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Abstract
Background: Given regional increases in fire activity in western North American forests, understanding how fire
influences the extent and effects of subsequent fires is particularly relevant. Remotely sensed estimates of fire
effects have allowed for spatial portioning into different severity categories based on the degree of fire-caused
vegetation change. Fire effects between minimal overstory tree mortality (< 20%) and complete (or nearly
complete) overstory tree mortality (> 95%) are often lumped into a single category referred to as moderate severity.
In this paper, we investigated how burned areas in this broad category of moderate-severity fire fared when
reburned by a subsequent fire. Specifically, we examined the influence of forest structure, tree species composition,
and shrub cover 9–17 yr following moderate-severity fire on the severity of a subsequent large wildfire event. We
used plot-based measurements of trees and shrub cover to develop 15 forest structure and composition variables
to attempt to explain observed reburn severity.
Results: Only live Abies Mill. species basal area and dead standing biomass were identified as significant predictors
of reburn severity using conditional inference tree analysis, both of which were positively related to reburn
severity.
Conclusion: Our findings emphasize that the wide range of fire effects in the moderate-severity category can
contribute to highly variable responses to subsequent wildfire.
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Resumen
Antecedentes: Dados los incrementos regionales en actividades de incendios en bosques de Norteamérica, es
particularmente relevante comprender cómo el fuego influencia el alcance y efectos de subsiguientes incendios.
La estimación de los efectos del fuego mediante sensores remotos ha permitido la partición espacial en distintas
categorías de severidad basada en el grado de cambios en la vegetación causados por el fuego. Los efectos del
fuego entre la mortalidad mínima (< 20%) y máxima (> 95%) de árboles que ocupan el estrato del dosel superior,
son frecuentemente agrupados en una única categoría referida como de moderada severidad. En este trabajo
investigamos cómo resultan las áreas quemadas en esta amplia categoría de moderada severidad luego de ser
afectadas por un incendio posterior. Específicamente, examinamos la influencia de la estructura forestal, la
composición específica de árboles, y la cobertura de arbustos, de 9 a 17 años después de un fuego de moderada
severidad, sobre la severidad de un evento de incendio de grandes proporciones. Usamos mediciones en parcelas
de árboles y cobertura de arbustos para desarrollar 15 estructuras y composiciones variables, en un intento de
explicar la severidad del evento del incendio subsiguiente.
Resultados: Sólo el área basal de árboles vivos de las especies Abies Mill., y la biomasa muerta en pié fueron
identificados como predictores de la severidad en fuegos subsiguientes usando un análisis de inferencia
condicional, dado que ambos fueron relacionados positivamente con la severidad del incendio subsiguiente.
Conclusiones: Nuestros resultados enfatizan que el amplio rango de efectos del fuego en la categoría de
moderada severidad puede contribuir a respuestas altamente variables en un incendio subsiguiente.

Background
The use of remote sensing to assess fire effects on vegetation has allowed for tremendous advancements in characterizing spatial patterns of fire and understanding drivers
of fire severity (Key and Benson 2005, Miller and Thode
2007, Parks et al. 2014). In conifer-dominated forests,
high-severity fire effects have received considerable attention due to the magnitude of associated ecological change.
Based on commonly used thresholds for remotely sensed
fire severity (e.g., Relative differenced Normalized Burn
Ratio [RdNBR]; thresholds in Miller and Thode (2007))
the high-severity category has been shown to capture
complete (or nearly complete) overstory tree mortality
(> 95% basal area mortality; Lydersen et al. 2016).
The low-severity category, on the other hand, captures
post-fire conditions with minimal overstory mortality
(< 20% by basal area). Fire effects between these two
extremes are often lumped into a single category referred
to as moderate severity. Lydersen et al. (2016) described
moderate severity as a “catch all” category that, “captures
everything spanning from little overstory change to nearly
complete overstory mortality.”
Moderate severity has been combined with low severity to characterize fire effects that are likely to restore
ecosystem structure and function in mixed-conifer forests in which fire has long been suppressed (North et al.
2012, Mallek et al. 2013). This assertion is based on the
reductions in tree densities and surface and ladder fuels
associated with low- and moderate-severity fire (Collins
et al. 2011, Becker and Lutz 2016). This is supported by
findings from Lydersen et al. (2017) that demonstrated
that low- and moderate-severity fire improves landscape

resilience to subsequent wildfire. However, labeling such
a range of fire effects as uniformly “restorative” ignores a
couple of important distinctions between low and
moderate severity. First, low-severity fire typically does
not affect mid-sized or large tree density (Collins et al.
2011, Collins et al. 2017). In productive forests with long
periods of fire exclusion, there can be considerable increase in shade-tolerant mid-sized trees relative to historical conditions, which results in greater overall
canopy cover and fewer canopy openings (Lydersen
et al. 2013, Fry et al. 2014, Knapp et al. 2017). These increases not only impact shade-intolerant tree regeneration, but forest understory plant species composition as
well (Zald et al. 2008, Knapp et al. 2013). Moderate severity fire can result in significant reductions in live tree
density, including mid-sized trees, and the creation of
small canopy openings (Lydersen et al. 2016, Huffman
et al. 2017). Both Lydersen et al. (2016) and Huffman
et al. (2017) demonstrated that average live tree basal
area and tree density following moderate-severity fire
were within the historical range of variability for their
respective landscapes. Furthermore, Lydersen et al.
(2016) demonstrated that moderate-severity fire favored
survival of pines over shade-tolerant species, which is a
common objective for restoration of forests that have experienced long priods of fire exclusion (North et al. 2009).
The second important distinction between low and
moderate severity is in the distribution of biomass between live and dead pools. Although both severity levels
have been shown to reduce live tree densities, much of
the fire-killed biomass remains on site (Eskelson et al.
2016), shifting from a state of relatively high fuel
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moisture (live) to one of low fuel moisture (dead) (Fig. 1).
Since moderate severity is associated with greater live
tree density reductions, there is likely greater dead tree
biomass following fire compared to low severity. These
dead trees generally remain standing for several years
following fire but, over time, fall and become part of the
surface-fuel pool. The reduction in canopy cover associated with moderate-severity fire, combined with the consumption of surface and ground fuel (exposing mineral
soil) can also allow for a robust shrub and tree regeneration response in the understory (Fig. 2), which further
adds to the surface-fuel pool. These overstory and
understory dynamics following moderate-severity fire
likely influence the behavior and effects of subsequent
wildfire. However, given the wide range in forest structural change associated with moderate-severity fire, it
may be difficult to develop broadly applicable predictions of how fuel dynamics in these areas will influence
burning in subsequent fires. From a land management
standpoint, this may create a dilemma because
moderate-severity fire has been shown to restore live
forest structure (Collins et al. 2017, Huffman et al.
2017); however, the vegetation and fuel responses following moderate-severity fire may compromise resilience to
subsequent wildfire.
In this study, we took advantage of a unique opportunity
to investigate how burned areas in this broad category of
moderate-severity fire fared when reburned by a subsequent fire. Our specific objective was to examine the influence of forest structure, tree species composition, and
shrub cover 9–17 yr following moderate-severity fire on

Fig. 1 Standing-tree biomass immediately before and one year after
moderate severity-fire in the 2013 Rim Fire. These biomass estimates
are from 66 field plots, which is a subset of the data presented in
Lydersen et al. (2016). Biomass estimates were based on the allometric
equations presented in Jenkins et al. (2004)

Page 3 of 9

the severity of a subsequent large wildfire event. Although
we had additional field plots that initially burned at low
severity and subsequently reburned, this study focused
only on those initially burned at moderate severity. This
was done because of an overall lack of information specific
to moderate-severity fire effects in the existing literature
and the relatively recent interest in moderate-severity fire
for forest restoration and management.

Methods
The field plots used in the analysis spanned portions of
the Stanislaus National Forest (NF) and Yosemite National
Park (NP) in the central Sierra Nevada, California, USA
(Fig. 3). Plot elevations ranged from 1436 to 1845 m
(mean 1546 m). These field plots were established for a
study that investigated forest change based on a historical
forest inventory (Collins et al. 2017), but for the present
study we focused on the contemporary data and the fire
effects these areas experienced following plot establishment. The study area is characterized as lower montane
Sierra Nevada mixed-conifer, consisting of sugar pine
(Pinus lambertiana Dougl.), ponderosa pine (P. ponderosa
Lawson & C. Lawson), white fir (Abies concolor [Gord. &
Glend.] Lindl.), incense-cedar (Calocedrus decurrens
[Torr.] Florin), and Douglas-fir (Pseudotsuga menziesii
[Mirb.] Franco) (North et al. 2016). Common understory
shrub species in the study area include Chamaebatia foliolosa Benth., which is short in stature (< 0.5 m), and a few
taller-stature species: Ceanothus integerrimus Hook. &
Arn., Arctostaphylos patula Greene, and Ribes roezlii
Regel. Climate consists of generally cool, wet winters and
warm, dry summers. Annual precipitation is a mixture of
rain and snow, which averages 50–60 cm yr− 1. Mean
monthly temperatures range from 4 °C in January to 20 °C
in July (Crane Flat Remote Automated Weather Station,
1992–2016, approximately 10 km south of the study area).
Prior to 1900, low- to moderate-severity fire was common
in this area, with a mean point fire return interval of 12 yr
(Scholl and Taylor 2010).
Placement of field plots was based on a prior study
(Collins et al. 2017), for which three to four 0.1 ha circular plots (radius 17.8 m) were centered at random,
non-overlapping distances along centerlines of
quarter-quarter sections in the Public Land Survey
System. In each plot, we recorded tree species, height,
and diameter at breast height (dbh) for all trees 5.1 cm
dbh and greater. In addition, we recorded shrub cover
by species (ocular estimate), aspect, and slope at each
plot. We did not collect information on dead and
downed surface fuels. The decision to forego these measurements was primarily because comparable surface
fuel measurements were lacking in the historical inventory data. Contemporary plot measurements were spread
out across three non-consecutive years: 2005, 2007, and
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Fig. 2 Photographs from field plots demonstrating different overstory and understory dynamics nine years after moderate-severity fire: (a) high
cover of tall shrubs, mainly Ceanothus L. species, with moderate levels of standing and downed fire-killed snags; (b) prolific tree seedling establishment
with relatively high levels of standing and downed fire-killed snags; (c) mixture of low-stature shrubs and tree seedlings occupying nearly the entire
forest floor, moderate levels of standing and downed fire-killed snags; and (d) moderate cover of low-stature shrubs with high levels of downed
fire-killed snags.

Fig. 3 Fire severity classification, based on the Relative differenced Normalized Burn Ratio (RdNBR), for the initial fire (Ackerson Fire, 1996) and
reburn (Rim Fire, 2013) affecting the 47 field plots analyzed in this study (filled black circles). These field plots were measured between 2005 and
2013, which is 9–17 yr following the initial fire, and 0–8 yr prior to the reburn. These plots are a subset of those analyzed in Collins et al. (2017).
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2013. The 2005 and 2007 measurements focused on
Yosemite NP; additional funding allowed for expanding
re-measurement to the Stanislaus NF in 2013.
Two large wildfires affected our study area—one
burned prior to field-plot establishment (1996 Ackerson
Fire) and the other following plot establishment (2013
Rim Fire). Based on comprehensive fire perimeter datasets collated by Yosemite NP and California Department
of Forestry and Fire Protection (http://frap.fire.ca.gov/
data/frapgisdata-sw-fireperimeters_download), there was
very little additional fire activity within and around these
plots (one plot with a fire in 1914 and one on the edge
of a 2011 fire). Severity of both fires was estimated with
RdNBR, which was derived from Landsat Thematic
Mapper imagery acquired the year of and one year following each fire (Fig. 3). Given the focus on moderate
severity, we only included field plots that had RdNBR
values from the Ackerson Fire between 315 and 640
(moderate-severity class thresholds from Miller and
Thode (2007)). This resulted in a total of 47 plots across
19 quarter-quarter sections (Fig. 3). RdNBR values for
each plot were extracted from 30 m resolution raster
data using bilinear interpolation, which weights values of
the four nearest pixels based on distance to plot center.
We generated the following forest stand structure and
composition variables using data collected in the field
plots: live basal area by species, live and dead standing
tree biomass using equations in Jenkins et al. (2004), live
and dead standing tree density, live tree density by dbh
class (5.1–15.1, 15.2–30.4, 30.5–61.0, 61.1–91.4, > 91.4 cm),
and shrub cover separated into two classes based on height
(< 0.5 and ≥ 0.5 m). We used a two-stage approach to explore the influence of these potential explanatory variables
on the severity, as captured by RdNBR, in the 2013 Rim
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Fire. First, we used a random forest analysis to identify influential explanatory variables and rank their importance.
We used the “cforest” function in the PARTY package
(Hothorn et al. 2009) for R statistical computing software
(R Development Core Team 2014), with 1000 individual regression trees and the default setting of five variables per
regression tree. We used conditional permutation importance measures to identify the most influential predictor variables. These variables were used to run our second stage of
analysis, a conditional inference tree. By only including influential predictor variables identified from the random forest analysis, we attempted to minimize potentially spurious
results that tree-based analyses can be prone to. This analysis was performed using the “ctree” function, which is also
in the PARTY package (Hothorn et al. 2009). This approach identifies influential explanatory variables using a
partitioning algorithm that is based on the lowest statistically significant P-value derived from permutation tests. By
doing this, it avoids overfitting and biased selection among
covariates (Hothorn et al. 2006). A significance level of 0.05
was used in assessing all splits. Goodness-of-fit was
assessed by calculating a pseudo R2 as 1 minus the quotient
of residual variance divided by total variance.

Results
Four of the total 15 forest structure and composition
variables had noticeably greater relative importance in
explaining observed Rim Fire severity (Fig. 4a, Table 1).
These four variables were live white fir basal area, live
tree density for trees 30.6–61.0 cm dbh, dead standing
biomass, and total live tree density. The other 11
variables had very little influence on Rim Fire severity
(Fig. 4a). Of those top four variables, only white fir basal
area and dead standing biomass were identified as

Fig. 4 Random forest (a) and conditional inference tree (b) analysis output explaining the influence of forest structure and composition variables
on the Relative differenced Normalized Burn Ratio (RdNBR) for field plots burned in the 2013 Rim Fire. Variables are listed in descending order
according to their relative importance (a). Abbreviations are: L.= live, D. = dead, den. = density, and cm = centimeters diameter at breast height.
Of the top four most important variables, only two were identified as significant in the conditional inference tree analysis (b). P-values at each
node are from permutation tests with a Bonferroni adjustment. Number of field plots (n) and box plots showing the distribution of RdNBR values
in the 2013 Rim Fire for resulting groups of field plots are shown at each terminal node. The pseudo R2 for the tree is 0.52
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Table 1 Summary statistics for field plots (n = 47), which includes
fire severity, based on the Relative differenced Normalized Burn
Ratio (RdNBR), and the top four forest structure or composition
variables explaining observed variability in Rim Fire RdNBR
(see Methods section)
Mean

Median

1996 Ackerson Fire RdNBR

427

389

319–627

2013 Rim Fire RdNBR

545

523

237–890

Live tree density,15.2–30.5 cm dbh (ha−1)

68.1

40.0

0–280

Abies basal area (m2 ha−1)

2.5

0.2

0–11.6

−1

Range

Total live tree density (ha )

220

200

0–740

Dead standing biomass (Mg ha−1)

96.1

68.3

0–703

significant predictors in the conditional inference tree analysis (Fig. 4b). The threshold for white fir basal area associated with higher Rim Fire severity was relatively low,
1.9 m2 ha− 1. Field plots exceeding this white fir basal area
(40% of plots) experienced predominantly high-severity
fire effects, while severity of those below this threshold
depended on the level of standing dead tree biomass
(Fig. 4b). Field plots with ≤ 1.9 m2 ha− 1 of white fir
basal area and ≤ 76.3 Mg ha− 1 of dead standing biomass (36% of plots) tended to burn again at moderate
severity (Fig. 4b). Field plots with low white fir basal area
but high dead standing biomass (24% of plots) tended to
burn at high severity, having a similar distribution of
RdNBR values as that for plots with > 1.9 m2 ha− 1 white
fir basal area (Fig. 4b). The pseudo R2 for the conditional
inference tree was 0.52.

Discussion
There is growing understanding regarding the need to significantly expand fire use to manage vegetation and fuels
in drier North American forest types (Calkin et al. 2015,
North et al. 2015, Parks et al. 2015, Stephens et al. 2016).
This need is based on the notions that 1) fire has been an
integral ecological process for thousands of years and,
without it, these forests lose key structures and function
(Stephenson 1999); and 2) relatively frequent low- to
moderate-severity fire reduces the potential for uncharacteristically large patches of stand-replacing fire (Larson
et al. 2013, Harris and Taylor 2017, Lydersen et al. 2017).
While there is a strong basis for both of these assertions
in the existing literature, there is a need to better understand the mechanisms of how low- to moderate-severity
fire influences subsequent wildfire. This is particularly the
case for forests that have long experienced fire exclusion
and carry a legacy (in biomass) of fire deficit and past timber harvesting (Brown et al. 2008, Knapp et al. 2013,
Taylor et al. 2014, Collins et al. 2017). In these forests,
low- to moderate-severity fire clearly consumes surface
and ladder fuels, which reduces potential behavior and effects of subsequent fire (Agee and Skinner 2005).

However, it also possible that vegetation and fuel dynamics over time could increase subsequent fire behavior and
effects (Coppoletta et al. 2016, Stevens-Rumann and
Morgan 2016). Our results provide some insight as to
how longer-term vegetation dynamics following initial fire
(i.e., after a long period of fire exclusion) influence effects
in a subsequent large wildfire. This is relevant because
reburning by large wildfires is becoming more common in
dry western North American forests (Prichard et al. 2017),
which could only be expected to increase as fire use, and
wildfire activity as a whole, increase into the future.
Our findings indicating that higher reburn severity in
areas that had even modest levels of white fir basal area or
high levels of standing dead biomass fit with expectations
on how both variables influence fire behavior. White fir is
often described as a fire-sensitive species (North et al.
2016), in that it does not have common fire-tolerant characteristics (i.e., thick bark when young, insulated buds, self
pruning). One explanation for the higher reburn severity
is that the initial moderate-severity fire injured but did not
kill the white fir trees in the overstory canopy, and then
the reburn ultimately killed these weakened trees; we do
not have post-fire field data from these plots to corroborate this. Another explanation is that white fir basal area is
positively related to woody surface fuel loads (Fry and
Stephens 2010, Lydersen et al. 2015), which could have
contributed to higher surface-fire intensity. The higher
surface-fire intensity, in combination with lower fire tolerance, may have led to greater overstory mortality. Note
that the term fire intensity, which is a physical measurement of energy released from flaming combustion, is different from fire severity, which, in our case, reflects the
effect of fire on vegetation (Keeley 2009). The association
between greater standing dead biomass and higher fire severity, independent of white fir abundance, is a fairly
straightforward interpretation. Greater biomass of standing dead trees is also related to higher total surface fuel
loads (Lydersen et al. 2015), thus likely causing higher surface fire intensity and perhaps torching.
It was interesting that shrub cover was not an important explanatory factor for reburn severity. Previous work
has demonstrated that greater shrub cover following initial fires can lead to higher reburn severity (Coop et al.
2016, Coppoletta et al. 2016). One explanation for this
lack of shrub importance in our findings is that shrub
cover in our plots was not as high as in areas initially
burned at high severity. Mean tall- and short-stature
shrub cover from our field plots was 28% and 22%,
respectively. It is possible that, at these levels, there
was enough discontinuity in shrub cover that they did
not exacerbate surface-fire intensity in the reburn.
Observations from this study area support this assertion
(R. Everett, University of California, Berkeley, USA, unpublished data). It is unlikely that this discontinuity was
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simply a product of insufficient time given the strong
post-fire establishment response that the dominant shrub
species have (USDA Forest Service 2018) and the relatively long period between initial and reburn fires (17 yr).
Rather, the presence (and spatial pattern) of live overstory
trees following initial fire likely influenced the total proportion and pattern of shrub cover. Further investigation into the influence of live overstory on post-fire
shrub establishment and growth would be needed to
fully test this linkage.
Our findings have a few important limitations worth
noting. First, the fact that we only examined field plots
that initially burned at moderate severity limits the inference that can be drawn. As we stated previously, this decision to focus on moderate severity was driven by an
overall lack of existing information on moderate-severity
fire effects in these forest types. Second, since dead and
downed surface fuel information was not collected in
our plots, we are potentially missing an important contributor to fire behavior, and ultimately to observed fire
effects. As a result, our findings may not fully capture
how fuel dynamics following initial moderate-severity
fire affect the severity in a subsequent reburn. Lastly,
our relatively small sample size, 47 field plots, all of
which burned in the same two fire events, is an additional limitation. Ideally we would have liked to have
more field plots across a broader geographic region to
allow for broader inferences across mixed-conifer forest.
On the other hand, because our field observations captured a longer-term response following the initial fire
(9–17 yr, mean 12 yr), we feel that these findings may be
particularly relevant for understanding how vegetation
dynamics following fire influence future reburns. This is
an important aspect that is generally lacking in existing
studies, which tend to focus more on shorter-term responses following fire and other silvicultural treatments.

Conclusions
Our findings emphasize that the wide range of fire effects in the moderate-severity category can contribute to
highly variable responses to subsequent wildfire. One
possible way to address this uncertainty is to refine the
moderate-severity category for RdNBR-based classifications by adding a class. This additional class would split
the current moderate-severity class in two, which would
possibly allow for separating fire-caused mortality of individual overstory trees from that of small groups of
overstory trees. We recognize that simply adding more
classes does not necessarily result in more precise estimates of fire-caused vegetation change. However, the
large error in the current moderate severity class (Miller
et al. 2009) suggests that splitting the class could improve connections to on-the-ground measurements.
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Moderate-severity fire has been shown to be an effective tool for restoring forest structure in forests that have
experienced long periods of fire exclusion (Collins et al.
2017; Huffman et al. 2017). Beyond achieving restoration objectives, the tree density reductions and heterogeneity introduced by moderate-severity fire may allow
these forests to adapt to increases in temperature and
drought frequency (Williams et al. 2010; Williams et al.
2015). However, the uncharacteristic accumulation of
biomass in forests that have experienced long periods of
fire exclusion leaves a legacy that is not eliminated with
a single fire. An approach to improving resilience in
forests with high levels of accumulated biomass may be
to capitalize on the initial work achieved with
moderate-severity fire by using prescribed fire to consume some of the dead biomass resulting from the initial
fire. This may be a particularly effective strategy given
the projected increases in regional wildfire activity
(Westerling et al. 2011).
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