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Wildland fire activity has increased in many parts of the world in recent decades. Ecological disturbance
by fire can accelerate ecosystem degradation processes such as erosion due to combustion of vegetation
that otherwise provides protective cover to the soil surface. This study employed a novel ecological
indicator based on remote sensing of vegetation greenness dynamics (phenology) to estimate variability
in the window of time between fire and the reemergence of green vegetation. The indicator was applied

g?e’ :’t"ég;n as a proxy for short-term, post-fire disturbance windows in rangelands; where a disturbance window
Seeding is. defined as the time requirgd for an‘eC(‘)l‘ogic‘:al or geomorphic process that is'altered. to return to pre-
Sagebrush steppe disturbance levels. We examined variability in the indicator determined for time series of MODIS and
MODIS AVHRR NDVI remote sensing data for a database of ~100 historical wildland fires, with associated post-
AVHRR fire reseeding treatments, that burned 1990-2003 in cold desert shrub steppe of the Great Basin and
Fourier Columbia Plateau of the western USA. The indicator-based estimates of disturbance window length were
Harmonics examined relative to the day of the year that fires burned and seeding treatments to consider effects of
EF?SiO'n' contemporary variability in fire regime and management activities in this environment. A key finding
rtemisia

was that contemporary changes of increased length of the annual fire season could have indirect effects
on ecosystem degradation, as early season fires appeared to result in longer time that soils remained
relatively bare of the protective cover of vegetation after fires. Also important was that reemergence of
vegetation did not occur more quickly after fire in sites treated with post-fire seeding, which is a strategy
commonly employed to accelerate post-fire vegetation recovery and stabilize soil. Future work with the
indicator could examine other ecological factors that are dynamic in space and time following disturbance
- such as nutrient cycling, carbon storage, microbial community composition, or soil hydrology - as a
function of disturbance windows, possibly using simulation modeling and historical wildfire information.

Published by Elsevier Ltd.

1. Introduction

Disturbance by fire is an important component of many ecosys-
tems. Variations in intensity and frequency of fires induced by
climatic changes or anthropogenic factors can affect ecosystem
structure and functioning (Millennium Ecosystem Assessment,
2005; Westerling et al., 2006). However, in the past few decades,
persistence of warm spells and frequent droughts (induced by
climatic changes) coupled with anthropogenic activities, have
led to more frequent disturbances globally, as evidenced by the
increasing number of wildfires worldwide (Millennium Ecosystem
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Assessment, 2005; Westerling et al.,, 2006; Zhao and Running,
2010). Further, these factors have in instances delayed the post dis-
turbance vegetation recovery, resulting in detrimental impacts on
ecosystems (van der Werfet al., 2008; Zhao and Running, 2010). An
especially prevalent environmental effect of increased fire activity
is enhanced soil degradation due to accelerated erosion immedi-
ately after fire (see reviews by Shakesby, 2011; Shakesby and Doerr,
2006).

Fire combusts vegetation and litter that otherwise provide resis-
tance to erosion, and this is widely considered a dominant factor
that can result in environmental degradation (Dieckmann et al.,
1992; Inbar et al., 1998; Shakesby and Doerr, 2006; White and
Wells, 1979). Further, fires are shown to greatly increase soil
erodiblity by altering the soil physical and chemical properties
such as surface sealing, inducing soil hydrophobicity, and reduc-
ing biological soil crusts (Bowker et al., 2004; Ravi et al., 2009;
Shakesby and Doerr, 2006). Accelerated soil erosion by wind and
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Fig. 1. Disturbance windows relative to the timing of fire, vegetation response, and post-fire erosion: (A) Modified from Shakesby and Doerr (2006) - the hypothetical changes
in erosion with fire and post-fire vegetation response; (B) hypothetical changes in erosion with fire and post-fire vegetation greenness dynamics that might be characteristic
of a rangeland with continental climate, in which patterns of vegetation green up in the spring, senescence in the summer and a secondary, lesser peak in greenness in the
late fall are observed; (C) illustration of relationships of herbaceous vegetation cover with, (i) time since fire for several post-fire erosion studies in the cold desert shrub
steppe, and (ii) sediment transport by wind and water simulated using the WEMO (Okin, 2008) and WEPP (WEPP Web Interface, 2012) models.

water has adverse effects on ecosystem function, biodiversity, crop
and range productivity, environmental quality and climate (Lal,
1990). Moreover, reduction in vegetation and overall biodiversity
via degradation of soil resources can further increase the rate of
soil erosion and result in loss of vital ecosystem services includ-
ing primary production and carbon sequestration, and decrease
the ecosystem resilience - the ability of ecosystem to recover from
disturbances (Chapin et al., 1997; Elmqvist et al., 2003).

Fires occurring in different seasons and at different intensities
may affect ecosystem processes that in turn affect time for recov-
ery. In the ecology and geomorphology literature, a commonly
discussed temporal metric of the relationship between fire effects
on vegetation and erosion is the disturbance window (Prosser and
Williams, 1998 - Fig. 1A). The disturbance window is generally
expressed as the time required for eroded sediment yield to return
to pre-fire levels (Fig. 1A). The trajectory of erosion potential in
response to fire is often described as an immediate (post-fire)
increase that peaks in the weeks to months after fire, followed
by a steady decline with time since burning. The relative pres-
ence of vegetation is a major factor contributing to soil stability

(Chaudhary et al., 2009), and the decline in erosion potential with
time since burning has been demonstrated to follow a path of non-
linear or step decreases in erosion potential that coincide with
changes in the relative abundance (reemergence and growth) of
vegetation (Fig. 1B and C; Ravi et al., 2012; Sankey et al., 2009a,b;
Sass et al., 2012; Shakesby and Doerr, 2006). The longer term
decrease in erosion potential relative to vegetation recovery dur-
ing multiple years post-fire can be punctuated by discrete episodes
of increased sediment yield that correspond to rain and/or wind
events (Brown, 1972; Miller etal., 2012). However, the largest mag-
nitude erosion events are often observed in the first months to
year after a fire when the protective presence of vegetation is at
lowest levels (Brown, 1972; Burgess et al., 1981; Prosser, 1990;
Prosser and Williams, 1998). Observations of vegetation reemer-
gence and growth after fire therefore provide a useful surrogate for
monitoring erosion potential and indicator of overall resistance to
erosion.

Satellite remote sensing is a useful tool for observing post-fire
vegetation dynamics over large spatial extents and at high tem-
poral frequency that might not be accomplished with traditional
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Fig. 2. Modified from Jakubauskas et al. (2001). Examples illustrating components of Fourier analysis in which a complex curve (A) is deconstructed into a set of simple
cosine waves (terms) of different frequencies (B); each cosine wave is defined by its phase and magnitude (C).

field-based methods of ecological monitoring (Casady and Marsh,
2010; Ravi et al., 2012; Van Leeuwen et al., 2010; Wittenberg et al.,
2007). Satellite remote sensing can provide reasonable estimates
of vegetation parameters such as presence, cover, and biomass in a
wide variety of land cover types, particularly at higher abundances
of vegetation (Wallace et al., 2008; Wylie et al., 2002; Zha et al.,
2003). However, the temporal dynamics of vegetation greenness
(remote sensing phenology or phenometrics) that can be charac-
terized for relatively short time steps (Bradley and Mustard, 2008;
Jakubauskas et al., 2001; Moody and Johnson, 2001; Wallace and
Thomas, 2008) might provide a more sensitive indicator of the rel-
atively low levels of vegetation reemergence that can contribute to
decreased erosion potential in the short-term, post-fire (Ravi et al.,
2012; Sankey et al., 2009a,b; Sass et al., 2012; Shakesby and Doerr,
2006).

In this study, remote sensing observations of vegetation green-
ness at high temporal frequency are used as a proxy to quantify
variability in disturbance windows after historic wildfires in range-
lands of the western USA. In the western USA, fire has been
documented to increase erosion in a wide variety of biomes and
land cover types including forests, shrublands, and grasslands (e.g.,
Field et al., 2011; Lamb et al,, 2011; Pierson et al., 2008; Ravi et al.,
2012; Robichaud et al., 2009). Fire activity is known to have varied
historically as a function of climate (Heyerdahl et al., 2008; Littell
et al., 2009; Marlon et al., 2012), and increases in frequency and
size of fires as well as the length of the annual fire season are
thought to have occurred in recent decades in the western USA
due to contemporary changes in climate (Westerling et al., 2006).
We focus on disturbance by fire in the physiographic region of
the Great Basin and Columbia Plateau, a vast region of cold desert
dominated by shrub-steppe vegetation (Charley and West, 1975;
Davies et al., 2011). The cold desert shrub steppe provides criti-
cal wildlife habitat for over 350 wildlife species including Greater
Sage-Grouse (Centrocercus urophasianus Bonaparte) (Suring et al.,
2005). Wildland fire activity has increased in the cold desert shrub
steppe due to annual grass invasion and climate change (Keane
et al., 2008; Whisenant, 1990). Post-fire management including
seeding and soil stabilization are commonly performed to promote
the rapid recovery of vegetation for soil stabilization and a desir-
able vegetation community (Knutson et al., 2009). There is impetus
for evaluating effectiveness of such management activities in part
due to the perceived increases in fire activity and the potential for
vegetation and habitat conversion associated with interactions of
fire, invasion, soil disturbance, and anthropogenic activities (Davies
et al,, 2011; Keeley et al., 2006).

1.1. Study objective

The overall objective of this study was to examine how short-
term disturbance windows might be influenced by the time of year
that fires burn. This question is particularly relevant in light of the
magnitude of historic variability and potential recent increases in
fire frequency, size and season length. While increased fire fre-
quency and size might be expected to increase the prevalence of
post-fire soil degradation due to reductions in the protective pres-
ence of vegetation, effects of an increased length of the fire season
and specifically a change in the prevalence of early and/or late
season fires is less clear. Therefore, a primary research question
examined in this study was: What is the nature of the relationship
between fire date and the length of time (disturbance window)
between fire date and vegetation reemergence? We considered
whether there is rationale to allocate resources and prioritize
post-fire treatment efforts (seeding or other site stabilization tech-
niques) for burned areas based on fire date. For example, do early
season fires pose a risk of longer disturbance windows due the
inherent timing of reemergence of vegetation? Moreover, stabi-
lization and rehabilitation treatments are commonly employed in
the cold desert shrub steppe with the objectives to rapidly provide
a protective cover of vegetation and stabilize soil immediately after
fire, as well as to promote the establishment and recovery of a desir-
able vegetation community in the longer term post-fire. Therefore
we also examined how short-term disturbance windows might
be influenced by common seeding treatments performed in the
months after fire.

2. Methods

2.1. Calculation and theory - remote sensing phenology
disturbance window indicator

Fourier (harmonic) analysis of remote sensing NDVI time series
is a method that has been used successfully to describe vegeta-
tion dynamics (phenology) in a variety of land cover types (Azzali
and Menenti, 2000; Canisius et al., 2007; Gonzélez Loyarte and
Menenti, 2008; Jakubauskas et al., 2001; Wagenseil and Samimi,
2006; Wallace, 2002). A remote sensing time series (Fig. 2A) can
be deconstructed using Fourier analysis into a set of simple cosine
waves of different frequencies (Fig. 2B) and an “additive term” (hor-
izontal line in Fig. 2C). Multiple frequency terms (e.g., Fig. 2B) sum
together to form the original complex curve (Fig. 2A). Each cosine
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wave is defined by: phase, equal to the offset of the wave from the
origin (Fig. 2C); magnitude, equal to the one-half the height of the
wave (Fig. 2C); and frequency, equal to the number of complete
wave cycles at unit time.

The phase and magnitude of the first term cosine wave is use-
ful for identifying the timing and degree of vegetation green-up for
the main growing season in both agricultural and wildland settings
(Azzali and Menenti, 2000; Jakubauskas et al., 2001). The phase of
the first and second order cosine waves (terms) have been used to
identify the timing of the two major periods of vegetation green-up
in systems with a bimodal annual pattern such as: cropping sys-
tems with winter wheat; rangeland ecosystems with assemblages
of annual and perennial vegetation with differing phenology; or
deserts that have a bimodal annual distribution of precipitation
(Azzali and Menenti, 2000; Canisius et al., 2007; Jakubauskas et al.,
2001; Wallace and Thomas, 2008).

The cold desert shrub steppe consists of desert rangeland that
has a continental climate consisting of cool winters with snow and
spring seasons that can be relatively wet; summers are warm and
dry (Fig. 3), and wildfires are often ignited by lightning during the
mid to late summer when herbaceous and grass vegetation has
senesced. Fall precipitation can be variable but precipitation gener-
ally increases later in the fall (Fig. 3). Vegetation greenness patterns
observed in satellite remote sensing follow a trend with peak
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Fig. 3. Average (standard deviation) monthly precipitation during the past ~3
decades among fire project locations analyzed in this study.

greenness at the height of the growing season in late spring,
decreased greenness when vegetation senesces through summer,
and often a secondary muted peak or plateau in greenness due in
particular to some cool season perennials (e.g., Poa secunda J. Presl)
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Fig. 5. Examples of short-term post-fire vegetation dynamics for a late-summer wildfire that burned in the study region. Note reemergence (i.e., slight green-up of herbaceous
and grass vegetation) in the fall, and substantial regrowth the subsequent spring. Erosion was monitored at this site by a previous study and illustrated substantial step
decreases in sediment transport that coincided with vegetation regrowth in these two time periods (Sankey et al., 2009a).

and annuals (e.g., Bromus tectorum) that can be green in the mid to
late fall and winter (e.g., Fig. 4A; Bradford and Lauenroth, 2006;
Bradley and Mustard, 2008). Cold desert shrub steppe consists
predominantly of cool season (C3) plants, and as such, vegetation
greenness patterns can be relatively consistent between years with
wet relative to dry summers since many plants cannot photosyn-
thesize at high (i.e., mid-late summer) temperatures (Comstock and
Ehleringer, 1992).

Vegetation greenness indices observed by satellite remote
sensing, and specifically the Normalized Difference Vegetation
Index (NDVI), immediately decrease after fire (e.g., Fig. 4A; Van
Leeuwen et al., 2010). Because of the timing of natural vegetation
dynamics in the cold desert shrub steppe, remote sensing indices
of vegetation greenness provide an opportunity to quantify dis-
turbance windows that are important for the short-term erosion
potential of burned cold desert shrub steppe. For example, the tim-
ing of vegetation green-up in the late-fall after summer fire can
provide a measure of the time when the first step decrease in
erosion after fire might be expected to occur, and the timing of
green-up in the subsequent spring can provide a measure of the
time when the next step decrease might occur (Figs. 1A, 4A, B and 5;
Sankey et al., 2009b).

In this study, we employed the fast Fourier transform to decom-
pose time series of NDVI (Azzali and Menenti, 2000) from burned
areas for the year of the fire as well as the year after the fire, to
identify the timing of reemergence of vegetation in the fall and sub-
sequent spring after wildfire (Fig. 4C and D). Specifically, the phase
angle of the second term from the NDVI times series of the calendar
year of the fire, and the phase angle of the first term from the NDVI
time series of the calendar year after the fire, can be converted to
a Julian date to identify green-up (timing of maximum greenness)
fall and subsequent spring, respectively, after the fire. The num-
ber of days between the fire date and fall or spring green-up are
estimated to produce two approximations of important short-term
disturbance windows in this environment.

2.2. Fire and seeding treatment data sets

Data were acquired from a U.S. Geological Survey fire and seed-
ing inventory study (Knutson et al., 2009) available through the
Land Treatment Digital Library (Pilliod, 2009). The complete dataset
consisted of 101 projects. Each project was a historical wildland

fire that burned on a loamy ecological site in sagebrush (Artemisia
tridentata Nutt.) steppe of the Great Basin and Columbia Plateau
(Snake River Plain), USA (Fig. 6). The historical fires burned from
1990 to 2003. Each project had unburned and burned treatments
replicated 3 times on soils that would support the same ecological
site. Burned sites were only known to have burned once during
the period of fire records (generally within the last 50 years).
Most projects had seeding treatments implemented to revege-
tate burned areas and stabilize soil [varying combinations of drill
seeded, aerial seeded, drill + aerial (mixed), not seeded] replicated
3 times. The total number of burned plots was 540. The plot dimen-
sions as established were 110 m x 110 m, and plot boundaries were
located more than 150 m from the boundaries of the fire and seed-
ing treatment perimeters. A majority of the burned plots were
evaluated as moderate-high burn severity (http://www.mtbs.gov/,
accessed May 2012).
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Fig. 6. Map showing locations of historical wildland fires (black points) analyzed in
this study in the Great Basin and Columbia Plateau physiographic region (hatched
area) and western USA.
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2.3. Duration bare - MODIS

Sixteen day composites of MODIS NDVI data (250 m spatial
resolution) were acquired from the University of Arizona Remote
Sensing Center for 2000-present (Solano et al., 2010). Time series
of NDVI values were extracted for all burned plot locations for the
32 projects that burned during 2000-2003 and hence within the
period of MODIS availability.

Though the fire plots were located well within fire and seed-
ing treatment perimeters, they were established with dimensions
that are smaller than a MODIS pixel (250 m). Therefore, to com-
pare the relative ability for pixel-based measurements to accurately
characterize vegetation greenness conditions on the ground, we
collected a set of ground based NDVI measurements with a spec-
troradiometer for plots replicated 3 times in burned and unburned
areas at 3, 2011 wildland fires in the Great Basin. For each plot,
spectroradiometer measurements were collected at 1m inter-
vals along 3, 55m transects that radiated (N, SE, SW) from the
plot center. NDVI was determined from the spectroradiometer
measurements by aggregating reflectance determined at 10 nm
intervals for the full-width half-mast bandwidth of MODIS red
and NIR bands. We compared ground-based NDVI collected on
two dates in September and November 2011 (September and
November) to the respective MODIS-NDVI composite pixels using
linear regression analysis.

The primary method used to estimate the date of post-fire veg-
etation green-up was to apply a Fourier decomposition of NDVI
time series (Jakubauskas et al., 2001) to extract the phase of the
first harmonic for the calendar year after the fire as an estimate
of spring green-up, and the phase of the second harmonic for the
calendar year of the fire as an estimate of fall green-up (hence-
forth “Fourier method”). Phase units were converted from radians
to Julian date. To evaluate the Fourier approach, a variation of an
additional common method (Moulin et al., 1997) was also used
in which the dates of the midpoint of the first instance of three
consecutive dates with increasing NDVI after the fire in the fall
and in the subsequent spring were estimated for post-fire fall
and spring green-up, respectively (henceforth “slope midpoint”
method).

The length of time between fire date and the dates of fall
and spring green-up were calculated for the Fourier and slope
midpoint methods and henceforth will be referred to as “dura-
tion bare - fall” and “duration bare - spring”. The relationship
of fire date and the duration bare variables were examined for
each method to consider the effect of fire date on the win-
dow of time that soils remained relatively bare of the protective
cover of vegetation after fire. Linear regressions of duration bare
as a function of fire date were performed for burned plots
irrespective of seeding treatments. Additionally, linear regres-
sions of duration bare as a function of fire date and total
precipitation by season (i.e., fall or spring after fire) were per-
formed.

The Fourier decomposition of the NDVI time series was also used
to extract the magnitude of the first harmonic for the calendar year
after the fire (green-up magnitude - spring), and the magnitude
of the second harmonic for the calendar year of the fire (green-up
magnitude - fall). The effects of seeding on the duration bare and
magnitude variables derived from the Fourier method were exam-
ined with linear mixed effect models with the duration bare and
magnitude variables as response, seeding, fire date, and their inter-
action as fixed factors, and with random effects of project and plot.
Prior to the analysis, the response variables were tested for nor-
mality and transformations were applied as necessary; the square
of duration bare - fall and the natural log of green-up magnitude
- spring were used. Post hoc tests were used to identify significant
differences (p<0.10).

2.4. Duration bare - AVHRR

Seven day composites of AVHRR NDVI data, that are avail-
able for a longer time frame but at lower spatial resolution
(1 km spatial resolution) relative to MODIS, were acquired from
the U.S. Geological Survey EROS Data Center for 1989-present
(http://earlywarning.usgs.gov/USphenology/; accessed 4/1/2012).
Time series of NDVI values were extracted for all burned plot loca-
tions for the 101 projects that burned during 1990-2003. AVHRR
data were not available for 1990 or 1994 due to satellite failure,
meaning that data could not be extracted for (possibly the year-of-
or year-after) fires that burned in 1990, 1993, or 1994. The result-
ing dataset consisted of AVHRR-NDVI extracted from plots within
89 distinct historical fires, 57 of which burned 1990-1999 (prior to
MODIS availability), and 32 of which burned 2000-2003 (i.e., the
same fires examined using MODIS in Section 2.3).

The spatial resolution of the AVHRR data (1 km pixels) was much
coarser than the MODIS data and the fire plot dimensions. It was
anticipated that this might impact the accuracy of analyses and
results. Therefore, duration bare metrics were derived using the
Fourier approach from the AVHRR-NDVI data for all plots and val-
ues (i.e., fires that burned 1990-2003), and the metrics for the plots
that specifically burned 2000-2003 were examined for similarities
with the MODIS-based estimates from the same plots using Pear-
son correlation coefficients (R). It was anticipated that a significant,
positive relationship between estimates derived from the remote
sensing data sources of differing resolution might provide justifi-
cation for extending the analysis of duration bare as a function of
fire date to the fires in the database that burned prior to MODIS
availability. Linear regressions of duration bare (from AVHRR) as
a function of fire date were performed for burned plots irrespec-
tive of seeding treatments. Effects of seeding treatments were not
examined using AVHRR data because of the large mismatch in scale
between AVHRR pixels and the plot dimensions.

3. Results

Ground-based NDVI measurements were significantly
related with MODIS composite NDVI for the September
and November measurement dates (September - Ground
NDVI=—-0.05+1.22 * MODIS NDVI, R%=0.69, p<0.001; November
- Ground NDVI=-0.03+1.11*MODIS NDVI, R2=0.77, p<0.001).
This suggests that the MODIS-NDVI measurements were of a
suitable spatial resolution to examine variability among the study
plots.

3.1. Duration bare and fire date

Fire dates in the data ranged from early June to late September.
Among the different methods and datasets used, relationships of
duration bare metrics as a function of fire date indicated that
fires that burned earlier, relative to later, in the year tended to
result in longer windows of time until the subsequent reemer-
gence of vegetation. The duration bare metrics for fall and spring
were significantly and negatively related to fire date, irrespec-
tive of seeding treatment (Figs. 7 and 8). The relationships of
duration bare and fire date were very similar for duration bare
derived from MODIS for fires that burned 2000-2003 and dura-
tion bare derived from AVHRR for fires that burned 1990-2003
(Figs. 7 and 8). The duration bare estimates derived from AVHRR
and MODIS for fires that burned 2000-2003 were significantly
related (fall R=0.61, p<0.001; spring R=0.65, p<0.001). The rela-
tionship of duration bare and fire date evaluated with the slope
midpoint method produced comparable results to the Fourier
method, though the strength of the relationships differed (slope
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Fig. 7. Relationship of fire date and duration of time from fire date to green-up in the fall and subsequent spring determined with the Fourier transform method for: (A)
MODIS-NDVI and plots that burned 2000-2003; and (B) AVHRR-NDVI and plots that burned 1990-2003.

midpoint method: duration bare fall=-0.23*fire date+ 105,
p=0.02, R2=0.03; duration bare spring=-0.04*fire date+21,
p<0.01, R2=0.67). Incorporation of precipitation received during
the first year after fire as an additional predictor variable increased
the strength of the correlation only slightly (e.g., Fourier method -
duration bare ~ fire date * fall or spring precipitation: R? =0.40 for
fall MODIS, 0.28 for spring MODIS, 0.51 for fall AVHRR, and 0.29 for
spring AVHRR; all p <0.05).

3.2. Seeding treatments

Seeding treatment was significant as a fixed effect explain-
ing variability in the fall and spring duration bare metrics
(Tables 1 and 2, Fig. 8A), and regressions of duration bare as a func-
tion of fire date were significant when determined separately for
seeded and not seeded [e.g. for MODIS-NDVI: duration bare fall (not
seeded)=—0.87 *fire date+263.96, p<0.001, R2=0.42; duration
bare fall (seeded)=—-0.90*fire date+267.19, p<0.001, R2=0.37;

Table 1

F-Values, significance level (p-value), and degrees of freedom from mixed model
analysis for response of length of time between fire date and fall green-up [“duration
bare (fall)”] derived from the Fourier method on burned plots to the fixed effects of
seed (aerial, drill, drill + aerial, not seeded), fire date, and their interaction, and with
random effects of project, and plot.

duration bare spring (not seeded)=-1.19%fire date+549.17,
p<0.001, R2=0.29; duration bare spring (seeded)=—0.84*fire
date +470.25, p<0.001, R? =0.21]. However results did not provide
substantial evidence that the seeding treatments resulted in shorter
windows of time after fire until the subsequent reemergence of veg-
etation. In the fall, duration bare for the treatments that were not
seeded did not differ significantly from the drill and mixed seeded
treatments, and duration bare for the aerial seeded treatments was
significantly larger. For the spring, the not seeded, drill seeded, and
aerial seeded treatments did not differ significantly, and the mean
duration bare for the mixed seeding treatment was significantly
larger.

Seeding treatment was not significant as a fixed effect explain-
ing variability in the fall magnitude metric, but was for the spring
magnitude metric (Tables 3 and 4, Fig. 8B). Results did not provide
evidence that the seeding treatments resulted in a larger magni-
tude of greenness in the short term after fire (i.e., greater NDVI at
the peak of the fall and spring green-up after fire). The magnitude of

Table 2

F-Values, significance level (p-value), and degrees of freedom from mixed model
analysis for response of length of time between fire date and spring green-up [“dura-
tion bare (spring)”] derived from the Fourier method on burned plots to the fixed
effects of seed (aerial, drill, drill + aerial, not seeded), fire date, and their interaction,
and with random effects of project, and plot.

Effect Square transformed - duration bare (fall) Effect Duration bare (spring)
F-Value p-Value Degrees of F-Value p-Value Degrees of
freedom freedom
Intercept 118.595 0.000 1 Intercept 4612.536 0.000 1
Seed 3.944 0.022 3 Seed 7.401 0.005 3
Fire date 1.510 0.274 20 Fire date 4.466 0.015 20
Seed * fire date 2.061 0.010 24 Seed * fire date 1.150 0.447 24
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Fig. 8. (A) Duration of time from fire date to green-up in the fall and subsequent
spring determined with the Fourier method for seeded (drill and/or aerial) and
not seeded locations. (B) Magnitude of green-up in the fall or subsequent spring
determined with the Fourier method for seeded (drill and/or aerial) and not seeded
locations. Error bars indicate standard errors. Means with different letters indicate
statistically significant differences (p <0.10).

Table 3

F-Values, significance level (p-value), and degrees of freedom from mixed model
analysis for response of magnitude of fall green-up [“magnitude (fall)”] derived
from the Fourier method on burned plots to the fixed effects of seed (aerial, drill,
drill + aerial, not seeded), fire date, and their interaction, and with random effects of
project, and plot.

Effect Ln magnitude (fall)
F-Value p-Value Degrees of
freedom
Intercept 38.699 0.000 1
Seed 0.017 0.997 3
Fire date 0.747 0.718 20
Seed * fire date 0.857 0.642 24
Table 4

F-Values, significance level (p-value), and degrees of freedom from mixed model
analysis for response of magnitude of spring green-up [“magnitude (spring)”’]
derived from the Fourier method on burned plots to the fixed effects of seed (aerial,
drill, drill +aerial, not seeded), fire date, and their interaction, and with random
effects of project, and plot.

Effect Magnitude (spring)
F-Value p-Value Degrees of
freedom
Intercept 4612.536 0.000 1
Seed 7.401 0.005 3
Fire date 4.466 0.015 20
Seed * fire date 1.150 0.447 24

spring green-up for plots that did not receive a seeding treatment
was not statistically different relative to aerial and mixed seeded
plots, but was significantly greater than the drill seeded plots.

4. Discussion
4.1. Disturbance window indicator

In this study we examined the timing of vegetation greenness
patterns during the first year after historic wildfires to approxi-
mate variability in disturbance windows when the potential for
soil degradation could be expected to be most substantial due
to decreased protective presence of vegetation. In general terms,
the disturbance window is defined as the time required for an
ecological or geomorphic process that is altered to return to
pre-disturbance levels (Prosser and Williams, 1998). A common
application of the metric in the study of landscape response to
wildfire has been to examine (qualitatively or quantitatively) the
time required for eroded sediment yield to return to pre-fire levels
(Shakesby and Doerr, 2006; Fig. 1). While we did not measure sedi-
ment transport after the historical wildfires examined in this study,
there is abundant evidence of large magnitude sediment transport
events by water and wind in many environments around the world,
including rangelands of the Great Basin and Columbia Plateau,
and there is specifically strong evidence that the largest magni-
tude events occur in the short-term (i.e., months-year) after fire,
prior to the reemergence of vegetation (e.g., Brown, 1972; Burgess
etal,, 1981; Miller et al., 2012; Prosser, 1990; Prosser and Williams,
1998; Ravi et al., 2012; Sankey et al., 2009a,b; Sass et al., 2012;
Shakesby and Doerr, 2006). The novel application of harmonic
analysis with the fast Fourier transform produced computation-
ally efficient, quantitative estimates of the timing of vegetation
greenness patterns after fire that were internally consistent within
the remote sensing time series. Future work could incorporate
knowledge of relationships between vegetation parameters (e.g.,
cover, structure, biomass), satellite greenness, and time since fire,
in modeling efforts that simulated the magnitude of potential sedi-
ment transport as a function of disturbance window characteristics
measured with this method. The relevance of the disturbance win-
dow indicator has been presented with respect to post-fire erosion
processes in this manuscript, however, it certainly could be impor-
tant for other soil and ecological factors, such as nutrient cycling,
carbon storage, microbial community composition, or soil hydrol-
ogy, that can be immediately impacted by fire and the subsequent
regrowth of vegetation (Cerda and Doerr, 2005; Doerr and Cerda,
2005; Robichaud, 2000; Sankey et al., 2012a,b; Shakesby and Doerr,
2006).

4.2. Disturbance windows and fire season length

Relationships between estimates of the length of disturbance
windows and fire dates indicated that for each 1 day increment
earlier in the year that fire burned, there was a slightly less than
1 day increase in the window of time between fire date and vege-
tation green-up in the fall, and a slightly more than 1 day increase
between fire date and spring green-up (Figs. 7 and 8). The tim-
ing of vegetation greenness patterns in the short-term after fire
therefore appeared to be relatively invariant with respect to the
time of year that fires burned, which resulted in longer disturb-
ance windows after fires that burned earlier relative to later in the
year. In the western USA in general, there is evidence of a trend
of increased wildfire activity in recent decades and the sugges-
tion that the length of the fire season increased during this time
period (Running, 2006; Westerling et al., 2006). Longer term study
of forests in the western USA indicates that climate, and specifically
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the extent that moisture is, or is not, abundant in the spring, influ-
ences the length of the fire season (Heyerdahl et al., 2008). In grass-
and shrublands of the western USA, such as the cold desert shrub
steppe, the extent of wildfire activity in any year can additionally be
influenced by antecedent climate; specifically precipitation in the
previous year (Littell et al., 2009). Therefore, an important impli-
cation of our findings is that variability in the length of the annual
fire season that can exist at biome or other scales due to antecedent
conditions of the spring and/or previous year might indirectly influ-
ence post-fire soil degradation through the length of time that soils
remain relatively bare of the protective cover of vegetation after
fires.

4.3. Seeding treatments

In situations or seasons when it is necessary to prioritize and
allocate post-fire efforts in order to maximize the benefits of avail-
able rehabilitation resources, the findings of this study indicate
thereisrationale in considering the time of year that a fire burns as a
factor for evaluation. Specifically, large fires that burn earlier in the
fire season might be particularly important candidates for rehabil-
itation and stabilization efforts. Certainly, however, rehabilitation
efforts selected should also have proven effectiveness. In this study,
we investigated relationships of common seeding treatments to
our estimates of post-fire disturbance windows. Results demon-
strated that average temporal patterns of vegetation greenness as
well as the magnitude of peaks in greenness in the short-term
after fires were not notably related to common seeding treat-
ments that are employed after fire. Specifically, seeding treatments
did not appear to result in shorter disturbance windows or larger
magnitude greenness (e.g., which might be indicative of greater
vegetation biomass) relative to untreated burned surfaces.

While differences existed among treatments, and the largest
mean values for duration bare and magnitude metrics were
observed for different seeding treatments for the two seasons
examined, some of the differences might be accounted for by con-
ventions and nuances of the seeding operations. For example, the
somewhat counterintuitive finding that aerial seeding was asso-
ciated with longer disturbance windows in the fall, might be at
least partially confounded by the fact that aerial seeding is some-
times not performed until late fall or winter when there is snow
on the ground after fire. While this impacts the scope of inference
regarding the effects of aerial seeding in the fall, the comparison
between duration bare for plots that were drill seeded vs. those
that received no treatment in the fall is relevant. The mean time
between fire date and fall green-up for these two treatments dif-
fered by just 4 days with substantial overlap in the standard error
of the means (Fig. 8A). In the spring, seeding treatment effects
can be compared with more confidence as each of the common
treatments after fires were almost certainly performed prior to the
beginning of the next year’s growing season. The longer window
of time between fire date and green-up observed in the spring for
mixed (drill + aerial) seeding is somewhat counterintuitive, and it
is not apparent whether there are characteristics of this seeding
convention that might have inherently contributed to longer dis-
turbance windows. Importantly, the substantial overlap in standard
error bars for the aerial, drill, and not seeded treatments in Fig. 8A
illustrate that none of the seeding treatments resulted in shorter
windows of time between fire and vegetation reemergence after
fire; a finding that was consistent for fall and spring seasons.

While seeding treatments are commonly employed with the
intention of promoting a desirable vegetation community in the
longer term after fire, another common goal in the short-term is
to promote soil stability through the rapid reemergence of herba-
ceous vegetation (Brown and Amacher, 1999; James and Svejcar,
2010; Monsen and Stevens, 2004). Therefore, it is noteworthy that

surfaces seeded after fire did not produce a more rapid reemergence
of vegetation (measured by satellite-derived vegetation greenness)
compared to surfaces that were not seeded.

5. Conclusion

This study employed a novel ecological indicator based on
remote sensing phenology to estimate variability in vegetation
greenness dynamics as a proxy for short-term, post-fire disturbance
windows in rangelands of the western USA. The indicator estimates
were examined relative to the day of the year that fires burned and
common seeding treatments to consider effects of contemporary
variability in fire regime and management activities in this environ-
ment. A key finding was that contemporary changes in the length
of the annual fire season could have indirect effects on soil degra-
dation, as early season fires appeared to result in longer time that
soils remained relatively bare of the protective cover of vegetation
after fires. A more rapid reemergence of vegetation was not evident
after post-fire seeding treatments that are commonly employed in
the rangelands. Future work with the indicator could employ simu-
lation modeling and historical wildfire information to examine the
timing and magnitude of common post-disturbance processes such
as erosion, soil hydrologic response, or carbon storage, as function
of disturbance windows.
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