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Abstract
Using NDVI Time-Series to Examine Post-fire Vegetation Recovery in California
Viktor Wu

Over the past couple of decades, fires have experienced changes on a global scale. These
changing fire regimes point to an alarming direction where fire-dependent ecosystems are
experiencing a decline in burned area, while fire-independent ecosystems are experiencing an
increase. As a result, land cover change is seen in both types of ecosystems where the native
plant communities run the risk of disappearing, and recovery becomes increasingly important.

One of the areas experiencing a notable increase in fires is California, US. Here, both
observed and projected changes indicate increasing frequency of fires, fire size and fire
severity. In this study, post-fire recovery for 5 land cover types in California is compared
using Normalized Difference Vegetation Index (NDVI) time-series.

Two metrics are used for post-fire recovery, where a metric that describes short-term
recovery is found most appropriate for a comparison between land cover types. It is found that
the land cover type “Trees” has the longest recovery, followed by “Herbaceous/Shrubs”.
Faster recovery times are found in the late fire season compared to the early fire season,
indicating an influence of precipitation on post-fire vegetation recovery. Similarly, faster
recovery times are found in a semi-arid climate zone compared to the Mediterranean climate
zones. This indicates the potential influence of species composition on post-fire vegetation
recovery.

Results particularly show differences in post-fire recovery between land cover types, but
also between fire seasons and climate zones. To examine these details in further detail, fire
severity, meteorological data, and a more detailed classification for vegetation types could be
implemented as factors determining post-fire recovery.
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Populärvetenskaplig sammanfattning

Återhämtning av växtlighet efter bränder i Kalifornien
Viktor Wu

De senaste årtiondena har bränder sett förändringar över hela världen. Frekvens, intensitet,
och områden där bränder uppstår har förändrats på ett oroväckande sätt. Områden som är i
behov av bränder har sett en nedgång i area som brunnit, samtidigt har områden som inte har
samma behov fått en uppgång i area som brunnit.

Kalifornien är en region som har sett en anmärkningsvärd utveckling där mer intensiva,
mer frekventa, och större bränder har setts och förväntas fortsatt öka. I denna studie
undersöker vi återhämtningen av växtlighet efter bränder över 5 marktäcken i Kalifornien
med hjälp utav tidsserier av Normalized Difference Vegetation Index (NDVI).

Våra resultat föreslår att ett mått för återhämtning anpassat för korttidsåterhämtning är mer
benäget att skilja på återhämtning mellan olika marktäcken än ett mått för återhämtning över
en längre tidsperiod. Marktäcket som benämns som “Träd” visar sig ha längst
återhämtningstid, följt utav “Örtartad/Buskar”. Resultaten indikerar också på variationer i
återhämtningstid mellan tidig och sen brandsäsong såväl som mellan klimatzoner. Områden
som brunnit under den sena brandsäsongen visar sig ha en kortare återhämtningstid för några
marktäcken, detta kan betyda att nederbörd har en betydande påverkan på återhämtningen av
växtlighet. Områden som brunnit i en halvtorr klimatzon visar skillnader i återhämtningstid
gentemot områden som brunnit i medelhavsklimat, dessa är i vissa marktäckningsklasser
något kortare och visar på den potentiella betydelsen av artsammansättningen.

Sammanfattningsvis är skillnaderna tydligare mellan marktäckningsklasser, men det finns
även skillnader mellan klimatzoner och brandsäsonger. För vidare forskning kring dessa
skillnader, borde brandintensitet, meteorologiska data, samt mer detaljerad information kring
artsammansättning inkluderas som faktorer med påverkan på återhämtning av växtlighet efter
bränder.

Nyckelord: återhämtning, bränder, växtlighet, Kalifornien, NDVI
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1 Introduction 
 
1.1 Background to fire 

 
1.1.1 Importance of fires 

 
Fires have played an essential role in human evolution with the discovery and use of fire 

facilitating cooking, pottery, and metalworking. Over time they have both become 

increasingly controlled and exploited by humans for a variety of functions (Gowlett, 2016). 

While often viewed as destructive and catastrophic, many natural and prescribed fires are also 

considered fundamental for ecosystem dynamics and preservation as they can improve 

nutrient cycling, trigger germination and generate open lands, both for animals requiring open 

grazing pastures and for plants requiring large amounts of light (Chen, 2006; Pausas and 

Keeley, 2019). Additionally, natural wildfires contribute to a reduced spread of infectious 

diseases affecting wildlife and humans (Scasta, 2015). 

As a harmful force, fires can alter environments by increasing potential runoff and, 

subsequently, the risk of soil erosion (Evelpidou et al., 2022; Shakesby and Doerr, 2006). 

Where fires are considered anthropogenically ignited, as opposed to naturally caused, they are 

often both more frequent and larger in extent, so the potential for their devastating effects is 

particularly pronounced (Allen et al., 2005). These effects include damage to ecosystems, 

forests shifting to non-forest environments, and plant communities not being able to recover 

(Bond, 2013; Halofsky et al., 2020; Meng et al., 2014; Thom and Seidl, 2016). Furthermore, 

fires can negatively impact society as structures and people can be directly harmed by fires 

and their associated air pollution. Along with causing problems for human health and 

infrastructure, fires bring serious economic impacts (Wang et al., 2021). In the US, annual 

losses and costs are estimated at 71.1 to 347.8 billion USD (Thomas et al., 2017). On a larger 

scale, wildfires have the potential to alter the global carbon budget, especially when they 

occur in places where post-fire recovery is slow (Mouillot and Field, 2005; Ponomarev et al., 

2021). 
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1.1.2 Changing fire regimes 
 
In recent decades, concerning changes in global fire regimes have been observed and reported 

as fires have occurred more frequently, with greater severity and have caused more 

devastation than previously (Canadell et al., 2021; Higuera and Abatzoglou, 2021). Changing 

fire regimes do not only cause death and devastation for humans, but are also devastating 

ecologically in their potential to profoundly alter community composition (Bowman et al., 

2020; Cochrane and Bowman, 2021; Mclauchlan et al., 2020). This can be particularly 

destructive in plant communities where fires typically do not occur, such as rainforests, which 

recently have seen an increase in burned area (Abatzoglou et al., 2019; Allen et al., 2005). 

Despite a warming climate and the growing number of catastrophic fires, two recent 

studies from Andela et al. (2017) and Pausas and Keeley (2019) have shown that global 

burned area has decreased over the past two decades. However, this finding does not 

necessarily signify any beneficial trends with regards to changing fire regimes and their effect 

on humans and ecosystems. Spatial variation of the trends in burned area show an increase in 

fire-independent ecosystems like rainforests, while the largest declines are occurring in fire- 

dependent ecosystems like savannas. The observed increase of fires on rainforests is a distinct 

cause for concern as these ecosystems are unique biodiversity hotspots (Isola and Yusuf, 

2020). Similarly, the decrease in savanna fires can be considered alarming as fires play a 

major part in preserving and characterising this ecosystem (Dyer et al., 2001; Williams et al., 

2003). 

The changes to global fire regimes can be attributed to anthropogenic activity, with the 

major decline seen in savanna fires attributed to agricultural expansion and intensification 

(Andela et al., 2017). Likewise, anthropogenic activity is responsible in areas experiencing an 

increase in fires as human-caused ignition accounts for a large fraction of wildfires, and 

increasingly fire-friendly weather is a consequence of anthropogenically-caused global 

heating (Abatzoglou and Williams, 2016; Balch et al., 2017; Barbero et al., 2020; Mclauchlan 

et al., 2020). 

One of the areas which has seen an increasing trend in wildfire activity is the western 

United States (US), with the state of California a well-documented hotspot (Dennison et al., 

2014). Here, the number of fires has increased during the past decades along with an increase 

in burned area and fire severity (Higuera and Abatzoglou, 2021; Keeley and Syphard, 2021; 

Miller et al., 2012). Over the period 1984-2011, the western US has seen an increase in large 

fires at a rate of 7 fires year-on-year. (Dennison et al., 2014). These recent trends, when 
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combined with further regional warming and anticipated increases of human activity in fire 

susceptible areas, have led to projections indicating that the future is likely to not only bring 

more fires, but also fires of greater severity, frequency, and extent, as well as a prolonged 

wildfire season (Littell et al., 2010; McKenzie et al., 2004; Stavros et al., 2014; Westerling, 

2016). 

Fire regimes globally and in California are expected to be spatially heterogenous, with a 

variability determined by climatic zones or ecosystems as fire properties are dependent on 

factors determining the landscape composition and climate (Rogers et al. 2020). In California, 

southern drier areas tend to have more frequent, small and short-lived fires compared to 

wetter more forested areas which see larger and more catastrophic fires (Li & Banerjee 2021; 

Keeley & Syphard 2021). 

 
 
1.1.3 Post-fire recovery 

 
Following the major disturbance of a fire, the burned area begins a process of recovery via 

vegetation succession. Post-fire vegetation recovery varies strongly among different plant 

communities and is a process typically occurring at a scale of years (Bright et al., 2019). In 

some instances, a community may not recover at all due to strong or repeated damage from 

fires, leading to a shift towards more fire-adapted communities (Rodman et al., 2020). 

Fire has the potential to severely alter ecosystem composition and can abruptly cause 

changes to its functioning (Miyanishi, 2001). Because of this, fires and the subsequent 

vegetation recovery that results are of great importance ecologically. Multiple studies have 

been carried out to try to estimate and predict behaviour of post-fire recovery in different 

communities (Gitas et al., 2012). Peña and Ulloa (2017) used satellite imagery to estimate 

recovery times for areas in the National Park of Torres del Paine, finding the use of vegetation 

indices an appropriate method for monitoring regeneration of vegetation impacted by fire. 

Similarly, Talucci et al. (2020) used imagery from uncrewed aerial vehicles (UAV) combined 

with in-situ vegetation measurements to evaluate the use of two vegetation indices derived 

from the UAV measurements. Studies have made use of in-situ observations, but more 

recently, remote sensing techniques are increasingly used because they offer a relatively cost-

effective method that gives continuous data availability both spatially and temporally, 

therefore allowing studies at a greater scale (Gitas et al., 2012). The majority of studies 

employing remote sensing techniques use vegetation indices such as Normalised Difference 
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Vegetation Index (NDVI) or Normalised Burn Ratio (NBR) in order to identify recovery rates 

or absolute recovery times for certain fire events and locations. 

 

1.2 Research motivation 
 
There is a generally agreed upon understanding of fire behaviour and concepts around fire 

ecology as a large number of studies have been carried out using both in-situ and remote 

sensing methods (Cochrane and Ryan, 2009; Szpakowski and Jensen, 2019). 

With regards to post-fire recovery specifically, multiple studies have successfully 

estimated post-fire vegetation recovery. Li and Guo (2018) used multiple vegetation indices 

derived from measurements taken by Landsat 7 and 8 to evaluate post-fire recovery for one 

large fire in Grasslands National Park on the border of Canada and USA. Similarly, Viana- 

Soto et al. (2020) studied two large fires in eastern Spain when using Landsat time-series to 

analyse post-fire recovery. While these studies primarily focus on identifying driving factors 

or post-fire recovery dynamics for specific, localised fires, - remote sensing has the power to 

estimate post-fire recovery on a larger scale. By doing so, we can better understand the 

response of larger ecosystems, or regions, to fire, which is essential for effective fire- 

mitigation and management (Reid et al., 2006). 

At present, there are numerous studies quantifying and evaluating post-fire vegetation 

recovery using remote sensing techniques, but these are mostly focused on individual 

vegetation types or fire events. Relatively few studies compare post-fire recovery between 

different vegetation types or land cover classes, though examples do exist. 

Kennedy et al. (2012) used the Normalised Burn Ratio (NBR) to estimate recovery over 

multiple regions covering the western US states of Washington, Oregon and California. 

Similarly, João et al. (2018) used time-series of NDVI derived from MODIS imagery to study 

the recovery of burned areas in northern Portugal, and Hislop et al. (2020) used Landsat time- 

series to estimate recovery in large parts of North America, the Mediterranean, Asia, Australia 

and Chile. These studies all provide useful estimates of post-fire vegetation recovery and 

comparisons between land cover types or ecoregions on a larger scale. 

However, none of the metrics for recovery used in these studies compare the burned areas 

to surrounding or similar unburned areas. 

In estimating post-fire recovery for individual pixels or areas, the use of an unburned 

reference pixel or area is used to reduce the influence of local environmental variability 
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(Leeuwen et al., 2010). Climate variability needs to be considered as it is a primary factor in 

determining the trajectory of vegetation recovery (Johnstone et al., 2010; Shvetsov et al., 

2019). When the objective simply is to estimate an absolute value of recovery for one specific 

area or when the influence of local climate is desired, the use of a control plot may be 

excessive. However, if the aim is to compare recovery times across different types of land 

cover or vegetation, the use of a control plot is appropriate. Treating the burned area as 

relative to an unburned similar area allows environmental variability to be accounted for 

(Diaz-Delgado and Pons, 2001). This way, the response of land cover types to fire is more 

likely distinguished by the land cover type rather than the local climate (Veraverbeke et al., 

2012). 

Of the many areas suffering from wildfires worldwide, California, with its great economic 

importance and high population living in areas at risk of fire, is a region where studying post-

fire recovery is of great relevance. With well-documented changing fire regimes in the state, 

and devastating economic and ecological impacts that often receive global news coverage, the 

importance of knowledge on post-fire recovery is increasingly recognised (Dennison et al., 

2014; Li and Banerjee, 2021; Steel et al., 2018; Wang et al., 2021). 

In this study, post-fire vegetation recovery is compared between five land cover classes in 

California during the years 2001-2018. 

The following research questions guide the analysis: 
 
 

● How do land cover types differ in their post-fire vegetation recovery? 

● Is there any variation in post-fire recovery between climate zones and time of year? 

● What is an appropriate metric for comparing recovery between land cover classes? 
 
 

We seek to answer these questions by utilising the flexibility and analytical power of 

Google Earth Engine, and its archived MODIS-derived fire and NDVI data, to conduct a 

large-scale study on fire recovery of different land cover types while accounting for local 

environmental variability. 
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2 Methodology 
 
2.1 Study area: California 

 

Figure 1. Study area. a) Köppen climate zones over California. Climate zones include: BWh - Hot desert, 
BWk- Cold desert, BSh - Hot semi-arid, BSk - Cold semi-arid, Csa - Hot-summer Mediterranean, Csb - Warm- 
summer Mediterranean, Csc - Cold-summer Mediterranean, Dsa – Hot-summer humid continental, Dsb – 
Warm-summer humid continental, Dsc – Mediterranean-influenced subarctic climate, Dfc – Subarctic climate, - 
Extremely cold subarctic climate. Subarctic climate zones (Dsc, Dfc) are occurring at high-elevations in 
California. Data from Beck et al. (2018). b) Land Cover by the Landscape Change Monitoring System (LCMS). 
Data from USDA (2022). c) Density map of fires in dataset. Generated from centroids of each fire perimeter 
which was analysed in this study. 

 
Western California has a Mediterranean climate type, as seen in Figure 1 panel a), where the 

coastal areas are classified as Csb and the more continental areas are Csa. This transitions to a 

desert climate in the south-east, and a high montane Mediterranean climate in the east of the 

state where the Sierra nevada mountains run North to South. Figure 1, Panel b) displays the 

land cover classes in California which is dominated by Trees in the north-west, 

Grass/Forb/Herb in the central part of the state, and more Shrub-like land cover types in the 

south-east. Fires used in this study appear in Panel c) which reveals that the majority of fires 

are occurring in the south-west, although there are fires further along the central coast and 

parts of central and northern California. The three panels combined reveal in which climate 

zones and land cover types fires most frequently occur. 
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2.2 Data used 
 
2.2.1 MODIS Burned Area Product 

 
In order to identify fires, the MCD64A1 Collection 6 Burned Area product is used (Giglio et 

al., 2018). This product uses combined data from Moderate Resolution Imaging 

Spectroradiometer (MODIS) instruments aboard the Terra and Aqua satellites, creating a 

combined collection of monthly global gridded data with a spatial resolution of 500 metres. 

As opposed to satellite data with a finer spatial resolution, this collection enables a shorter 

processing time. Thanks to this, it makes the processing possible for the entirety of the study 

area, which with a greater resolution would not be possible using Google Earth Engine. 

Compared to its predecessor, the algorithm used for this product has an overall improved 

accuracy and sees particular improvement in detecting small burns (Giglio et al., 2018; 

Rodrigues et al., 2019). 

 
2.2.2 LCMS Land Cover 

 
To sort post-fire recovery data into different land cover types, the Landscape Change 

Monitoring System (LCMS) by the U.S. Forest Service (USFS) is used (USDA 2022). LCMS 

provides a dynamic Land Cover layer using Landsat satellite imagery, providing a new layer 

each year. This product is used as it provides yearly updated classifications, allowing a greater 

accuracy in studying recovery between land cover classes on a greater time-scale. 

Additionally, the product is produced and adapted for the conterminous US (CONUS), 

providing a more locally adjusted classification as opposed to a global product. 

Land cover types are classified using Random Forest models. There are 14 land cover 

classes out of which 7 are mixed classes, representing pixels where at least 10% of the pixel is 

covered by an additional class (USDA 2022). 

From these classes, 5 are predominant in California where fires are found. The land covers 

addressed in this study hence follow these categories, but are renamed for clarity (see Table 1) 
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Table 1. Land Cover classes and their corresponding names in this study 

 

LCMS Description Name 

Trees Trees 

Grass/Forb/Herb & Trees Mix Herbaceous/Trees 

Grass/Forb/Herb & Shrubs Mix Herbaceous/Shrubs 

Grass/Forb/Herb Herbaceous 

Barren or Impervious Barren or Impervious 

 
 

2.2.3 MODIS Combined 16-day NDVI 
 
As a proxy for photosynthetic activity, the Normalised Difference Vegetation Index (NDVI) 

is used. This index is a widely used indicator for vegetation, ranging in value from 1.0 to -1.0. 

NDVI is calculated as the ratio of reflectance of the red band and the near-infrared band. 

Remote sensing products commonly calculate NDVI as: 

 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁   = 

𝜌𝜌𝑛𝑛𝑛𝑛𝑛𝑛   − 𝜌𝜌𝑛𝑛𝑟𝑟𝑟𝑟 
𝜌𝜌𝑛𝑛𝑛𝑛𝑛𝑛    + 𝜌𝜌𝑛𝑛𝑟𝑟𝑟𝑟 

 

Where ⍴ is the reflectance for the band, indicated by nir (near-infrared band) and red (red 

band). This ratio is used as healthy vegetation reflects greater amounts of infrared light than 

red. Less healthy vegetation reflects less infrared light and more red light. As a result, more 

photosynthetic activity, or a greater density of vegetation will have a greater positive value for 

this index, which can work as a proxy for vegetation. 

To analyse patterns of photosynthetic activity over space and time, the MODIS Combined 

16-day NDVI product is used (Didan, Kamel, 2015). The product uses the 

MODIS/MCD43A4 surface reflectance composites and comes at a spatial resolution of 500 

metres. MODIS sensors aboard both Aqua and Terra satellites are combined to create a 

temporal resolution of 8 days. Similar to the burned area product, the moderate spatial 

resolution allows for shorter processing times. Additionally, spatial resolution is not deemed 

necessary in this study because of its large scale and aims to capture broad trends in space and 

time. 
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2.3 Workflow 
 
In retrieving NDVI time-series for relevant areas, JavaScript through the Google Earth Engine 

(GEE) editor was used. The GEE platform offers the ability to visualise, process and analyse 

continental and globally sized sets of data products and satellite image collections without the 

need to download large amounts of data to your personal computer. This is useful for this 

study, where multiple large image collections are used across a large area in space and time. 

In GEE, the MODIS Burned Area product was displayed on a monthly basis. With this, 

each fire was manually selected and a time-series of NDVI was created based on the fire 

delineations. The manual selection involves creation of time-series for each fire displayed by 

the Burned Area product, and visual interpretation of these. Some time periods appeared to 

have missing data in the satellite collection, and some NDVI time-series did not show any 

signal of a fire. Therefore, the process was manually performed to ensure that appropriate and 

complete time-series data could be further processed and interpreted, as opposed to a 

programmatic approach that might have included incomplete data or time-series from 

seemingly unburned areas. Exported time-series extend to at least 920 days following the date 

of fire and further processing and analysis is performed in Python (Van Rossum and Drake, 

2009), where metrics for recovery were calculated, tested for significance, and visualised. 

A time-series of burned area was created based on burned pixels and a time-series of 

unburned area was created based on unburned pixels. The unburned pixels were selected as 

pixels outside of the burned area but within a buffer extending from the fire perimeter. The 

width of the buffer is linearly determined by the total burned area, e.g. a fire of 100km2 would 

have a buffer with a width of 1 km. These time-series were visually interpreted and deemed 

appropriate for analysis where a signal is identified and is in correspondence with the fire date 

given by the MODIS Burned Area product (Figure 2). The time-series are only compared to 

the information by the satellite product for the relevant fire perimeter. This means that no 

other disturbances such as droughts, heat waves or pest infestations are accounted for. 

Burned area and unburned area time-series are retrieved for each individual land cover 

class present within the fire perimeter and its buffer. From the two time-series, the difference 

in mean NDVI between burned and unburned areas is calculated as dNDVI at each 8-day 

timestep and then exported to .csv format for further processing and analysis. For each 

extracted .csv file, additional information on the particular fire it concerns, including date of 

ignition, total area, centroid of the fire perimeter in latitude and longitude, and each land 

https://www.zotero.org/google-docs/?broken=uP67wO
https://www.zotero.org/google-docs/?broken=uP67wO
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cover class’s total area, is included alongside the time-series of dNDVI for each land cover 

class. 

 
 

Figure 2. Example of time-series for burned and unburned area derived from an area experiencing a fire in 
October 2007. 

 
 
2.4 Post-fire recovery metrics 

 
2.4.1. dNDVI 

 
In any time-series of NDVI, seasonal and climatic fluctuations are likely to be seen as these 

typically are the main controllers of photosynthetic activity. Since this study aims to compare 

recovery between different land cover classes at a regional scale, it is desirable to use time- 

series that are independent of local climate variations. 

Therefore, the mean NDVI time-series collected from the burned area is contrasted to that 

of the surrounding unburned area, and the difference between these time-series is calculated 

to create a recovery metric independent of local variations. In this way, the effects of inter-

annual meteorological variability can be reduced, similar to Leeuwen et al. (2010) 

and Diaz-Delgado and Pons (2001) where an unburned control plot is used in comparing 

NDVI time-series. This difference, used in this study to estimate recovery is calculated as: 

 
𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑏𝑏𝑏𝑏𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑏𝑏𝑛𝑛𝑏𝑏𝑏𝑏𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 

 
 
2.4.2. Half Recovery Time (HRT) 

 
The primary metric used to quantify post-fire recovery is a Half Recovery Time (HRT). In 

this study, we use a HRT metric adapted to that of the Half Recovery Time proposed by João 

et al. (2018) where it is defined as the number of days needed to reach 50% level of recovery 
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from the minimum NDVI value observed during a year of fire to a pre-fire median. 

In this study, HRT is defined as the number of days needed for dNDVI to reach 50% of its 

value from when peak fire disturbance was reached (i.e. just before recovery starts). 

This means that if dNDVI is 0.5 when peak disturbance was reached, HRT corresponds to 

the number of days it takes for the burned area to reach a dNDVI of 0.25. 

HRT is used as a measure for short-term recovery for two primary reasons. Firstly, it is a 

measure that has proven to be more sensitive to phenology and structure of the vegetation 

community, i.e. the land cover type, and less sensitive to severity of fire, a component that is 

not considered within the scope of this study (João et al., 2018). Secondly, the use of a HRT 

requires a shorter time-series and is therefore an uncomplicated metric to derive from satellite 

data. 

 
2.4.3. Recovery rate 

 
The short-term recovery represented by the HRT is likely to indicate the initial period of rapid 

regeneration (Hislop et al., 2020). Since NDVI does not discriminate between vegetation 

types, it is not certain that the recovery recorded in the time-series represents the 

reestablishment of the original community (Bright et al., 2019; Lacouture et al., 2020). 

Because of this, it is possible that the time-series and the estimated HRT is impacted by the 

first plants to grow following a wildfire such as forbs and other herbaceous plants. 

Therefore, similar to Leeuwen et al. (2010), a recovery rate is used. The rate is 

implemented in order to visualise the data in contrast to HRT. The recovery rate is less 

sensitive to the initial stages of regrowth and provides a more general metric for recovery. 

The recovery rate is calculated by taking the slope of a simple linear regression model across 

the NDVI derived from the 115 images succeeding each fire, which corresponds to 920 days. 

Slopes are tested for significance at ɑ = 0.05, and only fires that have a significant slope 

are included in the analysis. 

 
 
2.5 Methods of analysis 
 
Aside from the structure and type of a vegetation community, regrowth of vegetation 

following a fire is dependent on multiple factors such as fire severity, fire size, pre- and post- 

fire conditions and general climate (João et al., 2018; Viana-Soto et al., 2020). This means 

that post-fire recovery can vary with timing and location. 
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Therefore, in addition to analysis between land cover classes across the whole study area, 

the classes are also compared to one another within climate zones and between different fire 

seasons. 

Fires are distinguished as occurring during the early fire season if they were ignited in 

April through July, with the late fire season including months between August through 

December. This differentiation is based on the observation that the number of fires in 

California peak in July/August with little to no fires in January through March (Li and 

Banerjee, 2021). Fires are categorised into three climate zones according to the Köppen 

climate classification (Chen and Chen, 2013). The three zones in California where fires most 

frequently occur are: Csa (Hot-summer Mediterranean climate), Csb (Warm-summer 

Mediterranean climate), BSk (Cold semi-arid climate). 

In order to statistically analyse the data, distributions of the retrieved recovery metrics 

were tested for normality and outliers were removed. The removal of outliers was motivated 

by the visual analysis of the NDVI-timeseries where sudden and seemingly unrealistic spikes 

occasionally were observed during the recovery period. No normal distributions were found, 

and so for each pair of combinations between land cover classes, the non-parametric 

Wilcoxon rank sum test was used to test the null hypothesis (H0) that the two populations are 

equal (Rey and Neuhäuser, 2011). The same test was carried out for groups of the same land 

cover class between different climate zones and early and late fire season. 

Finally, to provide more visual detail to the results on post-fire recovery, time-series were 

created representing an average time-series for each land cover class for as long as the data 

allowed. This extends from 32 days prior to the fire until 920 days after the fire and displays a 

more detailed trajectory compared to the absolute value of HRT or its recovery rate. 
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3 Results 
 
 
Bearing in mind that not all fires in the MODIS MCD64A1 Burned Area dataset were 

possible to collect data for, there is a general increase in burned area over the study period, 

and the land cover classes Trees and Herbaceous are predominantly burned throughout (see 

Figure 3). This is consistent with previous studies suggesting an increase in burned area (Li 

and Banerjee, 2021; Higuera and Abatzoglou, 2021; Keeley and Syphard, 2021; Miller et al., 

2012). Trees cover 35% of the total land cover in California, followed by Herbaceous (19%). 

Herbaceous/Shrubs and Barren or Impervious are the 3rd and 4th largest land cover 

respectively, with both covering almost 14%. The relatively greater percentage of fire 

occurrence, vs. the total area of land they represent, for the Trees and Herbaceous classes, 

indicates that these land covers are particularly susceptible to fires. This can also be seen in 

Table 2, which shows the fire occurrence of each land cover relative to the total burned area. 
 
 

Figure 3. Annually burned area split up by land cover class 
 
 
 

Table 2: Percentage of burned area covered by each land cover class over the entire study period 
 

Land cover % total area % burned area 
Trees 45.4 35.1 
Herbaceous/Trees 0.6 6.7 
Herbaceous/Shrubs 5.0 13.5 
Herbaceous 45.4 19.1 

 Barren or Impervious 3.6 13.8 
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Figure 4. Average recovery profile for each land cover class. Starting at 32 days prior to fire and ending 920 
days post fire. 

 
The time-series in figure 4 show that the Trees land cover has the greatest decrease in 

dNDVI immediately after fire with an average around -0.1, compared to the average of the 

remaining classes at around -0.05. All classes show relatively similar overall rates of 

recovery. Barren or Impervious is seen as the first and only class to reach “full recovery” 

within the scope of the time-series. Recovery rates differ over time and between classes. In 

respect to variability in time, more rapid initial regrowth is identified by steeper slopes for all 

classes up until around the 200-day mark, after which the recovery slows down for all classes, 

before accelerating. Differences between land covers are shown between the two classes that 

include Trees, where the slope turns negative after around 550 days, and the other three 

classes, where the slope plateaus instead. All classes show a positive average dNDVI prior to 

the fire, where Trees and Herbaceous/Trees have a smaller positive value and Barren or 

Impervious records the greatest positive value. 
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Figure 5. Box-plots of HRT sorted by class. Difference between pairs are tested for significance using 
Wilcoxon rank-sum test, results are displayed as ns – no significance, * - p < 0.05, ** - p < 0.01, *** - p < 
0.001, **** - p < 0.0001. Vertical line delineates boxes representing fire seasons from climate zones, no tests 
are performed for pairs crossing the vertical line. a) shows average HRT for all classes, b) shows HRT for 
Trees, c) shows HRT for Herbaceous/Trees, d) shows HRT for Herbaceous/Shrubs, e) shows HRT for 
Herbaceous, f) shows HRT for Barren or Impervious 

 
 

In comparing HRT estimated for each land cover class between climate zones and fire 

season, few statistically significant differences are found (see Fig. 5). Between early and late 

fire seasons, only the Herbaceous land cover shows a difference (see Fig. 5, panel e). 

Significant inter-climate zone differences in HRT are found between BSk and the two 

other climate zones Csa and Csb in all land cover classes combined (see Fig. 5, panels a,b), 

and just with the Trees. 
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Figure 6. Box-plots of HRT sorted by fire season and climate zone. Difference between pairs are tested for 
significance using Wilcoxon rank-sum test, results are displayed as ns – no significance, * - p < 0.05, ** - p < 
0.01, *** - p < 0.001, **** - p < 0.0001. a) shows average HRT for all fires, b) shows HRT for fires 
occurring in the early fire season, c) shows HRT for fires in the late fire season d) shows HRT for fires in 
Köppen climate zone Csa, e) shows HRT for fires in Köppen climate zone Csb, f) shows HRT for Köpppen 
climate zone BSk 

 
 

In comparing HRT between individual land cover classes overall, but also within climate 

zones and fire seasons, significant differences are seen between multiple land cover classes 

(Fig. 6). A much greater variation in HRT is seen here as opposed to when comparing 

between land covers in different seasons and climate zones (See Fig 5). Tested pairs including 

Trees show significant differences within each season (see Fig. 6 panels b,c) and within each 

climate zone (see Fig. 6 panels d,e,f). The late fire season shows a greater amount of variation 

in HRT between land covers than the early fire season (see Fig. 6 panels b,c). 

From both Figure 5 and 6, it is clear that the Trees land cover generally has the greatest 

HRT, indicating that Trees has the slowest recovery time in the short-term, followed by 

Herbaceous/Shrubs. Similarly, Trees also shows the greatest range of HRT, followed by 

Herbaceous/Shrubs. While Herbaceous/Trees, Herbaceous and Barren or Impervious all show 

a quicker HRT, it cannot be determined which one has the quickest overall as there was no 
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significant difference between any of the pairs across climate zones or fire seasons (see Fig. 

6). 
 

Figure 7. Box-plots of recovery rates sorted by class. Difference between pairs are tested for significance 
using Wilcoxon rank-sum test, results are displayed as ns – no significance, * - p < 0.05, ** - p < 0.01, *** - 
p < 0.001, **** - p < 0.0001. Vertical line delineates boxes representing fire seasons from climate zones, no 
tests are performed for pairs crossing the vertical line. a) shows average recovery rate for all classes, b) 
shows recovery rates for Trees, c) shows recovery rates for Herbaceous/Trees, d) shows recovery rates for 
Herbaceous/Shrubs, e) shows recovery rates for Herbaceous, f) shows recovery rates for Barren or 
Impervious 

 
 

Contrasting to the HRT results, there are no statistically significant differences between the 

dNDVI recovery rates when comparing all land cover classes between climate zones and fire 

seasons (see Fig. 7). The only significant differences in recovery rate is seen between early 

and late fire seasons for Trees and between the climate zones BSk and Csa, and BSk and Csb 

for Herbaceous/Shrubs. Figure 6 in comparison to figure 7 suggests that the recovery rate is a 

less sensitive metric for examining variability in post-fire recovery between land cover types 

than HRT. 
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Figure 8. Box-plots of recovery rate sorted by fire season and climate zone. Difference between pairs are 
tested for significance using Wilcoxon rank-sum test, results are displayed as ns – no significance, * - p < 
0.05, ** - p< 0.01, *** - p < 0.001, **** - p < 0.0001. a) shows average recovery rate for all fires, b) shows 
recovery rate for fires occurring in the early fire season, c) shows recovery rate for fires in the late fire season 
d) shows recovery rate for fires in Köppen climate zone Csa, e) shows recovery rate for fires in Köppen 
climate zone Csb,f) shows recovery rate for Köpppen climate zone BSk 

 
 
Similar to HRT (see Fig. 6), more significant differences in recovery rate are seen when 

land cover classes are compared to one another, than within fire-seasons and climate zones 

(see Fig. 7). For all fires (see Fig 8, panel a), differences are particularly seen between Trees 

and the other classes. However, in contrast to Figure 6 and the HRT, differences are fewer. 

Within the individual climate zones and fire seasons, few significant differences between 

the recovery rates for different land covers are seen. In further contrast, when compared to 

HRT, the ranges of recovery rates are more equal across the land cover classes. However, 

similar to HRT, more significant differences between land covers are seen in the late fire 

season compared to the early fire season. 
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4 Discussion 
 
4.1 Comparison of post-fire recovery between climate zones and 
fire seasons 

 
4.1.1 HRT 

 
The small number of differences deemed significant in Figure 5 suggests that there is not a 

great difference between HRT across different climate zones and fire seasons. The data shows 

a difference in Herbaceous areas between early and late fire season where HRT is greater for 

fires during the early fire season and shorter for fires during the late fire season (see Fig. 5 

panel e). Grasslands generally have a relatively quick short-term recovery time, and so the 

immediate post-fire climate plays an important role in the recovery of herbaceous vegetation - 

a land cover which has been shown to be particularly sensitive to episodes of drought (Hope 

et al., 2007; Li and Guo, 2018). Because of this, the difference between HRT for Herbaceous 

in early and late fire season could be explained by the seasonality of precipitation in 

California as the early fire season covers months with a lower average precipitation than those 

of the late season (Luković et al., 2021). 

For All classes, Trees, and Herbaceous land cover types, there is a difference between HRT 

in the cold semi-arid zone BSk compared to both the mediterranean zones, Csa and Csb. 

Whilst it would be expected that BSk would have a greater HRT, the results demonstrate that 

HRT is smaller in this semi-arid climate zone. While these differences present contrasting 

results, it is not certain why. Although BSk is a semi-arid climate zone, it does not necessarily 

provide circumstances for a slower recovery unless moisture is the limiting factor in both 

zones. Another reason for the shorter HRT in the BSk could be the species composition. As 

defined in the land cover class used here, Trees could constitute many different species of 

trees, which naturally should have different recovery times. Using a broad delineation 

between species of trees, it has been found that coniferous trees have a greater recovery time 

than broadleaf trees (João et al., 2018). Considering the distribution of forests in California, it 

is likely that the fires analysed in this dataset include more coniferous trees in the 

mediterranean climate zones Csa and Csb, compared to the semi-arid Bsk. (Minnich, 2007) 

This would indicate that trees in climate zones Csa and Csb have a longer HRT because they 

are predominantly coniferous, or at least have a bigger proportion of coniferous 
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trees compared to those in BSk. This apparent difference in HRT could also be attributed to a 

difference in severite or fire-resilience of the species. 

 
 
4.1.2 Recovery rate 

 
Similar to HRT in Figure 5, a comparison of recovery rates between climate zones and fire 

seasons in Figure 7 show few significant differences. Trees show a difference between the 

early and late fire season, where a greater rate of recovery is recorded for fires happening in 

the late fire season. Although recovery rates are longer-term and therefore less dependent on 

the immediate post-fire climate, this pattern is similar to that of the HRT for fires in 

Herbaceous areas as both differences indicate a quicker recovery for fires occurring during the 

late fire season. The patterns indicated by both the HRT and the recovery rate could be 

explained by the fact that burned areas in the early season will have drier conditions 

immediately post-fire as the summer months in California typically are much drier than the 

winter months following the late fire season. Studies suggest that there has been a recent 

increase of fires occurring in the early fire season, a trend which is expected to continue (Li 

and Banerjee, 2021). Therefore, the differences presented here where Trees have a slower 

recovery rate and Herbaceous have a longer HRT indicate that these land cover types might 

take longer to recover from fires in the future. 

 
 
4.2 Comparison of post-fire recovery between land cover classes 
 
Contrary to the comparison between climate zones and fire seasons, but similar to the HRT 

results, a comparison between land cover classes reveals that a greater number of statistically 

significant differences are found when comparing recovery between land cover classes. This 

further indicates that short-term post-fire vegetation recovery in California is potentially more 

dependent on land cover type than climate zone and fire season. 

 
 
4.2.1 HRT 

 
A key finding is that Trees have the longest HRT, followed by Herbaceous/Shrubs areas.. The 

faster short-term recovery among herbaceous land cover types highlights the difference 
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between herbaceous and woody vegetation responses where herbaceous communities 

typically have a quicker recovery (Viedma et al., 1997). 

In comparing between land cover classes, Trees show the greatest range of values for both 

HRT and recovery rate. Similar to the difference shown between climate zones, species 

composition might be important in explaining the greater range of values for this particular 

class. This is also supported by the fact that there were significant differences between HRT 

for Trees in different climate zones, indicating that the Trees land cover most likely 

constitutes a variety of species which all respond differently to fire. 

Additionally, a variation in fire severity might create this variation in post-fire recovery. 

Unlike many other land cover types, a forest can burn with great severity due to its large 

biomass. Other land cover types such as grasslands naturally require less to be fully 

destroyed. Therefore, Trees should be more sensitive to fire severity, as different levels of 

severity can cause damage of different magnitude, while other classes are less sensitive 

because they more easily reach a maximum disturbance, i.e. they are likely more “fuel- 

limited” than Trees (Steel et al. 2015). This pattern could be explored in future research if 

fires were sorted by severity. Such a delineation could also further facilitate the comparison of 

recovery between classes as another factor unrelated to land cover type would be accounted 

for. 

Fires in the late fire season shows a greater variation in HRT than those in the early fire 

season (see Fig 6, panels b,c). Again, this could be a result of the immediate post-fire climate 

related to the two different seasons. California is generally dry, and the Mediterranean and 

semi-arid climate zone wthat dominate the fire-prone areas of California do typically not 

receive much precipitation annually, and especially little in the summer months. This could 

mean that recovery for all types of vegetation is generally suppressed, creating more similar 

HRT. Contrastingly, in the late season which is typically followed by winter rainfall, the 

regrowth is no longer limited. As a result, the differences in HRT are perhaps shown to a 

greater extent for fires occurring in the late fire season. No studies have been found that 

support this, and it is therefore a topic that should be explored in future research. 

 
4.2.2 Recovery rate 

 
Compared to HRT, recovery rates are more similar across the land cover classes. This is 

reflected in the smaller amount of significant differences found between climate zones and 
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fire seasons (see Figs 6 & 8), but also land cover types (see Figs 5 & 7), unlike HRT. This 

would suggest that the recovery rate is less sensitive to land cover type compared to HRT. 

Differences are only deemed significant for combinations including Trees or 

Herbaceous/Trees (Figure 8). This indicates that remaining classes all have a similar recovery 

rate. Interestingly, Trees show a faster recovery rate, contrary to the HRT where Trees show 

the highest value, i.e. slowest recovery, although over short-term time periods. In a similar 

way, the Herbaceous/Trees class shows a small recovery rate while its HRT is the shortest i.e. 

fastest short-term recovery. This suggests that Herbaceous/Trees areas simply have a quick 

initial regrowth, and a slower general rate whilst the converse is true for Trees. Alternatively, 

this may be a result of the simple linear slope defining the recovery rate. This means that 

areas with a greater dNDVI, i.e. initially more biomass, are more likely to have a faster 

recovery rate measured as dNDVI per unit of time, but not necessarily faster relative to its 

initial state. However, other land cover classes such as Herbaceous and Barren or Impervious 

have a similar dNDVI immediately post-fire but do not show such dramatic or contrasting 

differences between HRT and recovery rates. As such, the unexpected results that 

Herbaceous/Trees show might simply mean that this class has the quickest short-term 

recovery but slowest recovery rate. Additionally, Herbaceous/Trees is a mixed class with 

Trees and Grass/Forb/Herb, where the herbaceous vegetation is known to resprout and regrow 

quickly after a fire (Bright et al., 2019; Lacouture et al., 2020). The short HRT could be a 

result of the regrowth of herbaceous vegetation, and would in such a case not be 

representative for the recovery of the original community. 

With a more detailed analysis on recovery rate, such patterns could be more clearly 

visualised. As a suggestion, multiple recovery rates could be estimated for the different phases 

of recovery. For example, with one recovery rate for the first year following the fire and 

another for the second or third. 

 
 
4.3 Recovery profiles 
 
The box-plots and tests of difference have shown that post-fire vegetation recovery varies 

between different land cover classes. This can also be seen from the time-series of dNDVI in 

Figure 4. In the time-series, land cover classes show a large decline in dNDVI during the fire, 

and a recovery that is faster initially before slowing. Differences between land cover classes 

are seen in the magnitude of the initial decline, and the variability in the rates of recovery in 
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time. Trees experience the most dramatic decline in dNDVI, likely because of its relatively 

large amounts of fuel, i.e. biomass, resulting in a large difference between burned and 

unburned areas of this class. 

Although the time-series in Figure 4 do not quantify the differences in post-fire recovery, 

they usefully show pre- and post-fire behaviour. Firstly, the time-series shows that all land 

cover classes start with a positive dNDVI prior to the fire. This suggests that within the 

burned area there is a greater volume or a higher density of vegetation compared to the 

surrounding unburned area - a difference that is interesting since the burned and unburned 

area were not expected to be distinguishable prior to the fire. The positive dNDVI values pre- 

fire might indicate excess fuel loads compared to the area that did not burn. Previous research 

has shown that an increased fuel load increases the severity and chances of wildfires (Agee 

and Lolley, 2006), and that it is likely that a fire does not expand into less dense vegetation 

but stays instead within the burned area that has a greater NDVI (Keeley and Syphard, 2019). 

In the recovery profile, Barren or Impervious areas have the greatest positive pre-fire 

dNDVI. Considering that this land cover class is likely to have little to no vegetation, it likely 

provides a good example of the importance of fuel loads. In this land cover class, fires should 

only happen in areas that have a cover of vegetation because these areas provide a fuel load 

for fires to ignite in, versus areas that are more literally barren. 

Furthermore, the time-series provides interesting insights to the trajectory of post-fire 

recovery. At around day 200, some land cover classes see a decline in the rate of recovery, 

and similarly at around day 550 a decline is also seen, after which the rate is even negative in 

some instances. Generally, this suggests that the recovery is not linear but rather has a faster 

initial recovery which decelerates and becomes more moderate as the later stages of recovery 

are reached. This is in accordance with observations and modelling results from multiple 

studies that often see a rapid period of regrowth during the first year(s) followed by a slower 

recovery (Bastos et al., 2011; Gouveia et al., 2010; João et al., 2018; López-Vicente et al., 

2021; Viana-Soto et al., 2020). This pattern could potentially have to do with seasonality, as a 

large proportion of fires occur during the two same months (Li and Banerjee, 2021), and 

therefore create a general recovery profile which follows seasonal patterns. Hence, the 

recovery rate used here does not describe the patterns of recovery very precisely as it is 

calculated as the slope of a linear trend of the entire post-fire dNDVI time-series. 

As suggested by the smaller number of significant differences for recovery rates between 

land cover classes, recovery rate is likely less determined by land cover class than HRT. João 

et al. (2018) found that recovery rates are more dependent on fire severity, a 
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variable that is not explored in this study. We hence suggest that HRT is likely the most 

appropriate method for comparison of post-fire recovery between land cover classes. 

 
 
4.4 Future studies and implications 

 

This study’s finding that Trees is the most sensitive land cover class complements results 

from other studies on the sensitivity of forests to fire (Meneses, 2021). Given that forests and 

woody plant communities are also locations of increased terrestrial carbon storage and 

biodiversity, while also contributing economically to California through wood products and 

recreation, they are hence particularly important to study further. Whilst it is known that 

forests generally take longer to recover, there are multiple areas missing valuable knowledge 

on how certain species and communities respond to fires. To support more detailed and 

informed land management and preparedness, future studies on post-fire recovery should 

explore the response of forests at a fine detail on the scale of individual species or tree 

communities. 

It is valuable to study post-fire recovery in greater detail through time because land cover 

changes, deforestation, and the ability of some plant communities to recover post-fire vary in 

both space and time (Hislop et al., 2021; João et al., 2018). There are multiple studies that 

project concerning increases in fires (Littell et al., 2010; McKenzie et al., 2004; Stavros et al., 

2014; Westerling, 2016). Given these likely scenarios, understanding the detailed temporal 

evolution of post-fire recovery in different land covers and climates is critical for land-use 

management to adapt to future fire regimes. As projections indicate that the fire- season will 

extend, findings from this study suggesting that, for some classes, there might be a difference 

in the response to fires in early vs. late fire season, indicate a need for further research on the 

topic of post-fire recovery and the timing of fires. 

Patterns identified in this study such as the shorter HRT for Trees and Herbaceous land 

cover types in climate zone BSk could be further investigated. Meteorological data could 

provide valuable complementary data in studying these patterns as many vegetation types are 

sensitive to drought conditions. Since climate zones provide a very general and long-term 

estimate of a regional climate, localised weather data would provide a more temporally 

accurate and appropriate variable to sort or compare recovery times with. 

Finally, it is important to address that differences in post-fire recovery can be an indirect 

result of differing land-cover types. For example, trees are likely to generate more 
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severe fires than grasslands, therefore strongly affecting post-fire recovery characteristics 

(Shive et al. 2013). Because fire regimes play a central part in determining conditions for 

post-fire recovery, fire regimes should ideally be accounted for, or included in a study which 

aims to identify any differences in recovery that is attributed to land-cover type. Fire regimes 

are to a large extent determined by land-cover types and climate zones, and it is therefore 

important to understand both the manner in which vegetation responds to certain fire regimes 

and how fire regimes depend on land-cover type (Syphard & Keeley 2020). 

 
 
5 Conclusion 
 
The intent of this study was to examine post-fire recovery across different land cover classes, 

climate zones and fire seasons. It was found that with our metrics for recovery, the response 

appears to differ more between land cover classes than climate zones and fire seasons, 

suggesting that post-fire recovery is more dependent on the land cover or vegetation type. 

Some differences were seen between climate zones and fire season, where fires occurring 

during the late fire season have a quicker HRT for ‘Herbaceous’, and a slower recovery rate 

for ‘Trees’. In the context of climate change, this can contribute to a generally slower 

recovery, as early season fires are becoming more frequent. 

In the context of previous work, this study provides further estimates for response of 

certain land cover types and new findings for California in general. For estimates of post-fire 

recovery in general, this study indicates that the HRT is a metric that is less sensitive to 

environmental variability and is hence most appropriate to identify differences in short-term 

recovery between different land cover types. 
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