% of the 
total constrained variance. Again, the first and second CCA axis site 
scores differentiated three bird communities (explaining approx-
imately 84% of constrained variance), based on means and 95% 
confidence limits (Figure 5). But in this case, the first CCA axis dif-
ferentiated both burned versus unburned as well as burn severities; 
whereas the second axis only slightly distinguished burn severities 
(Figure 5). Regardless, the initial PERMANOVA also confirmed CCA 
results, demonstrating that burn severity was a significant predic-
tor of bird community composition (pseudo F3,53 = 6.193, p = 0.001; 
Supporting Information Table S3), and the PERMDISP did not find 
heterogeneity in spread (pseudo F3,53 = 0.840, p = 0.479). Multiple 
PERMANOVA comparisons reiterated differences shown in the 
CCA (Supporting Information Table S3). Bird communities did not 
differ between high‐ and moderate‐severities (F = 1.284, p = 0.260), 
but bird communities in low‐severity and unburned patches dif-
fered from all other patch types (Supporting Information Table S3). 
Unburned sites were strongly characterized by several species typi-
cal of closed‐canopy habitats such as Yellow‐rumped Warbler, Black‐
capped Chickadee, Cedar Waxwing, and Plumbeous Vireo, and 
unburned sites were also loosely associated with some cavity‐nest-
ing species such as American Kestrel, Eastern Bluebird, and House 
Wren (Figure 5). Low‐severity sites shared species with unburned 
sites such as House Wren, Spotted Towhee, American Goldfinch, 
and Chipping Sparrow (Figure 5), and low severity also shared some 
species with high‐/moderate‐severity sites, including several open 
habitat‐associated species such as Western Meadowlark, Cassin's 
Kingbird, and Rock Wren, as well as some late decay stage cavity 
nesters such as Red‐headed Woodpeckers and Northern Flickers 
(Figure 5). High‐ and moderate‐severity sites were strongly associ-
ated with open habitat‐associated species such as Lark Sparrow and 
Western Meadowlark (Figure 5).

4  | DISCUSSION

Mixed‐severity fire created multidecadal material legacies in forest 
stand structure and biotic communities in an eastern ponderosa pine 

F I G U R E  4  Mean understory woody 
plant (panel A) and bird (panel B) species 
richness by burn severity in Fort Robinson 
State Park, Nebraska, 2016. Bars indicate 
95% confidence limits. The burn severity 
classes represent high‐severity (High), 
moderate‐severity (Moderate), and low‐
severity (Low), and unburned (Unburned)
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forest. We identified distinct tree densities, coarse woody debris 
cover, understory woody plant communities, and bird communities 
across the current landscape which coincide with a burn severity 
gradient from a fire that occurred 27 years prior to sampling. Stand 
structure, understory woody plant communities, and bird commu-
nities differed between unburned, high‐severity, and low‐severity 
burn patches. Even 27‐year post‐fire, low‐severity burn patches 

hosted many grassland bird species (e.g., Western Meadowlark, 
Cassin's Kingbird) that were absent in unburned forest patches 
while also maintaining relatively high tree densities. High‐sever-
ity burn patches still tended strongly toward grassland conditions, 
with low tree density and understory woody plant and bird species 
typical of grasslands. Moderate‐severity burn patches showed the 
least distinction, overlapping with high severity in tree density and 

F I G U R E  5  Mean constrained site scores and species scores for the first two axes of a canonical correspondence analysis for understory 
woody plant (panel A) and bird (panel B) community composition data across a burn severity gradient in Fort Robinson State Park, Nebraska. 
Bars indicate 95% confidence limits of the mean site scores. The burn severity classes represent high‐severity (H), moderate‐severity (M), 
low‐severity (L), and unburned (U). Plant species scores are represented by the first two letters of genus and the first two letters of species, 
and bird species scores correspond to American Ornithological Union species abbreviations. See Supporting Information Table S2 and S4 for 
plant and bird species, respectively
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bird communities and with low severity in coarse woody debris and 
understory woody plant communities. Although we detected the 
highest number of unique species and species richness in unburned 
patches of ponderosa, we also detected unique structures, under-
story woody plant species, and bird species across a range of burn 
severities; further, we show that high‐severity patches supported 
higher understory woody plant species richness than moderate‐ or 
low‐severity patches 27‐year post‐fire. Thus, our study is among the 
first to show that mixed‐severity fire produces multidecadal ma-
terial legacies that support unique species assemblages in eastern 
ponderosa pine systems. This contrasts with the assumption that 
mixed‐severity fire represents a “catastrophic” stressor for eastern 
ponderosa systems (Schneider et al., 2005). Our results also build 
upon shorter‐term studies in conifer systems demonstrating how 
fire legacies influence structure in burned versus unburned forests 
(Fontaine, Donato, Robinson, Law, & Kauffman, 2009; Hutto, 1995) 
and across fire severities (Fontaine & Kennedy, 2012; Stephens, 
Ausprey, Seavy, & Alexander, 2015).

At a patch scale, we found overall eastern ponderosa system re-
sponses to mixed‐severity fire matched western ponderosa system 
responses to mixed‐severity fire (Keyser, Lentile, Smith, & Shepperd, 
2008; Stevens‐Rumann, Sieg, & Hunter, 2012). In the first decade 
following a mixed‐severity fire in western ponderosa systems, live 
trees are known to experience high mortality (and conversely lead 
to greater snag densities) in high‐  and moderate‐severity patches, 
experience attenuated mortality (and thus leave fewer snags) in 
low‐severity patches, and, of course, unburned patches retain high 
live tree densities and lower snag densities (Allen et al., 2002; Dunn 
& Bailey, 2016; Eskelson & Monleon, 2018). But 27‐year post‐fire, 
Passovoy and Fulé (2006) found ponderosa snag densities decline 
sharply in the decades following the fire event; our results echo 
these and add that snag densities were statistically indistinguish-
able across fire severities (i.e., they only differed between burned 
vs. unburned patches). Similarly, Passovoy and Fulé (2006) found a 
corresponding increase in coarse woody debris cover 27‐year post‐
fire as snags fell, to which we add significant differences across fire 
severities.

Biotic community responses were consistent with post‐fire leg-
acy patterns observed in western ponderosa pine systems at a patch 
level (Fornwalt & Kaufmann, 2014; Kotliar et al., 2007). Although 
snag densities only differed between burned versus unburned, the 
unique bird and woody plant communities among fire severities in-
dicate other material legacies persist across a fire severity gradient 
and continue to influence biotic communities. For instance, in the 
same system, Keele et al. (2019) found that, when comparing mul-
tiple forest stand structural characteristics, coarse woody debris 
was the strongest indicator of cavity‐nesting bird community com-
position 27‐year post‐fire. This difference in structure may explain 
some disparities between our study and others in bird‐fire severity 
associations: for example, Hairy Woodpeckers and Western Wood 
Pewees were more strongly associated with higher burn severities 
in other studies than in ours (Fontaine & Kennedy, 2012; Smucker, 
Hutto, & Steele, 2005). But conversely, we show that several species 

exhibited similar fire severity associations both less than a decade 
and 27‐year post‐fire: for example, Yellow‐rumped Warbler and 
Cedar Waxwing strongly declined with increasing severity, House 
Wren and Northern Flicker were positively associated with burn se-
verity, and Spotted Towhee and Mourning Dove showed little rela-
tionship to burn severity (Kotliar et al., 2007; Smucker et al, 2005). 
And while other studies on understory woody plant community 
responses to mixed‐severity fire also show that higher severities 
promoted diversity in the first decade post‐fire (Abella & Fornwalt, 
2015; Crotteau, Varner, & Ritchie, 2013; Fornwalt & Kaufmann, 
2014; Halofsky et al., 2011), our study is among the first to demon-
strate woody plant diversity persisting in high‐severity burn patches 
for nearly three decades.

Moving beyond the assumption of identical starting points on 
pre‐disturbance landscapes (i.e., burned vs. unburned) and quan-
tifying the influence of past material legacies on current patterns 
will allow scientists to more fully disentangle the effects of fire 
legacies on biodiversity (i.e., information legacies) and forest per-
sistence (Johnstone et al, 2016; Peterson, 2002). Many studies (in-
cluding ours) operate under the assumption of an identical starting 
point for all patches (Carpenter et al, 2015; Twidwell et al, 2016). 
This assumption can prevent understanding of the extent to which 
past material legacies persist to influence structure and function of 
a system and similarly how these legacies interact with other dis-
turbances and landscape features that function at different scales 
(Turner, 2010). For instance, our study site is fragmented by human 
development and has experienced frequent grazing by cattle and 
horses for multiple decades. How the legacies of these disturbances 
persist and interact with the legacies of mixed‐severity fire to alter 
patterns in community and structure is unknown. Studies that invest 
in long‐term investigation of responses to disturbance with an eye 
for tracking changes in biotic residuals via repeated sampling (e.g., 
Turner, Whitby, Tinker, & Romme, 2016) can provide direct tests 
of prior conditions and disturbance legacies. In the absence of pre‐
disturbance data, indirect methods, such as reconstructing pre‐fire 
overstory structure, can be used to partially assess pre‐disturbance 
conditions (e.g., Keyser et al., 2008; Stevens‐Rumann et al., 2012; 
Dunn & Bailey, 2016), but where reconstruction is not possible, such 
as in aging and disappearing biotic residuals (e.g., falling snags) as in 
our study, these methods may prove insufficient for assessing dis-
turbance legacies.

Evidence is building in support of adopting an “ecologically in-
formed view” of mixed‐severity fires in forest systems (Hutto et al., 
2016) instead of the command‐and‐control view of the past (Holling 
& Meffe, 1996; Lindenmayer & Noss, 2006). Management focused 
on a climax or idealized ponderosa pine system state excludes 
unique structures, communities, and individual species such as 
those we detected across a full suite of burn severities (Hutto, 2008; 
Hutto, Conway, Saab, & Walters, 2008), and the previous negative 
view of high‐ and mixed‐severity fires for ponderosa pine systems 
has come into question in light of recent evidence that these fires did 
indeed play a role in historical forest structure and function (Hutto 
& Patterson, 2016; Parks, Miller, Nelson, & Holden, 2014). Given the 
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persistence of these material legacies in ponderosa pine systems for 
(at least) 27 years, our study supplements research highlighting how 
mixed‐severity fire in ponderosa pine systems can foster structural 
and biological diversity via persistence of multi‐decadal material leg-
acies (DellaSala et al., 2017; Hutto et al., 2016; Odion et al., 2014).

ACKNOWLEDG MENTS

This work was supported by the USDA NIFA, McIntire Stennis pro-
ject 1008861, the Department of Defense Strategic Environmental 
Research Development Program W912HQ‐15‐C‐0018, and the 
University of Nebraska‐Lincoln's Department of Agronomy & 
Horticulture. The Nebraska Cooperative Fish and Wildlife Research 
Unit is jointly supported by Hatch Act funds through a cooperative 
agreement between the U.S. Geological Survey, the Nebraska Game 
and Parks Commission, the University of Nebraska Agricultural 
Research Division, Lincoln, Nebraska the United States Fish and 
Wildlife Service and the Wildlife Management Institute. We ex-
tend special thanks to the Nebraska Game and Parks Commission, 
especially to Mike Morava at Fort Robinson State Park and Greg 
Schenbeck at Peterson Wildlife Management Area, for allowing 
us to conduct this research on their lands. Finally, we thank Sarah 
Nodskov and Emma Keele for assistance in data collection. Finally, 
we thank the associate editor, two anonymous reviewers, and 
Edward J Raynor for their comments and suggestions. Any use of 
trade, firm or product names is for descriptive purposes only and 
does not imply endorsement by the U.S. Government.

CONFLIC T OF INTERE S T

None declared.

AUTHOR CONTRIBUTIONS

CP Roberts, VM Donovan, and CL Wonkka formulated the idea and 
scope of the manuscript, collected and analyzed the data, and wrote 
the initial draft. D Twidwell, D Wedin, DG Angeler, L Powell, and CR 
Allen contributed to the manuscript idea and scope formation and 
provided funding. All authors contributed to further drafting and re-
visions and gave final approval for the draft submission.

DATA ACCE SSIBILIT Y

All data used in this article are freely available via Dryad (https://doi.
org/10.5061/dryad.3sp331p).

ORCID

Caleb P. Roberts   https://orcid.org/0000-0002-8716-0423 

Victoria M. Donovan   https://orcid.org/0000-0002-2906-5268 

Carissa L. Wonkka   https://orcid.org/0000-0003-3901-5261 

Larkin A. Powell   https://orcid.org/0000-0003-0570-4210 

R E FE R E N C E S

Abella, S. R., & Fornwalt, P. J. (2015). Ten years of vegetation assembly 
after a North American mega fire. Global Change Biology, 21, 789–
802. https://doi.org/10.1111/gcb.12722

Allen, C. D., Savage, M., Falk, D. A., Suckling, K. F., Swetnam, T. W., 
Schulke, T., … Klingel, J. T. (2002). Ecological restoration of south-
western ponderosa pine ecosystems: A broad perspective. Ecological 
Applications, 12, 1418–1433. https://doi.org/10.1890/1051-0761(20
02)012[1418:EROSPP]2.0.CO;2

Anderson, M. J. (2005). PERMANOVA: A FORTRAN computer program for 
permutational multivariate analysis of variance (p. 24). Auckland, New 
Zealand: Department of Statistics, University of Auckland.

Anderson, M. J., & Walsh, D. C. (2013). PERMANOVA, ANOSIM, and the 
mantel test in the face of heterogeneous dispersions: What null hy-
pothesis are you testing? Ecological Monographs, 83, 557–574.

Baker, W. L. (2018). Transitioning western US dry forests to limited 
committed warming with bet‐hedging and natural disturbances. 
Ecosphere, 9, e02288.

Bowman, D. M., Balch, J. K., Artaxo, P., Bond, W. J., Carlson, J. M., 
Cochrane, M. A., … Johnston, F. H. (2009). Fire in the earth system. 
Science, 324, 481–484. https://doi.org/10.1126/science.1163886

Brown, P. M., & Sieg, C. H. (1999). Historical variability in fire at the pon-
derosa pine‐northern Great Plains prairie ecotone, southeastern 
Black Hills, South Dakota. Ecoscience, 6, 539–547. https://doi.org/1
0.1080/11956860.1999.11682563

Brown, R. T., Agee, J. K., & Franklin, J. F. (2004). Forest restoration and 
fire: Principles in the context of place. Conservation Biology, 18, 903–
912. https://doi.org/10.1111/j.1523-1739.2004.521_1.x

Buckland, S. T., Anderson, D. R., Burnham, K. P., Laake, J. L., Borchers, D. 
L., & Thomas, L. (2001). Introduction to distance sampling estimating 
abundance of biological populations. Oxford, UK: Oxford University 
Press.

Carpenter, S. R., Brocks, W., Folke, C., van der Nees, E., & Scheffer, M. 
(2015). Allowing variance may enlarge the safe operating space 
for exploited ecosystems. Proceedings of the National Academy of 
Sciences of the United States of America, 112, 14384–14389. https://
doi.org/10.1073/pnas.1511804112

Collins, B. M., Stephens, S. L., Moghaddas, J. J., & Battles, J. (2010). 
Challenges and approaches in planning fuel treatments across fire‐
excluded forested landscapes. Journal of Forestry, 108, 24–31.

Cottam, G., & Curtis, J. T. (1956). The use of distance measures in 
phytosociological sampling. Ecology, 37, 451–460. https://doi.
org/10.2307/1930167

Covington, W. W., Fule, P. Z., Moore, M. M., Hart, S. C., Kolb, T. E., Mast, 
J. N., … Wagner, M. R. (1997). Restoring ecosystem health in ponder-
osa pine forests of the southwest. Journal of Forestry, 95, 23.

Crotteau, J. S., Varner, J. M. III, & Ritchie, M. W. (2013). Post‐fire regener-
ation across a fire severity gradient in the southern Cascades. Forest 
Ecology and Management, 287, 103–112. https://doi.org/10.1016/j.
foreco.2012.09.022

Cuddington, K. (2011). Legacy effects: The persistent impact of eco-
logical interactions. Biological Theory, 6, 203–210. https://doi.
org/10.1007/s13752-012-0027-5

Dale, V. H., Joyce, L. A., McNulty, S., Neilson, R. P., Ayres, M. P., Flannigan, 
M. D., & Simberloff, D. (2001). Climate change and forest distur-
bances: Climate change can affect forests by altering the frequency, 
intensity, duration, and timing of fire, drought, introduced species, 
insect and pathogen outbreaks, hurricanes, windstorms, ice storms, 
or landslides. BioScience, 51, 723–734.

DellaSala, D. A., Hutto, R. L., Hanson, C. T., Bond, M. L., Ingalsbee, T., 
Odion, D., & Baker, W. L. (2017). Accommodating mixed‐severity 
fire to restore and maintain ecosystem integrity with a focus on the 
Sierra Nevada of California, USA. Fire Ecology, 13, 148–171. https://
doi.org/10.4996/fireecology.130248173

https://doi.org/10.5061/dryad.3sp331p
https://doi.org/10.5061/dryad.3sp331p
https://orcid.org/0000-0002-8716-0423
https://orcid.org/0000-0002-8716-0423
https://orcid.org/0000-0002-2906-5268
https://orcid.org/0000-0002-2906-5268
https://orcid.org/0000-0003-3901-5261
https://orcid.org/0000-0003-3901-5261
https://orcid.org/0000-0003-0570-4210
https://orcid.org/0000-0003-0570-4210
https://doi.org/10.1111/gcb.12722
https://doi.org/10.1890/1051-0761(2002)012[1418:EROSPP]2.0.CO;2
https://doi.org/10.1890/1051-0761(2002)012[1418:EROSPP]2.0.CO;2
https://doi.org/10.1126/science.1163886
https://doi.org/10.1080/11956860.1999.11682563
https://doi.org/10.1080/11956860.1999.11682563
https://doi.org/10.1111/j.1523-1739.2004.521_1.x
https://doi.org/10.1073/pnas.1511804112
https://doi.org/10.1073/pnas.1511804112
https://doi.org/10.2307/1930167
https://doi.org/10.2307/1930167
https://doi.org/10.1016/j.foreco.2012.09.022
https://doi.org/10.1016/j.foreco.2012.09.022
https://doi.org/10.1007/s13752-012-0027-5
https://doi.org/10.1007/s13752-012-0027-5
https://doi.org/10.4996/fireecology.130248173
https://doi.org/10.4996/fireecology.130248173


1878  |     ROBERTS et al.

Donato, D., Fontaine, J., Campbell, J., Robinson, W. D., Kauffman, J. B., 
& Law, B. E. (2006). Post‐wildfire logging hinders regeneration and 
increases fire risk. Science, 311, 352–352. https://doi.org/10.1126/
science.1122855

Dunn, C. J., & Bailey, J. D. (2016). Tree mortality and structural change 
following mixed‐severity fire in Pseudotsuga forests of Oregon's 
western Cascades, USA. Forest Ecology and Management, 365, 107–
118. https://doi.org/10.1016/j.foreco.2016.01.031

Eidenshink, J. C., Schwind, B., Brewer, K., Zhu, Z. L., Quayle, B., & 
Howard, S. (2007). A project for monitoring trends in burn severity. 
Fire Ecology, 3, 3–21. https://doi.org/10.4996/fireecology.0301003

Eskelson, B. N., & Monleon, V. J. (2018). Post‐fire surface fuel dynamics 
in California forests across three burn severity classes. International 
Journal of Wildland Fire, 27, 114–124. https://doi.org/10.1071/
WF17148

Flanders, A. A., Kuvlesky, W. P. Jr, Ruthven, D. C. III, Zaiglin, R. E., Bingham, 
R. L., Fulbright, T. E., … Brennan, L. A. (2006). Effects of invasive ex-
otic grasses on south Texas rangeland breeding birds. The Auk, 123, 
171–182. https://doi.org/10.1642/0004-8038(2006)123[0171:EOIE
GO]2.0.CO;2

Fontaine, J. B., Donato, D. C., Robinson, W. D., Law, B. E., & Kauffman, 
J. B. (2009). Bird communities following high‐severity fire: Response 
to single and repeat fires in a mixed‐evergreen forest, Oregon, 
USA. Forest Ecology and Management, 257, 1496–1504. https://doi.
org/10.1016/j.foreco.2008.12.030

Fontaine, J. B., & Kennedy, P. L. (2012). Meta‐analysis of avian and small‐
mammal response to fire severity and fire surrogate treatments in 
US fire‐prone forests. Ecological Applications, 22, 1547–1561. https://
doi.org/10.1890/12-0009.1

Fornwalt, P. J., & Kaufmann, M. R. (2014). Understorey plant community 
dynamics following a large, mixed severity wildfire in a Pinus pondero‐
sa–Pseudotsuga menziesii forest, Colorado, USA. Journal of Vegetation 
Science, 25, 805–818.

Franklin, J. F., & MacMahon, J. A. (2000). Messages from a mountain. 
Science, 288(5469), 1183–1184.

Fulé, P. Z., Swetnam, T. W., Brown, P. M., Falk, D. A., Peterson, D. L., Allen, 
C. D., … Keane, R. E. (2014). Unsupported inferences of high‐severity 
fire in historical dry forests of the western United States: Response 
to Williams and Baker. Global Ecology and Biogeography, 23, 825–830. 
https://doi.org/10.1111/geb.12136

Halofsky, J. E., Donato, D. C., Hibbs, D. E., Campbell, J. L., Cannon, M. 
D., Fontaine, J. B., … Law, B. E. (2011). Mixed‐severity fire regimes: 
Lessons and hypotheses from the Klamath‐Siskiyou Ecoregion. 
Ecosphere, 2(4), 1–19. https://doi.org/10.1890/ES10-00184.1

Holling, C. S., & Meffe, G. K. (1996). Command and control and the pa-
thology of natural resource management. Conservation Biology, 10, 
328–337. https://doi.org/10.1046/j.1523-1739.1996.10020328.x

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous inference in 
general parametric models. Biometrical Journal, 50, 346–363. https://
doi.org/10.1002/bimj.200810425

Huff, M. H., Bettinger, K. A., Ferguson, H. L., Brown, M. J., & Altman, B. 
(2000). A habitat‐based point‐count protocol for terrestrial birds, em‐
phasizing Washington and Oregon. U.S. Department of Agriculture, 
Forest Service General Technical Report PNW‐GTR‐501.

Huffman, D. W., Meador, A. J. S., Stoddard, M. T., Crouse, J. E., & 
Roccaforte, J. P. (2017). Efficacy of resource objective wildfires for 
restoration of ponderosa pine (Pinus ponderosa) forests in northern 
Arizona. Forest Ecology and Management, 389, 395–403. https://doi.
org/10.1016/j.foreco.2016.12.036

Hutto, R. L. (1995). Composition of bird communities following 
stand‐replacement fires in northern rocky mountain (USA) co-
nifer forests. Conservation Biology, 9, 1041–1058. https://doi.
org/10.1046/j.1523-1739.1995.9051033.x-i1

Hutto, R. L. (2008). The ecological importance of severe wildfires: Some 
like it hot. Ecological Applications, 18, 1827–1834.

Hutto, R. L., Conway, C. J., Saab, V. A., & Walters, J. R. (2008). What con-
stitutes a natural fire regime? Insight from the ecology and distribu-
tion of coniferous forest birds in North America. Fire Ecology, 4, 115.

Hutto, R. L., Keane, R. E., Sherriff, R. L., Rota, C. T., Eby, L. A., & Saab, V. 
A. (2016). Toward a more ecologically informed view of severe forest 
fires. Ecosphere, 7, 2.

Hutto, R. L., & Patterson, D. A. (2016). Positive effects of fire on birds 
may appear only under narrow combinations of fire severity and 
time‐since‐fire. International Journal of Wildland Fire, 25, 1074–1085. 
https://doi.org/10.1071/WF15228

Johnsgard, P. A. (2005). The nature of Nebraska: Ecology and biodiversity. 
Lincoln, NE: University of Nebraska Press.

Johnstone, J. F., Hollingsworth, T. N., Chapin, F. S., & Mack, M. C. (2010). 
Changes in fire regime break the legacy lock on successional trajec-
tories in Alaskan boreal forest. Global Change Biology, 16, 1281–1295. 
https://doi.org/10.1111/j.1365-2486.2009.02051.x

Johnstone, J. F., Allen, C. D., Franklin, J. F., Frelich, L. E., Harvey, B. J., 
Higuera, P. E., … Schoennagel, T. (2016). Changing disturbance re-
gimes, ecological memory, and forest resilience. Frontiers in Ecology 
and the Environment, 14, 369–378. https://doi.org/10.1002/fee.1311

Keane, R. E., Ryan, K. C., Veblen, T. T., Allen, C. D., Logan, J. A., Hawkes, 
B., & Barron, J. (2002). The cascading effects of fire exclusion in 
Rocky Mountain ecosystems. In J. Barron (Ed.), Rocky mountain fu‐
tures: An ecological perspective (pp. 133–152). Washington, DC: Island 
Press.

Keele, E., Donovan, V. M., Roberts, C. P., Nodskov, S., Wonkka, C. L., 
Allen, C. R., … Twidwell, D. (2019). Relationships between a burn se-
verity gradient, cavity‐nesting birds and habitat in ponderosa pine 
forests. American Midland Naturalist, 181, 1–17.

Keyser, T. L., Lentile, L. B., Smith, F. W., & Shepperd, W. D. (2008). 
Changes in forest structure after a large, mixed‐severity wildfire in 
ponderosa pine forests of the Black Hills, South Dakota, USA. Forest 
Science, 54, 328–338.

Kotliar, N. B., Kennedy, P. L., & Ferree, K. (2007). Avifaunal responses 
to fire in southwestern montane forests along a burn sever-
ity gradient. Ecological Applications, 17, 491–507. https://doi.
org/10.1890/06-0253

Levine, C. R., Cogbill, C. V., Collins, B. M., Larson, A. J., Lutz, J. A., North, 
M. P., … Battles, J. J. (2017). Evaluating a new method for recon-
structing forest conditions from General Land Office survey records. 
Ecological Applications, 27, 1498–1513. https://doi.org/10.1002/
eap.1543

Lindenmayer, D., & Noss, R. (2006). Salvage logging, ecosystem pro-
cesses, and biodiversity conservation. Conservation Biology, 20, 949–
958. https://doi.org/10.1111/j.1523-1739.2006.00497.x

Malone, S. L., Fornwalt, P. J., Battaglia, M. A., Chambers, M. E., Iniguez, 
J. M., & Sieg, C. H. (2018). Mixed‐severity fire fosters heteroge-
neous spatial patterns of conifer regeneration in a dry conifer forest. 
Forests, 9, 45. https://doi.org/10.3390/f9010045

Merschel, A. G., Heyerdahl, E. K., Spies, T. A., & Loehman, R. A. (2018). 
Influence of landscape structure, topography, and forest type 
on spatial variation in historical fire regimes, Central Oregon, 
USA. Landscape Ecology, 33, 1195–1209. https://doi.org/10.1007/
s10980-018-0656-6

Metlen, K. L., Skinner, C. N., Olson, D. R., Nichols, C., & Borgias, D. 
(2018). Regional and local controls on historical fire regimes of dry 
forests and woodlands in the Rogue River Basin, Oregon, USA. Forest 
Ecology and Management, 430, 43–58. https://doi.org/10.1016/j.
foreco.2018.07.010

MTBS Project (USDA Forest Service/U.S) (2016). MTBS data access: 
Individual fire‐level geospatial data online. Retrieved from http://
www.mtbs.gov/data/individualfiredata.html

Odion, D. C., & Hanson, C. T. (2013). Projecting impacts of fire manage-
ment on a biodiversity indicator in the Sierra Nevada and Cascades, 
USA: The black‐backed woodpecker.

https://doi.org/10.1126/science.1122855
https://doi.org/10.1126/science.1122855
https://doi.org/10.1016/j.foreco.2016.01.031
https://doi.org/10.4996/fireecology.0301003
https://doi.org/10.1071/WF17148
https://doi.org/10.1071/WF17148
https://doi.org/10.1642/0004-8038(2006)123[0171:EOIEGO]2.0.CO;2
https://doi.org/10.1642/0004-8038(2006)123[0171:EOIEGO]2.0.CO;2
https://doi.org/10.1016/j.foreco.2008.12.030
https://doi.org/10.1016/j.foreco.2008.12.030
https://doi.org/10.1890/12-0009.1
https://doi.org/10.1890/12-0009.1
https://doi.org/10.1111/geb.12136
https://doi.org/10.1890/ES10-00184.1
https://doi.org/10.1046/j.1523-1739.1996.10020328.x
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1016/j.foreco.2016.12.036
https://doi.org/10.1016/j.foreco.2016.12.036
https://doi.org/10.1046/j.1523-1739.1995.9051033.x-i1
https://doi.org/10.1046/j.1523-1739.1995.9051033.x-i1
https://doi.org/10.1071/WF15228
https://doi.org/10.1111/j.1365-2486.2009.02051.x
https://doi.org/10.1002/fee.1311
https://doi.org/10.1890/06-0253
https://doi.org/10.1890/06-0253
https://doi.org/10.1002/eap.1543
https://doi.org/10.1002/eap.1543
https://doi.org/10.1111/j.1523-1739.2006.00497.x
https://doi.org/10.3390/f9010045
https://doi.org/10.1007/s10980-018-0656-6
https://doi.org/10.1007/s10980-018-0656-6
https://doi.org/10.1016/j.foreco.2018.07.010
https://doi.org/10.1016/j.foreco.2018.07.010
http://www.mtbs.gov/data/individualfiredata.html
http://www.mtbs.gov/data/individualfiredata.html


     |  1879ROBERTS et al.

Odion, D. C., Hanson, C. T., Arsenault, A., Baker, W. L., DellaSala, D. A., 
Hutto, R. L., … Williams, M. A. (2014). Examining historical and cur-
rent mixed‐severity fire regimes in ponderosa pine and mixed‐coni-
fer forests of western North America. PLoS ONE, 9, e87852. https://
doi.org/10.1371/journal.pone.0087852

Oksanen, J., Kindt, R., Legendre, P., O'Hara, B., Stevens, M. H. H., 
Oksanen, M. J., & Suggests, M. A. S. S. (2007). The Vegan package. 
Community Ecology Package, 10, 631–637.

Palmer, M. W. (1993). Putting things in even better order: The advan-
tages of canonical correspondence analysis. Ecology, 74, 2215–2230. 
https://doi.org/10.2307/1939575

Parks, S. A., Miller, C., Nelson, C. R., & Holden, Z. A. (2014). Previous 
fires moderate burn severity of subsequent wildland fires in two 
large western US wilderness areas. Ecosystems, 17, 29–42. https://
doi.org/10.1007/s10021-013-9704-x

Passovoy, M. D., & Fulé, P. Z. (2006). Snag and woody debris dynam-
ics following severe wildfires in northern Arizona ponderosa pine 
forests. Forest Ecology and Management, 223, 237–246. https://doi.
org/10.1016/j.foreco.2005.11.016

Peterson, G. D. (2002). Contagious disturbance, ecological memory, 
and the emergence of landscape pattern. Ecosystems, 5, 329–338. 
https://doi.org/10.1007/s10021-001-0077-1

R Core Team (2015). R: A language and environment for statistical 
computing [internet]. Vienna, Austria: R Foundation for Statistical 
Computing.

Reynolds, R. T., Meador, A. J. S., Youtz, J. A., Nicolet, T., Matonis, M. S., 
Jackson, P. L., …Graves, A. D. (2013). Restoring composition and struc‐
ture in southwestern frequent‐fire forests: a science‐based framework 
for improving ecosystem resiliency. General Technical Report RMRS‐
GTR‐310. U.S. Department of Agriculture, Forest Service, Rocky 
Mountain Research Station, Fort Collins, CO. 76 pp.

Savage, M., & Mast, J. N. (2005). How resilient are southwestern pon-
derosa pine forests after crown fires? Canadian Journal of Forest 
Research, 35, 967–977.

Schneider, R., Humpert, M., Stoner, K., & Steinauer, G. (2005). The 
Nebraska Natural Legacy Project: A comprehensive wildlife conservation 
strategy. Lincoln, NE: Nebraska Game and Parks Commission.

Scholl, A. E., & Taylor, A. H. (2010). Fire regimes, forest change, and 
self‐organization in an old‐growth mixed‐conifer forest, Yosemite 
National Park, USA. Ecological Applications, 20, 362–380. https://doi.
org/10.1890/08-2324.1

Sliwinski, M., Powell, L., Koper, N., Giovanni, M., & Schacht, W. (2015). 
Research design considerations to ensure detection of all species in 
an avian community. Methods in Ecology and Evolution, 7, 456–462. 
https://doi.org/10.1111/2041-210X.12506

Smucker, K. M., Hutto, R. L., & Steele, B. M. (2005). Changes in bird 
abundance after wildfire: Importance of fire severity and time 
since fire. Ecological Applications, 15, 1535–1549. https://doi.
org/10.1890/04-1353

Stephens, J. L., Ausprey, I. J., Seavy, N. E., & Alexander, J. D. (2015). Fire 
severity affects mixed broadleaf‐conifer forest bird communities: 
Results for 9 years following fire. The Condor, 117, 430–446. https://
doi.org/10.1650/CONDOR-14-58.1

Stevens, J. T., Safford, H. D., North, M. P., Fried, J. S., Gray, A. N., Brown, 
P. M., … Franklin, J. F. (2016). Average stand age from forest inven-
tory plots does not describe historical fire regimes in ponderosa pine 
and mixed‐conifer forests of western North America. PLoS ONE, 
11(5), e0147688. https://doi.org/10.1371/journal.pone.0147688

Stevens‐Rumann, C. S., Sieg, C. H., & Hunter, M. E. (2012). Ten years 
after wildfires: How does varying tree mortality impact fire hazard 
and forest resiliency? Forest Ecology and Management, 267, 199–208. 
https://doi.org/10.1016/j.foreco.2011.12.003

Swetnam, T. W., Farella, J., Roos, C. I., Liebmann, M. J., Falk, D. A., & 
Allen, C. D. (2016). Multiscale perspectives of fire, climate and hu-
mans in western North America and the Jemez Mountains, USA. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
371, 20150168.

Tinker, D. B., & Knight, D. H. (2000). Coarse woody debris following fire 
and logging in Wyoming lodgepole pine forests. Ecosystems, 3(5), 
472–483.

Turner, M. G. (2010). Disturbance and landscape dynamics in a changing 
world. Ecology, 91, 2833–2849.

Turner, M. G., Whitby, T. G., Tinker, D. B., & Romme, W. H. (2016). 
Twenty‐four years after the Yellowstone Fires: Are postfire lodge-
pole pine stands converging in structure and function? Ecology, 97(5), 
1260–1273. https://doi.org/10.1890/15-1585.1

Twidwell, D., West, A. S., Hiatt, W. B., Ramirez, A. L., Winter, J. T., Engle, 
D. M., … Carlson, J. D. (2016). Plant invasions or fire policy: Which 
has altered fire behavior more in tallgrass prairie? Ecosystems, 19, 
356–368.

Urbatsch, L. E., & Eddy, R. (1973). A floristic study of Dawe's County, 
Nebraska. Transactions of the Nebraska Academy of Sciences and 
Affiliated Societies, Paper 392.

Vitousek, P. M., Mooney, H. A., Lubchenco, J., & Melillo, J. M. (1997). 
Human domination of earth's ecosystems. Science, 277, 494–499. 
https://doi.org/10.1126/science.277.5325.494

Williams, M. A., & Baker, W. L. (2012). Spatially extensive reconstructions 
show variable‐severity fire and heterogeneous structure in historical 
western United States dry forests. Global Ecology and Biogeography, 
21, 1042–1052. https://doi.org/10.1111/j.1466-8238.2011.00750.x

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Roberts CP, Donovan VM, Wonkka 
CL, et al. Fire legacies in eastern ponderosa pine forests. Ecol 
Evol. 2019;9:1869–1879. https://doi.org/10.1002/ece3.4879

https://doi.org/10.1371/journal.pone.0087852
https://doi.org/10.1371/journal.pone.0087852
https://doi.org/10.2307/1939575
https://doi.org/10.1007/s10021-013-9704-x
https://doi.org/10.1007/s10021-013-9704-x
https://doi.org/10.1016/j.foreco.2005.11.016
https://doi.org/10.1016/j.foreco.2005.11.016
https://doi.org/10.1007/s10021-001-0077-1
https://doi.org/10.1890/08-2324.1
https://doi.org/10.1890/08-2324.1
https://doi.org/10.1111/2041-210X.12506
https://doi.org/10.1890/04-1353
https://doi.org/10.1890/04-1353
https://doi.org/10.1650/CONDOR-14-58.1
https://doi.org/10.1650/CONDOR-14-58.1
https://doi.org/10.1371/journal.pone.0147688
https://doi.org/10.1016/j.foreco.2011.12.003
https://doi.org/10.1890/15-1585.1
https://doi.org/10.1126/science.277.5325.494
https://doi.org/10.1111/j.1466-8238.2011.00750.x
https://doi.org/10.1002/ece3.4879

