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Abstract
Fire may alter land cover throughout the landscape and affect run‐off responses to rainfall events
in a burnt watershed. Therefore, the challenge is to understand the interactions between forest
composition and fire patterns in a karstic, Mediterranean watershed that affects the run‐off
regime. The aim of this research is to improve the understanding of the interactive effects of wildfire and land‐cover change on the rainfall–run‐off relationship in a first‐order watershed. To
achieve this goal, satellite imagery, official spatial data, and hydrological modelling were used to
study forest composition in relation to extreme fire and to simulate run‐off response for 2 rainfall
events. The results show that an extreme wildfire had a greater impact on planted forest, composed mostly of pines, than on native species. Additionally, it was found that the land‐cover alternation due to fire affected the run‐off regime and contributed to an increase in maximum
discharge and run‐off volume for the 2 rainfall events by ~39–47%. During the regeneration
period, the run‐off response for the 2 rainfall events decreased by ~7.7–9%. Wildfires may impact
the run‐off response more profoundly as the plantation of pine trees increases. A greater increase
in run‐off response may endanger infrastructure in terms of flooding and affect the population
well‐being. Watershed management in areas where afforestation is considered should focus on
planting native species that are less flammable rather than introducing combustible pines, thus
reducing the hydrologic impacts of land‐cover alteration due to wildfire, especially when climate
warms and wildfires become more frequent and intense.
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B A CKG R O U N D

interception that increases the portion of rainfall available for run‐off;
(b) a decrease in the loss of water to evapotranspiration, causing an

The number of forest fires in Mediterranean countries is constantly

increase in water availability for run‐off; and (c) an alteration of the

growing as human activity increases and the climate changes (Jolly

chemical and physical properties of the soil that are linked to water

et al., 2015; Wittenberg & Malkinson, 2009). These fires may change

repellency. The impacts of wildfire on the hydrological regime, due to

watershed characteristics, for example, reducing vegetation cover and

vegetation removal and regeneration of vegetation in Mediterranean

increasing suspended sediment concentrations (Lane, Sheridan, &

areas, may last 5 to 10 years after the fire (Bosch & Hewlett, 1982;

Noske, 2006), resulting in altered hydrologic responses to a specific

Wine & Cadol, 2016). The ecological recovery may also last several

precipitation regime (Moody & Martin, 2001). Land‐cover (LC) alter-

years/decades (Haim & Izhaki, 1994; Ne'eman, Lahav, & Izhaki, 1995).

ation in a watershed, as a result of fire, may also lead to changes in

In addition to fire leading to reduction in the vegetative landscape,

run‐off regime and amplify hydrological processes (Johansen,

other land‐cover changes (LCCs) can alter the hydrological response

Hakonson, & Breshears, 2001). In this regard, several mechanisms were

within a watershed (Costa, Botta, & Cardille, 2003), such as urbaniza-

documented (Cydzik & Hogue, 2009; Moody & Martin, 2001; Soulis,

tion, afforestation, vegetation removal, and agricultural activities.

Dercas, & Valiantzas, 2012; Tessler, Wittenberg, Malkinson, &

Representing spatial trends within burnt watersheds using

Greenbaum, 2008; Wittenberg & Inbar, 2009; Woodsmith, Vache,

remotely sensed and geographic information system techniques has

McDonnell, & Helvey, 2004), including (a) a decrease in canopy

been achieved in various ways, including expressing the spatial
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frequency, density, and intensity of fires (Tessler, 2012; Tessler et al.,

recorded in Israel, causing the loss of 44 lives, along with infrastruc-

2011); focusing on fire scars and burnt versus unburnt areas (Fox

ture, and affecting ecological, biological, and hydrological processes

et al., 2016; Levin & Heimowitz, 2012); and using vegetation indices

(Tessler, 2012). The current study focused on this wildfire's effects

(Leeuwen et al., 2010). However, the literature still lacks information

on the run‐off response in the Oren Watershed, located within the

on postfire LCC interactions, including forest composition and species

Carmel Forest. Approximately 38% of the forested landscape in this

distribution. Quantifications of the effects of fire‐induced LCC on rain-

watershed was burned during the fire (Tessler et al., 2011), constitut-

fall–run‐off relations have been widely performed. Many studies used

ing about 12% of the total watershed area. High run‐off discharge fol-

local approaches, such as plots along slopes within the study sites, to

lowing fire events of this magnitude might affect the population

determine the effects of fire on run‐off (Lane et al., 2006; Wittenberg

activities in the watershed, for example, agriculture, main roads, and

& Inbar, 2009). Studies that considered the spatial patterns of the

the quality of life of the few settlements throughout the watershed.

watershed through classification of the landscape often used statisti-

The hypotheses of the study were that with respect to the spread-

cally based approaches to quantify the relations between spatial

ing path of the fire, different forest compositions and species distribu-

changes due to fire and the affected run‐off (Soulis et al., 2012; Wine

tion patterns within the forest would respond differently to fire, having

& Cadol, 2016). Several studies used hydrological modelling tech-

an effect on the burning pattern and LCC within the watershed. Con-

niques but did not consider species composition and their distribution

sequently, the decrease in tree cover would lead to an increase in

throughout the landscape (Cydzik & Hogue, 2009). Despite these

run‐off response that would gradually return to the normal regime

efforts, very few studies used spatial representation and pattern anal-

after several years of the regeneration process. The aim was to

ysis of the entire watershed, along with hydrological simulations, in

improve the understanding of the interactive effects of wildfire and

order to evaluate the run‐off response prefire, postfire, and during

LCC on the rainfall–run‐off relationship in a first‐order watershed.

the forest regeneration stages (Hallema et al., 2016; Rulli & Rosso,

The specific objectives were (a) to assess changes in land cover

2007). The current paper introduces an approach that includes both

throughout the watershed by processing space‐borne images from

a representation of the spatial pattern of forest composition and the

three key periods: before the wildfire occurred, shortly after the fire,

effect of the areal cover as a result of fire, as well as hydrological

and after 2 years of the recovery process; (b) to analyse the patterns

modelling of the run‐off regime for three stages of the watershed: pre-

and characteristics of the burnt area and assess their sensitivity to fire;

fire, postfire, and during regeneration.
Different hydrological models are used for quantifying the hydro-

and (c) to simulate run‐off volume and discharge for different LC
statuses (prefire, postfire, and during the recovery process).

logical effects of LCCs as a result of fire, such as Soil and Water Assessment Tool (Goodrich et al., 2005), Regional Hydro‐Ecologic Simulation

2

METHODS

|

System (Tague, Seaby, & Hope, 2009), and Hydrologic Engineering
Center's Hydrologic Modeling System (Papathanasiou, Alonistioti,
Kasella, Makropoulos, & Mimikou, 2012). All of them benefit from the

2.1
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Study area

ability to input a wide range of parameters in order to simulate

Mount Carmel is located in northern Israel (Figure 1a) and was

hydrographs for a given surface. Similarly, the Weather Research and

declared by UNESCO as a biosphere reserve in 1996 (Frankenberg &

Forecasting Hydro (WRF‐Hydro) model is a high‐resolution, event‐

Cohen, 1996). The Carmel Forest covers an area of about 250 km2,

based hydrological forecasting model that relies on forecasted or mea-

reaching an elevation of 546 m above mean sea level (Inbar, Tamir, &

sured rainfall data as input to simulate the hydrological response to

Wittenberg, 1998). The lithology of the area is composed of carbonate

the predicted weather. It was developed to facilitate the representation

marine sedimentary rocks. The pedology includes terra rossa soils on

of terrestrial hydrological processes related to the spatial redistribution

top of the hard limestone and dolomite rocks, whereas rendzina soils

of surface, subsurface, and channel waters and to carry out the coupling

cover the soft marl and chalk rocks (Tessler et al., 2008). The Carmel

of hydrological models to atmospheric models. It has never been used

area has a Mediterranean climate, with a long, dry summer season

for simulating postfire effects on the run‐off regime. In the current

and a rainy winter season between November and April. The mean

study, a local, uncoupled version of the WRF‐Hydro model (Givati,

annual rainfall ranges between 550 mm along the coastal plain and

Gochis, Rummler, & Kunstmann, 2016) was used to study the effect of

750 mm in the higher elevations (Inbar et al., 1998). The Oren Water-

LCC and forest fire on run‐off response following a large rainfall event.

shed is located in the Carmel Forest (Figure 1a), and its area is about

Mount Carmel, Israel, has experienced an increasing number of

58 km2 (Figure 1b). A hydrometric station is located within the stream

wildfire events over the last three decades, resulting in hundreds of

and gauges a drainage area of about 25 km2 (Figure 1b). The dominant

small fire events and 10 fires that consumed areas of more than

flow regime in the Oren Watershed is flash floods, occurring during

100 ha, caused mainly by anthropogenic factors (Tessler et al., 2011).

heavy rainfall events. It has a steep topography and is drained by an

An exceptional fire occurred on Mount Carmel, Israel, from December

ephemeral mountain stream into the Mediterranean Sea. Mount

2–6, 2010, covering an area of about 2,530 ha of natural forest and

Carmel is a karstic environment, with substantial vertical losses during

shrubs, as well as planted pine forest. Its ignition was at the outskirts

rainfall events (Wittenberg, Kutiel, Greenbaum, & Inbar, 2007), depriv-

of Carmel City along the higher elevations, caused by human activity,

ing the stream network from consistent baseflow. The basin response

and strong eastern winds extended the fire quickly (within an hour)

time, as well as total flow time, is short, and the specific peak dis-

westwards, towards the forested slopes (Paz, Carmel, Jahashan, &

charges are relatively low for a small Mediterranean watershed. This

Shoshany, 2011). This fire was one of the largest fire events ever

is attributed to the landscape that is mostly composed of dense

OHANA‐LEVI

3 of 12

ET AL.

(a) The Oren Watershed study area within the domain of Israel and the Carmel Forest; (b) topography of the drainage area and the
location of the hydrometric station

FIGURE 1

forests. Carmel City is located along the watershed's headwaters and is

species that required minimal care, with high establishment and

undergoing gradual urban expansion, including a building trend within

growth rates, and that were adaptable to a large array of edaphic and

the city's borders, as well as urban sprawl along its margins, at the

climatic conditions. The P. halepensis was suitable for these motives

expense of the bordering forest (Wittenberg & Malkinson, 2009).

and ensured rapid, low‐cost afforestation over large areas in a short

Mount Carmel is covered by natural forest, composed mostly of

time (Osem, Ginsberg, Tauber, Atzmon, & Perevolotsky, 2008).

oaks (Quercus calliprinos), terebinth (Pistacia palaestina), and planted
forest, characterized by non‐native species, predominantly pines (Pinus
halepensis). The first plantings of pines occurred in the 19th century by

2.2

|

The study framework

German Templers. Later, during the British mandatory government

In order to study the effects of LCC due to fire, two rainfall events

from 1925 to 1929, more extensive afforestation was conducted,

were chosen and used in hydrological model simulations with different

and later, more pines were introduced to this area by the Jewish

LC maps. This way, it was possible to compare the reactions of specific

National Fund between 1952 and 1966 (Wittenberg & Malkinson,

run‐off events to different LC scenarios. The LC raster maps were

2009). During this period, the major objectives of afforestation in Israel

based on classified satellite images. The methodological steps

were to protect public land, provide employment, and improve the

(Figure 2) included the generation of three LC maps through a process

landscape. Thus, the management approach focused on planting few

of classifying satellite images. In addition, an analysis of the burnt area

Outline of the study including three main stages: (a) the process of creating the three land‐cover map; (b) rainfall data; and (c) simulating
hydrographs. NDVI = normalized difference vegetation index. IMS = Israel meteorology station. WRF‐Hydro = Weather Research and Forecasting
hydrological model

FIGURE 2
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in terms of LC types was conducted. The available rainfall data for the

of areal cover of each LC type within the Oren sub‐basin. The same cal-

hydrological year of 2012–2013 were analysed, and then, the hydro-

culations were conducted only within the burnt area. This way, the rel-

logical model was calibrated. Next, the model was simulated for two

ative areal cover of the different LC types in the whole sub‐basin with

selected rainfall events. The three LC maps were used as input layers

the relative portion that these LC types occupied in the burnt area

for the model run‐off simulations with each storm event, and the

could be compared. For the two most common vegetated LC types

run‐off simulations were analysed.

(planted and natural forest), the density of the vegetation (high,
medium, low, and sparse) was analysed, using the Israel Nature and

2.2.1

|

LC maps

LC maps were derived through satellite imagery, acquired by the
Advanced Spaceborne Thermal Emission and Reflection Radiometer

Parks Authority's map of measured vegetation cover via remote sensing. The areal cover percentage of the density categories of planted
and natural forest across the entire sub‐basin area was also compared.

(ASTER) sensor. The choice to use ASTER sensor images was based
on the sensor's high spatial resolution (15 m) while using nine visible

2.2.3

and near and shortwave infrared spectral bands (Abrams, Hook, &

The record shows that the winter season of 2012–2013, 2 years after

Ramachandran, 2002). ASTER provided an image acquired on Decem-

this fire, was characterized by both severe drought conditions prior to

ber 9, 2010, 3 days after the fire was extinguished, making it the best

the wet season and extreme flood events due to above normal precip-

option available. Two additional images were chosen to represent the

itation. This was true in terms of the number of rain days, the rain inten-

prefire and postfire stages from May 20, 2008 to January 15, 2013.

sity, and the total rainfall amounts during several storm events, causing

|

Rainfall events

The three images went through atmospheric, topographic, and

unusually high discharge levels in most of the Carmel Forest's water-

radiometric corrections using the Atmospheric/Topographic Correc-

sheds. The two rainfall events that were chosen for this study occurred

tion software (Richter, 2010) and followed by a geographic registra-

on December 20–21, 2012 and January 6–10, 2013. The first has a

tion. An LC classification was applied, and each image was classified

recurrence time of almost every year; the second rainfall event has a

into five different LC types, using a maximum likelihood supervised

recurrence interval of 2.5% and is considered to be rare due to its dura-

classification technique (Ozesmi & Bauer, 2002), including built‐up

tion of 5 days. Examining frequent and extreme rainfall events enabled

areas, forest, agricultural areas, annual vegetation, and bare soils. An

us to learn about the run‐off response to fire in both scenarios.

accuracy assessment procedure was performed, using the kappa coefficient and an overall accuracy assessment (Foody, 2002). This procedure was conducted using a manual comparison of 500 stratified
random points across each map to a 1‐m resolution orthophoto of
the area. The 2013 image posed a challenge. It was acquired 2 years
after the fire event and showed a large area covered with vegetation.
Because a 15‐m resolution is too coarse to distinguish between forest
and annual vegetation, a mosaic of RapidEye images, with a spatial resolution of 5 m, acquired on October 15 and 17, 2013, was created. The
normalized difference vegetation index (NDVI) was derived from the
red and near‐infrared reflectance ratio (Pettorelli et al., 2005) to monitor the state of vegetative areas. The NDVI was applied to the
RapidEye mosaic and used a threshold of 0.42, based on other studies,
to distinguish between annual vegetation (0.42 < NDVI < 0.55) and
forest (NDVI > 0.55; Baldeck et al., 2014; Faroux et al., 2013; Leeuwen
et al., 2010). The area with an NDVI between 0.42 and 0.55 was considered to be covered by annual vegetation and was integrated into
the ASTER 2013 classified map. Finally, a basic analysis of LCC was
conducted by summing the number of pixels representing each of
the five classes for every image and comparing the three images to
analyse the LCCs.

2.3

|

Uncoupled WRF‐Hydro hydrological model

The uncoupled version of the WRF‐Hydro model was recently
adopted and calibrated by the Israel Water Authority (Givati et al.,
2016). It is a stand‐alone one‐way version of the original WRF‐Hydro
model designed by the National Center for Atmospheric Research.
The WRF‐Hydro extension package provides a framework for simulating surface run‐off, groundwater flow, and channel routing (Silver,
Karnieli, Ginat, Meiri, & Fredj, 2017). It allows for a multiscale representation of terrestrial hydrological processes linked to the spatial
redistribution of surface, shallow subsurface, and channel water across
the terrain (Givati et al., 2016). The model provides multiple physics
options for surface overland flow, saturated subsurface flow, channel
routing, and baseflow dynamics. It relies on the Noah land surface
model for data such as topography, land cover, soil types with their relevant soil moisture content, infiltration capacity excess, and hydraulic
conductivity (Yucel, Onen, Yilmaz, & Gochis, 2015). It is a flow model
that is aimed at simulating hydrographs for specific rainfall events. Terrain routing and, subsequently, channel and reservoir routing functions
can be implemented into the one‐dimensional Noah land surface
model (Mitchell, 2005). Its design was motivated by the need to

2.2.2

|

Cover types sensitive to fire

account for increased complexity in land surface states and fluxes

Survey of Israel and Israel Nature and Parks Authority maps were used

and to provide stream channel discharge information for hydrometeo-

to assess the sensitivity of different vegetation categories to fire. First,

rological applications. The uncoupled WRF‐Hydro model that was

the burnt area was calculated by dividing the 2008 classification map by

used in this study integrates the WRF meteorological model forecast-

the 2010 map to detect the pixels that underwent a change from forest

ing technique or measured rainfall data from meteorological stations,

to the bare soil. Only the pixels that were located within the fire area

forcing these meteorological data into the hydro equations. Additional

defined by Tessler et al. (2011) were considered as burnt area. Next,

spatial analyses were carried out using geographic information system

the Survey of Israel land‐use map was used to calculate the percentage

software (http://www.esri.com/products, 2016). The uncoupled

OHANA‐LEVI
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WRF‐Hydro model was designed to calculate both specific run‐off

Normalized root mean square errors (NRMSE) were also considered

values at locations along the watershed and a watershed hydrograph.

for simulation performance evaluation (Ranatunga, Tong, & Yang,
2017). The Oren Hydrometric Station has been operational only since

2.3.1

|

The model structure and inputs

In this current study, the uncoupled WRF‐Hydro model based the calculations on interpolation of the measured rainfall data. The following
input files are required: (a) a layer of the watershed(s) domain; (b) a soil‐
type raster map and an LC raster map, along with tabulated empirically
based run‐off coefficients for each soil type and LC type; (c) Manning
roughness coefficients and a hydraulic radius table, calculated for each
watershed; (d) slope, flow direction, and flow accumulation maps
derived from a digital elevation model (DEM); and (e) rain and soil
moisture, based on a calculation of soil moisture from accumulated
rainfall and slope values. Two major steps must be performed and
are specified in detail in Appendix A. The first step includes run‐off calculation. The rainfall data, the run‐off coefficient table, the soil map,
the LC map, and the DEM products are used to derive a run‐off point
feature class and an accumulated rainfall point grid. During this step,
the outputs include a rainfall layer, in which each point is assigned rainfall and soil moisture values for each time step, as well as slope, LC, and
soil‐type values; the second product is a run‐off grid, in which discharge values (m3/s) are assigned to every point in the grid for each
time step. The second step consists of hydrograph calculations. This

2012; therefore, there was limited data available for calibration. The
January 2013 classification map was used for model calibration to represent the LC status at the time of the rainfall events used for calibration, and the measured rainfall data sets were used for the calibration
procedure. Because LCCs during this time period (after the fire event
and on) were rapid, and the landscape changed frequently, the calibration using the 2013 LC map could only be conducted with hydrological
events that occurred 2 years before or after 2013, so that the LC spatial
patterns were accounted for. The Oren Stream does not generate
medium–large flows very often, so for the time period that was determined for calibration considering the 2013 LC map, there were six rainfall events to rely on for calibration and validation. The uncoupled
WRF‐Hydro model was operated with two rainfall events from the
hydrological year of 2012–2013 (December 20–21, 2012 and January
6–10, 2013). Three different simulations were conducted for each rainfall event, each time using one of the three LC maps. This was
performed to understand how a certain rainfall event, together with
the three different LC stages of the watershed (prefire, postfire, and
regeneration), would affect the run‐off response. The hydrograph, peak
discharge, and run‐off volume results were then compared.

step accounts for the accumulated rainfall point grid, the Manning
roughness coefficients and the hydraulic radius table, and the DEM‐

3
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derived files. The output is a velocity raster (see Appendix A for further
details). The velocity raster is then used to calculate the concentration

3.1

|

LC maps

time to the outlet of the watershed. Together with the run‐off point
feature class, the watershed hydrograph is calculated.

The three LC maps that were derived from the ASTER satellite images
are presented in Figure 3. The largest changes between 2008 (Figure 3

2.3.2

|

Uncoupled WRF‐Hydro calibration and simulation

a) and 2010 (Figure 3b) were a 24.1% increase in the rock and bare soil
class and a reduction of 25% in the forest LC. A slight increase in forest

The main parameters for calibrating the model include those for setting

areas (~5.8%) occurred between 2010 (Figure 3b) and 2013 (Figure 3

the amount of surface water for a given volume of precipitation and

c). Moreover, in 2013, ~17% of the study area was covered by annual

for determining the water movement from the slopes and channels

vegetation. There was also a slight increase in the portion of urban area

and consequently the hydrograph shape. The model allows a Manning

out of the total area. In 2013, there was a larger portion of the area

roughness coefficient to be set for each stream order in the domain.

covered by agricultural landscape, which was clustered in a specific

The model's channel routing parameters are defined as functions of

location (Figure 3c). This is due to the difference in seasonality

stream order values. The routing parameters determine how fast water

between the 2008 (acquired in May) image and the 2013 image

moves across the terrain and into stream and river channels. The

(acquired in January). Because no other satisfying data set was avail-

rougher the surface, the longer it takes for water to reach the channels,

able from ASTER during wintertime between the years 2007 and

and slow water movement enables higher infiltration rates into the soil.

2009, this image was chosen, as it clearly represents the status of

Eventually, the roughness parameter affects both the timing and the

the evergreen forest 2.5 years before the fire event. The accuracy

amount of streamflow simulated by the model. Larger stream orders

assessment results of the classification maps were satisfactory, with

towards the watershed outlet are characterized by lower Manning

~88–93% overall classification accuracy (Table 1).

roughness coefficients and increased water velocity and discharge in
the channels. The model contains a runoff coefficient table for overland flow as a function of various soils and land‐cover types.
Calibration of the model was conducted by comparing four simu-

3.2

|

Burnt area analysis

The Oren sub‐basin covers an area of 24.17 km2, characterized mainly

lated storm events between 2012 and 2015 to measured run‐off dis-

by planted forest, mostly pines (43%; Figure 4). The LC type named “no

charge and volume values. The percent difference between the

characteristic” is mostly composed of built‐up area and occupies 17%

parameters (run‐off volume and peak discharge) of the in situ measured

of the sub‐basin area, as do the shrubs. Natural forest covers 9% of

run‐off against the simulated run‐off was calculated. If there was a large

the area, and the remaining LC types cover <6% (cultivated area, fallow

bias between the model results and the in situ measurements, a calibra-

land, stony area, and orchards). The fire consumed an area mostly cov-

tion procedure was performed by adjusting the run‐off coefficients.

ered by continuous areas of planted forest, with patches of natural

6 of 12
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FIGURE 3 The land‐cover maps for the three time periods that were studied: (a) May 2008, (b) December 2010, and (c) January 2013. Panel (d)
qualitatively shows the relative areal cover of each land‐cover type in each year

forest, shrubs, and cultivated land. The burnt area covered 5.93 km2,
TABLE 1

Accuracy assessment results for the three land‐cover maps

Land‐cover map

which is 24.5% of the total sub‐basin. We calculated the areal cover

Overall classification accuracy (%)

Kappa statistic

of the LC types that used to consume the area affected by the fire,

2008

40.88

83.0

in order to determine the most sensitive LC cover types. The area

2010

58.89

84.0

affected by the fire was also composed mostly of planted forest; this

2013

20.93

91.0

LC type covered 80% of the burnt area before the fire. Shrubs occupied 10% of the burnt area before the fire, and natural forest used to

FIGURE 4 Percent areal cover of different
land‐cover types. Light green bars represent
the relative cover of the entire Oren sub‐
basin, whereas dark green bars express the
portion cover of the burnt area within the sub‐
basin. The illustration on the upper‐left part of
the figure shows the burnt area locations
within the Oren sub‐basin

OHANA‐LEVI
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cover 6.9%. The other LC types each compose <1% of the burnt area.

used a different LC map (Figure 3a–c). The measures of both peak dis-

Before the fire occurred, planted forest covered 43% of the total sub‐

charge and run‐off volume showed a large increase between the results

basin but showed a very high sensitivity to fire with 80% of the burnt

of the simulation using the 2008 LC image and the 2010 image

area previously composed of planted forest. The “no characteristic” LC

(between 39% and 47%). For the 2013 image simulations, the results

(mostly urban area) covered 17% of the sub‐basin but showed a high

showed a decrease in both peak discharge and run‐off volume values

resistance to the fire event, constituting <1% of the burnt area. The

(between 7.7% and 9%). The large increase in the 2010 LC image is a

natural forest category showed lower flammability with 7% of this LC

direct result of the wildfire event of December 2010 and the transition

type previously covering the burnt area, compared to 9% that covered

of large portions of the watershed from forested to exposed rock and

the entire sub‐basin area. The same goes for shrubs (10% of burnt area

bare soil (Figure 3). There was a moderate decrease in the discharge

vs. 17% of entire sub‐basin).

and run‐off volume (Figure 5) for the 2013 LC image simulation. In terms

Medium density forest was the most sensitive to fire, in both

of run‐off magnitude, both run‐off events responded quite similarly to

natural and planted forest, and occupied 56.85% and 47.44% of the

the wildfire event. The December 20–21, 2012 event (recurrence time

total burnt area, respectively; this is compared to 43.4% coverage of

of almost 1 year) showed larger increases in both maximum discharge

medium density forest and shrubs in the entire sub‐basin area.

and run‐off volume values after the fire took place than did the extreme

Medium‐high density planted forest was much more sensitive to fire

event of January 6–10, 2013. There was also a greater decrease in these

than medium‐high density natural forest, covering 42.07% (which is

values 2 years after the fire event (Figure 5).

above the cover percentage value of the entire sub‐basin: 34.71%)
and 16.24% of the total burnt area (about half the cover percentage
of the sub‐basin), respectively. In low‐medium density forest, natural

4

|

DISCUSSION

forest was more sensitive to fire, with 17.29% of the burnt area for this
category (and above the cover percentage value of the entire sub‐

The effects of forest composition and species distribution on wildfire

basin: 12.97%), compared to only 7.04% of low‐medium density

were studied, as well as the impact of fire on LCC and rainfall–run‐

planted forest burnt (below the sub‐basin's cover percentage). Com-

off relations during large rainfall events. The results show that during

parison between the postfire and regeneration stages showed a large

the postfire stage, about 24% of forest cover was lost due to the

increase in vegetation cover, mostly annuals (+17%) and forest cover

December 2010 fire in Mount Carmel, Israel. The main forest loss

(+5.79%), and agricultural activity (+5.65%) attributed to the season

occurred in areas covered by planted forest, specifically pines, which

in which the satellite image was acquired.

composed 80% of the burnt area. More than half of the burnt area
was composed of medium density forest, making it the most sensitive

3.3

|

to fire. In addition, we studied the effect of wildfire on the run‐off

Hydrological modelling

regime and found that during the postfire stage, maximum discharge

The Oren Stream Hydrometric Station has been operational only since

and run‐off volume values increased by 39–47% compared to prefire.

2012; therefore, relatively few hydrological events were available for

These results imply that prefire management practices had a significant

calibration. Moreover, rainfall events with different rainfall (and run‐

impact on postfire hydrological processes. As the annuals and forest

off) magnitudes behave differently in terms of run‐off coefficients

regenerated, the peak discharge decreased by up to 9%. Hydrological

and soil moisture, so a rough generalization was needed to comply

responses to larger postfire rainfall events that last several days (in this

with all types of hydrological responses. Two run‐off events were used

study, 5 days) generate fewer differences compared to prefire, possibly

for validation. For maximum discharge and run‐off volume, the average

because the variability of soil moisture is lower during most of the

errors were 34% and 22.5%, respectively. NRMSE varied between

hydrological event. Common events are more likely to have a greater

0.77 and 1.44 m3/s, with more accurate hydrological simulations for

response to LCC due to fire.
In addition to causing LCC, wildfires are greatly affected by LC

larger rainfall events than for smaller ones (Table 2).
Two rainfall events from the hydrological year of 2012–2013 were

spatial patterns and are usually the result of human disturbance and cli-

chosen to simulate hydrographs that represent the effects of wildfire on

mate conditions (Paz et al., 2011; Wittenberg & Inbar, 2009). Their

the rainfall–run‐off relationship (Figure 5). They were simulated three

effects on the watershed landscape are mostly immediate (Moody &

times using the uncoupled WRF‐Hydro model, and each simulation

Martin, 2001). Uncontrolled wildfires may consume large areas,

Rainfall events used for calibration and validation, along with their run‐off volume and maximum discharge values, as measured by the
hydrometric station and NRMSE

TABLE 2

Rainfall events by
dates

Maximum discharge
(m3/s)

Run‐off volume
(10,000 m3)

Maximum discharge
percent difference

Run‐off volume
percent difference

NRMSE

Calibration

December 20–21, 2012
January 6–10, 2013
January 30–31, 2013
January 10–11, 2015

12.28
10.05
2.5
4.13

29.26
53.82
7.49
4.11

−42.09
−29.78
58.13
3

−43.77
−19.93
31.22
76.6

0.78
1.01
1.26
1.03

Validation

December 12–14, 2013
January 19–20, 2016

1.7
0.65

7.97
0.75

−15.02
−52.94

16.24
−28.77

1.25
1.44

Note. NRSME = normalized root mean square error.
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Simulated hydrographs for the two rainfall events: (a) December 20–21, 2012 and (b) January 6–10, 2013. The bar graphs on the right
show the changes in peak discharge and run‐off volume between the studied time periods. lc = land‐cover

FIGURE 5

causing dramatic alterations in LC within hours/days. In the current

(1982) found that a reduction in coniferous cover was correlated to a

study, the LC maps demonstrate that about 24% of the research area

streamflow increase of about 40 mm in annual water yield per 10%

shifted from a forested landscape to bare soil due to the fire. Between

change in forest cover, making it the vegetation cover type causing

2008 and 2010, the peak discharge increased by 39–47% and the run‐

the greatest increase with its removal. Specifically on Mount Carmel,

off volume by 39–44%. Forest fires continue to be a recurring phe-

it was reported that the planted Pinus forest was more susceptible to

nomenon in the Mediterranean basin and specifically in Israel. The

fire, and fire severity was higher there (Tessler et al., 2011). These data

return interval of large fires (500 ha) in Mount Carmel is 17 years. Small

support the findings of higher sensitivity to fire in planted forest with

fires (5–10 ha) occur every year with a probability of 87% (Tessler,

P. halepensis. Natural forest and shrubs were found to be more resis-

2012). The December 2010 fire covered >2,500 ha in Mount Carmel

tant to fire. The Oren sub‐basin was covered by a large area of planted

and caused the loss of 38% of the Oren Watershed's forest cover

forest before the December 2010 fire, turning these areas into a fire‐

(Tessler et al., 2011). These trends are expected to accelerate and have

sensitive environment. In addition, the results suggest that a medium

a consequent effect on forest fires in terms of burnt areas and fre-

density forest is the most sensitive to fire. A medium‐high density

quency of events. Soulis et al. (2012) found that a watershed in which

planted forest is far more flammable than a medium‐high density nat-

90% of its area was burned experienced an increase of about 850% in

ural forest. However, in a low‐medium density forest, the natural for-

maximum peak flow in a postfire rainfall event. In a study conducted in

est was more sensitive to fire than the planted forest. The loss of

one of the Carmel Forest streams, located near the Oren Watershed,

vegetation cover (planted and native) significantly altered the water-

Wittenberg and Inbar, (2009) reported an increase of two orders of

shed conditions and run‐off response (Githui, Mutua, & Bauwens,

magnitude in run‐off yields in the first year after a fire (1989), followed

2010; White & Greer, 2006). The findings have important implications

by winters in which decreasing amounts of run‐off were measured. A

for forest management and fire control in the Mediterranean region,

study in California (Kinoshita & Hogue, 2015) demonstrated a sharp

specifically regarding decision‐making processes related to the

increase in postfire discharge, and low flow seasons showed an ele-

types of trees that are being planted in light of afforestation policies

vated run‐off ratio for up to 10 years following the fire.

and objectives.

On Mount Carmel, extensive afforestation processes and changes

The study results show that the burnt area was composed mostly

in the landscape and forest composition during the past 100 years

of planted forest, primarily comprising P. halepensis, which is a fire‐sen-

have led to a large amount of planted trees within the forest, 50% of

sitive species, although its seeds are resistant to fire. In broad‐leaf spe-

which are P. halepensis. This species is presumed to have been rare in

cies, such as oaks and pistachio, the seeds are sensitive, but the burnt

the native communities in the past (Volcani, Karnieli, & Svoray, 2005;

trees easily regenerate from subsurface buds (Keesstra et al., 2017).

Wittenberg & Malkinson, 2009). A study by Bosch and Hewlett

These differences in species traits will affect the forest recovery after

OHANA‐LEVI

9 of 12

ET AL.

fire, as well as the forest structure and composition. In general, Medi-

of the areas that were covered by forest, bare and exposed. A planted

terranean vegetation is fire‐adapted and is therefore highly resilient.

forest composed of pines is highly sensitive to fire, especially when its

However, studies have shown that the relatively high fire frequency

density is medium or medium‐high. The LCCs led to a large alteration

on Mount Carmel has gradually shaped the landscape towards homo-

in the run‐off response, with a peak discharge increase of ~39–47%

geneity in which shrubs are the dominant vegetation form (Tessler,

and a run‐off volume increase of ~39–44%. The vulnerability of this

Wittenberg, & Greenbaum, 2016). Understanding such mechanisms

area, along with increasing periods of dry spells and droughts in the

that affect LCC is essential for better predicting future fire regime

Mediterranean region, suggests that there is an expected increase in

and vegetation patterns in fire‐sensitive areas, in order to adopt effi-

future wildfires that may cause effects similar to the ones found in

cient practices and means to mitigate future wildfire consequences in

this study. The results show that the first 2 years of regeneration

similar Mediterranean regions.

resulted in a decrease in maximum discharge (7.7–9%) and run‐off

The uncoupled WRF‐Hydro model can be used for operative ad

volume (7.9–8.7%). As the forest goes through its succession process

hoc forecasting and simulation, providing valuable information for

of postfire recovery, it is expected that the rainfall–run‐off response

watershed management purposes. It is, therefore, a useful tool for

will continue to decrease, unless recurring fire events introduce addi-

decision‐making processes in relevant time scales, as well as for

tional disturbances to the ecosystem. High intensity rainfall events,

research purposes, such as those discussed in this paper. The calibra-

following the large impact of fire, may endanger both the well‐being

tion process was conducted with a small amount of rainfall events,

of the population and the infrastructure, as well as create an addi-

because the hydrometric station has been operational only since

tional disturbance to the ecosystem in the form of high sediment

2012. This is a major limitation in the study, and the model simulations

yields and nutrient loss.

could have reached higher accuracy with a larger data set for calibration. Smaller and shorter rainfall events resulted in higher NRMSE
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The current study demonstrates the differences in the fire sensitivity
of planted and natural forest trees and the effects that one severe fire
had on the run‐off response on a watershed scale. An unusual season
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input file);

• A is the pixel area in the raster.

A.2.2 |

Determining the run‐off coefficient:


Cij ¼ f ∑ii¼1toi Rij ; Sj ; Mij ;

(2)

where
• Mij is soil moisture in time step i in location j (input file);
• Sj is the soil type in location j (input file).
Run‐off coefficient is calculated during each time step and is
dynamic throughout the storm (Table A1).

A1.3

Hydrograph calculations
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Flow velocity and concentration time

To calculate the hydrograph, first, the velocity should be calculated
(Green & Nelson, 2002). According to the velocity, concentration time
(the time it takes for water to flow from a certain location in the watershed to its outlet) is then calculated.

APPENDIX A
U N C O U P L E D WE A T H E R R E S E A R C H A N D
F O R E C A S T I N G HY D R O E Q U A T I O N S

TABLE A1

Example of run‐off coefficient table

SG

LU

MCLOW

MCUP

RCLOW

RCMID

RCUP

A

2

0.25

0.3

0.02

0.05

0.1

A

1

0.25

0.3

0.05

0.08

0.12

A

7

0.25

0.3

0.05

0.08

0.12

A

5

0.25

0.3

0.02

0.04

0.07

• a polygon shapefile of the watershed domain;

A

6

0.25

0.3

0.02

0.04

0.07

• slopes raster (%);

A

8

0.25

0.3

0.06

0.1

0.2

• flow direction raster;

A

4

0.25

0.3

0.03

0.08

0.11

A

9

0.25

0.3

0.06

0.1

0.2

A.1 | Inputs for model simulations (run‐off amounts and
routing):

• flow accumulation raster;

B

2

0.25

0.3

0.05

0.08

0.12

• soil‐type shapefile;

B

1

0.25

0.3

0.05

0.1

0.15

• land‐cover shapefile;

B

7

0.25

0.3

0.05

0.1

0.15

• a table of run‐off coefficients for specific soils and land‐cover

B

5

0.25

0.3

0.05

0.06

0.07

types;
• a table of Manning coefficients and hydraulic radius for different
parts of the watershed.

Note. LU = land‐cover type; MCLOW = minimal value of soil moisture;
MCUP = maximal value of soil moisture; RCLOW = minimal value of run‐
off; RCMID = value between maximal and minimal run‐off values;
RCUP = maximal value of run‐off; SG = soil type.
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Roughness coefficients and hydraulic radius for flow in

slopes
V¼

R0:66 *S0:5
;
n

(3)

where

ML

MP

HRL

HRP

0.15

0.12

0.002

0.005

Note. HRL = hydraulic radius for accumulated rainfall of up to 30 mm;
HRP = hydraulic radius for accumulated rainfall of over 30 mm; ML = Manning coefficient for accumulated rainfall of up to 30 mm; MP = Manning
coefficient for accumulated rainfall of over 30 mm.

• V is water velocity (m/s);
• R is the hydraulic radium (m);
• S is slope;

Calculations of hydraulic radius and manning coefficient
according to slope and rainfall accumulation

TABLE A3

• n is Manning coefficient (surface roughness).

BasID

M_up

M_down

HRL

HRM

HRP

64

0.045

0.04

0.15

0.7

1.4

2

0.045

0.035

0.1

0.3

0.5

3

0.035

0.055

0.1

0.3

0.5

4

0.045

0.03

0.1

0.6

1

5

0.045

0.035

0.1

0.5

1.2

• T is concentration time (hr);

169

0.045

0.03

0.2

0.7

1.4

• L is the length of flow path (m), extracted from the flow direction

8

0.04

0.03

0.1

0.5

1.2

183

0.05

0.035

0.1

0.4

1

11

0.045

0.035

0.1

0.5

0.8

Flow velocity is calculated separately for slopes and channels:
T¼

L
;
3; 600*V

(4)

where

input raster.

A.3.2 | Flow velocity calculations for slopes and channels
For slopes, the calculation is based on general and uniform parameters
for the area of Israel, and for channel calculations, the parameters are

Note. BasID = watershed's ID number; HRL = hydraulic radius (R) for accumulated rainfall of up to 30 mm; HRM = hydraulic radius (R) for accumulated rainfall between 30 and 50 mm; HRP = hydraulic radius (R) for
accumulated rainfall of over 50 mm; M_up = Manning coefficient (n) for
slopes >2%; M_down = Manning coefficient (n) for slopes <2%.

unique for each watershed.

A.3.3 |
• Flow velocity calculation for slopes:

Hydrograph calculations

Time calculation: The total time of channel flow will be the sum of time
intervals calculated according to Equation 3 in the slopes and channels.

Manning coefficients and hydraulic radius are divided according to
Table A2.
• Flow velocity calculation for channels:

For each location in the watershed, a time grid is calculated and states
the hours it takes for water to flow to the pour point of the watershed.
Volume calculation: According to the time grid calculations, the
area that flows during each hour is known. This area multiplied by

Once run‐off reaches the channels, the calculations will be accord-

the run‐off (mm) will provide the hourly volume. The division of the

ing to Equations 3 and 4, where R and n will change according to slope

volume by time will provide the discharge (m3/s) and the accumulated

and rainfall accumulation, as specified in Table A3.

volume (m3).

