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Abstract
Question: Salvage logging and prescribed fire are commonly applied in forests world-
wide, yet little is known about the combined impacts of these management actions 
on early-successional ecosystems. We questioned how operational-scale prescribed 
fire would affect ground flora cover, species diversity, and life-history trait expres-
sion in Pinus palustris woodlands differentially impacted by an Enhanced Fujita scale 
3 (EF3) tornado and salvage logging.
Location: Fall Line Hills, Alabama, USA (32°55ʹ30ʺ N, 87°24ʹ00ʺ W).
Methods: The composition and foliar cover of woody and herbaceous plants ≤1 m 
height were monitored before and after prescribed fire in 600 1-m2 quadrats distrib-
uted throughout mature, wind-disturbed, and salvage-logged Pinus palustris wood-
lands. Plant taxa were categorized by growth habit and life form to aid interpretation 
of multivariate analyses used to illustrate differences in ground flora assemblages 
between disturbance categories.
Results: Prescribed fire reduced ground flora cover, but not diversity, which remained 
greatest in wind-disturbed sites that were not salvage-logged. Though ground flora 
assemblages remained disparate between disturbance categories, prescribed fire im-
posed some consistent selective pressures on plants with common life-history strat-
egies. Post-fire understorey tree cover reductions coincided with increased shrub 
cover throughout the treatment area. Nonetheless, differences in graminoid cover 
were exaggerated after prescribed fire, and representation of the geophyte life form 
was relatively constant across space and time.
Conclusions: Prescribed fire did not counteract salvage-mediated reductions in 
ground flora diversity. Retention of downed deadwood maximized early-successional 
plant diversity in wind-disturbed sites. Trait-based ground flora analyses enabled a 
more detailed understanding of disturbance effects than aggregate metrics of foliar 
cover and diversity. In ecosystems with high floristic diversity, grouping plants by 
common life-history traits can provide a simple and effective means to monitor im-
pacts of management actions on ecosystem recovery.
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1  | INTRODUC TION

Plant diversity and community organization are shaped by natural 
and anthropogenic disturbance agents, each with unique impacts on 
plant succession and development (White and Jentsch, 2001). After 
a disturbance, the composition and spatial arrangement of residual 
ecosystem components are called disturbance legacies (Franklin 
et al., 2000; Peters et al., 2011). Disturbance legacies such as woody 
debris and the life-history strategies of residual species constitute 
the ecological memory of an ecosystem and influence recovery pro-
cesses (Johnstone et al., 2016; Webster et al., 2018). Climate-driven 
changes in disturbance regimes globally have amplified interest in 
promoting forest ecosystem resilience (Turner, 2010; Seidl et al., 
2016). Resilience describes the capacity of a perturbed ecosystem 
to maintain its intrinsic structures, feedbacks, and functions (Holling, 
1973), and is measured by rates and trajectories of recovery (Angeler 
and Allen, 2016). Management actions taken before, during, or 
after unplanned perturbations can enhance or diminish ecosystem 
resilience.

Catastrophic wind disturbances including hurricanes and tor-
nadoes impact many terrestrial ecosystems and are projected to 
become more frequent in some regions such as the southeastern 
United States (Webster et al., 2005; Gensini and Brooks, 2018). 
These large, infrequent disturbances have disproportionate impacts 
on ecosystem composition and structure, and require heightened 
attention in long-term management strategies (Dale et al., 1998; 
Stanturf et al., 2007). Post-disturbance salvage logging is a com-
mon management practice that removes dead and damaged trees. 
Salvage logging can therefore provide a partial return on otherwise 
lost standing timber value and potentially reduce the severity of sub-
sequent disturbances like insect outbreaks and wildfires (Buma and 
Wessman, 2012; Müller et al., 2019). Despite its potential socioeco-
nomic benefits and widespread application, the ecological conse-
quences of salvage logging are not fully understood (Leverkus et al., 
2018; Thorn et al., 2018).

In some cases, post-disturbance salvage logging can qualify as 
a compound disturbance interaction in which one disturbance al-
ters ecosystem resilience to (i.e., capacity to recover from) another 
disturbance (Paine et al., 1998; Buma, 2015). Salvage logging can 
negatively impact the recovery of biological communities from 
birds (Georgiev et al., 2020) to bryophytes (Hernández-Hernández 
et al., 2017) and induce long-lasting ecosystem state shifts (Van 
Nieuwstadt et al., 2001; Lindenmayer et al., 2017). However, neg-
ative ecological consequences of salvage logging are not inevitable, 
especially with respect to woody plant recovery (Royo et al., 2016; 
Taylor et al., 2017). To achieve a more comprehensive understand-
ing of post-disturbance salvage logging and compound disturbance 

interactions, greater research focus is needed on the recovery of 
non-woody plants (Leverkus et al., 2018; Kleinman et al., 2019). 
Indeed, the forest disturbance ecology literature is focused primarily 
on metrics of tree regeneration despite understorey plant commu-
nities often hosting markedly more floristic diversity than canopy 
strata (Roberts, 2004; Gilliam, 2007).

After stand-regenerating wind events, some plants may be 
more or less suited to grow in microsites sheltered by woody de-
bris or on patches of exposed, dry soil on unearthed root mounds 
(Beatty, 1984; Logan et al., 2020). Salvage-logging operations that 
alter these structural legacies can homogenize early-successional 
ecosystems and the diverse biological communities they support 
(Swanson et al., 2011; Lindenmayer et al., 2019). Salvage logging is 
therefore often associated with reduced understorey plant diversity 
and community dissimilarity (Purdon et al., 2004; Rumbaitis del Rio, 
2006; Brewer et al., 2012). Nonetheless, Peterson and Leach (2008) 
reported no differences in understorey plant diversity between 
unlogged and salvage-logged sites despite altered microsite condi-
tions, and Orczewska et al. (2019) reported increased understorey 
plant diversity in salvage-logged sites. In the latter example, how-
ever, increased plant diversity corresponded with the colonization 
and spread of disturbance-adapted plants that impeded recovery of 
late-successional species.

Trait-based assessments of understorey plants can be used to 
determine floristic indicators of disturbance that are not always de-
tected by metrics of foliar cover and diversity (Dale et al., 2002). 
Measurements of species-specific life-history traits illustrate how 
plants survive, colonize, and compete in disturbance-impacted areas 
(Donato et al., 2009; Pidgen and Mallik, 2013). For example, Knapp 
and Ritchie (2016) described how recently germinated shrubs were 
more susceptible to the mechanical impacts of salvage logging than 
forbs and graminoids. Non-native plant invasion is also facilitated by 
disturbances that liberate previously occupied growing space, and 
may be amplified by salvage logging through soil disturbance, prop-
agule distribution, and mechanical damage of competing vegetation 
(Miller et al., 2015).

The North American Coastal Plain is a global biodiversity hotspot 
with over 1,800 endemic vascular plants (Noss et al., 2015). The Pinus 
palustris (longleaf pine) ecosystem once occupied ca. 37 million ha of 
the North American Coastal Plain, but has been reduced to less than 
5% of its former extent (Frost, 2006). Remnant patches of the Pinus 
palustris ecosystem are managed with frequent, low-intensity pre-
scribed fires that perpetuate Pinus palustris-dominated canopies and 
diverse understorey plant communities (Outcalt, 2006). Specifically, 
prescribed fires induce shoot mortality of hardwoods that could 
otherwise outcompete Pinus palustris for canopy positions and en-
hance seedbed suitability and growing conditions for fire-adapted 
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understorey plants (Mitchell et al., 2009). Cultural and institutional 
support of prescribed fire is strong in the North American Coastal 
Plain, which provides a model for prescribed fire management in 
other fire-adapted forests in the North American Interior Highlands 
and Intermountain West (Bigelow et al., 2018). Fire science in the 
Pinus palustris ecosystem may also inform a growing international 
interest in prescribed fire management in regions such as southern 
Europe (Fernandes et al., 2013; Fuentes et al., 2018) and southwest-
ern Australia (Burrows and McCaw, 2013).

The overarching objective of this study was to assess how op-
erational-scale prescribed fire influenced floristic assemblages in 
Pinus palustris woodlands differentially impacted by an April 2011 
Enhanced Fujita scale 3 (EF3) tornado and a subsequent salvage-log-
ging operation. The presence and foliar cover of understorey plants 
were monitored before and after prescribed fire in mature, wind-dis-
turbed, and salvage-logged sites to assess changes in plant commu-
nity composition, species diversity, and life-history trait expression. 
A baseline study attributed greater floristic diversity in wind-dis-
turbed sites to microsite variability associated with fallen trees, and 
reduced plant diversity in salvage-logged sites to habitat homogeni-
zation associated with deadwood extraction (Kleinman et al., 2017). 
In this study, we hypothesized that (a) floristic diversity would re-
main greatest after prescribed fire in wind-disturbed sites that were 
not logged. However, we also hypothesized that (b) prescribed fire 
would promote some plant community convergence by imposing 
consistent selective pressures on plants with common life-history 
strategies.

2  | METHODS

2.1 | Study area

This study was conducted in the Oakmulgee District of the Talladega 
National Forest in Bibb County, Alabama, USA (32°55ʹ30ʺ N, 
87°24ʹ00ʺ W). The Oakmulgee District occurs in the Quercus–Pinus 
forest region of the United States (Braun, 1950) in the remnant cen-
tral Pinus palustris hills of Alabama (Harper, 1943). In the Fall Line Hills 
physiographic transition zone, species from the Coastal Plain coex-
ist with species from the adjacent Appalachian Highlands on steep, 
stream-carved slopes and ridges (Fenneman, 1938; Shankman and 
Hart, 2007). In the study area, Pinus palustris-dominated woodlands 
occur on upper slopes and south-facing lower slopes maintained 
with prescribed fire every 2–5 years (Beckett and Golden, 1982; Cox 
and Hart, 2015). Understorey plant communities are characterized 
by Pteridium latiusculum {syn: Pteridium aquilinum} and Schizachyrium 
scoparium, and a diversity of Quercus spp. and other hardwoods occur 
in sub-canopy strata (Teague et al., 2014; Kleinman and Hart, 2018). 
Hillslopes and ridges contain deep, moderately well drained soils 
developed from the Cretaceous-aged Gordo Formation (GSA, 2006; 
USDA NRCS, 2008, 2020a). The climate is humid mesothermal, with 
long, hot summers and year-round precipitation (Thornthwaite, 
1948). Mean monthly temperature is highest in July (26.9°C) and 

lowest in January (6.6°C), with a mean annual temperature of 17.2°C 
and mean annual precipitation of 1,376.21 mm (PRISM, 2020).

On 27 April 2011, the Oakmulgee District was impacted by an 
EF3 tornado with estimated maximum wind speeds of 233 km hr−1 
and a maximum path width of 1,609 m (National Weather Service, 
2011). The tornado was one of 362 tornadoes that impacted the 
eastern United States during the 25–28 April 2011 Super Outbreak. 
After the storm, plans to salvage potentially hazardous damaged and 
dead wood from tornado-impacted areas were developed. From July 
till November 2011, wheeled feller bunchers and chainsaws were 
used to cut uprooted trees and logs, which were transported with 
wheeled skidders to a stationary knuckleboom loader. However, be-
cause the salvaged-wood market was oversupplied after the 2011 
Super Outbreak, some wind-disturbed sites were not logged. This 
presented an opportunity to assess the individual and interacting 
effects of wind disturbance, salvage logging, and prescribed fire on 
Pinus palustris stand dynamics.

2.2 | Field methods

In March 2016, we opportunistically delineated three disturbance 
categories: mature, wind-disturbed, and salvage-logged (Kleinman 
et al., 2017; Ford et al., 2018). Mature sites were not impacted by the 
tornado, wind-disturbed sites were directly impacted by the tornado 
but not logged, and salvage-logged sites were directly impacted by 
the tornado and salvage-logged. The density of live woody stems 
≥5 cm diameter at 1.37 m above root collar was 325 stems/ha in 
mature sites and 31 stems/ha in both wind-disturbed and salvage-
logged sites (Kleinman et al., 2017; Ford et al., 2018). Although the 
conditions of this “natural experiment” (i.e., tornado and salvage log-
ging) precluded experimental replicability, care was taken to select 
sites with comparable pre-disturbance conditions. We therefore 
used a space-for-time substitution to gain insight on the impacts of 
catastrophic wind disturbance and salvage logging that would not 
otherwise be attainable with traditional methods of experimenta-
tion (Pickett, 1989; Hargrove and Pickering, 1992; Davies and Gray, 
2015). In other words, selection of sites with comparable pre-dis-
turbance conditions enabled observed differences between sites to 
be attributed to the disturbance events of interest, not pre-distur-
bance disparities. Prior to the tornado, all sites were in stands that 
established in the early 1930s, were dominated by Pinus palustris, 
shared upper- and mid-slope positions with Maubila-series soils, and 
occurred within a 1-km2 expanse of each other. Sites also occurred 
in the same Forest Service-delineated compartment, which ensured 
that sites experienced the same prescribed fire regime, including 
operational-scale prescribed fires in May 2010, April 2014, and April 
2018. Thus, recurring fire was a background condition in all sites, 
but, based on the timing of our field surveys, data collected May–
July 2016 were considered “before” fire data and data collected June 
2018 were considered “after” fire data.

Within each of the three disturbance categories, 20 nested 
plots (n = 60) were systematically established with 25-m spacing 
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(Figure 1). Nested plots consisted of a 400-m2 fixed-radius plot and 
10 nested 1-m2 quadrats (10 m2). Quadrats were positioned with one 
at the center of each 400-m2 plot and the other nine spaced evenly 
along the 0°, 120°, and 240° azimuths from plot center. Within each 
1-m2 quadrat, we recorded the composition and foliar cover of all 
ground flora, defined as live woody and herbaceous plants ≤1 m in 
height. Excluding Poaceae (grasses), ground flora were identified to 
the finest taxonomic resolution possible and assigned a cover class 
from 1–10. This cover class system was adapted from the North 
Carolina Vegetation Survey (NCVS), where 1 = trace, 2 = 0%–1%, 
3 = 1%–2%, 4 = 2%–5%, 5 = 5%–10%, 6 = 10%–25%, 7 = 25%–50%, 
8 = 50%–75%, 9 = 75%–95%, and 10 = 95%–100% (Peet et al., 1998).

Data collected at the 400-m2 plot-scale were used to interpret 
associations between biophysical site conditions and variation in 
ground flora assemblages. These data included the density of sap-
lings (i.e., live woody stems >1 m in height and <5 cm diameter at 
1.37 m above root collar) and volume of coarse woody debris (i.e., 
downed deadwood ≥10 cm diameter). Coarse woody debris volume 
was calculated with conic-paraboloid and species-specific allometric 
equations derived from diameter measurements taken at both ends 
of logs (i.e., dead stems disconnected from roots) and at 1.37 m from 
root plate on uprooted stems (i.e., dead stems with uplifted root net-
works; Ford et al., 2018; Kleinman et al., 2020). Percent slope and 
aspect were also measured to examine potential effects on ground 
flora assemblages.

2.3 | Analytical methods

Taxonomic concepts were standardized to Weakley (2015). Each 
taxon encountered was evaluated in the context of four life-his-
tory categories to achieve a detailed understanding of disturbance 

effects on floristic dynamics (Appendix S1). Life-history catego-
ries included native status, duration, growth habit, and Raunkiær 
(1934) life form (Table 1). Plant trait designations were guided by 
the USDA Fire Effects Information System and PLANTS databases 
(USDA Forest Service, 2020; USDA NRCS, 2020b), herbarium speci-
mens (Keener et al., 2020), published floras (Oosting, 1942; Gibson, 
1961; Palmquist et al., 2014), and, ultimately, field observations. 
Although many other trait-based classification schemes have been 
proposed (Pulsford et al., 2016), the Raunkiær (1934) system based 
on locations of perennating plant parts is particularly informative in 
fire-prone ecosystems where the height and depth of radiant heat 
have major implications for plant persistence (Rowe, 1983). Post-
fire resprouting ability is also important in fire-prone ecosystems 
(Pausas and Keeley, 2014). Information on plant resprouting ability 
was therefore recorded and used to interpret results, but was not 
assessed statistically because of limited data availability, especially 
for non-woody plants.

To derive plot-level ground flora cover values, quadrat-level 
NCVS rankings were transformed to corresponding range mid-
points and averaged per plot. Plot-level cover values were grouped 
by constituent life-history traits to calculate the foliar cover and 
richness of each growth habit and life form and summed to derive 
total foliar cover. Plot-level cover values were reconverted to corre-
sponding NCVS values to calculate Shannon diversity at the 10-m2 
scale. Plot-level metrics, which included total foliar cover, richness, 
and Shannon diversity and the foliar cover and richness of each 
growth habit and life form, were transformed as needed to achieve 
homoscedasticity and compared between background disturbance 
categories (mature, wind-disturbed, and salvage-logged) and across 
time (before and after prescribed fire) with 3 × 2 mixed ANOVAs. 
One-way ANOVAs and Tukey’s honestly significant difference (HSD) 
tests were used to assess main effects when disturbance categories 

F I G U R E  1   Plot locations in mature, 
wind-disturbed, and salvage-logged Pinus 
palustriswoodlands in the Oakmulgee 
District, Talladega National Forest, 
Alabama, USA (shaded on bottom-right 
inset map). Bottom-left inset illustrates 
how ten 1-m2quadrats were nested within 
each 400-m2fixed-radius plot
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and time did not exhibit significant interactions (levels of p < 0.05 
considered significant).

To visualize differences in ground flora assemblages between 
disturbance categories, we conducted non-metric multidimensional 
scaling (NMS) with PC-ORD version 7 (McCune and Mefford, 2016). 
Multivariate analyses were conducted separately on before- and af-
ter-fire data sets, which included the composition and NCVS cover 
class of all ground flora documented per plot. To moderate the influ-
ence of rare and exceptionally large plants on apparent differences 
in ground flora assemblages, data sets were modified to exclude 
taxa with single-plot occurrences and relativized by maximum by 
dividing plot-level cover values by the maximum values recorded 
per taxon (Peck, 2016). NMS scree plots were used to select the 

optimal number of axes in NMS solutions, which were run 250 times 
with real data, applied Sørensen distance, and were cross-checked 
for conformity with other solutions. One-way PERMANOVAs with 
Sørensen distance were used to validate observed differences in 
ground flora assemblages. To assess relationships between biophys-
ical site conditions and ground flora assemblages, biplot overlays 
were used to illustrate correlations (r2 cutoff of 0.25) between ordi-
nation axes and five environmental variables: disturbance category, 
transformed slope aspect (Beers et al., 1966), percent slope, sapling 
density, and coarse woody debris volume. To determine if floristic 
assemblages became more or less variable over time, values of aver-
age dispersion (i.e., scatter) between plots per disturbance category 
were calculated with NMS dissimilarity matrices and assessed with 
a 3 × 2 mixed ANOVA.

Indicator species analysis was used to identify plant taxa most 
representative of distinct floristic assemblages based on the relative 
frequency and abundance of individual taxa per disturbance cate-
gory (Dufrêne and Legendre, 1997). Indicator species were compared 
based on the life-history traits they represented. Life-history traits 
represented by all ground flora were then assessed with fourth-cor-
ner analysis to determine associations between each plant trait and 
disturbance category (Dray and Legendre, 2008). Fourth-corner 
analysis relates an (R) matrix of environmental characteristics (i.e., 
plots and associated disturbance categories) to a species trait matrix 
(Q) by way of a species abundance matrix (L) with five potential mod-
els. The first model was used to permute the presence or absence of 
each taxon independently and apply a randomization procedure to 
determine the significance of each plant trait and disturbance cate-
gory association (Dray and Dufour, 2007; Dray and Legendre, 2008).

3  | RESULTS

We documented 155 plant taxa in the 600 1-m2 quadrats distributed 
throughout mature, wind-disturbed, and salvage-logged sites. Only 
one quadrat, nested in a salvage-logged plot before prescribed fire, 
contained a non-native plant, Veronica arvensis. However, Lygodium 
japonicum, an aggressive non-native climbing fern, was observed 
in three wind-disturbed plots after prescribed fire, although not 
within the limits of any nested quadrats. Most plants documented 
were perennials (136 taxa), followed by annuals (17 taxa) and bien-
nials (2 taxa). Over half of plants documented were forbs (79 taxa), 
and the next-most common growth habits were trees (38 taxa), 
vines (18 taxa), shrubs (14 taxa), and graminoids (4 taxa). Metrics 
of graminoid richness must be interpreted with caution, however, 
because Poaceae were not identified beyond family. The most well-
represented life forms were hemicryptophytes (60 taxa) and phan-
erophytes (59 taxa), followed by therophytes (17 taxa), geophytes 
(15 taxa), and chamaephytes (4 taxa).

Prescribed fire reduced the foliar cover (p < 0.001), but not 
species richness or Shannon diversity, of ground flora assemblages 
throughout the treatment area (Table 2). Despite overall foliar cover 
reductions, wind-disturbed and salvage-logged sites maintained 

TA B L E  1   Descriptions of the life-history traits used to define 
the 155 ground flora taxa documented in differentially disturbed 
Pinus palustris woodlands in the Fall Line Hills of Alabama, USA

Trait State Description

Native status Natives Native to Alabama, USA

Non-natives Not native to Alabama, 
USA

Duration Annuals Complete life cycle 
within one growing 
season

Biennials Complete life cycle in 
two growing seasons

Perennials Live more than two 
growing seasons

Growth habit Forbs Herbaceous plants 
(lack persistent 
aboveground woody 
tissue)

Graminoids Herbaceous plants with 
grass-like morphology

Vines Woody or herbaceous 
plants with climbing or 
trailing morphology

Shrubs Woody perennials <5 m 
height

Trees Woody perennials >5 m 
height

Life form Geophytes Perennating organs 
belowground (bulbs, 
rhizomes, and tubers)

Therophytes Perennating tissue 
stored in seed (annuals)

Hemicryptophytes Perennating buds at 
ground level

Chamaephytes Perennating buds 
aboveground but 
<0.5 m height

Phanerophytes Perennating buds 
>0.5 m height

Trait definitions follow the USDA PLANTS database (USDA NRCS, 
2020b) and Raunkiær (1934).



6  |    
Applied Vegetation Science

KLEINMAN Et AL.

greater foliar cover than mature sites before and after prescribed fire 
(p < 0.001). Though foliar cover was comparable on wind-disturbed 
and salvage-logged sites, ground flora richness and Shannon diver-
sity remained greatest in wind-disturbed sites before (p = 0.033 and 
p = 0.019 respectively) and after (p = 0.002 and p = 0.002 respec-
tively) prescribed fire.

Three-dimensional NMS solutions explained 70% and 69% 
(non-metric R2-values) of variation in ground flora assemblages 
before and after prescribed fire, respectively (Figure 2). One-way 
PERMANOVAS verified observed differences in the composition 
and foliar cover of ground flora between disturbance categories 
each year (p < 0.001). In the before-fire NMS solution, axis 1 was 
positively associated with coarse woody debris volume (r2 = 0.25) 
and sapling density (r2 = 0.65), which corresponded to the location 
of wind-disturbed plots in ordination space. In the after-fire NMS 
solution, coarse woody debris volume was positively associated 
with axis 3 (r2 = 0.35), which also corresponded to the location of 
wind-disturbed plots in ordination space. Sapling density, however, 
was positively associated with axis 2 after prescribed fire (r2 = 0.29), 
which did not correspond to any one particular disturbance cate-
gory. The dispersion of plots in ordination space was impacted by 
the interaction of background disturbance category and time rela-
tive to prescribed fire (p < 0.001; Figure 3). Before prescribed fire, 
wind-disturbed sites exhibited the greatest variability in ground 
flora assemblages, followed by mature sites and salvage-logged 
sites. After prescribed fire, mean dispersion remained lowest in sal-
vage-logged sites, but mature sites exhibited the greatest variability 
in ground flora assemblages.

Indicator species analysis identified 49 taxa most representative 
of the ground flora assemblages observed in each disturbance cat-
egory (Table 3). Before prescribed fire, two indicators were asso-
ciated with mature sites, 20 were associated with wind-disturbed 
sites, and 11 were associated with salvage-logged sites. After pre-
scribed fire, one indicator was associated with mature sites, 21 were 
associated with wind-disturbed sites, and 12 were associated with 
salvage-logged sites. Among the 49 indicators, the most well-rep-
resented growth habits were forbs (19 taxa) and trees (17 taxa), and 
the most well-represented life forms were phanerophytes (25 taxa) 
and hemicryptophytes (15 taxa).

Based on the growth habits and life forms represented by 
all ground flora, fourth-corner analysis identified a variety of 

relationships between disturbance categories and life-history traits 
(Table 4). Mature sites were negatively associated with graminoids 
and shrubs, and positively associated with vines before and after 
prescribed fire. These results generally corresponded with individ-
ual assessments of how the foliar cover and richness of ground flora 
representing each life-history trait were impacted by pre-fire distur-
bance history, time relative to prescribed fire, and their interaction 
(Appendix S2, Figure 4). Mature sites exhibited the lowest gram-
inoid cover before and after prescribed fire (p < 0.001). Although 
shrub cover increased after prescribed fire throughout the treat-
ment area (p < 0.001), shrub cover remained lowest on mature sites. 
Vine cover was impacted by the interaction of disturbance category 
and time (p < 0.001), and showed greater post-fire reductions on 
wind-disturbed and salvage-logged sites compared to mature sites. 
In contrast to growth habits, significant fourth-corner associations 
between mature sites and life forms did not persist after prescribed 
fire. Prior to prescribed fire, mature sites were negatively associated 
with therophytes and hemicryptophytes. The interaction of distur-
bance category and time impacted therophyte richness (p < 0.001) 
and hemicryptophyte cover (p = 0.015), which both increased slightly 
after prescribed fire on mature sites yet were slightly reduced on 
wind-disturbed and salvage-logged sites. Although fourth-corner 
analysis also detected a positive pre-fire relationship between ma-
ture sites and phanerophytes, wind-disturbed sites hosted greater 
values of phanerophyte cover and richness before (p = 0.001 and 
p = 0.003 respectively) and after (p = 0.006 and p < 0.001 respec-
tively) prescribed fire.

For wind-disturbed sites, fourth-corner analysis identified 
negative relationships with vines and positive relationships with 
shrubs before and after prescribed fire. Prior to prescribed fire, vine 
cover was substantially lower on wind-disturbed sites compared 
to salvage-logged sites, and after prescribed fire, wind-disturbed 
sites contained the lowest vine cover. Shrub cover was greatest 
on wind-disturbed sites before (p = 0.001) and after (p = 0.044) 
prescribed fire, and compared to mature sites, shrub richness was 
also greater in wind-disturbed sites before (p = 0.004) and after 
(p = 0.001) prescribed fire. Although a positive fourth-corner as-
sociation between mature sites and trees was only detected with 
post-fire data, tree richness was greatest in wind-disturbed sites be-
fore (p = 0.023) and after (p = 0.009) prescribed fire. Pre-fire tree 
cover was also greatest on wind-disturbed sites (p = 0.049), but 

Metric Time Mature Wind Salvage

Foliar cover (%) 2016 A 40.0 ± 4.5 a 73.7 ± 3.8 b 70.3 ± 3.7 b

2018 B 24.8 ± 3.1 a 46.2 ± 2.8 b 45.8 ± 2.5 b

Richness 2016 A 25.1 ± 1.3 a 33.7 ± 1.3 b 29.1 ± 1.2 a

2018 A 24.5 ± 1.7 a 33.9 ± 1.6 b 26.3 ± 1.2 a

Shannon diversity 2016 A 3.0 ± 0.1 a 3.3 ± 0.0 b 3.1 ± 0.0 a

2018 A 3.0 ± 0.1 a 3.3 ± 0.0 b 3.0 ± 0.1 a

Note:: Different capital letters indicate significant differences between years (p < 0.05) and lower-
case letters indicate significant differences between pre-fire conditions (p < 0.05) within years 
based on Tukey's pairwise comparisons.

TA B L E  2   Mean ± standard error (SE) 
foliar cover (%), richness (taxa per 10 m2), 
and Shannon diversity of ground flora 
in mature, wind-disturbed, and salvage-
logged Pinus palustris woodlands in the 
Fall Line Hills of Alabama, USA
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after treatment area-wide tree cover reductions (p < 0.001), the fo-
liar cover of trees did not significantly differ between disturbance 
categories. The only fourth-corner association detected between 
wind-disturbed sites and life forms was a negative post-fire chamae-
phyte relationship. Though foliar cover and richness of chamaeph-
ytes averaged less than 1% and one taxon per 10 m2, respectively, 
on plots throughout the treatment area, post-fire chamaephyte 
richness was greater on salvage-logged sites compared to wind-dis-
turbed sites (p = 0.028).

Salvage-logged sites showed positive fourth-corner associations 
with graminoids and negative associations with trees before and 
after prescribed fire. The foliar cover of graminoids was consistently 
greatest on salvage-logged sites, although only significantly greater 
than wind-disturbed sites after prescribed fire (p = 0.037). In con-
trast, salvage-logged sites contained significantly lower tree cover 
than wind-disturbed sites before prescribed fire (p = 0.015), but not 
after. Tree richness, however, remained lower on salvage-logged 
sites compared to wind-disturbed sites before (p = 0.023) and 

F I G U R E  2   Three-dimensional NMS solutions before (top two panels) and after (bottom two panels) prescribed fire based on the 
composition and foliar cover of ground flora documented in mature, wind-disturbed, and salvage-logged plots. Convex hulls (loops) include 
plots in the same disturbance category and biplot overlays (arrows) indicate associations between environmental variables and ordination 
axes
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after (p = 0.009) prescribed fire. Although fourth-corner analysis 
detected a positive post-fire relationship between salvage-logged 
sites and forbs, forb cover and richness did not significantly differ 
between wind-disturbed and salvage-logged sites. In terms of life 
forms, salvage-logged sites exhibited a positive fourth-corner re-
lationship with hemicryptophytes and a negative relationship with 
phanerophytes before and after prescribed fire. Hemicryptophyte 
cover was consistently greatest on salvage-logged sites, and, com-
pared to wind-disturbed sites, phanerophyte cover was lower on sal-
vage-logged sites before and after prescribed fire. Salvage-logged 
sites also exhibited a positive pre-fire fourth-corner relationship 
with therophytes and a positive post-fire fourth-corner relationship 
with chamaephytes.

4  | DISCUSSION

Prescribed fire reduced the foliar cover of ground flora assemblages 
throughout the treatment area. Floristic diversity, however, was 
relatively unchanged. Similar results were reported by Fuentes et al. 
(2018), who documented significantly reduced cover, but not diver-
sity, of understorey plants after prescribed fire in a Pinus halepen-
sis forest of Northeastern Spain. In support of our first hypothesis, 
wind-disturbed sites hosted the greatest ground flora richness and 
Shannon diversity before and after prescribed fire, which was attrib-
uted to a complexity of microsites and microclimatic conditions asso-
ciated with coarse woody debris. Indeed, ground flora assemblages 
in wind-disturbed sites were correlated with coarse wood debris 
volume before and after prescribed fire. Ground flora assemblages 

on wind-disturbed sites were also correlated with sapling density 
before, but not after, prescribed fire. These results corresponded 
with a companion study that documented only slight post-fire coarse 
woody debris volume reductions, yet substantial prescribed fire-me-
diated sapling density reductions in the same study area (Kleinman 
et al., 2020). Whereas prescribed fire offset differences in sapling 
densities between wind-disturbed and salvage-logged sites, ground 
flora assemblages remained disparate. In other words, prescribed 
fire did not remedy salvage-mediated differences in understorey 
plant recovery.

Legacies of deadwood extraction persisted on salvage-logged 
sites. In addition to reduced ground flora diversity, salvage-logged 
sites exhibited the lowest mean dispersion of ground flora assem-
blages. Metrics of mean dispersion indicated how variable, not 
necessarily how diverse, ground flora assemblages were within dis-
turbance categories. Specifically, mean dispersion values indicated 
how dissimilar ground flora assemblages were between plots in each 
disturbance category. The relatively low dispersion observed in sal-
vage-logged sites indicated that deadwood extraction homogenized 
ground flora assemblages. Early stages of plant succession are most 
often limited by moisture and nutrient availability (Muller, 2014). 
Whereas downed deadwood contributed to a complex mosaic of 
sheltered, moist microsites and decomposition-derived soil organic 
matter in wind-disturbed sites, mechanical extraction of deadwood 
resulted in more uniform growing conditions in salvage-logged sites. 
Moreover, direct impacts of salvage-logging machinery, log skidding, 
and additional soil disturbance likely contributed to the loss of some 
ground flora that were observed in wind-disturbed sites but absent 
from salvage-logged sites (Brewer et al., 2012).

Interestingly, post-fire dispersion of ground flora assemblages 
was greatest in mature sites. This demonstrated that, after pre-
scribed fire, mature sites hosted ground flora assemblages that were 
most dissimilar from one plot to the next. Working within 1 km of 
the study area, Goode et al. (2020) also documented greater ground 
flora variability in the interior forest compared to the tornado swath 
and forest edge. Variability between ground flora assemblages 
in mature sites was attributed primarily to gap-scale disturbances 
such as lightning strikes and single-tree blowdown events (Palik and 
Pederson, 1996). Though mature sites typically hosted a continu-
ous Pinus palustris-dominated canopy and uninterrupted Pinus lit-
ter-composed fuel bed, it was not uncommon to encounter a canopy 
gap (Kleinman et al., 2017). The density of snapped, uprooted, and 
standing dead stems (snags) >5 cm diameter at 1.37 m height was 
25 stems/ha in mature sites (2016 data). We contend that canopy 
gaps supported early-successional ground flora within a matrix of 
mature woodlands, and thereby contributed to greater intra-stand 
variability than sites that experienced catastrophic canopy removal. 
Moreover, fire-induced fuel consumption on mature sites facilitated 
establishment and growth of therophytes and hemicryptophytes. 
Therophytes typically complete their short life cycles on recently 
exposed ground (Raunkiaer, 1934), and hemicryptophyte shoot pen-
etration of the litter layer may be enhanced with litter mass reduc-
tions (Facelli and Pickett, 1991).

F I G U R E  3   Disturbance category and time had a significant 
interaction (p < 0.001) on the average dissimilarity (i.e., dispersion) 
of ground flora assemblages documented in mature, wind-
disturbed, and salvage-logged plots before (2016) and after (2018) 
prescribed fire
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TA B L E  3   Indicator values (average relative frequency and abundance) with corresponding p-values (*, <0.05; **, <0.01; ***, <0.001) of 
plant taxa most representative of mature, wind-disturbed, and salvage-logged sites before (2016) and after (2018) prescribed fire in Pinus 
palustris woodlands in the Fall Line Hills of Alabama, USA

Indicator species Before After Growth habit Raunkiær life form

Mature

Acer rubrum 35.4* Tree Phanerophyte

Cornus florida 30.7* Tree Phanerophyte

Solidago odora 40.1* Forb Hemicryptophyte

Wind-disturbed

Scleria triglomerata 32.5* Graminoid Geophyte

Conyza canadensis 58.2*** Forb Therophyte

Erechtites hieraciifolius 39.2** Forb Therophyte

Eupatorium capillifolium 25** Forb Hemicryptophyte

Eupatorium rotundifolium 32.4** Forb Hemicryptophyte

Lactuca canadensis 67.3*** 56.2*** Forb Hemicryptophyte

Lespedeza violacea 22.5* Forb Hemicryptophyte

Osmundastrum cinnamomeum 20* 20* Forb Hemicryptophyte

Phytolacca americana 20* Forb Geophyte

Pityopsis graminifolia 45.7*** Forb Hemicryptophyte

Scutellaria elliptica 20* Forb Hemicryptophyte

Solidago spp. 33.3** Forb Hemicryptophyte

Symphyotrichum 41.6** Forb Hemicryptophyte

Parthenocissus quinquefolia 20* 25** Vine Phanerophyte

Smilax smallii 20* Vine Phanerophyte

Rhus copallinum 45.1** 43.6** Shrub Phanerophyte

Rhus glabra 30** Shrub Phanerophyte

Rubus spp. 31* Shrub Hemicryptophyte

Styrax grandifolius 39.6*** 50.9*** Shrub Phanerophyte

Vaccinium stamineum 51.1*** Shrub Phanerophyte

Carya glabra 36.8** Tree Phanerophyte

Carya tomentosa 35* Tree Phanerophyte

Liquidambar styraciflua 30.5* 37.2** Tree Phanerophyte

Liriodendron tulipifera 20* Tree Phanerophyte

Nyssa sylvatica 40* 33.1* Tree Phanerophyte

Prunus umbellata 22.5* Tree Phanerophyte

Quercus alba 53.1*** 51.3*** Tree Phanerophyte

Quercus coccinea 39.7** Tree Phanerophyte

Quercus falcata 41.4* Tree Phanerophyte

Quercus velutina 38.4** 46.4*** Tree Phanerophyte

Symplocos tinctoria 30** 40*** Tree Phanerophyte

Salvage-logged

Poaceae 43.9** 46.8*** Graminoid Hemicryptophyte

Agalinis purpurea 61*** 45*** Forb Therophyte

Coreopsis major 43.4** 44.7** Forb Hemicryptophyte

Diodella teres 25.7* 35** Forb Therophyte

Hypericum gentianoides 24.5* Forb Therophyte

Tephrosia virginiana 55.3*** 52.1*** Forb Hemicryptophyte

(Continues)
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Although ground flora assemblages remained dissimilar between 
disturbance categories, prescribed fire imposed consistent plant trait 
selection throughout the treatment area, which supported our sec-
ond hypothesis. Prior to prescribed fire, wind-disturbed sites hosted 
the greatest foliar cover of ground flora classified as trees (i.e., woody 
plants with the potential to grow over 5 m height), which was likely a 
legacy of canopy tree removal and competitive release. Reduced un-
derstorey tree cover on salvage-logged sites may have been a legacy of 
stem damage from salvage-logging machinery. Despite these pre-fire 
differences, prescribed fire reduced understorey tree cover through-
out the treatment area and thereby negated differences in understo-
rey tree cover between disturbance categories. Nonetheless, post-fire 

tree richness remained greatest in wind-disturbed sites. Persistent dif-
ferences in understorey tree richness were attributed to the post-fire 
resprouting abilities of trees in the study area. Whereas woody plant 
biomass can take two or more years to recover to pre-fire conditions, 
the ability to resprout enables woody plant persistence in fire-adapted 
ecosystems (Peterson et al., 2007). For the trees in this study for which 
physiological information was available, only Symplocos tinctoria was 
listed as not having the ability to resprout (USDA Forest Service, 2020; 
USDA NRCS, 2020b). However, we contend that Symplocos tinctoria, 
which was an indicator of wind-disturbed sites before and after pre-
scribed fire, can indeed produce new shoots from surviving rootstocks 
after above-ground mortality (Appendix S3).

Indicator species Before After Growth habit Raunkiær life form

Tragia smallii 40.3* Forb Hemicryptophyte

Gelsemium sempervirens 46*** 47.5*** Vine Phanerophyte

Smilax glauca 40.7* Vine Phanerophyte

Stylisma humistrata 22.5* Vine Geophyte

Gaylussacia dumosa 34.4* 36* Shrub Chamaephyte

Pinus spp. 32.8* Tree Phanerophyte

Quercus falcata 41.8* Tree Phanerophyte

Quercus laevis 20.8* Tree Phanerophyte

Quercus nigra 46.6** 34* Tree Phanerophyte

TA B L E  3   (Continued)

TA B L E  4   Positive (+) and negative (−) associations with corresponding p-values (*, <0.05; **, <0.01; ***, <0.001) between life-history 
traits and background disturbance categories before (2016) and after (2018) prescribed fire in Pinus palustris woodlands in the Fall Line Hills 
of Alabama, USA

Trait State Time Mature Wind Salvage

Growth habit Graminoid Before (−)*** (+)***

After (−)*** (+)**

Forb Before (+)*

After

Vine Before (+)* (−)***

After (+)* (−)***

Shrub Before (−)* (+)**

After (−)** (+)*

Tree Before (−)**

After (+)** (−)**

Life form Geophyte Before

After

Therophyte Before (−)*** (+)***

After

Hemicryptophyte Before (−)* (+)**

After (+)**

Chamaephyte Before

After (−)** (+)**

Phanerophyte Before (+)** (−)***

After (−)**
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Prescribed fire-induced understorey tree cover reductions co-
incided with increased shrub cover throughout the treatment area. 
We suspect that shrubs captured some of the growing space previ-
ously occupied by top-killed understorey trees. Like trees, the large 
majority of shrubs in the study area can resprout, with two listed 
exceptions of Rhododendron canescens and Styrax grandifolius (USDA 

Forest Service, 2020; USDA NRCS, 2020b). Nonetheless, Styrax 
grandifolius was an indicator of wind-disturbed sites before and after 
prescribed fire, and can in fact regenerate from underground rhi-
zomes after fire (Hill, 2007; Appendix S3). Barefoot et al. (2019) also 
reported Styrax grandifolius as an indicator of mechanically thinned 
mixed Pinus-hardwood stands subject to a three-year prescribed fire 

F I G U R E  4   Foliar cover (%) and richness (taxa per 10 m2) of ground flora representing each growth habit and life form documented in 
mature, wind-disturbed, and salvage-logged plots before (2016) and after (2018) prescribed fire. Different capital letters denote significant 
differences between years (p < 0.05), and lower-case letters denote significant differences between pre-fire conditions (p < 0.05) within 
years based on Tukey's pairwise comparisons
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rotation. Rhus copallinum was the other indicator shrub of wind-dis-
turbed sites before and after prescribed fire. Rhus copallinum can 
rapidly resprout in sites impacted by wind and fire disturbances 
(Cannon et al., 2019), and composed the greatest post-fire densities 
of seedlings (live woody stems <1 m height) and saplings in wind-dis-
turbed sites (Kleinman et al., 2020). On salvage-logged sites, the 
subshrub Gaylussacia dumosa was a significant indicator before and 
after prescribed fire. The underground rhizomes of Gaylussacia du-
mosa are resistant to fire and are stimulated to resprout after above-
ground foliar consumption (Coladonato, 1992). Gaylussacia dumosa 
was also the only indicator species representative of the chamae-
phyte growth habit, and its common occurrence corresponded with 
greater levels of post-fire chamaephyte richness on salvage-logged 
sites.

Like understorey trees, prescribed fire reduced the foliar cover 
of phanerophytes throughout the treatment area. This reduction 
counteracted a pre-fire disparity between salvage-logged and ma-
ture sites in the foliar cover of phanerophytes. Whereas trees and 
vines were distinguished by growth habit, the phanerophyte life 
form included all trees and some vines. Gelsemium sempervirens was 
a particularly widespread woody vine, and was a significant indica-
tor of salvage-logged sites before and after prescribed fire. Emery 
and Hart (2020) used laboratory burns to assess the flammability 
of fuels collected in the study area, and classified Gelsemium sem-
pervirens vines and leaves in a moderate-high flammability group. 
We contend that the substantial vine cover reductions observed 
in salvage-logged sites largely represented Gelsemium sempervirens 
consumption.

Though prescribed fire counteracted some differences in woody 
plant cover, differences in graminoid cover were exaggerated. 
Graminoid cover was consistently lowest on mature sites with in-
tact canopies and consequently lower understorey light availabil-
ity. However, whereas pre-fire graminoid cover was comparable on 
wind-disturbed and salvage-logged sites, post-fire graminoid cover 
was greatest on salvage-logged sites. These results corresponded 
with others who attributed increased cover of light-demanding 
graminoids to the reduction of shade (Peterson et al., 2007; Policelli 
et al., 2019). The removal of standing and leaning deadwood maxi-
mized understorey light availability in salvage-logged sites (Kleinman 
et al., 2017). Nonetheless, whereas the Poaceae (grass) family was 
a significant indicator of salvage-logged sites, the sedge Scleria tri-
glomerata was a significant indicator of wind-disturbed sites. These 
results were attributed to the photosynthetic pathways of the con-
stituent indicators. Peterson et al. (2007) described how C4 grasses 
and sedges exhibited the greatest responses to increased light 
availability, whereas C3 grasses and sedges were associated with 
partial shading. Though Poacea were not identified beyond family 
in this study, the most common graminoids in the study area were 
C4 bunchgrasses (e.g. Schizachyrium scoparium; Becket and Golden, 
1982; Teague et al., 2014). In contrast, Scleria triglomerata, which 
utilizes a C3 photosynthetic pathway (Bruhl and Wilson, 2007), was 
perhaps better adapted to grow in the partial shade near downed 
woody debris in wind-disturbed sites (Pearcy and Ehleringer, 1984).

Among all growth habits and life forms assessed, geophytes 
were least impacted by disturbance category and time relative to 
prescribed fire. We suspect that the relatively consistent represen-
tation of geophytes across space and time reflected a long-term 
legacy of recurrent low-intensity fire in the study area. Although 
below-ground perennating tissues are primarily recognized as a 
drought-survival adaptation (Raunkiær, 1934), the geophytic life-his-
tory strategy also confers resilience in fire-adapted ecosystems 
where underground growth buds are protected from surface fires 
(Ruiters et al., 1993; Dale et al., 2002). Moreover, compared to life 
forms with surface-level and above-ground growth buds, geophytes 
may have been better protected from the mechanical impacts of sal-
vage logging in the understorey.

5  | CONCLUSIONS

With changing disturbance regimes in forest ecosystems worldwide, 
it is increasingly important to consider how management actions im-
pact ecosystem resilience (Turner, 2010; Seidl et al., 2016). Though 
many response variables can be used to assess ecosystem recov-
ery rates and trajectories, forest resilience is most often assessed 
by metrics of tree regeneration. Ground flora assemblages, how-
ever, can indicate disturbance effects with greater sensitivity than 
woody plant-based metrics, in part because of the greater diversity 
of life-history traits they represent (Roberts, 2004; Gilliam, 2007). 
For example, here we report that, although prescribed fire offset 
differences in sapling densities between unlogged and logged wind-
disturbed sites (Kleinman et al., 2020), ground flora assemblages re-
mained disparate. It is therefore critical to consider the “resilience of 
what” in assessments of post-disturbance management actions on 
ecosystem recovery (Carpenter et al., 2001; Kleinman et al., 2019).

Within the ground flora stratum, a variety of response vari-
able-specific outcomes were observed. Salvage logging reduced 
ground flora diversity, but did not alter foliar cover. Prescribed fire 
reduced foliar cover, but did not alter ground flora diversity. Because 
salvage-logged sites continued to support homogenized ground flora 
assemblages with reduced floristic diversity, we recommend leaving 
some wind-disturbed zones unlogged to serve as ground flora re-
fugia if ground flora resilience is a management objective. Indeed, 
a key silvicultural strategy to combat global change is to increase 
representation of a broad range of functional traits to enhance eco-
system adaptation potential.

Beyond aggregate metrics of foliar cover and diversity, this 
study demonstrated the efficacy of trait-based plant community 
analyses to achieve a detailed understanding of natural and anthro-
pogenic disturbance effects on floristic dynamics. Prescribed fire 
reduced understorey tree cover throughout the treatment area, 
which corresponded with increased shrub cover, and exaggerated 
the disproportionate cover of graminoids on salvage-logged sites. 
Prescribed fire also facilitated establishment and growth thero-
phytes and hemicryptophytes in mature sites, and increased cha-
maephyte representation in salvage-logged sites. The geophyte 
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life form, however, was apparently unaffected by catastrophic 
wind disturbance, salvage logging, and prescribed fire. In spe-
cies-rich ecosystems like the Pinus palustris ecosystem, grouping 
ground flora by common growth habits and life forms can provide 
a simple and effective method to monitor post-disturbance eco-
system recovery (Dale et al., 2002).
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