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Abstract

Research on the effects of fire on grassland ecosystems yields among the most
controversial research results. This is caused by the global distribution of
grasslands under different environmental conditions in addition to complex
fire characteristics (time, severity, frequency, history etc.). Challenges and
discrepancies arise from various temporal and spatial scales, as well as me-
thods used. Moreover, the function of fire can be different from one grassland
to another. In the large body of grassland fire literature, the Canadian north-
ern mixed prairie is understudied, especially regarding the vegetation’s
post-fire recovery. The wildfire in April 2013 provided an opportunity to
study how the grassland responded to the burning, and particularly how re-
mote sensing can provide potential solutions to grassland fire studies in this
region. This research investigated the vegetation’s post-fire recovery using six
years’ field survey data. Results indicate a quick overall recovery of the grass-
land, but with different vegetation forms recovering at various post-fire
growing seasons. Green grass was the most resilient component that fully re-
covered one year post-fire, followed by forbs at two years post-fire, with
shrubs and the soil organic crust taking longer than four years to recover. The
ecosystem recovered to the unburned state roughly after four years. This con-
clusion agrees with the shortest fire interval of some research, probably be-
cause of the heavy fuel loading before the wildfire, due to Grasslands National
Park’s long-term conservation practice. Both hyperspectral data and histori-
cal Landsat images were investigated to demonstrate their effective assess-
ment of the post-fire grassland vegetation recovery trajectory.
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1. Introduction

Various biotic and abiotic factors can modify the composition and structure of
grasslands [1]. Of all those factors, the impact of fire is the most controversial
due to its complex nature. There exists a large body of literature studying fire’s
effect on grassland ecosystems considering fire severity, fire frequency, and fire
season (for example, [1] [2] [3] [4]). Though general conclusions can be reached
regarding fire’s impact, there are conflicting results within literature possibly due
to different localities of grasslands ecosystems as well as limited resources avail-
able to most existing investigations.

Fire has been a significant ecological process on this planet for a very long
time, and its impact on terrestrial ecosystems is well documented [2]. Some ex-
amples of its impact being: 1) the shaping of the global biome distribution, 2)
maintaining the structure and function of fire-prone communities, 3) acting as
an evolutionary force, 4) being employed as one of the first tools by humans to
re-shape the world. Fire has a significant impact on flora and fauna in the grass-
land ecosystem, in both direct and indirect ways. Direct effects include mortality
of individuals, which are short-term. Indirect effects, such as species composi-
tion and changes in habitat, are long-term. Indirect impacts are not as easy to
observe and evaluate but are usually more important than short-term effects
given the scale of the impact on the ecosystem. Fire, coupling with other nu-
merous factors, ie. topography, soil, fauna (insects, herbivores), together with
herbaceous plants [3] [4], can restrict the encroachment of woody plants (trees,
shrubs) and release nutrients bound up in organic matter, accelerating the rate
of decomposition in the soil, so as to maintain the establishment and the stability
of grasslands [4] [5] [6]. Descriptive studies [7] [8] show that fire occurrences
decrease herbaceous production for one to three years. Meanwhile, the herba-
ceous response is influenced strongly by precipitation. Fire also reduces woody
plant cover and promotes herbaceous dicotyledons. Plant species in semi-arid
grasslands are more likely to be subject to fire season and frequency rather than
fire behaviour [9].

The reestablishment of periodic fires is fundamental to the ecological restora-
tion of grasslands on the Great Plains [5]. The significance of the reestablish-
ment of fire regimes has been recognized as fundamental to the ecological resto-
ration of grasslands [5]. However, current understanding of fire’s effect on the
grassland ecosystem still needs to be improved. Based on historical materials
about the Canadian prairies, Rannie [10] reviewed the history of wildfires and
identified a “grass fire era” from the late 18" century to the late 19" century with
much enhanced anthropogenic grassland fires. Moreover, Wakimoto et al. [11]
did similar work but with more effort in determining and reconstructing his-
torical fire regimes and fire behaviours in the northern mixed-prairie through
reviewing and summarizing available resources such as 1) diaries and reports of
travellers, 2) photographic records, 3) oral histories of First Nations, 4) related

research literature. According to their investigation, evidence of past fire regimes
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mostly relies on historical accounts of early travellers. However, these written
and oral accounts vary in detail and quality, and records are quite limited. Gen-
eral conclusions about historical fire frequency can also be reached based on
rates of fuel accumulation and woody plant invasion [12], as well as charcoal
remains from lake sediment cores [13]. In regions of grasslands with trees, tree
fire scars can also be used to study historical fire regime. Furthermore, tree-ring
studies help establish drought cycles and their duration, which in turn provide
information about historical climate, fuel loading, and potential fires. However,
this remains a challenge if woody plants are scarce; because grasses and forbs do
not carry fire scars and growth ring patterns [11].

There are two major fire types: wildfire and prescribed fire. Wildfires provide
first-hand data for grasslands fire studies, such as [14]. By compiling the wild-
fires which occurred in the region (most of them in late summer), Kruger [15]
investigated fire’s immediate and long-term effect on forage species as well as
other range plant species on the northern mixed prairie. A typical methodology
can be found in [11] [15]. By surveying the vegetation and soil properties at
burned sites and its adjacent unburned sites, the hypothesis of no differences
across sites can be tested with statistical analysis (e.g. t-test). Fire’s long-term
impact can also be analyzed with field surveys of longer periods or intervals, e.g.
<5 years, >5 years, 10 years, 15 years [11] [15]. However, such wildfire studies
have obvious limitations. Besides expensive sampling effort, no systemic evalua-
tion of fire regime can be conducted, and it is impossible to know when and
where wildfires will occur [11]. A large body of literature is dedicated to con-
trolled burning, or prescribed fires, including academic as well as applied re-
searches on various types of grasslands on the Great Plains (e.g. [5] [16]-[22]).
Moreover, detailed long-term ecological researches have been designed and im-
plemented, such as the famous Long-Term Ecological Research program (or
LTER, more details available from [23] [24] [25]), to understand the fundamen-
tal mechanisms of fire’s effect on grasslands ecosystems. A good review of the
ecological effects of prescribed fires can be obtained from [19] with their central
region covering the northern mixed-prairie. Prescribed fires are effective in
identifying the basic principles of fire through extrapolation, synthetization and
generalization [22]. Based on the established understanding of ecological proc-
esses and mechanisms, ecological models can be developed to simulate vegeta-
tion dynamics and quantify various fire regimes, such as the LANDFIRE model
from the US Department of Agriculture [26] to study fire regimes of different
ecosystems including part of the mixed prairie. Though prescribed fire experi-
ments and fire modelling have significantly improved our understanding of fire’s
impact, both are resource-consuming and not readily portable to different lo-
cales.

Various approaches have been provided to evaluate fire effects in grassland.
The USDA conducted a comprehensive review [19] on the ecological effects of

fire, aiming to provide well-rounded information for range managers to effec-
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tively use prescribed fire as a management tool. Part of their investigation covers
the Canadian prairie in GNP. In general, they found that post-fire response of
organisms depends on the complex interactions between a myriad of factors, in-
cluding time of prescribed burning, historical fire regime, phenological stage of
the organisms, fire severity of different burn seasons, climatic variation within or
across burn seasons. Research from the Great Plains (such as [12]) indicates that
fire generally decreases shrub coverage and increases the cover of graminoid
species as well as the percentage of live vegetation. In contrast, lack of fires from
active suppression causes direct woody species encroachment, such as big sage-
brush, ponderosa pine and Douglas fir [11]. Ford and Johnson [5] reported that
in general, grass cover recovered quickly from the fire treatment, and the
long-term effect of fire was neutral. Burning during the dormant-season had lit-
tle effect on grass cover when the burning site was revisited and sampled after as
little as two months from the time of the prescribed fire. Meanwhile, burning
during the growing season seems to negatively impact grass cover for up to two
years after the fire. Studies [16] [27] [28] on the effects of the seasonality of fire
(spring fire) on buffalograss and blue grama indicated mixed results, over a time
frame of three months to 16 years. Often, early-spring burns (March) produce
neutral or positive responses; and late-spring burns (May) produce negative re-
sults. Whereas fall burns led to more yield than did spring burns. Negative, neu-
tral and positive responses to fire were evident in both season-long grazed areas
[16], and areas protected from domestic livestock grazing [7]. Shortgrass prairie
ecosystem recovers relatively quickly from fire disturbance. Vegetation cover,
arthropod, and mammal species abundance treated with dormant-season fire
recovered in approximately two months and showed no significant difference
from untreated communities. By studying vegetation response (grass cover) to
different timings of fires (dormant season versus growing season), Ford and
Johnson [5] concluded that in the short-term, burning during the grow-
ing-season appears to reduce fire severity but exerts greater impact on grass
communities (opposite for soil crusts) compared to burning during the dormant
season. Dormant-season fire in the shortgrass steppe is less damaging to grass
communities (opposite for soil crusts) than growing-season fire. Wakimoto et al.
[11] used vegetation similarity values to quantitatively measure the similarity
between vegetation cover types between burned and unburned sites. For grass-
land and shrub-land, vegetation similarity values are consistently and signifi-
cantly different across treatments, indicating the fact that burned communities
cannot return to the unburned status even after 10 years’ plant succession.
Grassland sites however, do not show a significant difference either short-term
or long-term, Ze. 1 - 2,3 -5, 6 - 10, >10 years. Wakimoto ef a/. [11] also found
that fire affected the vegetation structure of 62% of surveyed sites. Such structure
change tended to happen on sites with shrubs. Shrubs are more susceptible to
fire mortality, with some shrub species being especially sensitive to fire. They

found that shrubs were killed entirely at some shrubland sites, converting the
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vegetation cover from pine-shrubland-grass to wheatgrass-needlegrass. No such
change occurred at wheatgrass-grama-needlegrass sites.

Fire showed different effects on various major grassland species. Kruger [15]
found that burned sites showed more cover of blue grama, sandberg bluegrass
and green needlegrass one year post-fire. Such an increase became less obvious 2
- 5 years post-fire. After 6 - 15 years post-fire, these species showed mixed re-
sults; with some slightly higher and some slightly lower. Meanwhile, unburned
grassland and shrubland had more undesirable species compared with burned
sites. After 15 years post-fire, burned and unburned sites showed little difference
when compared with each other. Comprehensive and detailed species’ response
to fire can be accessed at [11] as well as the USDA’s Fire Effects Information
System [29].

Obviously, as an important ecological factor, fire has been studied extensively
in tallgrass, shortgrass as well as mix-grass prairie in the central and southern
parts of the North American Great Plains [4] [6] [17] [19]. For different grass-
lands, the influence of fire may contribute to different vegetation responses. For
example, Oesterheld ef al [30] showed contrasting productivity responses for
subhumid versus semiarid grasslands. Most research on grassland fires deals
with particular local landscapes and ecosystems. We must be cautious when in-
terpreting the results from different researchers on the impact of fire on the
grassland ecosystem, because Ford and Johnson [5] confirmed that impact of
fire varies for different types of plants according to their active growth season,
with C4 plants least vulnerable to the dormant-season fire and most vulnerable
to the growing season fire. And research findings from different localities can
vary significantly due to differences in historical and current prescribed fire re-
gimes [19]. Guo et al [31] found that aboveground dry biomass, plant moisture,
and dominant species together with plant forms are different for cool seasons
and warm seasons on tallgrass prairie. With unique flora and fauna composition,
the Canadian northern mixed prairie can be significantly different from other
grasslands. However, little is known about fire effects on the semiarid
mixed-grass prairie in Canada [32]. There is a lack of knowledge about the
pre-settlement fire regime [33] and under-standing of fire effects on the dynam-
ics of that ecosystem, especially the plant communities [34] [35].

All previous research on vegetation responses to fire in this region are based
on the short-term investigation (less than a year, see [35] [36]). However, grass-
land communities have evolutionary adaptations, showing variation in popula-
tion recovery dynamics from fire season, frequency and behaviour [33]. As a re-
sult, fire regime should be studied in more consistently and reliably, at longer
terms and finer temporal resolutions. Long-term field studies with climate dis-
turbances suggested that short-term ecosystem responses are usually opposite to
long-term responses [23]. Vegetation recovery is critically important because it
plays a significant role in maintaining the grassland ecosystem through its in-

fluence in runoff, soil moisture, spatial distribution of erosion-deposition, nu-
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trients as well as other biophysical activities [37].

Quantifying long-term grassland recovery trajectory after fire is important for
ecosystem sustainability. Remote sensing provides new ways to conduct grass-
land fire studies. The contribution of remote sensing in fire studies has been
recognized since the 1970s [38] for forest fire monitoring and control efforts.
Performance of various satellite sensors have been tested in fire studies including
ERS-1, GOES, DMSP, AVHRR, Landsat (a review can be retrieved at [39], SPOT
[35], and MODIS [40]). LTER investigated the sensitivity of the Landsat product
to distinguish burned from unburned grasslands with positive results [23]. Re-
mote sensing based approaches have obvious advantages compared to conven-
tional field surveys by providing timely and cost-effective imagery at various
scales. Related studies have confirmed the robust performance in the sensitivity
of remote sensing data in capturing the spectral characteristics of wildfires to
study their occurrence, size and severity [35] [41] [42]. Besides visible bands
(sensitive to blackened, charred vegetation), other bands are also proved effec-
tive, including NIR [23] (sensitive to green vegetation) and SWIR bands (sensi-
tive to moisture content) [35] [42]. Furthermore, various vegetation indices and
specifically burn indices have been designed for fire studies [35] [36] [40]. Time
series of burn patches can be mapped with remote sensing approaches [43]. Also
Yang et al [35] and Lu et al. [36] have demonstrated the feasibility of using re-
mote sensing in evaluating grassland fires in the northern mixed prairie. How-
ever, a comprehensive examination of fire effects on the ecosystem is needed to
further our understanding about ecosystem dynamics, especially vegetation re-
sponses to fire. This research intends to investigate the vegetation recovery tra-
jectory of the C3 dominated northern mixed grassland from a spring fire event,
focusing on a longer historical perspective with remote sensing approaches.
Field data were collected before the burn and five growing seasons following the
burn. Various spectrum bands, vegetation and fire indices developed for the
Landsat product are tested for their capacity in distinguishing burned and un-
burned areas as well as studying the long-term vegetation recovery trajectory.

By investigating a wildfire that took place on April 27, 2013 with the help of a
time series of remote sensing data, this study tries to understand fire’s immedi-
ate and long-term effects on the northern mixed-prairie. Specifically, there are
two major research objectives:

e To evaluate fire’s effect on the northern mixed-prairie using field survey data;

e To investigate the application of remote sensing approaches in grasslands
post-fire recovery study.

o to verify the feasibility of remote sensing in the fire study using the hyper-
spectral measurement from the field survey;

o to test the performance of satellite remote sensing products together with the
ground surveyed data derived from Objective 1;

o to identify the grassland post-fire recovery trajectory with the most suitable

remote sensing satellite products.
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2. Materials and Methods
2.1. Study Area

The study area is located in the west block of Grasslands National Park (GNP),
on the border of Saskatchewan (CA) and Montana (US) (Figure 1). It is situated
in the prairie ecozone and has been providing habitats for a rich diversity of
flora and fauna that have evolved in a highly dynamic environment which in-
cludes grazing, prairie wildfires, soil erosion, drought, and flooding [44].

Grasslands are characterized by rapid growth and slow decomposition rates
due to the chemical and physical composition of the plants [22]. The decompo-
sition of aboveground materials by microorganisms is limited in grassland and
can be accelerated post-fire due to a higher temperature and more available nu-
trients [22]. Fire plays a significant role in the mixed prairie. This makes fire the
primary decomposition agent and important nutrient cycler of the grasslands
ecosystem [22]. A survey [14] indicated that naturally caused fires (lightning) are
relatively common in the grassland here, with one year in six years having
abundant fuel and suitable weather conditions to encourage fire occurrence.
Through evolutionary history, grasslands ecosystems were maintained in condi-
tions appropriate for their productivity and biodiversity in nature, by
self-organizing all the biotic and abiotic components into equilibrium [18].
However, most disturbances were removed since the human settlement in the
19th century. Wildfire was actively suppressed, resulting in near-total fire ex-
tinction and major shifts in ecosystem structure and function, with 80% of the
native prairie lost forever [45]. In light of this, GNP was founded in 1988 with its
mission to preserve the still standing pristine mixed-grass prairie in North
America [45] [46].

The area is semi-arid, with annual precipitation between 300 and 330 mm,
and average temperature ranging from 28°C in the summer to —22°C in the
winter. The dry air, strong sunshine and high winds result in evaporation up two
times the moisture gained from precipitation, encouraging wildfire occurrence
[45]. Poorly distributed precipitation patterns and frequent drought are typical
in the mixed-prairie. Wind prevails in all seasons, with velocities exceeding most
other parts of the continent. Arctic air mass forms northerly winds that drive
blizzards across this region in winter, whereas in summer winds are hot and dry,
resulting in parched and dusty prairie [15]. The dominant landscape of the west
block in GNP is rolling uplands and river valley, with elevation varying from 770 m
to 900 m above sea level. The nearly level to slightly rolling topography encour-
ages dry winds to carry wildfires and spread it quickly, with few obstacles to slow
down or stop the fire’s progress [22] [47]. The park is dominated by grasses
(family of Poaceae) and non-graminoid herbaceous plant called forbs, with few
trees and some shrubs along the river valley (Figure 1). Both cool season species
and warm season species are found on this prairie, with the former showing
dominance [48]. Cool season grasses start growing in the spring as soon as the

temperature rises. They become mature and then are dormant in the summer
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Figure 1. The study area is located at the West Block of Grasslands National Park,
Canada. Background of this image is a natural colour composite of Landsat 8 imagery
(May 1%), acquired three days after the fire’s occurrence on April 27", 2013. The fire

started close to the park’s west border (marked as “Ignition Location”) and quickly spread
eastward across the park, burning approximately 1/3 of the west block. Burn severity
varies, as indicated by different intensities of the black colour (charred material). Notice
the isolated unburned grassland “pockets”, of which the most prominent one is formed
by the fire’s two heads (one along the Frenchman River Valley, the other to the south).

due to lack of appropriate moisture. Warm season grasses start growth in early
summer and the length of their growing season depends on the availability of
moisture. The dominant grass species include needle-and-thread grass (Stipa
comata), western wheatgrass (Agropyron smithii) and blue gramma (Bouteloua

gracilis) [49].

2.2. The Wildfire and Its Propagation

On April 27", 2013, a wildfire spread into GNP from adjacent agricultural lands.
The fire consumed 4500 hectares (11,500 acres) and extended over 16 km (10
miles) (Figure 1) in less than four hours, due to high winds and low humidity
[50]. In the following two months (May and June), above normal precipitation
(~230 mm, Weather Canada Historical Climate Data) resulted in rapid vegeta-
tion recovery. This wildfire provided an outstanding opportunity to examine the
impact of a large-scale fire on the preserved grassland and how the ecosystem
recovers over time.

This wildfire occurred when the park was still undergoing the spring green up
(initiation of spring growth). Therefore, there existed a considerable amount of
litter content, including standing dead (or senesced vegetation from the previous
growing season) and litter (fallen or partially decomposed vegetation); both
contributed as fuel load to feed the wildfire. Furthermore, the conservation effort
led to the buildup of the dead material (similar as in other grasslands, e.g. [51]),

or rather, excessive fuel loading, for more than 20 years, making the park accu-
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mulate a considerably greater amount of litter content than the surrounding
farmlands [52]. The weather at the time of fire’s occurrence further encouraged
its fast spread. Weather record shows that during the fire’s occurrence relative
humidity averaged at 23% with a strong westerly wind blowing at 40 km/h. The
forward rate of spread under such high wind would be over 100 times the zero
wind spread rate [53]. Once the fire spread for 1km eastward and crossed the
park’s boundary, its consuming rate accelerated due to the abundant fuel load
within the park as well as the alignment between the wind direction and the
east-west direction of the Frenchman River valley. As a result, the fire quickly
started to propagate within the park. The burned patch is clearly visible (Figure
1) on Landsat 8 OLI imagery from May 1*.

Topography also played a significant role in shaping the fire’s propagation
path and its burning intensity. Figure 2 shows that after the fire crossed the
park’s boundary, it kept travelling eastward in a narrow path along the French-
man River valley for about five kilometres. Then it split into two fire fronts and
continued spreading as a north head and a southern head. The northern head
kept consuming the dry fuel along the valley. In contrast, the southern head took
a southwest turn and travelling in an almost straight line, a commonly observed
feature for flanking fires under high wind influence [53]. When the southern
head was stopped by the unnamed dirt road (Figure 2), it travelled northward
merging into the fire’s northern head. Then the fire continued spreading for an-
other three kilometres along the river valley and finally stopped close to the
park’s boundary on the other side.

Elevation (unit: metre, z-factor:10)

Temperature: 20 °C

2P P D N gl ICRNCIRTY Humidity: 23%
L Kl L & & ~ Wind: westerly, 40km/h

v Field site & Pointof interest

~ Road GNP Boundary

~J/ River - Burn Patch

Figure 2. Ignition, spread and intensity of the wildfire under the influence of weather and

topography. The 3D visualization of the terrain illustrates the fire’s propagation. Weather data
were acquired from Environment Canada on the day of the fire’s occurrence. DEM data was
from NASA SRTM Global v3 in 2012. Burn patch was digitized from Landsat 8 OLI image on
May 1%, 2013.
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2.3. Data Collection
2.3.1. Field Data

Field data were collected in the study area for six years (the year before the
fire—2012 and five years after the fire—2013-2017). Each year about 10 sites
were selected with a stratified random method for both burned and unburned
areas. Each site was 100 m by 100 m in size [54], to effectively capture the mini-
mum spatial variation in products from moderate resolution satellites (e.g.
Landsat). Field sites were selected with at least 130 m apart from each other
(Figure 1) to avoid autocorrelation [35] [55]. Each site contains 20 quadrats dis-
tributed as four wings (north, south, west, east) with five quadrats for each wing.

Field measurements were taken at each quadrat and later averaged into a sin-
gle value at the site level in this study. Primary datasets included biophysical pa-
rameters (grass life form composition, dominant species, biomass, canopy
height, LAI, and ground reflectance) and soil parameters (temperature, moisture
and electric conductivity). Using a 50 cm by 50 cm square quadrat, vegetation’s
life form composition was determined as ground cover percentages of different
components: green grass (graminoid species), standing dead, litter, forb, moss,
lichen, shrub and bare soil. For key biophysical parameters, measurements were
estimated visually by the same recorder in the field season to ensure consistency
and reliability of the dataset. Photos of vegetation structure were also taken for
later reassessment if required. LAI was measured using the LI-COR LAI-2000
Plant Canopy Analyzer. Soil data were collected using Decagon Pro-Check Sen-
sor Readout and Storage System. Close range hyperspectral data were collected
in the field survey using a portable spectroradiometer (Analytical Spectral De-
vice, or ASD).

This research compiled all available biophysical parameters and used plant
form information as the major indicator of post-fire recovery though other pa-
rameters were also included. Plant form information was estimated in the field
with a 50 cm by 50 cm quadrat consistently in six years following the same pro-
tocol. These derived parameters were calculated from the biophysical parameters
measured in the field: 1) cover of live component was the sum of green grass,
forb and shrub cover; 2) cover of dead component was the sum of the standing
dead and litter; 3) ratio of green and dead component; 4) standardized difference
of green and dead component. The latter two parameters were designed to factor
in both live and dead components and served as a comprehensive indicator of

post-fire recovery.

2.3.2. Satellite Imagery
Landsat 7 and 8 products were used in this study. Atmospheric correction was
performed when needed. Landsat scenes were downloaded in GeoTIFF format
from USGS’s EarthExplorer data portal.

To check the performance of the satellite remote sensing product, each year’s

field survey data was paired with a scene with the closest acquisition date. When
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the imagery’s quality was severely impacted by clouds, scenes of adjacent paths

or dates were used instead (Table 1).

To match the footprint of field site at 100 m by 100 m, centers of field sites

were buffered with 100 m and zonal statistics was used in ArcGIS 10.5 for calcu-

lating the average reflectance values of Landsat bands at the field sites. The re-

flectance data were used to compute vegetation indices shown in Table 2.

Table 1. Acquisition Date of Landsat scenes used in this study. Dates in italics were
paired with the field survey of the same year.

Product

Acquisition Date

Landsat 7

2012 June 30%

2013 May 1%, June 2™, June 18%, July 4%, Aug 5%, Sept 6%, Oct 8®
2014 May 11%, June 12% July 14", Aug 8% Sept 16", Oct 11®
2015 Apr 28", June 8%, July 10%, Aug 11%, Sept 12%, Oct 14%

Landsat 8

2016 Apr 7%, Apr 23rd, June 10%, June 17%, July 3rd, July 19%, July 28®, Aug 4™, Aug 13,
Aug 29%, Sept 14%, Sept 30™

2017 Apr 10%, May 3, May 19, May 28", June 4%, June 20", July 6

Table 2. Spectral indices widely used in burn severity analysis included in the study.

Spectral Index

Normalized Difference

Vegetation Index

Global Environmental
Monitoring Index

Enhanced Vegetation
Index

Soil Adjusted Vegetation
Index

Modified Soil Adjusted
Vegetation Index

Burned Area Index

Normalized
Burn Ratio

Char Soil Index

Mid Infrared
Burn Index

Abbr.
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NBR = NIR - SWIR2
NIR + SWIR2
CsI = NIR
SWIR2

MIRBI = 10 SWIR2 - 9.8 SWIR1 + 2
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Temperature (°C)
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2.3.3. Meteorological Data

Climate plays the most significant role in semi-arid mixed grasslands. Tem-
perature, precipitation, and drought indicators were used to explain the
post-fire recovery pattern. Temperature and precipitation records were ac-
quired from a historical dataset authored by Environment Canada. Drought
indicators include evapotranspiration, effective precipitation and moisture defi-
cit. These drought-related datasets were based on Environment Canada’s climate
data [56] and acquired from FarmWest [57] at the monthly resolution. Figure 3

shows the compiled meteorological dataset used in this study.

2.4. Data Processing and Analyses

Methods used in this research can be described in Figure 4. Notice that symbols
are colour coded per different purposes: gray for research data (both original
and derived), orange for Objective 1, light blue for Objective 2.1, light green for
Objective 2.2, and dark green for Objective 2.3.

Most analyses carried out in this research (Figure 4) were powered by open
source solutions. Examples of software and packages include QGIS, Inkscape, R,
Python and related scientific libraries. Examples of open data formats include
CSV and GeoTIFF.

250

Precipitation Tmin Tmax Tavg Moisture Deficit (mm)

30

25 200

20
€
£
=

15 150 8
Q
©
Q
B

10 8
€
Mg
c
S
=

5 100 &
a
F
&

0

-5 50

-10

-15 0

O RIS IR EIR SIS I S O IR IR IR
%3 . Y D N 1 2 & 2 S %% N N Ay > N2 S R4 S %
T T T TSI TS

Figure 3. Monthly meteorological variables from 2013 to 2017. The X-axis displays months of the year.
The primary Y-axis shows temperature for maximum temperature (Tmax), minimum temperature
(Tmin) and mean temperature (Tavg). The secondary Y-axis indicates precipitation and moisture deficit.
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Figure 4. Overview of methods used in this research. This flowchart is colour-coded according to different objectives. Specifically,
grey for research data (both original and derived), orange for Objective 1 (to study grasslands post-fire recovery pattern using field
data), blue for Objective 2.1 (to verify the feasibility of remote sensing in the fire study by using hyperspectral measurement from
the field survey), light green for Objective 2.2 (to test the performance of satellite remote sensing products linking with ground
references derived from Objective 1), and dark green for Objective 2.3 (to reveal the vegetation recovery trajectory after fire using

historical Landsat imagery).

Field samples (biophysical parameters) from 2012 to 2017 were collated and
pre-processed (data cleaning and reformatting). Fire’s footprint information was
extracted from Landsat imagery (acquired on May 1%, 2013, or four days after
the fire) and assigned to field data. Each year’s field data were in turn imported
into the R environment for statistical analysis.

Two higher level biophysical parameters were created by aggregating from the
original parameters measured in the field. Specifically, the live component is the
sum of green grass cover, forb cover and shrub cover (notice moss and lichen
were excluded from the aggregation); whereas the dead component accounts for
standing dead cover and litter cover. Furthermore two comprehensive biophysi-
cal parameters were derived to factor in both live and dead components: the
simple ratio index (or SRIbio), and normalized difference index (or NDI,, ) de-

fined as follows:

1 0,
SRI,, = live%
dead%
fo@0/ [
NDI, = 1¥VeA) dead%
live% + dead%

here the subscript “bio” is used to explicitly indicate the fact that these are burn
indices built with biophysical parameters, instead of using satellite product like

normal VIs in the remote sensing context.
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expl = (Ref

Multivariate analysis of variance was applied to the variables for both bio-
physical parameters and spectral variables to detect the difference between
burned and unburned sites. Statistic results were also used to produce a ternary
plot that could be used to further understand the post-fire recovery dynamics at
a higher level. Specifically, percentage of live component, dead component and
the rest were plotted to emphasize how the configuration of these major com-
ponents changed across different post-fire growing seasons. Sensitive parameters
were selected and provided as main indicators for interpreting grasslands fire
recovery pattern.

Close range hyperspectral reflectance data offers a broad range of wavelengths
(from 350 nm to 2400 nm) that can help us find sensitive wavelengths suitable
for monitoring vegetation’s post-fire growth. Ground reflectance data of all
samples were compiled and grouped into burned and unburned categories.
Mean reflectance curves were computed within each category for all years. Sim-
ple linear regression was used to find wavelengths that are sensitive to certain
post-fire recovery biophysical parameters. Cross-sample differences of bio-
physical parameters were regressed by the cross-sample differences of nar-
row-band reflectance values. Coefficient of determination (r*) and p-value were
compiled and plotted for diagnostics. From this procedure, sensitive narrow
bands were determined. These bands served as the guide for evaluating satellite

remote sensing product, here Landsat 7 and 8, in modelling post-fire recovery.

lm(resp ~ exp)
where

resp = (Bloyearii,bumed —Mean (Bloyearii,unbumed )) - (8102012,bumed —Mean (BIOZOD,unbumed ))

—Mean (Re fcar i.unbumed )) - (Re fr012.bumea —Mean (Re £ 012 unburmed ))

year_i,burned

Im is a linear regression model fit to the data. The regression analysis resulted
in a series of plots, of which the plot of r* was used to determine what wave-
lengths (indicated as Ref) can better explain the variation of fire-sensitive bio-
physical parameters. Wavelengths with good performance serve as reference for
selecting suitable remote sensing data products via their spectral response func-
tions [58] [59].

Objective 2.2 is to test the performance of satellite remote sensing products
(suggested from Objective 2.1) against the ground reference derived from Objec-
tive 1. First, from the satellite imagery database, images less effected by clouds
and shadows were selected as candidates, which are further narrowed down to
select those that are the closest to the corresponding field survey dates. Then,
field data and satellite remote sensing data of the same year were linked together
based on their geographical locations. Field site locations were buffered with 50
m (arm’s length). Zonal Statistics was performed with the buffer as the zones on
all individual bands of the matched remote sensing scene, resulting in averaged

single band reflectance for each site. Through predefined formulae (Table 2),
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vegetation/burn indices were calculated from averaged single band reflectance
values. The averaged single reflectance and derived vegetation indices were as-
sembled together and analyzed similarly as in Objective 1. After the statistical
analysis, results from this section were compared against ground truth estab-
lished in Objective 1 to validate the performance of remote sensing based ap-
proach, together with its strengths and limitations compared with field experi-
ments.

Field samples in this study were always around 10 each year. To overcome the
limitation of small sample size in field surveys, 90 stratified random samples
were selected with half in burned area and half in unburned area. Spectral re-
flectance and vegetation indices were calculated for these samples to examine the

capability of Landsat imagery in revealing the vegetation’s post-fire recovery.

3. Results and Discussion

3.1. Visual Assessment of the Grassland Recovery

Notice the image in May shows the defined boundary of the burn patch, espe-
cially the almost linear shape at the bottom stretching from northwest to south-
east. The linear feature was primarily caused by the strong westerly wind blow-
ing at around 40 km/h. However, the linear feature was not prominent any more
one month later (June), barely visible two months later (July), and not traceable
at all three months later (August). The grassland becomes homogeneous to the
naked eye after three months, indicated in September’s and October’s images.
The burn patch faded quickly and completely due to vegetation’s rapid recovery.
Visual assessment of the burning suggests a quick post-fire regrowth of grass-
lands. There is no apparent visual difference between burned and unburned
communities two months after the fire. GNP promptly assessed the fire’s impact
and actively monitored the effect of burning throughout the park. They photo-
graphed several locations the following day after the fire and revisited two and
half months later [60] to get before- and after-burn photographs for visual pair-
wise comparison. Their data included the Two Trees Area that is only three ki-
lometres east of the ignition location (Figure 1). The boundary of the burn patch
at the Two Trees Area was quite prominent during their first visit. However, the
well-defined boundary was lost completely to the healthy green vegetation two
months later, indicating vegetation’s rapid recovery at the ground level.
Meanwhile, the quick recovery was captured by the Landsat satellite. Figure 5
shows a time series of standard false-colour composite from the Landsat 8 OLI
imagery. The burned patch was barely visible two months later and completely
disappeared three months later. However, rare traces of the fire can still be
found at the ground level. In fact, during the field trip in 2017 we observed a few
charred shrubs at their roots located along the Frenchman River valley, bearing
the mark of the wildfire even after five growing seasons. Nevertheless, overall at
the landscape level it seems the grassland has no memory of the wildfire’s dis-

turbance that occurred a few months earlier. Though effective and straightfor-
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ward, visual interpretation can be misleading and belies the fire’s potential pro-
found impact on the ecosystem at levels that human eyes fail to capture; such
impact may reach far into the future of the ecosystem [61], especially in light of
the five year historical fire regime. As a result, the initial investigations con-
ducted by the park and also Lu et al [36] need to be extended and improved
with a systematic assessment of this fire’s impact on the grassland ecosystem.

3.2. Grassland Post-Fire Recovery with Field Data

Table 3 shows the dynamics of biophysical parameters for burned and unburned
samples across six years, from pre-burn growing season (2012) to the 5™
post-fire growing season (2017). Most biophysical parameters are not signifi-
cantly different between treatments. Only one third of the statistics passed the
significant test if weak significant results (p = 0.1) are also included. Although
some of the weak or non-significant results can be attributed to limited sampling
effort (small sample size), as well as biotic and abiotic factors other than burn-
ing, fire still demonstrated significant correlation with certain biophysical para-
meters and suggested fire as an important factor in shaping the grassland dy-

namics.

Table 3. Biophysical characteristics in burned (“B”) and unburned (“U”) treatments.
Values show averages of biophysical parameters. Significance tests are performed to
compare statistics across treatments. Results for 2012 is included as the baseline for
subsequent five post-fire growing seasons. Notice some parameters were not collected
consistently throughout the study period.

Biophysical 2012 2013 2014 2015 2016 2017
Parameters B U B U B U B U B U B
Green (%) 167 227 244 458° 329 312 206 224 320 363 163 141
Forb (%) 71 39 68 130 61 116 43 56 38 37 47 73
Shrub (%) 07 26* 13 02 23 39 20 53 70 58 19 30
Live (%) 245 292 325 59.0° 413 467 269 372¢ 428 458 228 244

Canopy Height
(cm)

- - - - 252 37.1* 274 37.1* 271 422- 220 226
Stand dead (%) 52.1 498 256 0.I** 170 173 129 82 21.8 139 148 178
Litter (%) 114 122 218 146 231 142 437 432 21.5 36.1- 619 555
Dead (%) 635 62.0 473 14.7** 40.1 31.5- 56.6 514 433 500 767 733
Lichen (%) 3.0 3.2 03 00 04 01 57 14 1.8 09 0.1 0.0
Moss (%) 74 1.0* 131 92 109 44* 0.1 0.0 105 02* 0.0 00
Baresoil (%) 16 2.8 33 161- 09 92* 89 26 14 25 02 1.5
LAI 1.7 23 04 03 1.6 23 1.2 20t 12 20 13 1.5

Soil moisture

33 0.2 0.2 0.2 0.3 0.2 0.2 0.1 0.1 0.1 02 0.1 0.1
(m’/m’)

Soil temp ("°C) 233 254 234 228 232 219 312 326 258 241 303 307
Soil EC (dS/m) 0.1 0.2** 0.1 03 0.1 02 00 00 00 01* 00 00

Significant codes: “**” 0.01, “*” 0.05, “” 0.1.
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Figure 5. Visual assessment of the wildfire and vegetation’s rapid regrowth. This series of six
standard false-colour composite images (NIR, Red, Green) are prepared from Landsat 8 OLI
sensors. They represent the fast process of grassland recovery on the monthly basis from
immediately after the fire till five months afterwards.

Results show few significant differences for green grass, forb, and shrub across
treatments. This might be caused by limited sample sizes available to this study.
Additional analysis proves that when the three components are combined alto-
gether as the live vegetation, a significant result was achieved. Table 3 indicates
these derived parameters relatively outperform original parameters. To under-
stand the post-fire recovery dynamics at a higher level, a ternary plot (Figure 6)
was generated based in Table 3. Here “live” and “dead” components are the de-
rived biophysical parameters discussed previously. Other parameters are sum-
marized as the “rest” component. Such aggregation procedure allows us to trace
the configurational dynamics of the three major components throughout five
post-fire growing seasons. As a result, a higher level of understanding grassland
post-fire recovery can be achieved.

Figure 6 has three axes (“Dead”, “Live” and “Rest”) defined by the three-high
level components. The three axes are arranged from head to toe to form a trian-
gular coordinate system. This technique is often used to visualize the relation-
ships between components in a three-component mixture where components
are restricted by each other in that their sum is a predefined fixed number. All
data points are plotted according to their 3-tuples in the form of (dead, live,
rest). Notice years are colour-coded and lines are drawn to connect burned and
unburned treatments within each year. Length of the line indicates the extent of
difference across treatments’ three component configuration (or cross-sample
configurational difference). That is, the longer the line is, the more configura-
tional differences there are between burned and unburned samples of that year.

There exists a clear trend in the cross-sample configurational difference in

time. One year prior to the fire (2012) saw little difference between samples. The
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Figure 6. Overview of post-fire dynamics with higher level components in the pre- and
post-fire grassland ecosystem (2012-2017). “Live” and “dead” components are derived
biophysical parameters from the original measurement. Other parameters are summarized as
“Rest”. The figure clearly illustrates the dynamics of cross-sample configurational difference
of these three components throughout five post-fire growing seasons. Field data from year
2012 is also added as the baseline (one growing season before the wildfire).

wildfire in the following year (2013) caused sudden and largest difference found
in the entire time frame of this study. Afterwards, the difference gets less pro-
nounced until it is almost non-existent across samples in the 5™ growing season
(2017). The progression of vegetation’s post-fire recovery suggests a full recovery
of 4 - 5 years. This agrees with some research conducted in the same region. It
may also reflect the historic fire regime (interval) under which the prairie
adapted through long-term evolution.

The wildfire may have caused hysteresis of the ecosystem. Some ecologists be-
lieve that multiple alternative stable states exist in communities with the active
state triggered by addition or exclusion of certain interactors or disturbances.
More discussion about alternative stable states theory can be found in [62].
Communities can shift to alternative successional trajectories and might never
return to its original community type, but might instead develop into a new
community type. Hysteresis describes such behaviour as incapable of returning
to the original community type, even with the original conditions fully restored
back to the community.

In Figure 6, it can be noticed the overall progressively upward pattern of the
post-fire recovery, with only a small setback occurring in 2015 due to water
stress. But the recovery trajectory continued after 2015. Configuration in 2017
overshoots beyond that of pre-fire 2012 with significant margin, suggesting a
quite different configuration or alternative state of the ecosystem. Since there
were no other major disturbances present to alter the configurational structure,
the hysteresis can be only explained by 2013’s wildfire. However, more field da-
taset both in higher quality and longer time series is needed to further study this
phenomenon. Meanwhile, the figure also portrays the general trend of balance
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between live and dead components of the ecosystem across time. The fire pro-
moted the percentage of live component significantly in 2013, indicated by the
burned sample positioning at the bottom of the chart (with its value at around
60%). However, the position of burned samples after 2013 have been progres-
sively moving up in the figure (along the negative direction of the live-axis),
showing a steadily decreasing trend. Meanwhile, the dead component displayed
the exact opposite increasing trend accordingly. These trends indicate the effec-
tive removal of dead material by the fire and later the accumulation process.
Post-fire recovery of the live component. It is not surprising to observe fluc-
tuations in biophysical parameters at unburned sites due to inter-annual varia-
tion in the precipitation pattern (Figure 7). This is more obvious for the green
grass cover in 2015 and 2017 when both years saw significant decreases in green
grass cover compared with their preceding years. Though green grass cover in
2016 might appear here as the anomaly, but the meteorological record (Figure
3) reveals that the relative low green grass cover in 2015 and 2017 was probably
due to both below-normal precipitation and high moisture deficit during the
growing seasons. In fact, results show that same-month precipitation explains
68% variation in green grass cover and 72% variation in the dead component
cover. Though both tests were passed at a weak significance level (p = 0.1).
However, if the well-documented time lag [63] [64] [65] is considered between
grassland phenology and climate variables, the statistics would be stronger and

more significant.
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Figure 7. Vegetation recovery trajectory for different portions, (a) live portion, (b)
dead portion, and (c) soil crust portion.

There was abundant precipitation following the fire, making green grass cover
at both burned and unburned sites experience a large amount of growth. GNP
reported that the “above normal precipitation (in May and June) resulted in a
rapid re-growth of vegetation, giving the Park a lush green look” [60]. The live
vegetation cover increased by as much as 82% in merely two months after the
wildfire. Statistics also show a significant increase of live vegetation at burned
sites into the third growing season, howbeit at a lower extent (but still 65%
higher than that of the unburned). This suggests that the dead material began to
accumulate quickly at the burned sites, resulting in the less pronounced differ-
ence in the live vegetation component between burned and unburned sites in the
third year. This finding may seem to agree with research on the tallgrass prairie
where fire substantially increases herbaceous production due to a modified pat-
tern of soil nitrogen as well as improved light availability [66] [67]. However, it
contradicts the finding by [17] on the semi-arid shortgrass on the North Ameri-
can Great Plains (about 1000 km south of the study area in northeastern Colo-
rado). Their prescribed fire showed no influence in herbaceous plant production
in both the first and second post-fire growing seasons. This discrepancy may be
caused by differences in vegetation types and various grazing pressures in these
two ecosystems.

Results consistently show that burned sites have a significant 20% more green
grass cover, demonstrating fire’s positive impact in promoting grassland health.
Meanwhile, it describes the evolutionary adaptation of the prairie grass com-
munities to disturbances like fire. Fire consumed all the standing dead and other
components, broke down biomass into nutrients and opened up space for green
grass to colonize on burned sites. This can be clearly confirmed from the dy-
namics of exposed bare soil, which was significantly higher at burned sites in the
first two growing seasons. Overall it took merely one growing season for the
green grass cover to restore to the unburned status. However, canopy height at
burned sites is consistently more than 10% higher even at the fifth growing sea-
son (Table 3).

Fire overrides climate as the most significant force in shaping the vegetation
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community. Notice that in the second growing season due to above-normal pre-
cipitation the unburned sites experienced fast increase in green grass composi-
tion and decrease in the standing dead composition. However, the opposite sce-
nario happened at burned sites, with the green grass composition decreased by
15% and the standing dead increased by the same amount.

Figure 7(a) shows that fire increased forb’s composition in the following two
growing seasons. There was a high peak of increase in forb’s composition at the
first growing season, coinciding with the high increase in green composition.
This is obviously due to fire removing most dead component and allowing green
vegetation to colonize the disturbed area. In the subsequent growing season, we
observe forb’s cover tends to be higher at burned sites. At the third growing sea-
son, there is no difference between treatments. Therefore, it took two growing
seasons for forbs to converge to the unburned level, contrasting with grass’
one-year recovery. As for the shrub, it underwent a longer recovery process
simply due to severe loss of biomass from the burning. Please note that the shrub
composition at the would-be-burned sites was a little higher than the unburned
sites in 2012. That is expected because the fire propagated mostly along the
Frenchman River valley. As a result, some of the surveyed burned sites were lo-
cated in the low-lying valley area where there was more shrub presence than
sites outside the valley. In fact, shrub contributes little in our research sites, with
its composition always as low as 5%. Notice that at the third growing season
shrub cover at burned sites was significantly higher. A few samples had excee-
dingly high level of shrub (cover greater than 40%). This is also when the water
stress was present, with green grass and forb having converged to the same level
as unburned sites.

Post-fire dynamics of the dead components. Fire effectively removed the dead
component in the immediate growing season. Individual statistics of standing
dead and litter component don’t produce a consistently significant result. But
when combining the two components there exists significant decrease in the
dead component at the burned sites. This can be confirmed from the field work
and is expected from related grassland fire study in this area [35] [36]. Fire effec-
tively removed the standing senesced grasses from the past year as well as the
dead material covering the ground surface. This opened space for new vegeta-
tion to take over, with unobstructed light conditions as well as nutrients from
the fire-consumed ashes. The dead component at burned sites was 30% less than
at unburned sites. The standing dead, which is the most combustible material to
fuel the fire, was completely removed at burned sites. In the second post-fire
growing season, the total dead component at burned sites was still 10% less,
though at a weak significant level (p = 0.1). Figure 7(b) shows obviously that
standing dead at burned sites has easily built up after one growing season and
reaches the same percentage as at unburned sites. Overall it took two growing
seasons for the dead component to converge to the unburned sites.

Post-fire dynamics of soil crust and soil properties. Fire has a profound im-
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pact on the soil crust. Its recovery took longer than four growing seasons
(Figure 7(c)). Fire initially burned most above-ground biomass, exposing bare
soil which continued remaining high for two growing seasons. This made lichen
composition close to none. Although precipitation helped moss composition
recover but they are still significantly lower at burned sites. The water stress in
2015 affected both burned and unburned sites. Unburned sites had the live
component reduced, most moss removed, and lichen exposed. However, burned
sites had significantly less lichen. Precipitation at the fourth growing season
helped moss at the unburned sites to recover to its un-stressed level, but failed to
do so at burned sites. This indicated that burning affected the long-term soil dy-
namics even into the fourth growing season. In contrast, Ford and Johnson [5]
found that soil crust in burned and unburned sites were at a similar level after
two years of fire events. The discrepancy between this research and their sproba-
bly was due to three reasons. First, their research site was located in southern
Great Plains at Kiowa National Grassland, New Mexico—1500 km south of
GNP. The environmental variables are quite different from that of the mixed
prairie, causing variations in time of recovery. Second, their grassland was classi-
fied as shortgrass steppe. The predominant cover of warm-season C4 plants has
distinct biophysical properties compared C3 plants found in the mixed prairie at
GNP. Third, during their study timeframe, several months of drought occurred
followed by several months of heavy precipitation. This particular weather pat-
tern will certainly make their findings less comparable to results identified here
in this research.

In semi-arid mixed grasslands, productivity is often water limited due to its
impact on biological activity within the ecosystem [37]. Acting as a protective
blanket [35] [68], the dead material traps water from precipitation and also helps
retain water from evaporation at the soil surface. When fire removed the dead
material, soil surface at the burned sites received more solar radiation; mean-
while evaporation would also increase. Vermeire et al. [68] was able to demon-
strate that for burned sites soil temperature rose by 0.5°C during drought and
was similar during a wet growing season. A consistent increase by 1% was re-
ported in soil moisture at burned sites. However, this study does not have a sig-
nificant result to indicate such change. This may be due to a few reasons. The
device used in the field data collection is known to be not sensitive enough to
detect the small changes in the soil parameters. Moreover, field sites were sam-
pled at different dates usually spanning two weeks. Weather pattern and time of
day can both impact the measurement.

Fire and grasslands resilience. Results suggest that fire enhances short-term
health and resilience of the grasslands. GNP received below-normal precipita-
tion in 2015, causing water stress that impacted both burned and unburned sites
of that year. Now the grassland ecosystem has undergone two years of recovery
from the wildfire’s disturbance in 2013. And in the third year water stress settled

in, causing a minor disturbance. As a result, grasslands were experiencing a
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compound effect from both wildfire and water stress. However, results indicate
that wildfire’s impact was masking the effect of water stress at burned sites.

It is interesting to observe that in 2015 the live component at burned sites was
significantly higher at 10% (p = 0.05) than at the unburned sites. The significant
increase coincides with a very low percentage of exposed bare soil as well as
higher shrub coverage at burned sites, whereas unburned sites saw an increase in
exposed bare soil and lower live component. These opposite scenarios across
treatments suggest better performance of burned sites in withstanding water
stress. As a result, fire promoted grassland resilience and caused grassland eco-
systems to perform better under water-stressed conditions. Though the under-
lying mechanism of such improvement in grasslands resilience needs to be fur-
ther researched, yet it still is possible to hypothesize that fire modified the local
hydrological cycle through its effect on grassland covers; moreover, it probably
enhanced water utilization.

Fire’s positive effect on grasslands resilience lasted no more than four years.
Another water stress condition appeared in 2017 with similar below-normal
precipitation. However, data analysis didn’t show significant differences across
treatments. This indicates that the fire’s influence only lasted for four years re-

garding its impact on grasslands health and resilience.

3.3. Grassland Post-Fire Recovery with Ground Remote Sensing
Data

Figure 8 shows an example of the analysis result for 2013 with the live compo-
nent as the biophysical parameter. Due to the limited sampling effort in the field
survey, only five burned samples were included in the analysis. The explanatory
power of narrow bands (wavelength ranging from 350 nm to 2400 nm at 1 nm
interval) is indicated as the thick black line. Three regions show strong r* values:
violet region (r* peaks at 0.80), red region (r* peaks at 0.55), and NIR region (r’
peaks at 0.93). However, the thin black p-value line indicates only NIR region as
statistically significant (p = 0.05), excluding the other two windows. Notice that
regressions for producing this graph were carried out using only five samples
due to limited field sampling effort (five burned samples and five unburned
samples). Overall, we can conclude that reflectance at NIR region (750 nm to
1000 nm) can explain approximately 90% of the variation of live component
percentage (p = 0.05). It is not surprising to know that this window also happens
to cover the NIR band of Landsat product, shown as light pink colour bands in
the background (wide band at bottom for Landsat 7 ETM+ sensor and narrow
band on top for Landsat 8 OLI sensor). The scattering of NIR radiation in green
vegetation’s spongy mesophyll [69] is commonly used as a robust measure of
green vegetation, which in this case can also serve as an effective parameter in
evaluating post-fire recovery when the live component is used as the measure of
recovery.

Similar plots were prepared as in Figure 8 for all the years and other two
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fire-sensitive parameters. Results were assembled and organized together ac-
cording to Landsat bands. Please note that data analysis suggested an additional
two sensitive windows at SWIR region: SWIRa at 1300 nm and SWIRb at 1950
nm located at two atmospheric water absorption regions [69].

3.4. Post-Fire Recovery with Landsat Products

Opverall, Landsat product demonstrated its effectiveness in studying grasslands
post-fire recovery, with the most sensitive bands being red, NIR, and two SWIR
bands. When live component (live%) is used as the parameter of measuring ve-
getation recovery (top section of Table 4), the most sensitive window is 750 nm
- 1000 nm, which corresponds to Landsat’s NIR band. The second sensitive
window is 625 nm - 690 nm, overlapping with Landsat’s red band. The green
and blue regions also showed some explanatory power but are not consistent
throughout the five-year study period. Also included in the table are weak signi-
ficance tests with p = 0.1 due to the limited sample size from the field survey
(indicated as n in the table).

Ajves~Ay in 2013 (n = 5)

1.00 1.00
- )Vunbumed
0.904 = = Mourmed
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500 1000 1500 2000 2500

AMnm)

Figure 8. Power of all wavelengths in explaining the variation of fire-sensitive biophysical parameters, using
the linear regression model discussed in 2.4, with the biophysical parameter as percentage of live component
(live%) and reflectance values (1) measured from a spectroradiometer. The thick black line shows the r* curve.
The thin black curve indicates p-values from significance tests. Averaged reflectance curves for burned (red
dashed line) and unburned (green dashed line) are superimposed as references. Color bands shown in the
background are band configurations for Landsat sensors (OLI of Landsat 8 on the top; ETM+ of Landsat 7
below) plotted according to their designated wavelengths. A sensitive window from 750 nm to 1250 nm can be
clearly identified from the figure.
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Table 4. Performance of satellite products at burned (“B”) and unburned (“UB”) sites.

2012 2013 2014 2015 2016 2017

U B U B U B U B U B U B

Blue (%) 5.2 5.6 53 34* 57 52 72 56" 74 64% 56 5
Green (%) 7.3 7.5 82 62 85 7.9 10 85% 57 4.6 83 7.6

Red (%) 7.6 7.8 84 52* 91 82* 113 85 62 47 92 8.4

NIR (%) 23.1 21 226 281 223 227 23 27.1* 212 212 227 209
SSWIR (%) 25.1 249 27.3 20.5% 27 23.5%% 30.8 2587 254 21.5. 27.8 24
LSWIR (%) 13.4 148 169 12.7¢* 17 14.9* 203 152%* 152 12.5- 169 14.6

NDVI 0.5 0.5 05 07* 04 0.5 03 05 05 0.6 0.4 0.4

NBR 0.2 0.2 0.1 04 0.1 0.2 0.1 0.3%* 02 0.2 0.1 0.2
EVI 1 1 1.1 08t 14 11- 07 1.6 13 09%* 14 1
SAVI 0.3 0.2 0.3 0.4 0.2 0.3 02 03 03 0.3 0.2 0.2

MSAVI 0.3 0.2 0.2 0.4 0.2 0.2 02 03 03 0.3 0.2 0.2

BAI 3.1 33 3.1 29 3.1 32 3 2.8 3.4 3.5 3.1 33
CSI 1.7 14 13 24 13 1.5 12 19 14 1.8 1.3 1.5
MIRBI 0.9 1 1 1.3* 1.1 1.2* 1 1 1 1.1 1 1.1

GEMI 0.6 0.5 0.5 0.7 0.5 0.5 05 0.6 05 0.6 0.5 0.5

Significant codes: “***” 0.001, “**” 0.01, “*” 0.05, “” 0.1.

Performance of individual bands. Spectral reflectance from satellite imagery
demonstrated significant power in distinguishing different treatments for five
consecutive seasons. Across five post-fire growing seasons, spectral reflectance of
all Landsat bands were significantly lower at burned sites than the unburned,
except near the infrared band (NIR) which saw higher reflectance in burned sites
howbeit most results were not statistically significant. Moreover, for the afore-
mentioned non-NIR bands, the difference of spectral reflectance between treat-
ments generally displayed a decreasing trend. This implies that fire’s impact is
fading in the process of vegetation recovery, with burned sites converging to the
unburned, making both treatments appear homogeneous. For the fourth season
some statistics became weaker (Red, SWIR2) and eventually in the fifth season
all statistics were non-significant, implying the fact that the burned communities
had almost fully recovered.

Notice the anomalies which occurred following 2015 where the converging
trend was disturbed. This is caused by the water stress in 2015, which affected
the post-fire recovery. However, the converging trend continued consistently af-
ter 2015. Some claim fire as a “global herbivore” [2]. Here the statistics suggest
that drought can also mimic fire’s impact. At a glance, it can be regarded as a
minor “fire”. It decreased the reflectance signature of both treatments, proving
itself as a “global herbivore”. However, we observe more pronounced contrast

between treatments, with burned sites still have much higher reflectance as in
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previous growing seasons, suggesting fire’s profound impact. More research is
needed to quantify the impact of drought, fire and herbivores, the three most
common and interconnected disturbances in shaping the grasslands.

Responses from the three visible bands (especially the red band) are signifi-
cantly smaller at burned sites than the unburned. This is because burned sites
tend to have more live component (green vegetation) and less dead material
(standing dead and litter). Chlorophyll and other pigments in healthy green ve-
getation absorbing red spectrum for photosynthesis, making reflectance in that
region significantly lower than the unburned sites that have less live component.
On the other hand, the light-coloured standing dead and other non-photosynthetic
vegetation (NPV) have higher reflectance at visible bands and appear brighter.
However, across time the difference of reflectance in visible bands between
treatments became less pronounced, from 3.2% in 2013 to 0.8% in 2017. As the
grasslands recovered, burned sites started to build up the dead material and the
contrast in the visible bands was getting less obvious.

SWIR1 and SWIR2 are vivo water content related [70] with healthy vegetation
exhibiting more absorption than otherwise. Similar results were shown as three
visible bands, emphasizing the extra live component during vegetation’s recov-
ery from the burning, and both bands experienced similar converging trend be-
tween treatments.

NIR is the only band which showed increased reflectance at burned sites,
simply because of the more healthy live component at burned sites. Though we
expect to see a consistent and significantly higher reflectance in NIR at burned
sites, satellite data suggested otherwise. Yang ef al [35] investigated fire’s effect
in the same study area and also reported that NIR increase at some burned sites
showed no statistical significance. Across five post-fire growing seasons, only
2015 saw a significant increase in NIR by 4% at burned sites. The insignificant
result for other growing seasons may be due to limited sample size, and large
variations in the live component at the burned sites.

In SWIR2 region, solar radiation can be significantly absorbed by the water
content in green vegetation or soils. Meanwhile, research [71] [72] also suggests
that dry soil exposure after burning would increase SWIR2 reflection. Water ab-
sorption in SWIRI is considerably weaker. However, this study showed the op-
posite relationship. There was significant decrease in both SWIR bands at
burned sites. This can be explained by the increased composition in green vege-
tation for the burned sites which had higher water content than unburned sites.
As a result, SWIR regions in burned sites had more absorption and less reflec-
tance. Although for unburned sites the significant amount of dead material
helped to retain water. However, in this study we don’t see this effect from SWIR
bands. This is probably because SWIR bands couldn’t penetrate the vegetation
structure and pick up the water’s signal in the dead material at the soil surface.
Furthermore, Landsat 8 imagery acquired five days after the burn also indicated
lower SWIR responses for burned sites. This is probably due to the presence of

charred soils found at the burned sites which had lower reflectance in both
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SWIR regions than unburned sites where senescent grasses were dominant [36].
Overall, we observe lower reflectance in SWIR region for burned sites from right
after the burn, till the third year. This finding contradicts [72], probably due to
the difference in ecosystems and vegetation types.

Performance of Vis. Although individual spectral bands demonstrated prom-
ising capability in separating treatments, commonly used broadband vegetation
and fire indices showed mixed results with most statistics non-significant, de-
monstrating the pressing and challenging issue of finding a suitable vegetation
index in monitoring vegetation recovery from the fire. Detailed results can be
summarized in Table 4.

The algorithm of NDVI involves NIR and red bands, and has been widely
used in the literature as an important index for studying green vegetation as well
as fires. In this study, although NIR band didn’t have a good performance from
the statistical perspective, we did find a good performance from NDVI. We saw
a significant increase in NDVT for the burned sites in the first (by 44%) and third
growing season (by 49%). NDVI for burned sites in the second and fourth
growing season also increased but was not statistically significant.

NBR is a widely-used fire index expressed as the normalized difference be-
tween NIR and LSWIR. It can distinguish green vegetation from soil based on
their contrasting reflectance signatures at these two bands. This study confirms
its performance in such ability. NBR at burned sites was as much as 1.5 to 4
times higher than that at unburned sites. Though its performance varied from
weak in the first year to not significant in the second year, and became strong in
the third year. This result proves NBR as a reliable long-term fire index suitable
for studying grassland fires.

EVI is another commonly used vegetation index which was developed to
overcome the limitation of NDVI. However, this study demonstrates that EVI’s
performance is not as good as NDVI in studying fires at GNP, even though
burned sites had significant lower reflectance in blue band. Instead of increasing
as we see in NDVI, EVI in this case is lower in burned communities. Its weak
performance may be affected by high percentage of dead material dominant in
GNP grasslands.

Both SAVI and MSAVT were developed as a modification of NDVI to correct
the influence of soil brightness in ecosystems with low vegetation cover and ex-
posed soil surface. However, this study found that both didn’t perform well in
terms of distinguishing burned and unburned grass communities. We see these
indices are greater at burned sites. From a theoretic perspective, they should
have good performance for the first two years because percentage of bare soil
exposure is relatively high at burned sites. However, it is interesting to find both
indices can only distinguish burned sites in the third year with statistical signi-
ficance. This is also when bare soil percentage was lowest in burned sites. The
poor performance may due to a few reasons. The soil brightness correction fac-

tor (parameter L) for calculating SAVI may need fine-tuning in this study.
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Meanwhile, these indices are developed to overcome the influence of soils at the
cost of being less sensitive to vegetation changes that are essential in studying
post-fire vegetation recovery.

The Burned Area Index (BAI) and Char Soil Index (CSI) were designed to
detect the char signal [73]. However, this study finds that they are not suitable
for grasslands fire study in GNP. Possibly because grassland ecosystems have a
higher turnover rate and grass communities are well adapted to disturbances like
fire. As a result, their fast recovery will block the char signal from being captured
by remote sensors. Mid-Infrared Burn Index (MIRBI) was a fire index developed
for the savannah ecosystem, where NIR is less useful because of senescent vege-
tation in the fire season. Literature shows MIRBI to be relatively stable in per-
formance over time. MIRBI also performed well in this study, showing signifi-
cantly greater values in the burned sites than the unburned, though not signifi-

cant in the third year.

3.5. Vegetation Recovery Trajectory from Landsat NDVI

Removing the limitation of sample size, with only satellite imagery data, the dif-
ference between burned and unburned sites is shown clearly for within years and
an overall decreasing trend from 2013 to 2016, reflecting the climate variation of
the same period. Though 2017 is also an extremely dry year in this area, the im-
pact of drought didn’t settle in till late July (Figure 9) which is outside the ana-
lyzed time frame. Grasslands recovery is closely tied to climatic variables.
Though both burned and unburned grassland underwent a similar recovery
scenario, yet they carry significant differences. Burned grassland always main-
tained higher NDVI values compared with its unburned counterpart, which can
be explained by the fire’s positive impact on the ecosystem. When peak NDVI
values (corresponding to the maximum growing season) are considered, we ob-
serve such positive influence gradually dying out across time, from 30% higher
in 2013 to 10% higher in 2014 and eventually almost non-existent in 2016. This
result may suggest a fire regime with a period of four years to be ideal for the
prairie ecosystem. But fire’s impact is more profound when we look at the start
of the growing season, burned communities consistently exhibit higher NDVI
values. This either means the burned site has an earlier start to the growing sea-
son, or the burned site always tends to grow greener vegetation. Since there is no
apparent phase shift (a.k.a. time delay in the signal) between the two curves, the
former hypothesis may not seem to be a plausible explanation. However, [74]
[75] indeed reported the greenup being advanced by one week or as much as one
month at burned sites due to relatively warmer soil temperatures during the day.
Therefore to clarify this, better satellite remote sensing datasets need to be ana-
lyzed, especially with fine-tuned temporal resolution during the greenup period
for the study area. Nonetheless, we can certainly observe the impact of grassland
fire even at the fifth growing season, with both climate variation (2013-2017)

and a minor disturbance (water-stress condition in 2015) considered.
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Figure 9. Satellite NDVI demonstrates the effectiveness of NDVI as a post-fire recovery
indicator (error bar indicates one standard error). Notice there are more scenes available for
year 2016.

4. Conclusion

This study found that vegetation could recover quickly from the spring burning.
Starting from the first post-fire growing season, the grasslands ecosystem has
begun the quick process of regeneration, and even resulted in establishment on
previously bare soil. This demonstrates the strong resilience of the mixed prairie
due to its adaption to frequent grassland fires in the past. Fire effectively re-
moved the dominant dead component in the ecosystem and promoted the rege-
neration of the grasslands, indicated by the increased green live component in
the burned communities. However, the difference between burned and un-
burned communities get less pronounced across time as vegetation recovers. In
the third post-fire growing season, the burned communities started to converge
back to the physiology of the unburned communities. Results suggested that re-
mote sensing product is effective in detecting post-fire vegetation recovery.
Some vegetation indices are sensitive in such detection. NDVI as a widely used
vegetation index is a good indicator, suggesting the possibility of studying fire
ecology in an even longer time frame in light of the rich and cost-effective re-
mote sensing data archive available. Overall, Landsat product demonstrated its
effectiveness in studying grasslands post-fire recovery, with the most sensitive
bands being NIR, red, and two SWIR bands. Landsat NIR and red bands are the
primary and secondary strong predictors of variation in the live component if
green vegetation is the main focus of vegetation post-fire recovery. When the
dead component is also considered as part of vegetation recovery, Landsat SWIR
bands can be used as they correlate well with SRIbio and NDIbio. Two other
SWIR bands sometimes demonstrated stronger relationship than the current
Landsat SWIR bands. But overall sensitive wavelength windows for SRIbio and
NDIbio are less concentrated than that of the live component, indicating the
challenge of developing the best remote sensing index for quantifying live-dead
dynamics of grasslands post-fire recovery. Li and Guo [76] have reviewed the
remote sensing approaches in quantifying non-photosynthetic vegetation (dead

materials). They mentioned the claim from related researchers [77] [78] on the
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feasibility of detecting NPV based on wavelengths from 400 nm to 2500 nm.
However, in reality NPV estimation is always complicated due to the presence of
water, soil mineralogy, and soil organic carbon [76] [79] [80]. This is especially

the case in the mixed-prairie [76].
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