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As a primary disturbance agent, fire significantly influences local processes and services of forest ecosystems. Al-
though a variety of remote sensing based approaches have been developed and applied to Landsat mission im-
agery to infer burn severity at 30 m spatial resolution, forest burn severity have still been seldom assessed at
fine spatial scales (≤5 m) from very-high-resolution (VHR) data. We assessed a 432 ha forest fire that occurred
in April 2012 on Long Island, New York, within the Pine Barrens region, a unique but imperiled fire-dependent
ecosystem in the northeastern United States. The mapping of forest burn severity was explored here at fine spa-
tial scales, for thefirst timeusing remotely sensed spectral indices and a set ofMultiple Endmember SpectralMix-
ture Analysis (MESMA) fraction images from bi-temporal — pre- and post-fire event — WorldView-2 (WV-2)
imagery at 2 m spatial resolution. We first evaluated our approach using 1 m by 1 m validation points at the
sub-crown scale per severity class (i.e. unburned, low, moderate, and high severity) from the post-fire 0.10 m
color aerial ortho-photos; then, we validated the burn severitymapping of geo-referenced dominant tree crowns
(crown scale) and 15 m by 15 m fixed-area plots (inter-crown scale) with the post-fire 0.10 m aerial ortho-
photos and measured crown information of twenty forest inventory plots. Our approach can accurately assess
forest burn severity at the sub-crown (overall accuracy is 84% with a Kappa value of 0.77), crown (overall accu-
racy is 82% with a Kappa value of 0.76), and inter-crown scales (89% of the variation in estimated burn severity
ratings (i.e. Geo-Composite Burn Index (CBI)). This work highlights that forest burn severity mapping from VHR
data can capture heterogeneous fire patterns at fine spatial scales over the large spatial extents. This is important
since most ecological processes associated with fire effects vary at the b30 m scale and VHR approaches could
significantly advance our ability to characterize fire effects on forest ecosystems.
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1. Introduction

Fire is a primary disturbance agent, driving changes in vegetation
carbon stocks and shaping ecosystems, as well as influencing the
temporal variability in carbon, water and energy fluxes (Bowman
et al., 2009; Flannigan et al., 2000; Smith et al., 2016; Sugihara et
al., 2006; Werf et al., 2010). In Atlantic coastal Pine Barrens ecosys-
tems, a unique but imperiled ecosystem in the northeastern United
States, fire-related management practices including prescribed fire
and ecologically sensitive wildfire management must play a key
role in restoration and preservation of the hydrological and

ecological integrity of these ecosystems (Kurczewski and Boyle,
2000; Jordan et al., 2003). Discrimination of the severity of fire is
thus one of the central questions in ecology for examining fire effects
on key ecological processes (e.g. tree mortality, post-fire recovery,
and intra-species/inter-species competition), and is especially im-
portant for fire-related forest management (Frolking et al., 2009;
Lentile et al., 2006; Quintano et al., 2013; Sugihara et al., 2006). In
wildfire research, the word ‘severity’ is used to refer the magnitude
of change (e.g. extent of vegetation removal, soil exposure, and soil
color alteration), caused by fire (Lentile et al., 2006). The Composite
Burn Index (CBI) and its modified version GeoCBI have been widely
used as means for ground measurements of fire severity (De Santis
and Chuvieco, 2009a; Key and Benson, 2006). As an operational
tool, (Geo)CBI visually assesses the magnitude of change by fire in
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five strata (soils, understory vegetation, mid-canopy, overstory, and
dominant overstory vegetation) and integrates these for an overall
plot level burn severity rating between zero (unburned) and three
(highest severity) (De Santis and Chuvieco, 2009a; Key and Benson,
2006). Although often used interchangeably (Keeley, 2009), a dis-
tinction exists between the term burn severity and fire severity, as
suggested by Lentile et al. (2006): fire severity refers to short-term
(e.g. about within one year following the fire) effects on the local en-
vironment, and burn severity refers to both short-term and long-
term (up to ten years) effects, including ecological responses (e.g.
vegetation recovery). In this study we focus on burn severity given
the temporal period of study and scales of interest. Following
Lentile et al. (2006) we define three levels of burn severity and use
these throughout: consistent with traditional field interpretation of
severity in forest ecosystems (Lentile et al., 2006; Veraverbeke et
al., 2012) burned sites with N50% green crowns were classified as
low severity, those with N50% brown and defoliated (bald) crowns
as moderate severity, and those with N50% black (charred) or burned
crowns as high severity (Fig. 1)

Compared with time and labor intensive field sampling, remote
sensing provides a convenient and consistent way for mapping burned
areas or assessing burn severity across large areas (Brewer et al., 2005;
Lentile et al., 2006;White et al., 1996). Over the past three decades, a va-
riety of remote sensing-based approaches have been developed and
widely applied to Landsat mission imagery to infer burn severity at
30 m spatial resolution (Frolking et al., 2009; Lentile et al., 2006; Jin
and Sader, 2005; White et al., 1996). These remote sensing-based ap-
proaches for assessing burn severity include remotely sensed spectral
indices (SIs, e.g. Lu et al., 2015; Miller et al., 2009; Norton et al., 2009),
radiative transfer models (RTM, e.g. Chuvieco et al., 2006; De Santis et
al., 2009b), and linear spectral unmixing analysis (LSMA, e.g. Quintano
et al., 2013; Riaño et al., 2002). While these remote sensing-based

approaches do have some important limitations (for more details see
Lentile et al., 2009 for the limitations of an NBR or other similar spectral
indices based methods), the differenced Normalized Burn Ratio (dNBR,
Key and Benson, 2006; Miller and Thode, 2007) and other spectral indi-
ces (Epting et al., 2005; Miller and Thode, 2007; VanWagtendonk et al.,
2004) have been used to assess burn severity across the United States
starting as early as 1984 with the Monitoring Trends in Burn Severity
Project (MTBS, http://www.mtbs.gov/; Eidenshink et al., 2007). While
some previous work suggests the use of an RTM approach, which
provides a more physically-based method to estimate burn severity
from imagery (Chuvieco et al., 2006; De Santis et al., 2009b), others
suggest LSMA is sufficient to assess burn severity (Lentile et al.,
2009; Quintano et al., 2013; Smith et al., 2007). LSMA and similar
may also be more easily scalable than RTM approaches. LSMA as-
sumes that the reflectance of each mixed pixel can be linearly
decomposed by a set of spectrally distinct components (i.e.
endmembers) and thus the abundance of endmembers present in
that pixel can be estimated (Drake et al., 1999). Recently an expand-
ed version of the standard LSMA, the Multiple Endmember SMA or
MESMA (Roberts et al., 1998) has been explored to map burn sever-
ity (Fernandez-Manso et al., 2016; Quintano et al., 2013). Compared
to the typical LSMA technique, MESMA accounts for endmember
within-class spectral variability and overcomes the limitation of
using the same number of endmembers to model all pixels
(Fernandez-Manso et al., 2016; Quintano et al., 2013).

These remote sensing-based approaches have proven effective for
fire monitoring at larger spatial extents (i.e. ≥30 m), but fire effects on
forest ecosystems show strong landscape heterogeneity, particularly
for wildfires that are not fully stand-replacing or produce a patchy
post-fire landscape. As such, post-fire forest structural characteristics
and the fire-induced ecological effects often vary at fine spatial scales
(≤5 m), and burn severity maps at 30 m (i.e. MTBS) are still too coarse

Fig. 1.Definitions of three burn severity levels and unburned classes used in this study. The backgroundphoto is the post-fire 0.10m color aerial ortho-photos in 2012. Spatial distributions
of validation points (U (136), L (131), M (190), and H (50) for accuracy assessment of forest burn severity mapping at the sub-crown scale are also shown on the fire perimeter map (see
Section 3.5).
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