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Abstract
Forest areas are particularly susceptible to fires, which are often manmade. Toofrequent fires are likely to adversely affect the soil properties as well as vegetation
composition, and possibly lead to soil erosion and desertification. One of the most fire
affected forest regions in the world is the Mediterranean.
Libya, in the Mediterranean region, has soils that are considered to be arid except in a
small area called Aljabal Alakhdar (Green mountain), which is the geographic area
covered by this study. It is the wettest part of Libya, and has an extensive forest and
many agricultural crops. Like other forests in the Mediterranean it has suffered extreme
degradation. This is mainly due to people removing fire wood, or sometimes converting
forested areas to agricultural use, as well as fires which may alter several soil chemical
and physical properties.
The purpose of this research was to evaluate the effects of fires on the physical and
chemical properties of soil of Aljabal Alakhdar forest in the north-east of Libya. The
physical and chemical properties of soil following fire in two geographic areas have
been determined, with those subjected to the fire compared to those in adjacent
unburned areas in one coastal and one mountain site. Physical properties studied were:
soil particle size, soil water content, soil porosity and soil particle density; and chemical
properties studied were: soil electrical conductivity (EC), soil pH, soluble and
exchangeable Na, K, Ca and Mg, cation exchange capacity (CEC), soluble Cl, CO3 and
HCO3, SO4, organic matter, total N and total P. For the first time in Libyan soils, the
effect of burning on the magnetic susceptibility properties of soils was also tested. The
results showed that except for the soil water content and magnetic susceptibility, fire
has not had a clear effect on the soils‟ physical properties, while there has been a strong
impact of fire on most of the studied chemical properties. These results have been used
to create an index of burning for such soils in each of the geographic areas, as a step
towards creating a model which will enable a subset of soil parameters to be used to
estimate how recently a site was burned, as well as defining fire severity at a site.
Key words: Libya, Aljabal Alakhdar, Ras Alhelal, Marawah, fire impact, soil physical
and chemical properties.
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Chapter 1: Introduction

1. 1 Introduction
Forest fires may be considered as one of the most severe environmental problems in the
world, destroying millions of hectares of valuable timber and other forest products
every year (Food and Agriculture Organization of the United Nations, FAO, 2003).
One of the most fire- affected forest regions in the world is the Mediterranean
(Figure 1.1) which is considered as one of the most important regions in the world for
its outstanding biodiversity. Mediterranean forests, situated in a transitional zone
between the European, African and Asian continents, are a centre of plant diversity,
with 25,000 flora species and 30,000 sub-species representing 10% of the world‟s
flowering plants on just over 1.6% of the Earth‟s surface. With 13,000 endemic plants,
Mediterranean forests are considered to be the second richest area in endemic flowering
plants in the world, exceeded only by the tropical Andes. These plant communities also
play host to an amazing faunal diversity (The International Union for the Conservation
of Nature, (IUCN, 2003). However, the Mediterranean forests are also under serious
threat, with forest fires, in many cases deliberately set, playing a major role in their
degradation and bringing about huge social, economic, and environmental effects.
Today, only 17% of the original 82% forest cover still exists (IUCN, 2003). Less than
10% of forests fires in the Mediterranean area are due to natural causes (Trabaud, 1989)
and degradation of Mediterranean vegetation has been partially attributed to the
presence of man, and fires connected with human activities such as agricultural
practices and grazing.

1

Molina and Sanroque (2000) indicated that in Mediterranean areas there are two natural
factors that enhance the likelihood of forests fires: climate and vegetation. The
Mediterranean climate has a strong seasonal contrast and great variability through the
year. Precipitation is concentrated mainly in autumn and spring. The rest of the year is
dry. The long hot and dry summer makes the soil and vegetation extremely dry;
characteristics that enhance severe forest fires. As a result of climate conditions,
vegetation presents some characteristics such as sclerophill leaves on species such as
Eucalyptus robusta, Melaleuca quinquenervia and Eucalyptus longifolia , resins and
essential oils, accumulation of dead biomass etc. ; these characteristics help the plant to
resist drought, but also make it highly inflammable. Many species of Mediterranean
plants are adapted to fire and may even be stimulated by it, but fires which are too
frequent will degrade the vegetation present (Eldoumi et al. (2002).

Figure 1.1 Map of the Mediterranean region, showing the location of the Aljabal
Alakhdar study area. (Source: Google earth).
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In Spain, one of the Mediterranean countries most affected by forest fires, every year
20,000 forest fires take place; only 1% of those responsible for these fires are punished.
However, in only 10 years (1985-1995) the total area of forest land burnt reached
2,665,671ha equal to the area of the island of Sicily (IUCN, 2002). In Italy from 1970 to
2000 a total of 300,214 forest fires were recorded, destroying a total of 160,000 ha
(Italian State Forestry Corporation, 2000). FAO (2002) indicated that from 1978 to
2002 forest fires destroyed a total area of 17,970 ha, 150,000 ha, 77,428 ha, 32,766 ha
and 3100 ha in France, Greece, Portugal, Algeria, and Morocco, respectively.

Libya, a North African country (Figure 1.2), lies along the southern coast of the
Mediterranean, approximately between latitude 18° and 33° North and 9° and 25° East.
Its total area is 1,759,540 km2, of which more than 90% is desert. Most of the
agricultural activities are limited to a long narrow strip along the Mediterranean coast,
to the low mountains and a few scattered oases in the desert. The human population is
about 6 million inhabitants. The prevailing climatic conditions near the coast are typical
of the Mediterranean region characterized by variability and unpredictability. The
rainfall is erratic in quantity, frequency and distribution (Bulugma and Ghaziri, 1995).
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Figure 1.2 Map of Libya. (Source: Libyan National Atlas, 1980).

Most Libyan soils are considered arid except in two small regions; the first of these is
called Aljabal Alakhdar (Green mountain), which is the geographic focus of this study.
Its area is about 20000 km2, equal to about 1% of Libya‟s total area (Figure 1. 3).
However, there is another mountain range in the west of Libya called Nafusa
Mountains, with elevations of up to 1,000 meters, which is the northern edge of the
Tripolitanian Plateau, and which experienced relatively similar conditions.

4

.

Figure 1.3 Map of the study area (Aljabal Alakhdar). (Source: Libyan National
Atlas, 1980).

Aljabal Alakhdar consists of a mountainous plateau rising in some places to an altitude
of 500 m cut by several valleys. It lies northeast of Benghazi and southwest of Darnah.
It is the wettest part of Libya, receiving some 600mm of precipitation annually. This
rainfall means that the area has extensive forest cover, and many agricultural crops
(Azzawam 1984). It is the most substantial coastal forest region between Morocco and
Syria.
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Qaisar and El Gadi (1994) divided the Aljabal Alakhdar forest types into three
categories according to the quantity of rainfall:
-

Humid forest: confined to areas receiving more than 600mm of rainfall per year
and occupying an area of about 200km2. The important species of this natural
forest are Quercus calliprinos (Palestine Oak), Laurus nobilis (Bay Laurel),
Arbutus pavarii (Arbutus), Olea europaea (Olive tree), Ceratonia siliqua (Carob
tree), Quercus coccifera (Kermes Oak) and Cupressus sempervirens
(Mediterranean Cypress ).

-

Sub-humid forest : confined to areas receiving between 400 and 600mm of
rainfall. The main species are Juniperus phoeniceae (Juniper tree), Pinus
halepensis (Aleppo pine).

-

Semi-arid forest:

(I) confined to areas receiving 300 to 400 mm of rainfall. The important species of
this forest are Sarcopoterium spinosium (Brushwood), Pistacia lentiscus (Mastic
tree), Rhus tripartitum (African sumac) and Periploca laevigata (silk vine).
(II) south Aljabal Alakhdar forest: found in the zone located north of Benghazi plain
and in the hills south of Aljabal Alakhdar. This area receives 200 to 300 mm of
rainfall. The species encountered in this area are the same as in (I) above.

Although this forest is considered as the main source of natural, medicinal plants and
the main tourism area in Libya, like other forests in the Mediterranean region it has
suffered extreme degradation by fire (Figure 1.4), mainly by fires being started
deliberately in large areas of these forests to get charcoal, or to help with removing the
roots of trees after the fire has died down to convert these spaces to agricultural use
(Figure 1.5).
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Figure 1.4 General view shows the result of Aljabal alakhdar forest fires (the hill
overlooking the Ras Alhelal) . (Source: Eldoumi, et al. 2002).

Figure 1.5 General view shows some parts of Aljabal alakhdar forests converted to
agricultural land in recent years (near Albieda city). (Source: (Eldoumi, et al.
2002).
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1.2 Research aims and objectives
Fire is a physical process as well as an ecological process. The heat it produces, the rate
at which it spreads and the effects it has on other ecosystem components are all part of
the physical process. Watersheds, soils, air, plants, and animals are affected in one way
or another by fire. Water quality and quantity, soil erosion, smoke and plant and animal
mortality are some of the more obvious effects.

The main forest type in Libya is the natural forest occurring in Aljabal Alakhdar. These
forests have been exposed to significant damage mainly through mismanagement and
fires. As a result of fires, the total forest area decreased by 36% between 1959 and 1979,
and this has caused substantial losses of many indigenous plant species such as cypress
(Cupressus sempervirens) which has reduced by 93.75%, pine (Pinus halepensis)
reduced by 28.60%, kermes oak (Quercus coccifera) reduced by 91.70% and pistachio
(Pistacia atlantica) reduced by 25% (Faraj et al. 1993).

To date, research and studies that described the fires that took place in the forests of
Aljabal Alakhdar were confined to limited areas which were exposed to the fire and
description of the plant species that have been affected. It seems clear that there have
not been enough and detailed studies about the impact of fires on forest soils of that
region. Therefore, the work described in this thesis aims to find out the potential
impacts of fire on the physical and chemical properties of Aljabal Alakhdar forest soils.
This is in order to enable an assessment of these effects – if any – which may contribute
to dealing with this environmental problem on an integrated scientific basis which
includes studying the chemical and physical properties of the soil as an important
environment base in which these forests are standing and growing.
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To achieve this overall aim, several specific objectives were set. These are:
a) To compare soil chemical and physical properties at selected burned and unburned
sites. This will identify the extent to which forest fires change soil physical properties
and affect chemical elements in the soil.

b) To explore the potential of a technique based on magnetic properties of soil, in order
to provide an indication of the effect of fires on selected samples from different soil
depth layers to assist in the interpretation of results.

c) To describe the potential impacts of fire on the plant nutrients available, especially
the macro- nutrient elements (nitrogen, phosphorus and potassium), since their loss over
a substantial period could seriously affect the recovery of vegetation after a fire. The
results of this study may therefore contribute to the assessment of vegetation re-planting
attempts following destruction by fire through an indication of the effects on the
quantities of these elements in soil due to the fire.

d) To provide important baseline information for any future studies of these forests.

e) To develop an index of the key factors which can be used to assess the severity of a
forest fire and therefore its likelihood to cause severe environmental degradation?

f) To provide evidence that may enable more effective management policies to be
introduced.
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This thesis contains six chapters. This first one is a general introduction followed by the
aim and objectives of the research. The second chapter will review previous studies
which dealt with the impact of fire on soil physical and chemical properties in different
regions of the world. Chapter three will contain a description of the study area and
detailed presentation of the methods and materials which were followed in the
collection and analysis of the soil samples for both the physical and chemical properties.
Chapter four and chapter five present the results obtained from the analysis of soil
samples for the physical and chemical properties, respectively. Finally, these results will
be discussed and compared with the results of other studies, the fire severity index will
be developed, and based on these results some recommendations will be made which
may contribute to the reduction and mitigation of the impact of fire on soil properties of
the study area.
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Chapter 2: Previous studies

2.1 Introduction
Fire is an important natural disturbance in most forest ecosystems and can lead to rapid
change in soils and biological cycling which, in turn, can have important implications
for long-term ecosystem dynamics (Chandler et al. 1983; Pyne et al. 1996; Schmoldt et
al. 1999). Effects of fire on chemical and physical properties of forest soils vary from
minimal to profound, depending on factors such as intensity and duration of the fire, soil
type, soil moisture content at the time of the fire, and duration and intensity of post- fire
precipitation events (Chandler et al. 1983; Pyne et al. 1996). Wells et al. (1979) indicate
that exactly how fire affects the physical and chemical properties of soil depend on the
amount of material consumed during burning, the magnitude and duration of soil
heating, the frequency of fire, and the post-fire environment such as climate.
Redistribution or losses of organic matter and nutrients within the soil often change the
physical properties of the soil.

2.2 Fire severity
Once a fire is ignited, it starts to affect other components of the ecosystem. Plants,
animals, soil, water, and air all interact one way or another with fire.
Different patterns of fire line intensity, fire duration, and the amount of dead and live
fuel affect the level of fire severity (Neil et al, 2006). For example, a high-intensity fire
of short duration could result in the same level of severity as a low-intensity fire of long
duration. Furthermore, the same fire behaviour can result in different severity effects to
soils and understory and overstory vegetation. A high-intensity fire that moves quickly
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through the crowns may kill all of the trees but have relatively little effect on the soil,
whereas a low-intensity fire might leave trees untouched but smoulder for days and
result in severe soil heating. Precise measures of severity will vary from one ecosystem
to the next, depending upon the degree of change to biotic and physical ecosystem
components.

The intensity of forest fires is the parameter that mainly affects soil properties and
erodability because it determines the temperature level at the soil surface, the depth of
heat penetration, and the temperature gradient in the soil (Molina and Sanroque 2000).

According to Raison (1979), Trabaud (1989) and DeRond (1990) fires can be
categorised by their effects into light (200-400οC), medium (400-900οC) and severe
(> 900°C) fire depending on the season of year when the fire occurs and the different
parameters that influence intensity such as fuel quantity, weather, and soil and
vegetation moisture. The range of temperatures and their duration may vary from 900οC
for several hours to much lower temperature for a few minutes. Nevertheless, only the
upper two centimetres of the soil are really affected by excessive heating, the
temperature levels being rapidly attenuated beyond this depth (Molina and Sanroque
2000).

Summer is the season in which fire intensity and soil degradation can be greatest (Fox
and Fox 1987; Trabaud 1989). Temperature during severe summer wildfires in
Mediterranean areas have not been recorded, but data from chaparral forest (DeBano et
al. 1979) and eucalypt forest (Tomkins et al. 1991) suggested temperature levels higher
than 750ο C. Because of the faster transfer of heat when soil is wet or saturated, forest
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fire in early autumn and winter can affect microbial activity at deeper soil layers than
summer fires (DeBano, et al. 1979; DimitraKopoulos and Martin 1990).

In his study of ecosystems in California (USA), Rothermel (1972) reported that it is
necessary to evaluate how climate (average and predictable weather properties over
long time scales) contributes to vegetation flammability, and how short-term weather
influences the propagation of flame lines. He explained that the flammability of
vegetation can be envisioned as a “tug of war” between the organic energy of plants
(carbohydrate) as a heat source, and plant water vital for transport of nutrients and leaf
transpiration as a heat sink, and he concluded that fires occur when fuel energy exceeds
the heat capacity of water - that is, the carbohydrate-to-water energy ratio in vegetation
is positive.

Byram (1959) studied fire as a physical process, and found that fire cannot occur unless
there is sufficient fuel available to support combustion, weather conditions are
conducive for burning, and an ignition source is present. In addition he determined that
the combustion consists of many types of oxidation processes. These processes combine
materials that contain hydrocarbons with oxygen and produce carbon dioxide, water,
and energy. He found that combustion is a chain reaction that occurs rapidly at high
temperatures.

However, Deeming et al. (1977) indicated that the amount of heat produced by a fire is
less than would occur under conditions of complete combustion. Some heat is lost
through radiation, but the primary loss comes from the vaporization of moisture, and
they suggested that four separate steps are involved in this process: (1) heat is required
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to raise the temperature of the water in the fuel to boiling, (2) bound water must be
released from the fuel; (3) the water must be vaporized; and (4) the water vapour must
be heated to flame temperature.

2.3 Effect of fire on vegetation
Sandberg et al. (2001) proposed that fire and vegetation are often so interactive that
they can scarcely be considered separately from one another and the properties of any
fire regime, namely its seasonality, fire return interval, fire size, spatial complexity, fireline intensity, and fire severity. They reported also that fire type require specific
responses by the vegetation to persist.

Many researchers have noted the effect of fires on vegetation. Schwilk (2003) found
that effects on plants result from the interaction between the chemical and physical
properties of the fire and characteristics of the individual plant or microorganism. Since
each fire behaves differently, and each species has a unique combination of
physiological and physical traits, he stressed that there is a wide array of resulting fire
effects on the plants or microorganisms. He also found that the likelihood of a tree
crown surviving a fire depends on its shape, size, and height, and the degree of
protection afforded its buds. Foliage closer to the flames and heat is more likely to
experience tissue death. Plants with crowns that extend from or near the soil surface to
the top of the plant usually have greater tissue mortality because branches and foliage
near the ground form a “ladder” of vertical fuel providing a conduit for combustion and
heat from the base to the top of the crown. Furthermore, in their study, Kelsall et al.
(1979) noticed that repeated severe fires may change the forests to herbaceous or
shrubby communities.
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In his study, Plumb (1979) observed that pine is often observed as being more
flammable than other co-occurring species such as black oak, and plants such as palms
and lilies cannot be girdled by fire. He attributed that to their independent bundles of
vascular tissue distributed throughout the stem. In contrast, Miller (2000) investigated
the effect of fires on grasses. He found that annual grasses which live for only one year
are typically killed outright by fire. Their seeds may survive, depending on how heat
resistant they are or how well-insulated the seeds are in the soil. The survival of
perennial grasses depends on how well their meristems or buds are protected from heat
and the amount of decadent material. He also found that stoloniferous grasses are more
susceptible to fire damage because the stolons are exposed above the soil surface. In
addition, he noticed that the effect of fire on rhizomatous and bunch grasses depends on
the depth of the buried buds or meristems. For example, Idaho fescue (Festuca
idahoensis) is relatively fire sensitive, because its meristematic tissue is near the soil
surface. In contrast, squirreltail (Vulpia bromoides) is more fire tolerant, because its
meristematic tissue is more than an inch (2.54 cm) below the soil surface. However,
even with deeper meristematic tissues, accumulations of adjacent fuel or high levels of
decadent material may result in meristematic tissue death.

Neil et al. (2006) studied the effects of fires on trees‟ scorch height. They reported that
scorch occurs when the internal temperature of the leaves or needles of a plant are
raised to lethal levels. Both the temperature and its duration are important, and exposure
to temperatures of about 49°C for an hour can begin to kill tissues, whereas
temperatures of approximately 54°C can kill within minutes, and temperatures over
64°C are considered instantaneously lethal. Also, they related crown scorch height to the
ambient air temperature, fire line intensity, and wind speed. Under conditions of warm
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air, a lesser fire intensity is enough to raise the tissue temperature to the lethal level. For
a given fire line intensity, scorch height is reduced sharply as wind speed increases,
winds cool the hot plume as entrained ambient air moves through the canopy (Figure
2.1).

Ryan and Reinhardt (1988) studied long-term fire-caused mortality of mature Douglasfir (Pseudotsuga menziesii) and found that the amount of cambium killed was the best
predictor of tree mortality and that the percent of the crown scorch was a better
predictor than was crown scorch height. Ryan and Reinhardt (1988) did not have flame
length data available, but Van Wagtendonk (1983) had previously found that flame
length was the best predictor of understory mortality of Sierra Nevada conifers.

Figure 2.1 Diagram showing how scorch height is affected by fire line intensity,
wind speed, and air temperature. (Source: Neil et al. 2006, 54).
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2.4 Effect of fire on soil microorganisms
The effects of fires on soil microorganisms have been studied by several researchers.
Covington and Sackett (1984) suggested that the effect of fire on microorganisms living
on the boles, branches, or leaves of plants depends upon their proximity to flames and
the proportion of them affected. They concluded that surface fires have little effect on
arboreal microorganisms but crown fires can have a major effect. On the other hand,
Monleon and Cromack (1996) found that fire affects microbial decomposition and
nutrient cycling by combusting organic material, accelerating decomposition, and
converting much of the organic C and N to gaseous forms.

Neary et al. (1999) reported that although desiccation can kill microorganisms, fire
affects nonvascular plants and microorganisms primarily through heat. They found that
while some bacteria are able to survive temperatures as high as 210oC, many fungi are
readily destroyed at temperatures just above 94°C. Vazquez et al. (1993) reported that
fire burns the duff layer more completely than the surface organic soil and that fungal
populations are usually more affected by fire than are bacterial populations. Thus they
found that the bacterial population was 25 times larger in soil one month after burning
than in unburned soil. Conversely, fire resulted in an overall reduction of the soil fungal
population one month following the fire, soil fungi numbers were approximately 5% of
those found in unburned soil.

Pietikainen et al. (2000) explored the effect of fires on microbial activities and its role in
changing soil aggregates. On the basis of their observations, the effects of fire on soil
microorganism populations and species composition depend on the severity of the fire,
as well as the site conditions and pre- and post-fire weather. They concluded that low17

severity rapidly moving fires do not have a major effect on microbial populations,
whereas high-severity fires with long durations have the greatest impact. Also they
found that soil aggregation and structure are promoted by organic matter,
organometallic cementing agents, and microbial organisms. Fungal mycelia can
surround the soil particles and intertwine among them to form aggregates with a high
degree of stability. Aggregation can reduce erosion by making the soil particles more
resistant to soil detachment. Fire consumes the organic matter and fungi that promote
soil aggregation. Field studies by Klopatek et al. (1988) showed that ten years after
burning, mycorrhizae numbers, soil nutrients and vegetation with severely burned
canopies had not recovered to pre-burn levels.

2.5 Effect of fire in soil properties
Effects of fire on the soil‟s physical and chemical properties differ with fire
temperature, intensity, duration and frequency and season of occurrence. Fire can
change soil properties such as soil texture, bulk density and porosity, infiltration and
permeability, colour and mineralogy, water and organic matter content, acidity,
exchangeable cations, and rates of mineralization of nitrogen (N) and phosphorus (P).
Indirect effects of fire to soils include erosion due to changes in soil hydrological
properties; leaching of elements; and changes in litter fall, nutrient up-take and plant
growth rate (Raison et al. 1990).

2.5.1 Effects of fires on soil physical properties
Fire may alter several physical soil properties, such as soil structure, texture, porosity,
wetability, infiltration rates, and water holding capacity. The effect of fire on soil
physical properties varies considerably depending on: fire intensity, fire severity, and
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fire frequency. In general, most fires do not cause enough soil heating to produce
significant changes to soil physical properties. This is particularly true for low intensity
fires. Even where fires do cause direct changes to soil physical properties, their indirect
effects on soil hydrology and erosion will vary greatly depending on the condition of the
soil, forest floor, topography and climate (Hungerford et al. 1990).

The long-term effects of fires on soil physical properties range from a single season to
many decades, depending on the fire severity, rate of recovery as influenced by natural
conditions, post fire use, and restoration and rehabilitation actions (Dyrness, 1976). On
the other hand, Heyward (1937) found in his study in the western USA that excluding
fire for as little as 10 years in longleaf pine forests resulted in more porous penetrable
soil.

2.5.1.1 Effect of fires on soil temperature
The intensity and duration of soil heating depends on the kind and spatial distribution of
live and dead fuels, topography and micro-relief, weather (relative humidity, wind and
temperature), soil texture and moisture content. Factors of wildland fuels that influence
soil heating include fuel types (grasses, shrubs, timber litter and duff), fuel
characteristics (fuel moisture), size and shape (light or heavy), fuel loading (quantity),
and horizontal continuity and vertical arrangement of fuels (uniform or patchy). Less
heat is produced in the soil during a fast-moving fire on an uphill run than during a
slow-moving backing fire (DeBano, 1981). Wells et al. (1979) have observed that fastpropagating, high energy surface fires produce relatively low soil temperatures
compared to low-intensity, slow-spreading or smouldering fires that have a much longer
residence time (10–15 hr).
19

Furthermore, Jury et al. (1991) have indicated that heat transfer into the soil depends not
only on the surface temperature and duration of exposure but also on soil water content,
soil texture, and the soil pore distribution. Thermal conductivity of soil depends on the
arrangement and contact of soil particles, and the proportion of water and air in the pore
spaces. Dry soils are good insulators of heat (Oswald et al. 1999), with surface
temperatures rapidly attenuating with depth into the soil column. A chaparral fire with
surface soil temperatures of 700°C produced temperatures of less than 200°C at a depth
of 2.5 cm, and a grass fire with surface soil temperatures of 250°C generated
temperatures of less than 100°C at a depth of 1.3 cm. Likewise, water needs to be
evaporated in moist litter and duff layers before combustion of organic matter can
begin. With a volumetric water content of 0.20 in both sand and clay, the thermal
conductivity of sand is approximately double that of clay; thus, depth of soil heating is
greater in sand compared to clay (Haase and Sackett, 1998).

2.5.1.2 Effect of fire on soil texture, structure and porosity
The textures of severely burned soils usually become coarser (from decreased clay
content) as a result of the melting and fusion of clay minerals. Heating the soil above
150°C will produce the aggregation of finer clay particles into larger silt and sand
particles (Giovaninni et al 1997).

According to Neary et al. (1999), soil structure degradation by fire can persist for a year
to decades after a fire and is often responsible for reduced infiltration and increased
runoff. DeByle (1981) also pointed out that intense burns may have a detrimental effect
on soil physical properties by consuming soil organic matter which holds sand, silt and
clay particles into aggregates, leading to loss of soil structure, and consequently
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increased soil bulk density, and reduced soil porosity (Wells et al. 1979), mostly
through the loss of macropores (> 0.6 mm diameter).

Various studies have been concerned with the effect of fires on soil aggregates. Ralston
and Hatchel (1971) reported that when fire exposes mineral soils, the impact of
raindrops on bare soil can disperse soil aggregates and clog pores, further reducing soil
porosity. Dyrness and Youngberg (1957) and Ulery and Graham (1993) studied the
alteration of soil texture under intense fires (>400οC). They found that intensive fires
may permanently alter soil texture by aggregating clay particles into stable sand-sized
particles, making the soil texture more coarse and erodable. In some cases, increasing
the coarseness of clay can makes soils more permeable to air and water (Chandler et al.
1983).

According to Nishita and Hang (1972) and Giovannini et al. (1988) particle size
distribution remains unchanged until 300-400οC but above this temperature range silt
and clay aggregates and the sand fraction of soils increases.

Despite the combustion of organic matter, increases in aggregate stability have been
reported by Giovannini et al. (1988), which suggests that factors other than organic
matter contribute to this effect. Any increase in aggregate stability after fire can be
explained by the increase of cohesion that individual aggregates undergo with
temperature, especially those richer in clay (Kemper et al. 1987), iron and aluminium
oxides and calcium carbonate (Giovannini et al. 1988).
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Heating promotes an age-hardening of soil aggregates due to changes in clay lattice
layers, changes in aluminium and iron oxides and crystallinity and decomposition of
calcium carbonates (Molina and Sanroque, 2000). They also report that the effects of
fire on water capacity storage and soil porosity are contradictory, and changes in soil
porosity induced by fire seem to depend not only on temperature levels and soil type,
but also on the amount of ash that enters the soil. Giovannini et al. (1988) have
observed an increase of total porosity at low temperature levels in clay soils but a sharp
decrease in total porosity at temperature up to 600◦C either in sandy or clay soils. In
contrast, Savage (1971) observed greater porosity in unburned soil in forest soils with
high organic matter content. Campbell et al. (1977) found that moderately burned areas
in pinyon-junpes woodlands and ponderosa pine forests of Arizona (USA) experienced
a 75% - 100% loss of organic material. This loss causes changes in soil structure and
porosity.

2.5.1.3 Effect of fire on soil bulk density and soil water content
The effects of fires on soil bulk density have been observed by many authors. DiazFierros et al.(1990) and Litton and Santelices (2003) showed that wildfires in
Nothofagus glacua forests in Chile, which has similar climate characteristics to the
Mediterranean region, did not affect soil bulk density. They suggested that this is a
result of rapid re-establishment of vegetation following a fire. However, DeByle (1981)
found that burning increased bulk density of the soil where fire varied in intensity and
degree of soil heating.
Fire‟s consumption of organic glues and fungal mycelium reduces soil aggregation, thus
increasing soil bulk density and reducing infiltration (Welling et al. 1984). Also
Ahlgren and Ahlgren (1960) found that fire can kill burrowing insects and soil
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microorganisms, indirectly reducing the production of macropores, thereby increasing
bulk density. However, consumption of organic particles within the surface horizon can
leave voids in the surface soil (Wells et al,. 1979), suggesting a decrease in bulk density
and an increase in porosity. Coarse-textured soils with low carbon content generally
show a lack of post-fire change in bulk density. Pore size distribution can be changed as
a result of surface sealing or plugging of macropores by smaller particles moving
downward into the underlying aggregate soil, effectively reducing infiltration and soil
permeability (Welling et al.1984). In addition, the thermal contact between soil particles
is enhanced when bulk density increases (Jury et al., 1991). Therefore, an increase in
bulk density can result in deeper heat transfer into the soil profile.

Fire alters the water balance at burned sites, which promotes changes in the hydrology
of hill slopes, stream channels and whole watersheds. These hydrological changes in
turn affect the erosion and sedimentation response of burned landscapes at all spatial
scales (Baker, 1990).

Soil moisture in burned areas reflect consequent changes in vegetation or soil properties
such as reduced infiltration by surface sealing (Ahlgren and Ahlgren, 1960) or by water
repellence (DeBano, 1981) which can lower soil moisture levels. However, Rowe and
Colman (1951) found that soil moisture can also increase after a fire, as interception and
transpiration are negligible, and they reported that on some post-fire sites both
conditions can occur simultaneously.

Doerr et al. (2000) have stated that the thickness, depth, intensity, persistence, and
spatial distribution of soil water repellence depends on the temperature and duration of
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the fire, depth of the litter and duff layer, species composition of the litter, soil moisture,
and soil texture. They concluded that heat from the fire vaporizes the organic matter and
drives it down into the soil profile, where it re-condenses along thermal gradients on
individual soil particles, thereby thickening the band of repellence. On the other hand,
Dekker et al. (1998), in their study, have suggested that the degree of temperature
determines the water repellence character of the layer that can form. They found that
water repellence is generally intensified at temperatures of 175°C–200°C, but can be
eliminated above 270°C–300°C.

Although many studies, such as Letey (1969) and DeBano (1998), have discussed the
formation of a water repellence layer after fire and changes in the infiltration properties
through the soil profile, Scott (1993) discovered in his study in South African mountain
catchments that post-fire soil water repellence may increase water availability for some
chaparral shrubs by channelling water more deeply into the soil profile following
preferential flow pathways, while at the same time reducing evaporation due to partial
dryness of the surface soil layer. Live roots, old root channels, and cracks can serve as
penetrating points for preferential flow of water through these layers providing water to
the deeper-rooted chaparral species. He reported that, in the post-fire environment,
chaparral shrubs are not affected directly by the water-repellent layer, because their root
systems remain intact, both above and below the repellent layer.

Litton and Santelices (2003) reported that the thick detrital layer common in deciduous
forests can be important for conserving soil moisture through its role in insulating the
mineral soil, and in absorbing and retaining water. As a result of the elimination of the
detrital layer during fire, however, the soils in the burned area apparently dry out much
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faster in the summer, and this may cause increases in the soil‟s temperature which in
turn leads to increased evaporation rates and soil drying.

The ability of soils to absorb water after fire is directly related to the degree of soil
heating and amount of organic matter consumed. The infiltration rate is often reduced
by fire on forest and range soils (Roger et al. 1991), though Wells et al. (1979) showed
increased infiltration rates or no change.

Neal et al. (1965) suggested that as soil heating increases, soil organic matter
decreases, and moisture-holding capacity is reduced. Furthermore, DeBano et al. (1979)
have shown that a water-repellent layer is sometimes created when volatiles from
burning organic materials are driven downwards and condense on soil particles.

Because the surface area per unit volume of coarse grains is less than that for fine
grains, Chandler et al. (1983) have concluded that coarse-textured soils became more
water repellent than fine-textured soils, so water movement and water holding capacity
are reduced at and below the water-repellent layer.

2.5.1.4 Effect of fire on soil colour
Some authors have noticed the effect of fires on soil colour. For example, Ulery and
Graham (1993) showed that clay minerals are not changed to a great extent during fires
due to the low content of clay in surface soil horizons and the high temperature required
for aggregation into sand-sized particles and changes in soil pore space. They concluded
that after severe burning in oak woodland forests in western USA, a 1-8 cm thick
reddened layer formed. This layer was redder in hue and had higher chroma and
25

munsell values than unburned soils. Underlying this was a blackened layer with a
thickness of 1-15 cm that had lower Munsell values. They attributed the redder hues in
the burned soils to the transformation of iron oxides and higher chromas and Munsell
values to nearly complete removal of organic matter.

Ketterings and Bigham (2000) considered that the post-fire colour of the mineral soil is
influenced by the type and amount of organic matter and iron oxides present before the
burning. They also noticed that low-intensity burns with surface temperatures of
100°C–250°C are characterized by black ash and scorched litter and duff. Moderate
burning, where surface temperatures reach 300°C–400°C, consumes most of the litter,
depositing gray and black ash. In areas not covered with ash, the soil is not altered in
colour.

High-intensity burning produces surface soil temperatures in excess of 500°C and
results in white ash remaining after the complete combustion of fuel and reddening of
the mineral soil surface (Wells et al., 1979). However, Neal et al. (1965) noted that the
soil colour becomes darker when mixed with black ash, lowering the percent of
incoming solar radiation that is reflected at the soil surface; therefore less incoming
radiation is reflected. The charred or blackened surfaces absorb more heat than an
unburned litter layer, resulting in higher soil temperatures during the day and greater
diurnal temperature ranges and extremes.
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2.5.1.5 Effect of fire on soil erosion
Fire can indirectly lead to soil erosion by removing protective surface covers and
altering the soil‟s physical properties (Imeson 1986). Swift et al. (1993) found that the
degree of erosion depends on several factors, including:


Soil texture: coarse textured soils erode more readily.



Slope: the steeper the slope, the more likelihood of erosion.



Vegetation: quick recovery of vegetation can slow erosion.



Fire severity: more severe fires increase the likelihood of erosion.



Litter: residual layers of litter can buffer erosion.



Precipitation: high rates of post-burn rainfall increase the chance of erosion.

Fire induces changes in soil structure and texture and can potentially impair soil
hydrology. DeBano (1971) indicated that decreased soil porosity and the formation of
water repellent layers decrease water infiltration rates. The loss of soil organic matter
and increased bulk density can decrease the water storage capacity of soils, especially in
flat terrain, particularly in the surface soil layer (Dyrness and Youngberg 1957).
However, in steep terrain it can significantly accelerate runoff, ash transport, erosion,
and mass wasting (Neary et al. 1999).

Studies by Moore and Singer (1990) suggested that fine charcoal particles can also
affect soil hydrology by enhancing the water-retentive properties of a soil and can make
a sandy soil behave like a clay. This effect could be ecologically significant in lowland
sites where it could contribute to poor drainage and waterlogged conditions which may
increase erosion by runoff.
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Due to removal of vegetation by fires, nutrients can be lost by erosion even though
plants nutrients are released and become highly available for plant growth (DeBano et
al., 1979; Dunn et al., 1979). On the other hand, McColl and Grigal (1977) reported that
high intensity fires can also change the physical characteristics of soil making it more
susceptible to nutrient loss through erosion, though in areas with little relief modest
topography makes erosion less likely than in mountainous terrain.

Krammes (1960) found in his study in Southern California chaparral (USA) that postfire surface erosion levels can increase by several orders of magnitude over pre-burn
rates. Fire increased both wet and dry hill-slope erosion by a total of 17 times over preburn levels. However, Heede et al. (1988) and Wohlgemuth et al. (1998) have noticed
in the Sierra Nevada (USA) that with vegetation re-growth and the depletion of easily
mobilized surface material, hill-slope erosion attenuates with time since the fire and
returns to pre-burn rates within 2–3 years.

2.5.2 Magnetic susceptibility and its relation with soil studies
Magnetic susceptibility occurs in most soils, and is due to the presence of iron oxides
such as Haematite (αFe2O3) (weakly magnetic), Magnetite (Fe3O4) (strongly magnetic)
and Maghaemite (γFe2O3) (strongly magnetic). Generally soils are weakly magnetic, i.e.
only haematite is present. However, haematite may be converted to the strongly
magnetic forms of iron oxides, magnetite and maghaemite by reduction and reoxidation
processes, respectively. Evans and Heller (2003) mentioned two possible mechanisms
for this conversion: (a) the effect of domestic fires on soils and vegetation matter and
(b) the decay of organic material associated with human habitation.
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Examination of the magnetic properties of soils began in the 1950s (Le Borgne, 1955).
The magnetic susceptibility of soils is predominantly controlled by magnetite and
maghaemite concentrations (Mullins, 1977; Maher, 1986).

The magnetic minerals present in soils are of both natural and anthropogenic origin, and
magnetic susceptibility mapping of soils is becoming one of the most important tools
for estimating anthropogenic pollution (Boyko and Stanjek 2004). Other uses of mineral
magnetic measurements are reconstruction of the palaeoclimate (Banerjee 1994) and
palaeoenvironment (Zhu and Jackson 2004), identification of sediment sources (Walling
et al. 1979), the study of pedogenic process (Liu et al. 2004) and the investigation of
erosion (Dearig and Happeywood 1981), fire history (Ruiping and Cioppa, 2006), and
industrial atmospheric pollutants (Hanesch and Rey, 2003). Many authors such as Eyre
and Shaw (1994), Dearing et al. (1996) and De Jong et al. (2000) have studied the
factors which have an effect on the soil‟s reference signal variation as a result of the
processes acting within the soil. These processes affected soil formation and so also the
soil type and magnetic susceptibility. These studies concluded that the climate, parent
materials, gravity and topography, water fauna and flora and human activities may
affect the susceptibility signal within a soil.

Magnetic techniques, which are fast and non-destructive and allow exploration of
extensive areas within short time periods, have been shown to be highly useful in
investigating industrial pollutants and other atmospheric aerosols (air borne particles)
(Hoffmann et al., 1999). For example, Ruiping and Cioppa (2006) have used the
magnetic property variations to create a map of the magnetic susceptibility variation in

29

the topsoil in Windsor-Essex County, Canada in order to distinguish between natural
and anthropogenic pollutants.

Williams and Cooper (1990) noted that using magnetic susceptibility measurements for
soil surveying was promising because magnetic susceptibility is strongly affected by
soil drainage class, as well as texture. Furthermore, Grimley and Vepraskas (2000)
found excellent correlation between lower magnetic susceptibility values and standard
hydric soil indicators at four sites in north-eastern Illinois, and proposed using surface
magnetic susceptibility measurements to facilitate faster and more precise hydric soil
delineation. In South African wetlands, Watson (2002) also tested the method‟s
application, where magnetic susceptibility generally matched wetland vegetation trends.
He found that the magnetic susceptibility values (volumetric) at several sites ranged
from 25 X 10¯5 to as high as 250 X 10¯5 m3 kg-1.

Mullins (1977) and Longworth et al. (1979) showed that the magnetic minerals arising
as a result of enhancement through burning include fine-grained ferrimagnets which,
depending on the conditions of heating and cooling, could be either non-stoichiometric
magnetite, or maghemite. Rummery et al. (1979) in their study in the surface sediments
of LIyn Bychan, North Wales, observed that strongly enhanced ferrimagnetic mineral
formation could be linked to fire that had occurred during the year preceding the study.
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2.5.3 Effects of fires on soil chemical properties
High soil temperatures may cause nutrient loss from the soil. Redistribution or losses of
organic compounds and nutrients within the soil often change the physical properties of
the soil (Wells et al. 1979). Many studies, for example Dyrness and Youngberg, (1957)
and Kovacic et al. (1986), have reported changes in chemical properties of soils in
relation to fire effects.

Although the relationship between fire and soil nutrients is complex due to the
interactions among many factors, fire intensity is usually the most critical factor driving
post-fire nutrient dynamics, with greater nutrient losses occurring with higher fire
intensity (Neary et al. 1999).

Various studies, for example Schoch and Binkley (1986) or Fisher and Binkley (2000),
reported that although fire can diminish nutrient pool sizes, soil fertility can increase
after low intensity fire because fire chemically converts nutrients bound in dead plant
tissues and soil organic matter to more available forms. Fire can also indirectly increase
mineralization rates through its impacts on soil microorganisms.

Carter and Foster (2003) found that the impact of fire on nutrient productivity is related
to fire intensity, and they reported that while high intensity fires (which are also more
likely to be of high severity) tend to decrease site productivity, low intensity fires can
increase site productivity because of releasing of the chemical nutrients from the burned
vegetation, which may provide a suitable environment for growth. This is consistent
with Ballard and Hawkes‟ (1989) study of 5-16 year old white spruce trees in British
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Columbia‟s central interior in Canada. They reported that trees planted on burned sites
grew faster than those planted on unburned sites.

Nutrient pools in the organic soil horizons are more likely to be impacted by fires than
those in the mineral horizons. For example, Wans et al. (2001) detected that nitrogen
(N) and sulphur (S) are sensitive to fire, and tend to diminish when organic soil horizons
are consumed regardless of fire intensity, but mineral N concentrations tend to increase
and become more available in the soil surface after burning.

Overby and Perry (1996) have studied the direct and indirect effects of fires on soil
chemical properties. The direct effects of fire on soil chemistry include oxidation of
litter and organic horizons, increased mineral mobility caused by ashing, heat-induced
changes in soil microflora, and nutrient volatilization, especially nitrogen, whereas the
indirect effects on nutrients include changes in soil moisture and temperature caused by
decreased shading and precipitation interception by vegetation and litter, changes in
rates of organic matter decomposition and other microbial processes, and selective
mortality of soil biota caused by heat. Other indirect effects include changes in N2
fixation rates, mycorrhizal relationships, and hydrologic export of nutrients by way of
mobilization and water movement through the ecosystem.

Combustion releases nutrients stored in live and dead plant biomass and makes them
readily available in the soil (McNabb and Cromack, 1990). Furthermore, Wells et al.
(1979) concluded that nutrients are rapidly incorporated into new foliar growth,
especially evident in resprouting species, promoting establishment of the post-fire plant
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community. However, the majority of fire-generated nutrient flush is transported offsite
by the actions of wind, runoff, leaching, and volatilization.

2.5.3.1 Effects of fires on soil organic matter
Organic matter is a very important soil component due to its influence on physical
properties (aggregate stability, water storage capacity, infiltration rate, bulk density,
porosity), chemical properties (nitrogen, phosphorus, cation exchange capacity), and
physiochemical properties (hydrophobicity, adsorption, retention of nutrients)
(Wischmeier and Smith 1971; Ekwue 1990; Laflen et al. 1991).

The decrease in organic matter content after a fire depends on the temperature levels
reached during burning. Roger et al. (1991) found that due to fire the amount of organic
matter and mineral nutrients in the soil can alter. For example, organic matter in the soil
is destructively distilled between 200 and 300ο C, is charred between 300 and 400ο C,
and is consumed above 450ο C. Niehoff (1995) found the organic matter content in the
top 8cm of mineral soil to be only 0.6% on extremely burned compared to 3.8% in
unburned soils. In addition, Trabaud (1983) observed that the changes in chemical
properties following a fire are primarily related to changes in the quantity and quality of
the organic matter on the soil surface, this indicates that burning can lead to a rapid loss
of nutrients from the system as a result of volatilization, leaching, run off, and/or ash
convection.

Wells et al. (1979) indicated that redistribution of organic matter from the forest floor
into the mineral soil may occur with light to moderate burning. They also indicated
there was a decrease in soil organic matter, and total N along with other minerals.
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In their study in central Alaska, Neff et al. (2005) found that wildfires in this region in
1999 were responsible for the combustion of approximately 1071-1450 g C m-2 and they
concluded that there were indications of large N losses, but smaller changes in stocks of
Ca, Mg, and P one year after the fire. Fernandez et al. (1997) reported that at 220°C,
37% of the soil‟s carbon was lost, and at 350°C, 90% of its carbon was lost. The rapid
loss of carbon as carbon dioxide (CO2) during fire lowers the C/N ratio. With carbon
energy sources in short supply, bacteria and fungi die and as they have a high N mass
their decomposition releases N into the soil solution (Donahue et al., 1983).

Numerous authors have stated that the extent of soil organic matter decomposition
varies according to the intensity of fires. For example, Kang and Sajjapongse (1980)
reported that distillation of volatiles and loss of organic carbon in soils starts at
temperatures between 100 and 200οC: above this the charring process starts. Between
130 and 190οC lignins and hemicellulose begin to degrade (Chandler et al. 1983). On
the other hand, Kincker et al. (2005) found that temperatures over 300οC exert structural
changes, mainly decarboxylations, and an increase in the proportion of aromatic
structures.

2.5.3.2 Effects of fires on soil nitrogen content
Forest fires are known to influence nutrient cycling, particularly soil nitrogen (Driscoll,
et al. 1999). Nitrogen comprises almost 80% of the earth‟s atmosphere, and the
productivity of most temperate terrestrial ecosystems is limited by it (Grier 1975).
DeBano et al. (1998) found that fire dramatically alters nutrient cycling through
volatilization, substrate transfer in the form of particular matter, smoke and ash as well
as by inducing nutrient losses and leaching. For example, three days after a forest fire,
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Morz et al. (1980) reported a 77% increase in ammonium (NH4+), a 37% increase in
nitrate (NO3–) and an 11% decrease in total nitrogen in a red pine forest in Michigan in
USA. Feller (1989) found a 60-85% reduction in total nitrogen content following a fire.

The effect of fires on the nitrogen cycle in soils was clearly described by Neil et al.
(2006) (Figure 2.2). They described the transformation of nitrogen under the effect of
fires as occurring in several accelerated loss steps. They reported that between 400οC
and 500ο C volatilization caused 75% to 100% of nitrogen to be lost; between 300οC and
400οC, 50% to 75% is lost; from 200οC to 300οC, up to 50% of nitrogen is lost; and
below 200οC only small amounts of nitrogen are lost. The ash is formed by combustion
of living and dead plant material; litter is often removed by wind and contains small
amounts of nitrogen, but has increased amounts of cations that were present in the fuels
before burning. The other step is leaching, which is the transport of NO3¯ which is less
easily attached to soil particles, downward through the soil profile to below the root
zone. Post-fire, more NO3¯ is available to be leached because of absence of uptake by
vegetation. The problem is complicated by surface erosion, when the removal of NH4+
attached to clay particles occurs.

Another cause of nitrogen loss is the effect of fires on the important biological nitrogen
transformation processes. Nitrification, which is the oxidation of ammonium (NH4+) to
nitrite (NO2¯) and then to nitrate (NO3¯) by Nitrosomonas bacteria can be affected
because these bacteria can be killed in dry soil at 140οC and in wet soil at 75οC.
Nitrobacter bacteria are more sensitive and are killed at 100οC in dry and 50οC in wet
soil. Mineralization, which is a conversion of organic N to the ammonium form through
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decomposition, is also accelerated by fire. Losses may also occur by immobilization and
biological fixation of nitrogen.

Figure 2.2 Illustration of the effect of fires on nitrogen cycle in soils. (Source: Neil
et al, 2006, 82).

Kimmins (1996) recorded the effects of fires on soil nitrogen. He reported that long
periods of fire exclusion result in wildlands with N-limiting conditions. He also found
that soil nitrogen is taken up and held in the organic form resulting in high C/N ratios;
thus only a small portion of total nitrogen is available for plant uptake. Combustion of
organic matter by fire lowers the C/N ratio releasing a flush of available nitrogen to the
soil. However, fires heating the soil also volatize nitrogen. Kimmins (1996) also
reported that fire during the dry season can result in total biomass consumption and
decreases of nitrogen in excess of 1,120 kg ha_1.
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In the sub-Boreal spruce forests of British Columbia‟s central interior in Canada, Beese
(1992) reported a loss up to 88% of total nitrogen in the forest- floor layers immediately
after forest fires. However, Curran (1994) determined that total nitrogen content in the
forest floor had returned to pre-fire levels 30 years after burning. He attributed that to
amelioration of the microclimate, since increased soil temperature made conditions
conducive for mineralization and plant growth.

In their study of the effect of hill fires on upland soil in Hong Kong, Marafa
and Chau (1999) observed that repeated fires reduced total nitrogen by 75% ; NH4+ by
44%, and NO3¯ by 42%.

Other studies have reported variable results in relation to fire effects on the nitrogen
content of soil (Johnson and Curtis, 2001).

Wans et al. (2001) pointed out that

published responses of inorganic nitrogen to fire are significantly affected by sampling
depth, fire type, and the time elapsed since the fire. Furthermore, Kutiel et al. (1990)
observed a reduction in total soil nitrogen of 42% following fire, and the lower levels of
nitrogen persisted for two years after burning. In contrast, Jurgensen et al.(1981)
observed that fire causes an immediate increase in ammonium (NH4+), a readily
available form of nitrogen. The same result was found by Neal et al. (1965) and
DeLuca and Zouhar (2000).

DeBell and Ralston (1970) pointed out that during pyrolysis, organic nitrogen (mainly
amino acids in plant material and litter) is converted to volatile, gaseous forms of NH4+
(ammonia), molecular N, and various oxides of nitrogen. They found that 62% of the
nitrogen content of pine needles and litter was lost during combustion, mostly as
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gaseous nitrogen, and concluded that the loss of nitrogen is partially compensated by the
increased availability of the nitrogen that remains after the fire. On the other hand,
Christensen (1973) found in his study in Californian chaparral (USA) that soluble forms
of nitrogen, ammonium (NH4+), and nitrate (NO3¯) were higher in burned soil than in
unburned soil, and Christensen and Muller (1975) suggested that increases in (NO3¯)
after fire are due to mineralization and nitrification.

Prieto-Fernandez et al. (1998) found that exchangeable NH4+ can increase during fire.
In a ponderosa pine forest, the same results were found by Choromanska and DeLuca
(2001). They found that NH4+ concentrations remained higher than did the unburned
control for a year, with initial post-fire concentrations of NH4+ for wildfire of
19.5 µg g_1 as compared to the unburned control of 1.9 µg g_1. They reported
exchangeable NH4+ may originate from the thermal decomposition at 200°C of organic
matter amino acids.

Some studies (e.g. DeBano, 1988 and Neary et al., 1999) also indicate that inorganic
and labile nitrogen ( i.e. readily available N) concentrations can remain reduced for an
indefinite period of time, depending on burning intensity, soil water content, climate,
and other ecological drivers that govern post-fire recovery. On the other hand, St. John
and Rundel (1976) have outlined some of the biological transformation processes of
nitrogen that occur in soil after fire, and

noticed that on mountain white-horn

(Ceanothus cordulatus) with nitrogen-fixing symbionts in its root nodules, and
broadleaf lupine (Lupinus latifolius), an herbaceous perennial legume ( both colonizers
of recently burned soils that post-fire conditions favour), the N-fixation associated with
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these plants was greater than that achieved by free-living microorganisms, and can be
expected to add significantly to total soil nitrogen.

2.5.3.3 Effects of fires on soil phosphorus
Fire can cause the release of inorganic phosphorus from soil organic matter. However, a
fire‟s effect on soil phosphorus availability is likely to be complex. Availability could
be decreased by adsorption to newly exposed or newly created Fe and Al hydrous oxide
surfaces or precipitation with calcium. Conversely, phosphorus availability can be
increased by degradation and partial combustion of soil organic matter and by increases
in pH, causing desorption from Fe and Al hydrous oxides surfaces (Murphy, 2006).

It is not surprising that the effects of fire on soil phosphorus availability vary from study
to study, with some showing increases (Dyrness 1989; Saa 1993; Romanya' 1994;
Hauer 1998) and others showing decreases (Carreira 1996; Marafa and Chau 1999) and
some showing a varying relationship to fire intensity (Ketterings 2000).

Many studies have explored the change in phosphorus content of soil pre- and postfires. DeBano and Klopatek (1988) reported that significant increases in NaHCO3- P
(total bicarbonate-extractable phosphorus) lasted only 45 days following burning, and
Adams et al. (1994) noted that it is common for fire-induced extractable-P increases to
decline to pre-burn levels within 1 year.

Other studies have examined the effects of fire on soil phosphorus contents at different
soil depths. Wells (1971) conducted a study on the effects of wildfire on phosphorus
content of forest soils and found significant increases in extractable phosphorus in the 039

10cm layers of a coastal plains pine system after 20 years of annual burning. DeRonde
(1990) also found that a high intensity wildfire resulted in an immediate increase in
phosphorus levels from the 0-5cm layer of a Pinus pinaster forest in the southern cape
forest region of south Africa. However, Murphy et al (2006) found in their study that no
firm conclusions could be made about the short-term effects of fire on phosphorus
availability. Stephens et al. (2004) found that fires released calcium and raised soil pH,
and may have resulted in the incorporation of phosphorus into insoluble forms.

Blank et al. (2006) studied the effects of the fire on soil solution ortho-P and suggested
that available phosphorus was higher in the early stages after the fire. However
cumulative phosphorus leaching as measured by resin lysimeters, was not significantly
affected by the fire, and they concluded that no firm conclusions could be determined
regarding the short-term effects of fire on phosphorus availability.

The majority of phosphorus is lost during volatilization of the litter and biomass. Fire
temperatures above 300°C increase the volatilization losses of organic phosphorus,
whereas water-soluble, available phosphorus increased after burning (Giovaninni and
Lucchesi 1988). They also reported that, as soil organic phosphorus is thermally
mineralized, available phosphorus increases with increases in temperature. Furthermore,
Overby and Perry (1996) found that volatilized phosphorus from the litter and surface
organic matter can be translocated down the soil profile along a decreasing temperature
gradient, subsequently condensing on the intervening soil particles.

In their study of soils for the Pentli mountain (a forested area mainly covered by pine
(Pinus halepensis), near Athens, Greece), Pappa et al. (2006) found that the application
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of Fire-Trol 93 (a long term fire retardant based on polyphosphates) resulted in
leaching, into the drainage water, of phosphorus from a typical Mediterranean forest soil
in pots following application of a simulated annual precipitation. The presence of
vegetation seems to affect the leaching of phosphorus, i.e., the leaching of phosphorus
following the application of Fire-Trol 93 was higher from pots without vegetation,
compared to pots with a living tree.

2.5.3.4 Effects of fires on soil exchangeable cations and cation exchange capacity
(CEC)
Cation exchange capacity (CEC) is the sum of the exchangeable cations found on
organic and inorganic soil colloids. Total CEC can be decreased by burning, and may
remain low for at least one year after a fire, because organic matter, which provides a
large reactive surface area, is consumed (St. John and Rundel 1976; Dunnwiddie and
Adams, 1995). The former researchers reported that, even though CEC is reduced, the
plant-available nutrient status of the soil is increased in response to the fire-induced
release of organically bound nutrients such as potassium (K), calcium (Ca), and
magnesium (Mg) found in the ash. They also reported that burning increased
exchangeable K and Mg, and dramatically increased exchangeable Ca, as a result of
virtually all of the Ca from the litter being deposited on the mineral soil.
Copper (Cu), aluminium (Al), molybdenum (Mo), and manganese (Mn) showed
increases following fire, whereas iron (Fe), strontium (Sr), barium (Ba), and zinc (Zn)
showed medium to large reductions (Hough, 1981). Increases of Mn in the surface
horizons were attributed to the deposition of ash from the burnt vegetation, whereas
increases of Mn in subsurface horizons were due to its transportation in the form of
organic complexes through soil macropores (Gonzalez-Parra et al., 1996). Fires liberate
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base cations from plant biomass and organic material, raising pH and increasing base
saturation (Tisdale et al. 1993).

Also, Grove et al., (1986) noticed that though there was a pulse of base cations after a
single burn, as burn frequency increases the magnitude of the pulse declined. They
explained that this effect arises because of an initial large release of the base cations
reservoir in standing biomass and organic materials, followed by a steady loss of cations
from the soil as they are leached away. They concluded that further burning does not
replenish the soil base cations pool because the standing biomass and organic matter
pools have previously been exhausted by burning.

In their study on the effect of hill fire on upland soil in Hong Kong, Marafa and Chau
(1999) noted that repeated fires raised exchangeable H+ and K+ by over 100%, but
reduced total exchangeable H+ by 85%, Na+ by 42%, Ca+2 by 83%, Mg+2 by 41%,
Mn+2 by 14%, Fe+2 by 12%, and Zn+2 by 4%. They also found fire similarly reduced the
effective cation exchange capacity (ECEC) and base saturation by 85% and 90%,
respectively.

Khanna and Raison (1986) noted that fire caused an increase of exchangeable K+ at a
burnt site, but not Na+, Ca+2, or Mg+2. In addition, they reported that incomplete
combustion of organic matter by low intensity fire could have partly accounted for the
insignificant release that they recorded of cations to the soil. Furthermore, successive
fires could reduce the availability of these cations in the ecosystem. By contrast, Barber
(1995) observed that the pumping up of nutrients by vegetation from the deeper horizon
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to the surface by the more established vegetation probably accounted for higher
concentrations of exchangeable Na+, Ca+2, and Mg+2 in an old burnt site.

Other studies have noted the effects of fire on soil micronutrients. For example,
although Smith (1970) found that exchangeable Cu+2 was not affected by fire, the
concentrations of Mn+2, Fe+2, and Zn+2 were higher in an old burnt site than a new burnt
site. Grove et al. (1986) found that Zn+2 and Mn+2 were elevated by burning.

Although Litton and Santelices (2003) found that potassium appears to decrease in
concentration with time after a fire, DeRonde (1990) reported significantly higher levels
of exchangeable potassium in burned forests for a period of 21 months following a
wildfire. In contrast, Murphy et al. (2006) found in their study that there were no
consistent or significant effects on potassium content in soil after fire.

2.5.3.5 Effects of fires on soil pH
Increases in soil pH following fire have been widely reported (Wells, 1971;
DeRonde ,1990; Diaz-Fierros et al. 1990; Kutiel et al. 1990), and are primarily due to
an increase in base elements contained in the ash residue and a decrease in organic
materials. Pritchett and Fisher (1987) have shown that the magnitude and duration of pH
change is dependent on the amount and base content of the ash, the texture, and organic
matter content of the soil. However, most studies have shown increases in base cations
and pH following fire due to the influx of ash into the soil. Raison and McGarity
(1980), Khanna et al. (1994) and Certini (2005) observed that fire can cause increases in
pH both by combustion of some carboxylic acid groups in the soil organic matter as
well as through the release of base cations from the ash.
43

The basic cations in the ash can raise the pH of the surface soil as much as three units,
thus fundamentally altering many chemical weathering reactions (Ulery and Graham
1993). Tiedemann et al. (1979) pointed out that the ash is highly soluble and most
compounds are removed from the soil in the first post-fire wet season. They found that
calcite, which is less soluble, can still be present in the soil 3 years after burning,
resulting in surface soils of moderately alkaline pH. In context, Marafa and Chau (1999)
studied the effects of fire on soil pH and found that fire raised the pH by 0.33 units in
the 0-5cm layer at a new burnt site and by 0.27 units at (5-10cm) in an old burnt site.

St. John and Rundel (1976) noticed that the important implication of increased pH in the
burned soil is encouragement of increased nitrogen fixation, whereas Murphy et al.
(2006) found that consistent increases in exchangeable Ca+2 and pH in all horizons is a
result of fire.

On the other hand, Wells et al. (1979) considered that burning affects the chemical
properties of soils by converting organic matter, including the residues in the litter layer,
to ash and precipitation washes and leaches the ash into the soil, affecting the pH and
the concentration of solutes. They also noticed that winds associated with very intense
wildfires may remove most of the ash from a site.

Because soil temperature decreases with increasing soil depth, the magnitude of pH
increases is higher in the top soil than in deeper layers (Humphreys and Craig, 1980).

Under high rainfall conditions, Wodmansee and Wallach (1981) noticed that there was
a low soil pH in an old burnt site and they attributed that to the uptake of elements by
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plants and the leaching of the ash element. Chandler et al. (1983) found that soil pH
values were found to return to pre-burn levels within 3 years following a low to
moderate intensity fire.

2.6. Rationale for the study
Despite the fact that the Mediterranean region, which is classified as semi-arid and with
a poor content of organic matter in the soil, is one of the areas in the world which is
most vulnerable for forest fires, most of the studies indicated in this chapter on the
effects of forest fires have examined their impact on soils receiving high rainfall and
with high levels of organic matter. It is clear from the review of the literature that the
effects of fires on soils properties are crucially dependent on circumstances and,
therefore, it is likely that such effects could well be different in Mediterranean soils to
those described above.

This study therefore will be investigating the effects of forest fires on soils from one
particular country in the Mediterranean, Libya, and will hopefully provide information
which will contribute to an understanding of the deterioration of the forests in the
selected region. This may help to combat the spread of desertification and contribute to
the development of plans for conservation of soils in this important region in Libya. To
assist in this, two different geographical units from the region, which been burned at
different times, will be sampled to broaden the range of conditions which will be
investigated.

The literature review also highlighted the potential usefulness of magnetic susceptibility
studies for detecting the impact of forest fires on soils, but revealed that it has been little
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used as a technique for this purpose, and as far as can be determined, this will be the
first time that it will have been used for studying the effects of forest fires in the
Mediterranean region.
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Chapter 3: Methodology
In this chapter information will be given on the study area, and the field and laboratory
methods used in this study according to referenced standard methods will be discussed.

3.1 General description of the study area
This study was conducted in the Aljabal Alakhdar (green mountain) region (Figure 3.1).
This mountain range is roughly oval in shape, trending North-east and extending over
most of the Cyrenaic Peninsula. It rises to 882 m above sea level and its character is
mostly that of a slightly undulating plateau, with intermittent valleys. The highlands
slope gently downwards towards the South and East. The northern slope is marked by
two distinct escarpments. One escarpment is closely connected with the present coast
and the upper one lies 5-15km inland (Rőhlich, 1974).

Aljabal Alakhdar essentially consists of upper Cretaceous and Tertiary marine
sediments laid down at the southern margin of the Tethys geosynclines which are now
attached to the African continent by Neoidic tectonic processes (Lanbscher and
Bernoulli, 1977). Limestones constitute more than 90% of the soil geology (Figure 3.2),
the rest being marls and dolomites (Desio, 1968).

The climate in the study area is semi-arid, being hot and dry in the summer, warm and
wet in the winter. Most of the precipitation falls during the period from October to April
at an annual rate of between 275-660 mm. The annual minimum and maximum
temperatures are approximately 10 and 35° C, annually (The Meteorological Service
Centre, Shahat-Libya, 1999).
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Figure 3.1 Map showing the distance between the locations of the two study sites
(coastal and mountain). (Source: Libyan National Atlas, 1980).

The first site that has been used in this study lies in the coastal region (Figure 3.3). It is
in an area called Ras Alhelal; subsequently, this site will be referred to as the coastal
site. It is located between the longitudes 22° 12' 030"and 22° 13'120", and the latitude
32° 52' 390" and 32° 53' 132" at an altitude of 83 m above sea level, approximately 1.5
km away from the seashore.

The area is commonly occupied by forests, which consist of species such as Juniperus
phoenicia, Pinus halepensis, Arbutus pavarii, Ceratonia siliqua, Olea europea var.
eleaster, and bushes such as Pistacia lentiscus, Phlomis floccosa, Rosmarinua
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officinalis, Cistus sps., Marrubium vulgare, and Phillyrea angustifolia. The forest has
existed for at least 200 years (Alzunni, 1977).

Figure 3.2 General view showing a rock section in the coastal study area (Ras
Alhelal) illustrating the predominantly limestone rock type in the area. Note how
thin the surface soil horizon and the vegetation are. (Photo by the author, August,
2008).
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Figure 3.3 View of the coastal site in the study area (Ras Alhelal). Note: (1) The
dead trees, probably killed by fire; (2) the sparse regenerating vegetation; and (3)
the very low level of humus in the soil. (Photo by the author, August, 2008).

Barr and Hammuda (1971) defined the Appolonia formation as the main geological
formation at the site. It is a limestone of Eocene age. This formation lies below the soil
and is the soil‟s parent material. At the site, the uppermost part of the Appolonia is
represented by very fine-grained, relatively pure, chalky, limestones forming beds 0.5 to
3m thick. These limestones are cream-coloured and release a typical bituminous smell.
A characteristic features is the numerous, dark brown cherts.
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According to the American soil classification system, the soils in the area are classified
as Lithic Hapeloxeralf, i.e.: Lithic: soils containing rock fragments recently formed
through rock weathering; Hapel: not fully developed soil horizons; Xer (Xeric): soil
moisture regime common in the Mediterranean climate regions; and Alf (Alfisols):
soils with sub-surface horizons which result from an accumulation of clay and contain a
moderate to high base saturation ; water is held at < 15 bar tension for at least three
months each year during the growing season (FitzPatrick, 1983).

These soils are commonly associated with Mediterranean forests in which the climate is
characterised by mild or warm temperatures in winter, and is dry for more than 45
consecutive days in summer. Usually they are inclined to brown or red colour in their
profiles (USDA, 2001).

In the year 2000, fires affected the forests of this region (Figure 3.4) destroying the
vegetation in more than 22 hectares out of the total of about 120 hectares (Eldoumi et
al. 2002).
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Figure 3.4 The effects of fire on the coastal site of the study area (Ras Alhelal).
Note: The area in the ground was burned in 2000 and had been recovering for
eight years since the fire (this picture was taken by the author in August 2008).

The second site used in this study is located in an area called Marawah, approximately
150 km South-West of the first site (Figure 3.1). Throughout the rest of this study it will
be referred to as the mountain site. It is located between longitude 21° 24' 021" and 21°
25' 299" and latitude 32° 29' 038" and 32° 29' 464" , at an altitude of 540 m above sea
level, and about 2 km east of Marawah village. The modern road runs between the
burned and unburned areas (Figure 3.5).
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This site is one of ancient woodlands which consist mostly of Aleppo trees (Pinus
halepensis). These woodlands have been grazed for more than 40 years.

Figure 3.5 The mountain study site of the study near Marawah area looking from
the burned area to the unburned woodland, which is on the far side of the road.
(Photo by the author, August 2008).

Kleinsmiede and Van den Berg (1968) defined the Al-albraq formation as the main
geological formation of the site. These rocks, which consist of limestone (partly
calcernite to calcilutite), dolomitic limestone, dolomite and marl are of Oligocene age
form the parent material of the soils at this site.
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According to the American soil classification system (USDA, 2001), the soils in this
site are classified as Typic Haploanthrepts, i.e.: Typic means fully representative of this
category, Hapel: not fully developed soil horizons, Anthro: soil profiles which are
formed as a result of human intervention and ept. (Inceptisols): soils with altered
horizons that have lost materials by leaching but also contain weatherable minerals and
without any accumulation of these minerals. Soil-water is available for plants for more
than 6 months in the year ( FitzPatrick, 1983).

In July 2008 fires swept through about 11 hectares of this site (Figure 3.6).

Figure 3.6 Fire effects on the Marawah forests (the mountain site). Note: the effects
on the soil surface and the Aleppo tree (Pinus halepensis) trunks. (Photo by the
author, August 2008).
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These sites were chosen so that the potential impacts of fire on their soils could be
assessed based on exposure to fire at different periods of time, and therefore by
comparing the results obtained it may be possibly to identify whether these soils are
capable of regaining their pre-burn status over time.

These sites occur in the same region (Aljabal Alakhdar) and in convergent climatic
conditions, however they lie in different geographical units (coastal and mountain) and
have a different vegetation density.

Interpretation of the results obtained from studying the soil physical and chemical
properties of these sites therefore needs to take account of these differences, but the
statistical analysis performed should enable the different factors such as site location to
be disentangled from the effects of burning on these soil properties.
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3.2 Field data collection

3.2.1 Soil profile description
After selection of the study sites, the locations for soil profiles were chosen. For each
site (coastal and mountain) two full soil profiles (one in the burned area and another in
the unburned) were exposed by digging a pit down (1×1×0.6 m3 for the coastal site and
1×1×0.7 m3 for the mountain site) to identify any differences in the soil
characterizations and to allow samples of each soil horizons to be obtained for later
analysis. Then the soil profiles were described according to the methods of USDA,
(2001).

3.2.1.1 The coastal site (Ras Alhelal)
In both soil profiles description at the coastal site (Figure 3.7), soil horizons with the
following properties have been identified at three depths:

0→ 15 cm:
Horizon colour: when dry: reddish brown (5YR 4/4).
When in a wet state: dark reddish brown (5YR 3/3).
Observed soil structure and texture: silty-clay, fine sub angular blocky structure, loose,
granular, sticky and plastic when wet, firm when dry, non calcareous, no mottling, a few
rocks of medium size sharp edges, many fine fibrous roots, clear wavy boundary.

15→ 35 cm:
Horizon colour: in both the dry and wet state dark reddish brown (2.5 YR 3/4).
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Observed soil structure and texture: silty-clay, large well developed sub angular blocky
structure, fine sticky and plastic when wet, firm when dry, non calcareous, no mottling,
a moderate number of large rocks with sharp edges, many fine woody roots, irregular
boundary.

35→ 60 cm:
The same as for the 15 to 35 cm depth above but there is an increase in firmness.

>60cm:
Rocky parent material.

Figure 3.7 Soil profiles of the coastal site (Ras Alhelal): A is a burned area’s profile
while B is an unburned area’s profile. (Photos by the author, August 2008).

3.2.1.2 The mountain site (Marawah)
Again, the profile did not differ between burned and unburned areas in the mountain
site.

The following properties of the soil profiles from the mountain site (Figure 3.8) have
been observed and recorded:
57

0→15 cm:
Horizon colour: in a dry state; yellowish red colour (5YR 5/6): in a moist state; reddish
brown (5YR 4/4).

Observed soil structure and texture: silty sandy clay, granular, developed sub angular
blocky structure, slightly sticky and moderately plastic when wet, many fine fibrous
roots, no mottling, clear wavy boundary.

15→ 45 cm:
Horizon colour: in a dry state; yellowish red colour (5YR 4/6): in a moist state: reddish
brown (5YR 4/4).

Observed soil structure and texture: silty sandy clay, sticky and plastic when wet, firm
when dry, many of fine woody roots, many calcareous mottles, abrupt smooth
boundary.

45→ 70cm:
Horizon colour: in both a dry and wet state ; reddish brown colour (5YR 4/4).
Observed soil structure and texture: silty sandy clay, fine plastic when wet, slightly
calcareous and mottling.

> 70 cm:
Rocky parent material.
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Figure 3.8: Soil profiles of the mountain site (Marawah). A is a profile from the
burned area while B is a profile from the unburned area. (Photos by one of the
field assistants, August 2008).

3.2.2 Soil sample collection
At each of the two sites sampled (coastal and mountain), two areas (burned and
unburned) were studied. According to the soil profile description in the two sites, which
were consistent in their soil characterizations for burned and unburned areas, the soil
samples from the coastal site in the burned and unburned areas were collected from
following horizons that were identified in the field, i.e. from the centre of the following
layers: 0-15, 15-35, and 35-60 cm depth. Samples from the second site (mountain) in
the burned and unburned areas were taken from the centre of the horizons: 0-15, 15-45,
and 45-70cm depth.

The sampling protocol followed for both sites, both burned and unburned areas, was as
shown in Hemingway (1955). This protocol involved collecting the samples from nine
positions in the form of a zigzag line to cover the studied area as much as possible, in
the circumstances of this study the distance between each point was about 18 meters in
the coastal site and about 22 m in the mountain site (see Figure 3.9).
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Burned

Unburned

Figure 3.9 Schematic diagram of the sampling procedure, based on taking samples
from adjacent burned and unburned areas using a zigzag sampling pattern, with
samples being taken at each of the nodes indicated. The samples were 18 m
distance from each other along the line shown in the coastal site and 22 m apart in
the mountain site; 9 samples were therefore taken per area, each consisting of
three depths. See text for further details.

To avoid the mixture of the samples with each other, the third depth was collected first,
then the second and finally the first depth. This means there were three soil samples at
each of nine positions per area. All samples were collected by use of an auger which
was marked at the required depths. The samples were collected from the north to the
south along the zigzag line.

All samples at the four study areas were collected by auger tool which was marked at
the required depths. A total of fifty four soil samples were therefore collected from
each site (3 depths × 9 replicates × 2 areas),and the total number of samples for both
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sites was 108 . Each sample weighed approximately 1 kg, and was placed in labelled
sample plastic bags and tightly closed to retain moisture.

3.2.3 Initial estimation of water content
After collection in 24 hours (in August 2008), a sub-sample from each sample was
taken and used to establish the water content. This determination was made in the
University of Darnah (Libya) labs (Figure 3.10) using the method of Black et al. (1965).
This involves taking a 50 gr from each sample and drying it in an oven at 105°C for 24
hours and re-weighing, to determine the loss of weight, to determine the original water
content. The difference gave weight of moisture. The amount of moisture was expressed
as a percentage of the original wet soil weight.

The remaining samples were then manually broken down and air- dried for not less than
72 hours. The samples were then disaggregated by mortar, passed through a 2 mm sieve
and placed in labelled sample plastic bags. They were stored in wooden boxes before
being shipped to the University of Bradford (UK) for chemical, physical, and magnetic
properties analysis.
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Figure 3.10 The estimation by the author of the water content of collected soil
samples in the University of Darnah labs (Libya).
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3.3 Methods of analysis of soil physical properties

3.3.1 Soil particle size analysis
Soil particle size has been determined using the pipette-sedimentation method (Black et
al., 1965). 100 g from each dried and sieved (through 2mm sieve) soil sample fraction
was placed into a beaker; and 100 ml of hydrogen peroxide solution (H2O2) was added
slowly until the frothing ceased in order to remove the organic matter. Each sample was
then boiled for 5 minutes to destroy excess peroxide solution. 100 ml of distilled water
was then added to the sample to cool the mixture; the contents of the beaker were then
placed in an oven and left to dry overnight at 60° C.

The sample was then transferred to the top section of a nest of sieves arranged in the
following order: 1000, 500, 250, 125 and 75µm mesh sizes. These sieves were shaken
on an automatic shaker for 15 minutes to separate the sample fractions according to the
mesh size of each sieve. The set of sieves was put in a container and wet sieving used to
reduce the chance of aggregates remaining within sieves of the many mesh still. The
sieve stack with the soil sample, which was now separated by size, was placed in the
oven at 60°C for 24 hours to dry.

The material smaller than 75µm together with the water that passed through the sieve
stack were placed in a 1 litre cylinder, and 500 ml of water and 10 ml of sodium
hexametaphosphate solution (to help prevent particles aggregation) were added and the
cylinder stirred vigorously. The cylinder contents were made up to 1 litre by adding
water and the cylinder was shaken vigorously, to obtain a uniform mixture. The sample
was left to allow settling; the time allowed for this process was calculated using Stokes‟
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law. A 25ml pipette with 10 cm marked from its tip was set up. At the specific time for
each sample fraction, a 25ml pipette sample of the material in the cylinder from a depth
of 10 cm below the surface of the liquid was taken and transferred to a 50ml beaker
which had been pre-weighed. The beaker with its contents was placed in the drying
oven set at 90°C. When fully dry the beaker and its contents were re-weighed. By
deducting the weight of the beaker the weight of the sediments was determined. Then
the percentage of material finer than the known mesh size could be calculated. The data
was organised to show the cumulative amount of soil less than each specified size. The
percentage less than each size was then plotted on a cycle log-normal graph paper. The
texture of the sample has been identified as shown in Black et al. (1965).

3.3.2 Soil particle density
Particle density was calculated using the density bottle method (Black et al., 1965). A
50g sample was added to the density bottle and water added up to the 500 ml mark in
the bottle, the bottle and its contents were then weighed. The water and sample were
removed from the bottle and it was cleaned. Water was again added to the mark and reweighed. By summation of the weight of bottle and water and weight of sample (50g)
then deduct the weight of bottle and water, the volume of sample was calculated, as
shown in Black et al. (1965) : ʃ = M / V

where:

ʃ = density of soil particle.
M = mass of the soil sample (g).
V = volume of the soil sample (cm-3).
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3.3.3 Soil porosity
The soil porosity was estimated after establishing the soil particle density, as shown in
Black et al. (1965), using the following formula:
St: 100 [(pp - Db) / pp]

Where:
St: soil porosity.
pp: assumed value of 2.65g cm-3 for particle density of mineral soils.
Db: particle density of the soil sample.

3.4. Soil magnetic susceptibility:
Estimation of magnetic susceptibility of the soil samples was achieved by using the
device (Bartington ms2 B, 2 frequency), according to the model of Dearing (1994). A
15g portion of a 2 mm sieved sample were taken and put in the sample pot. After setting
the instrument to zero (this was done between each sample), readings were then taken at
0.1 device volume range. The measurement of changes in magnetisation of the samples
under the influence of an applied magnetic field is a magnetic susceptibility. The data
are in m3 kg-1.

3.5. Soil chemical properties
All soil chemical analyses were performed in the Department of Geography and
Environmental Science laboratories at the University of Bradford, UK. The specific
procedures used are indicated in the subsections that follow the description of general
procedures given below.
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Samples that had previously been air- dried for 72 hours were disaggregated and passed
through a 2 mm sieve; 1:1 soil-water extracts were prepared according to the method
described in Black et al. (1965). A 100 g soil sub-sample was taken from each sample
and placed in a plastic bottle and 100 ml of distilled water were added to it. The bottle
was sealed and transferred to the mechanical shaker for 1 hour, then left overnight to
reach its stable suspension position phase. The mixture was filtered through a Whatman
filter paper number 42. The extracts were collected in small plastic containers, labelled
and the soil electrical conductivity (EC) and soil pH were estimated immediately. The
samples were then stored in the cold room at a temperature of 5°C to reduce potential
biological reactions until they were prepared for the other chemical measurements.

To avoid all types of contaminations during chemical analysis, cleanness of instruments
and glassware was strictly maintained. Instruments were cleaned with appropriate
blanks before beginning every experiment. All soil samples have been analysed under a
clean laboratory environment. Volumetric flasks, pipettes, funnels, burettes and all other
items were first washed by hot tap water, soapy water and cold water then by deionised
water and finally with acid leached in deionised water. After use for each analysis, they
were washed again by this procedure before storing, to be washed again immediately
prior to starting a new analysis.

3.5.1 Electrical Conductivity (EC)
EC was estimated directly after soil-water extracts collection following the procedure
specified by Carter (1993). The electro-conductivity meter had been calibrated by KCl
solution (0.01 N). A water bath was used to bring the soil extract to 25°C before taking
the readings. The readings were converted to mS cm-1 at 25°C.
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3.5.2 pH
The soil pH was recorded directly after the end of the electro-conductivity
measurements using the procedure described in Allen (1989).The pH-meter (model;
Jenway 370 ) was adjusted using buffer solutions at pH= 4, pH= 7 and pH= 10.

3.5.3 Organic matter
The soil organic matter was determined gravimetrically by using the loss on ignition
method as described in Rowell (1994). A 50g sample of air-dried soil was oven dried at
105°C for 24 hours. It was then weighed and placed in an electric furnace and heated at
450°C for 24 hours. Samples were then cooled in a desiccator before being re-weighed.
The loss of weight was expressed as a percentage of the dry soil.

3.5.4 Soluble cations
3.5.4.1 Soluble sodium and potassium
Soil extracts of Na & K were estimated using a spectrophotometer (model; Corning,
410), as described in Allen (1989).

3.5.4.1.1 Soluble sodium
The spectrophotometer was calibrated using buffer solutions containing 5, 10, 15, 20
and 30 ppm of sodium in order to prepare calibration graphs were prepared. The
aqueous extracts from the sample were then placed in the spectrophotometer and the
readings were noted. After collection the values were converted from ppm to meqL-1.
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3.5.4.1.2 Soluble potassium
The soluble K was determined after calibrating the spectrophotometer using buffer
solutions containing 1, 2, 5 and 10 ppm of potassium. After placing the samples in the
device and getting the readings and preparing the calibration graphs, the values were
converted from ppm to meqL-1.

3.5.4.2 Soluble calcium and magnesium
Soluble Ca & Mg were estimated using the method proposed by Cheng and Bray
(1951). This involved a titration of a specific volume of soil-water extract with
Ethylenediaminetetraacetic acid disodium salt solution (EDTA disodium) (0.02N) in the
presence of murexide (Ammonium purpurate) indicator for calcium and EBT
(Erichrome Black-T) indicator for magnesium.

3.5.4.2.1 Soluble calcium
A 5 ml aliquot of the soil-water extract was placed in a 500 ml beaker, the beaker and
its contents were then placed in the titration assembly and the magnetic stirrer started. 5
drops of diethyldithiocarbamate, 1 drop of NaOH and a 10 mg of murexide indicator
were added and the solution mixed after the addition of each reagent. Then it was
titrated with (EDTA disodium) (0.02N) solution. At the end point the colour of the
solution changes from pink to purple, and the solution is kept for the determination of
magnesium. The estimated quantity of calcium (in meqL-1) was calculated according to
the following formula:
1.000__x (ml of standard EDTA disodium solution) x 0.02 (the Normality of EDTA)
ml. of sample
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3.5.4.2.2 Soluble magnesium
Magnesium was estimated from the 1:1 soil-water extract solution previously titrated
for calcium. After placing the solution on a magnetic stirrer, 4 drops of concentrated
HCl were added to destroy the murexide indicator. During stirring, 1 ml of NH4ClNH4OH buffer solution and 2 drops of EBT were added. The burette was re-filled with
EDTA disodium and then the titration process was resumed. At the end point the colour
changes from blue with tinge of red to clear blue. Magnesium was estimated in meqL-1
by the same formula as set out in section 3.5.4.2.1.

3.5.5 Soluble anions
3.5.5.1 Soluble carbonate and bicarbonate
Those were estimated by titration of a specific volume of soil-water extract using
sulphuric acid (0.01N) in the presence of phenolphthalein as the indicator for
carbonates, and methyl orange indicator for bicarbonates, as described in Reitemeier
(1943). A 5 ml sample of the soil-water extract was put in a porcelain crucible and then
placed on a magnetic stirrer. Without titration, the evidence of the presence of carbonate
is shown by adding 2 drops of phenolphthalein. If the colour of the solution turned to
pink then the titration with H2SO4 (0.01N) was undertaken until the pink colour
disappeared. At this stage the burette reading was noted. For bicarbonate, the same
solution was used: 2 drops of methyl orange indicator were added to the solution.
Titration with H2SO4 (0.01N) was continued after refilling the burette. The end point of
the titration was the disappearing of the orange colour, and the solution was retained for
determination of chlorine. The total amount of H2SO4 of the burette was noted.
Estimated carbonate and bicarbonate (in meqL-1) was calculated using the following
formula:
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For carbonate:
1.000__ x (2 P) x 0.01 (the normality of H2SO4)
ml. of sample
where,
P = ml. of standard H2SO4 required to reach the phenolphthalein end point.
For bicarbonate:
1.000__ (T-2 P) x 0.01 (Normality of H2SO4)
ml. of sample
where,
T = total ml. of standard H2SO4 required to reach the methyl orange end point.
and P = as before.

3.5.5.2 Soluble chlorine
Soluble Cl has been estimated using the same soil-water extract which was used for
estimation of carbonate and bicarbonate. The procedure involved titration of the extract
with standard silver nitrate solution (AgNO3) (0.025N) using potassium chromate
(K2CrO4) solution as the indicator, as shown in Black et al.(1965). Three drops of
K2CrO4 were added to the extract and then the solution was placed on a magnetic stirrer,
the burette filled with standard AgNO3 and the titration process started. At the end point
a red or reddish-brown precipitate colour of the solution appeared. The quantity of
soluble chlorine (in meqL-1) was calculated according to the following formula:
1.000__ x (ml of AgNO3) x 0.025 ( the normality of AgNO3)
ml. of sample
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3.5.5.3 Soluble sulphate
The soluble sulphate was estimated using the precipitation method: as 0.02N barium
chloride (BaCl2) was added to the sample and titrated by EDTA (0.02N) in the presence
of EBT indicator, as described in Jackson (1958). A 5 ml sample of 1:1 soil sample
extract was placed in a 500 ml conical flask and 3 drops of 0.02N BaCl2 were added.
The solution was then left to cool for 30 minutes. Then 10 ml of buffer solution (NH4Cl
and NH4OH) and 5 drops of Erocrome Black T (EBT) indicator were added. Finally, the
solution was titrated with 0.02N EDTA solution. At the end point the colour changed
from wine-red to clear blue. The soluble sulphate ( meqL-1 ) was calculated using the
following formula:

1.000__ x (ml of standard EDTA x 0.02 (the normality of EDTA)
ml. of sample

3.5.6 Exchangeable cations
The exchangeable cations were estimated using ammonium acetate (NH4C2H3O2) (1N)
as a displaced agent for the cations from soil. Ammonium acetate was adjusted at pH=7.
A 10 g of air-dried soil was placed in a 1 litre plastic bottle and then 250 ml of
NH4CH3COO was added. Bottles were sealed and shaken by placing them in the
mechanical shaker for 1 hour. They were then allowed to stand overnight. The soil
suspension was filtered using light suction with a Buchner funnel and then leached with
ammonium acetate, according to Bower et al. (1952).

3.5.6.1 Exchangeable sodium and potassium
After obtaining the soil-NH4C2H3O2 extract, the total Na+ and K+ solutions
(exchangeable and soluble Na+ and K+) were determined by the procedure stated in
71

sections 3.5.4.1.2 and 3.5.4.1.3 which was followed in the estimation of soluble Na+ and
K+. The exchangeable Na+ and K+

(in meq100g soil-1) were estimated by deducting

from the total solution value, the soluble forms which had previously been determined.
The extract was retained for estimation of exchangeable Ca++ and Mg++.

3.5.6.2 Exchangeable calcium and magnesium
Exchangeable Ca & Mg were estimated by titration using the soil- NH4C2H3O2 extract
with EDTA solution as described previously in sections 3.5.4.2.1 and 3.5.4.2.2. The
total Ca++ and Mg++ solutions (exchangeable and soluble Ca++ and Mg++) were
determined. Their exchangeable forms (in meq100g soil-1) were then calculated by
deducting from the total solution value, the soluble forms which had previously been
determined.

3.5.7 Cation Exchange Capacity (CEC)
CEC was determined by summing the milliequivelents of the exchangeable cations
(sodium, potassium, calcium and magnesium) in 100 g of oven-dry soil, as shown in
Black et al. (1965).

3.5.8 Total nitrogen
Total nitrogen was estimated by the semi-micro Kjeldahl method, as described in Allen
(1989). The method involves three phases; the digestion, the distillation and finally
titration. The first phase was the digestion of 1g of soil sample. This sample was placed
in a 250 ml test tube and 1g catalyst mixture (K2SO4 and CuSO4) was added. Then 25
ml of H2SO4 (0.1N) were added and the test tube was shaken to cover the sample with
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acid, and placed in the digestion block at 420°C for 45 minutes. After digestion, the
colour of sample solution in the test tube became blue/green due to the conversion of
nitrogen to ammonium (NH4) as ammonium sulphate ((NH4)2SO4). After cooling, 80 ml
of distilled water was added. The second phase (the distillation) was begun by taking a
30 ml sample from the solution in the test tube and placing it in a 500 ml conical flask.
The flask was then placed in the distillation unit and the platform raised so that the
distillate out-let was submerged in the conical flask. The test tube was placed in the
distillation unit, and then 50 ml of 10 M NaOH was dispensed into the test tube. The
steam valve of the distillation unit was opened and this process continued for 4 minutes.
The end point of the distillation process was when the colour of the solution in the
conical flask changed from blue/green to green which indicates the presence of
ammonia (NH3). Finally, the third phase (the titration) involves the titration of distilled
solution with 0.1N HCl until a blue/grey end point is recorded. The same procedure was
followed in the preparation of blank samples. The total N (%) was calculated by the
following formula:
% N = (T-B) x N x 14.007x 100
weight of sample (mg)
Where:
T = titration volume for sample (ml).
B= titration volume for blank (ml).
N= normality of HCl (0.1).
14.007 = nitrogen atomic mass.

3.5.9 Total phosphorus
Total phosphorus was measured using the procedure described by Bethell and Máté
(1989). A 0.5g soil sample was accurately (± 0.001) weighed into a labelled test tube, to
which 10 ml of 2 M HCl was added to allow the extraction procedure. This was then
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heated to 100°C for 40 minutes and then allowed to cool overnight and the soil solids to
settle. After extraction, 1 ml of the extract was transferred to a plastic vial to which 8
drops of 5M NaOH were added so that a brown precipitate formed. The pH was
adjusted so that it fell in the range 3-8 by adding 3 drops of 2M HCl and 3 drops of 2M
NaOH, using 0-14 pH test strips. Following adjustment, 10 ml of molybdenum blue
reagent was added to the supernatant in a 50 ml volumetric flask followed by 1 ml of
ascorbic acid. This was then made up to volume with distilled water. The flask was then
inverted to ensure thorough mixing and left for 30 minutes to allow the molybdenum
blue complex to form. The volumetric flask was inverted once again before filling
a 1 cm3 cuvette with the developed solution to measure absorbance at wavelength 880
nm using a spectrophotometer (model; Corning colorimeter, 253). An average
absorbance for each sample was taken by repeating the measurement three times. A
calibration graph was used to determine the concentration of total phosphorus in each
sample solution, for which the amount in ppm was calculated.

3.6. Statistical analysis
A 3-factor analysis of variance test with replications was undertaken in order to
statistically verify the results of this study. The factors used related to sample values
obtained from the site (coastal and mountain), the soil type (burned and unburned) and
the depth (0-15, 0-35, 35-60 cm for the coastal site and 0-15, 15-45, 45-70 cm for the
mountain site). MINITAB Release 16 Statistical Software has been used for Windows
on CD-ROM, 2010 edition for all data analysis, both statistical and graphical.
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Chapter 4: Analyses of physical properties and soil magnetic
susceptibility

This chapter includes information from the analyses of the physical properties and
magnetic susceptibility of soils from the coastal and mountain sites, and assesses
whether burning of the forest has any effect on these properties.

All analysis of soil physical properties was carried out in the Department of Geography
and Environmental Science at the University of Bradford, UK except for the estimation
of soil water content which was carried out in the Department of Chemistry at the
University of Darnah, Libya, since this estimate had to be made shortly after the
samples were collected before they experienced any loss of moisture. The soil water
estimates were done within 24 hours after sampling in the field. The methods used to
obtain the results were described in the previous chapter.

4.1 Soil physical properties

4.1.1 Soil particle size
Results from the particle size analyses for both the coastal site and the mountain site and
from all soil horizons are given in tables 4.1 and 4.2. All the soils (for both areas and all
depths) fall into the category of a silt loam as seen from the triangular diagram in
Figure 4.1.
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Figure 4.1 Triangular diagram (taken from Foth, 1984) to show the soil type based
on percentages of clay, silt and sand. For example, the percentages for the burned
area of the coastal site at 0-15 cm depth are 21, 52 and 27 % respectively, which
places the sample in the silt loam region of the diagram as indicated by the circle.

Table 4.1 Results of various physical properties in the coastal site for both burned
and unburned areas at three depths. Each reading represents the average of 9
replicates.
Sample
type

Sample Soil particle size
depth
(%)
(cm) clay
silt sand

00-15
Burned
15-35
35-60
00-15
Unburned 15-35
35-60

21.0
23.7
24.0
21.3
24.2
22.4

52.0
51.7
51.0
51.4
51.2
51.0

27.0
24.6
25.0
27.3
24.6
26.6

Soil
texture
(US system)

Soil water
content
(%)

Soil
porosity
(%)

Soil
particle
density
(gcm-3 )

silt loam
silt loam
silt loam
silt loam
silt loam
silt loam

76

2.42
3.50
3.39
4.33
4.83
4.82

28.7
21.6
24.8
30.3
28.4
28.6

1.88
1.85
1.85
1.89
1.84
1.89

Table 4.2 Results of various physical properties in the mountain site for both
burned and unburned areas at three depths. Each reading represents the average
of 9 replicates.
Sample
type

Sample
depth
(cm)

00-15
15-45
45-70
00-15
Unburned 15-45
45-70
Burned

Soil particle size
(%)
clay silt sand
8.4
13.2
12.4
8.2
13.5
12.0

62.2 29.4
61.3 25.5
61.0 26.6
61.8 30.0
61.0 25.5
60.0 28.0

Soil
texture
(US system)

Soil water
content
(%)

Soil
porosity
(%)

Soil
particle
density
(gcm-3)

silt loam
silt loam
silt loam
silt loam
silt loam
silt loam

1.05
2.34
2.30
1.85
2.55
2.23

33.1
31.7
31.8
32.0
31.1
31.4

1.76
1.81
1.80
1.80
1.83
1.81

It is obvious from Tables 4.1 and 4.2 that there is a relatively low clay content
(particles of < 2μm in diameter), compared to the contents of silt and sand, in both study
sites and their burned and unburned areas but especially in the mountain site. When
illustrated graphically (for each site separately, for convenience), it can be seen from
Figures 4.2 and 4.3 that there is a higher proportion of clay at the coastal site than the
mountain site and an increase in clay content of the soils with soil depth in all studied
soil profiles.
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Figure 4.2 Surface plot showing the percentage of the particles consisting of the
clay fraction at three depths in burned (b) and unburned (ub) areas from the
coastal site.
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Figure 4.3 Surface plot showing the percentage of the particles consisting of the
clay fraction at three depths in burned (b) and unburned (ub) areas from the
mountain site.
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When the clay particle size results were analyzed by three-factor ANOVA (Table 4.3),
the differences between burned and unburned areas in either study site were not
significant although they approached significance (p = 0.053); if there are any effects of
fire on the content of clay in burned areas, then it is very slight. The differences were
highly significant (p < 0.001) in the clay content between the studied sites (coastal and
mountain) with more clay found in the coastal site. This may be due to the coastal site
being in a low-lying location, receiving and accumulating clay particles that are washed
down to it from the nearby hills. The ANOVA results indicate also that there were
highly significant differences (p < 0.001) in the clay content between the different
depths at the four studied areas, having particularly high values at the intermediate
depth. This probably is due to the migration of clay particles from the surface layers to
the sub-surface layers of the soil caused by the percolation of water through the soil
profile. It should be noted from the size of the F-values in Table 4.3 that the major
difference is between the coastal and mountain sites; there is a fairly large effect of
depth, but the difference is not as large as the site effect.

It will also be seen from Table 4.3 that, beside these two single-factor effects, there are
also two effects of the interactions between pairs of factors; thus there is a significant
(p < 0.01) interaction between burning and depth, and a further significant interaction
(p < 0.001) between depth and site. The interaction between burning and depth appears
to be because there is little difference in the amount of clay in the upper layer, whether
it is burned or not, but lower down there is a greater difference especially in the coastal
site (Figure 4.2); and the interaction between depth and site is related to a greater
difference in amount of clay at different depths in the mountain site than in the coastal
one (compare Figure 4.2 with 4.3). In both cases, however, these interactions are based
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on relatively small differences compared to the two single-factor differences indicated
above.

Table 4.3 Clay particle size results analyzed by three-factor ANOVA with
replication in the burned (b) and unburned (ub) soil samples at three depths from
the coastal and mountain sites. Significance levels are denoted by: N.S p > 0.05;
** p < 0.01; *** p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n = 4
for burned and unburned areas at each of 2 studied site; n = 12 for depths (3
depths at four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree Sum of
Mean
of
squares
of
F
P
Significance L.S.D
freedom
(S.S)
Squares
value
(D.F)
(M.S)
b/ub
1
4.27
4.27
3.85 0.053
N.S
2.74
depth
2
329.62 164.81
148.47 0.000
***
1.00
site
1
3502.54 3502.54 3155.29 0.000
***
13.34
b/ub*depth
2
14.21
7.10
6.40 0.002
**
b/ub*site
1
0.00
0.00
0.00 0.988
N.S
depth*site
2
32.47
16.24
14.63 0.000
***
b/ub*depth*site
2
5.92
2.96
2.67 0.075
N.S
error
96
106.56
1.11
Total
107
3995.60

By contrast, Tables 4.1 and 4.2 show that the percentage of particles that fall into the silt
fraction (particles 2μm - 50 μm in diameter) forms the highest percentage of the three
particle size fractions. However, these percentages are broadly the same whether burned
or unburned and at all soil depths (Figures 4.4 and 4.5). The principal difference is
between the coastal and mountain sites. This is reinforced by statistical analysis of the
results using three-factor ANOVA (Table 4.4), which do not show any significant
differences (p > 0.05) in the percentage of silt for any of the factors except for a
difference (p < 0.001) between sites, with more silt in the mountain site; there is also a
modest three-factor interaction (p < 0.05) which appears entirely due to a slightly higher
amount of silt being found in the burned area of the mountain site at the top depth layer.
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Figure 4.4 Surface plot showing the percentage of the particles consisting of the silt
fraction at three depths in burned (b) and unburned (ub) areas from the coastal
site.
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Figure 4.5 Surface plot showing the percentage of the particles consisting of the silt
fraction at three depths in burned (b) and unburned (ub) areas from the mountain
site.
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Table 4.3 Silt particle size results analyzed by three-factor ANOVA with
replication in the burned (b) and unburned (ub) soil samples at three depths from
the coastal and mountain sites. Significance levels are denoted by: N.S p > 0.05; * p
< 0.05; *** p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n = 4 for
burned and unburned areas at each of 2 studied site; n = 12 for depth (3 depths at
four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree Sum of
Mean
of
squares
of
F
P
freedom
(S.S)
Squares value
(D.F)
(M.S)
b/ub
1
4.60
4.60
0.79 0.376
depth
2
16.50
8.25
1.41 0.248
site
1
2473.94 2473.94 424.16 0.000
b/ub*depth
2
2.18
1.09
0.19 0.830
b/ub*site
1
0.64
0.64
0.11 0.742
depth*site
2
6.15
3.07
0.53 0.592
b/ub*depth*site
2
1.70
0.85
0.15 0.023
error
96
559.93
5.83
Total
107
3065.64

Significance L.S.D

N.S
N.S
***
N.S
N.S
N.S
*

4.63
2.37
43.33

There was a trend of decreasing percentage of silt with depth in both studied sites
(Tables 4.1 and 4.2), with slightly higher values in the surface layer of the studied
profiles, which might be due to the relatively large size of silt particles so that the
infiltration water cannot carry these particles to the bottom while percolating through
the soil profiles; however, this trend was not sufficiently clear for it to be significant in
the ANOVA analysis (Table 4.4). The clear difference in the average quantities of silt in
the mountain site compared to the coastal site might be because the rates of physical
weathering that produce silt particles were different in the two sites, being higher in the
mountain site then in the coastal site. The relatively low vegetation density in the
mountain site may have contributed to an increase in the weathering rates there.

When considering the percentage of soil particles that are in the sand fraction
(50 – 2000 μm in diameter), Tables 4.1 and 4.2 show that the soil profiles of the study
82

sites contain considerable amounts of sand. It can also be noted that the values of sand
were fairly consistent (between about 25% and 30% in all samples). It can also be noted
that there were somewhat higher values of sand in the mountain site compared to the
coastal site; this is shown to be highly statistically significant (p < 0.001) in a threefactor ANOVA (Table 4.5). There is also an equally significant difference (p < 0.001) in
the percentage of sand at different depths, with higher values in the top layer and lowest
values in the middle layers in both coastal and mountain sites (Table 4.5 and Figures 4.6
and 4.7). However, the differences were barely significant (p = 0.05) between the
average quantities of sand in burned and unburned areas of either site; there is a very
slight reduction in the amount of sand in burned areas compared to the unburned areas,
but the differences are very small and may not be meaningful. Also, none of the
interaction terms were significant. The reason for the lower amount of sand in the
coastal site may be because it has a more diverse and dense vegetation compared to the
mountain site; the mountain site may therefore be more prone to erosion by wind which
may facilitate the transmission of the smaller particles such as clay, and concentrate the
sand more likely in the soils of this site. In addition, the presence of the highest
proportions of sand in the uppermost layers in the four study areas may due to as is well
known, sand consists mostly of relatively large particles resulting from the physical
weathering of rocks and minerals that are difficult to move and accumulate in the lower
layers at those soil profiles.
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Figure 4.6 Surface plot showing the percentage of the particles consisting of the
sand fraction at three depths in burned (b) and unburned (ub) areas from the
coastal site.
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Figure 4.7 Surface plot showing the percentage of the particles consisting of the
sand fraction at three depths in burned (b) and unburned (ub) areas from the
mountain site.
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Table 4.4 Sand particle size results analyzed by three-factor ANOVA with
replication in the burned (b) and unburned (ub) soil samples at three depths from
the coastal and mountain sites. Significance levels are denoted by: N.S > 0.05; ***
p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n = 4 for burned and
unburned areas at each of 2 studied sites; n = 12 for depth (3 depths at four studied
areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)

Mean of
Squares
(M.S)

17.845
206.878
88.745
16.881
0.701
12.151
3.305
436.084
782.590

17.845
103.439
88.745
8.441
0.701
6.076
1.652
4.543

F
value

P

3.93
22.77
19.54
1.86
0.15
1.34
0.36

0.050
0.000
0.000
0.162
0.695
0.267
0.696

Significance L.S.D

N.S
***
***
N.S
N.S
N.S
N.S

5.54
2.00
38.25

4.1.2 Soil water content
The results of soil moisture content show that the studied soils had a low water content,
between about 1 and 5% (Tables 4.1 and 4.2). This may be because the period in which
the samples were collected (in August) is the period where the air temperature is at its
highest (about 30 and 35°C at the coastal and mountain sites, respectively), thus
increasing the evaporation rates from the soil. Although the absolute differences are
quite small, there were statistically significant effects of each of the three factors
separately as well as of most of the interaction terms in an ANOVA analysis
(Table 4.6). The largest effect is that the water content is lower in the mountain site
samples compared to the samples from the coastal site (Tables 4.1 and 4.2). This may be
due to the proportion of clay being higher in the coastal site which increases the
capacity of the soil to retain water. This difference between sites was significant at the
p < 0.001 level.
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The results also show highly significant differences (p < 0.001) between the mean
values of the water content at different depths, being lower in the top layer. This is may
be consistent with the pattern of increase in the proportion of clay particles with depth
(Figures 4.8 and 4.9), as greater percentage clay concentration will lead to increased
water retention, thus provide an opportunity to provide the humidity needed for the
growth of vegetation. Moreover, the results of the statistical analysis by three-factor
ANOVA (Table 4.6) indicate that the differences between burned and unburned areas
were also highly significant (p < 0.001). Besides the individual factor effect of burning
on soil moisture, however, all the interaction effects which include the factor of burning
are also significant. From looking at the results in Tables 4.1 and 4.2, and from Figures
4.8 and 4.9, it would appear that the soil moisture is most reduced in the burned
mountain site in the top soil layer. Probably the combination of the factors is about as
important as the individual effects of burning and depth, with only the difference
between sites being of overriding significance.

It is notable that the effect of burning on soil moisture was most marked in the mountain
site; besides the relative proportion of clay being less on this site, the period of burning
was more recent than at the coastal site, and therefore the immediate effects of burning
driving off moisture might still be in evidence.
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Figure 4.8 Surface plot showing the variation in the percentage of the water
content at three depths in burned (b) and unburned (ub) soils from the coastal site.
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Figure 4.9 Surface plot showing the variation in the percentage of the water
content at three depths in burned (b) and unburned (ub) soils from the mountain
site.
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Table 4.6 Soil water content estimation results analyzed by three-factor ANOVA
with replications in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance levels are denoted by: * p < 0.05;
*** p < 0.001; N.S p > 0.05. L.S.D is Least Significance Difference (at p = 0.05), n =
4 for burned and unburned areas at each of 2 studied site; n = 12 for depths (3
depths at four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree Sum of
Mean
of
squares
of
F
P
Significance L.S.D
freedom
(S.S)
Squares value
(D.F)
(M.S)
b/ub
1
22.432 22.432 488.91 0.000
***
0.56
depth
2
18.080
9.040 `197.04 0.000
***
0.20
site
1
88.129 88.129 1920.84 0.000
***
38.12
b/ub*depth
2
2.080
1.040
22.67 0.000
***
b/ub*site
1
10.059 10.059
219.24 0.000
***
depth*site
2
0.115
0.057
1.25 0.291
N.S
b/ub*depth*site
2
0.350
0.175
3.81 0.026
*
error
96
4.405
0.046
Total
107
145.649

4.1.3 Soil porosity
Although the absolute values of soil porosity do not vary greatly between the different
study areas (Tables 4.1 and 4.2), when they are analysed by three-factor ANOVA
(Table 4.7) they are shown to be highly significantly different (p < 0.001) when
comparing the coastal and mountain sites, with the latter having higher values possibly
due to there being a higher content of silt and sand and lower content of clay in the
mountain site. There is also a strongly significant (p < 0.01) effect of depth, with higher
values in the top soil layer (see Figures 4.10 and 4.11) due to an increase in the amount
of clay and a relative decrease of sand and silt quantities with depth, and a weaker but
still significant (p < 0.05) effect of burning compared to unburned areas; there is also a
highly significant (p < 0.001) interactive effect between burning and sites because in the
coastal site, burning reduces the porosity, while in the mountain site it increases it. This
may be because of the accumulation of the detritus which resulted from the combustion
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of vegetation in the coastal site which has led over time to the filling of some of the
pores in the uppermost layers; whereas the increase of soil porosity in the burned layers
at the mountain site may due to the result of the vulnerability of this site to the recent
fire, which may have caused the removal of organic matter that once surrounded the soil
particles in the uppermost layers.

It can be concluded that there was not a clear impact of fire on the porosity of the soils
under study. This has been strengthened with the results of statistical analysis which
reported that there were not significant differences (p > 0.05) between the values of
porosity when studying of the interactions between the impact of fire and soil depths,
between the effect of depths and the studied sites and the three-factor interaction
between burning, depths and location.

Table 4.7 Soil porosity values analyzed by three-factor ANOVA with replication in
the burned (b) and unburned (ub) soil samples at three depths from the coastal
and mountain sites. Significance levels are denoted by: * p < 0.05; ** p < 0.01; ***
p < 0.001; N.S p > 0.05. L.S.D is Least Significance Difference (at p = 0.05), n = 4
for burned and unburned areas at each of 2 studied site; n = 12 for depths (3
depths at four studied areas); n = 2 for the studied sites.
Source of
Degree Sum of
Mean
variation
of
squares
of
F
P
Significance L.S.D
freedom
(S.S)
Squares value
(D.F)
(M.S)
b/ub
1
65.33
65.33
5.68 0.019
*
8.91
depth
2
159.46
79.73
6.93 0.002
**
3.19
site
1
645.33
645.33 56.07 0.000
***
61.0
b/ub*depth
2
42.06
21.03
1.83 0.166
N.S
b/ub*site
1
166.26
166.26 14.45 0.000
***
depth*site
2
42.06
21.03
1.83 0.166
N.S
b/ub*depth*site
2
21.46
10.73
0.93 0.397
N.S
error
96
1104.89
11.51
Total
107
2246.85
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Figure 4.10 Surface plot showing the variation in the percentage of the soil
porosity at three depths in burned (b) and unburned (ub) soils from the coastal
site.
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Figure 4.11 Surface plot showing the variation in the percentage of the soil
porosity at three depths in burned (b) and unburned (ub) soils from the mountain
site.
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4.1.4 Soil particle density
Soil particle density of soils of the study sites are characterized by relatively high values
ranging from 1.76 to 1.89 g cm-3 (Tables 4.1 and 4.2). This is probably due to the
relatively high content of sand and silt particles compared to clay particles in both study
sites. However, the two sites are statistically significantly different (p < 0.001) from
each other (Table 4.8) with higher values in the coastal site. Furthermore, the illustrated
surface plots in Figures 4.12 and 4.13 show that the mean values of the soil particle
density do not vary much within each site, with the one exception that there is a slight
reduction in the values in the middle depth in the coastal site only which gives rise to a
significant interaction between site and depth (p < 0.01) (Table 4.8).

Since soil particle density is a measure of the number of pores and gaps between the soil
particles, the fact that there is a relatively high clay content in the coastal site compared
with the mountain site means it is not surprising the soil particle density was relatively
high in the coastal site.

The results of the three-factor ANOVA statistical analysis also indicated that there were
no significant differences (p > 0.05) in the soil particle density values between burned
and un-burned areas or between their depths at each study site. This may reflect that this
important physical property at those sites which were subjected to fire have not been
affected and that the soils under study were still characterized by homogeneous profiles.
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Figure 4.12 Surface plot showing the variation in the values of the soil particle
density at three depths in burned (b) and unburned (ub) soils from the coastal site.
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Figure 4.13 Surface plot showing the variation in the values of the soil particle
density at three depths in burned (b) and unburned (ub) soils from the mountain
site.
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Table 4.8 Soil particle density values analyzed by three-factor ANOVA with
replication in the burned (b) and unburned (ub) soil samples at three depths from
the coastal and mountain sites. Significance levels are denoted by: * p < 0.05; *** p
< 0.001; N.S p > 0.05. L.S.D is Least Significance Difference (at p = 0.05), n = 4 for
burned and unburned areas at each of 2 studied site; n = 12 for depths (3 depths at
four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
0.010404
0.001006
0.130904
0.002080
0.001337
0.033535
0.004246
0.317556
0.501067

Mean of
Squares
(M.S)

F
value

P

0.010404 3.15 0.079
0.000503 0.15 0.859
0.130904 39.57 0.000
0.001040 0.31 0.731
0.001337 0.40 0.526
0.016768 5.07 0.008
0.002123 0.64 0.529
0.003308

Significance L.S.D

N.S
N.S
***
N.S
N.S
**
N.S

0.15
0.05
1.02

4.2 Soil magnetic susceptibility
The results of magnetic susceptibility of soil samples (Table 4.9) have given values that
slightly increase with depth in the unburned soil profiles; this may be attributed to the
increase of percentage of clay with depth in these profiles (Tables 4.1 and 4.2), where
clay has a capability to become magnetised due to the presence of iron oxides.

In the burned areas, however, there is a much greater value in the top layer from both
sites (Figure 4.14 and 4.15). The two sites are also different, with greater values in the
coastal site. All three of the main factors are therefore highly significant (p < 0.001) in
the ANOVA (Table 4.10).
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Table 4.9 Magnetic susceptibility results in the two sites (coastal and mountain),
for both burned and unburned conditions at three depths. Each reading represents
the average of 9 replicates.
Site

Type of sample

Burned
Coastal
Unburned

Burned
Mountain
Unburned

Depth (cm)
00-15
15-35
35-60
00-15
15-35
35-60
00-15
15-45
45-70
00-15
15-45
45-70

Magnetic Susceptibility
( m3 kg-1)
0.183 x 10-8
0.131 x 10-8
0.131 x 10-8
0.131 x 10-8
0.139 x 10-8
0.141 x 10-8
0.101 x 10-8
0.029 x 10-8
0.023 x 10-8
0.026 x 10-8
0.029 x 10-8
0.028 x 10-8

It should be noted that all the interaction terms are also highly significant (p < 0.001),
largely because of the pronounced effect of burning on the top layer only coupled with
the fact that this effect is relative more marked comparing the burned to the unburned
areas in the mountain site than it is in the coastal site. This increase in magnetic
susceptibility in the upper layers of burned sites may be due to the conversion of weakly
magnetic to strongly magnetic forms; clearly the effect of fire did not reach to lower
depths in the soil.

The greater value of magnetic susceptibility in the coastal site compared with the
mountain site may also be due to the percentage of clay particles in the coastal site
which was higher than in the mountain site.
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There does appear to be a close relationship between the magnetic susceptibility of the
soils and its clay content. It is worth noting that there is a major effect of burning
evident on the magnetic susceptibility even in the coastal site which was burned 8 years
ago. Therefore, this parameter does not appear to return quickly to its pre-burn levels.

Table 4.10 Soil magnetic susceptibility values analyzed by three-factor ANOVA
with replication in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance level is denoted by: *** p < 0.001.
L.S.D is Least Significance Difference (at p = 0.05), n = 4 for burned and unburned
areas at each of 2 studied site; n = 12 for depth (3 depths at four studied areas); n =
2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
0.008147
0.020064
0.288300
0.028861
0.000948
0.001462
0.000422
0.000969
0.349174

Mean of
Squares
(M.S)

F
value

0.008147 806.8
0.010032 933.6
0.288300 28552
0.014430 1429.1
0.000948 93.90
0.000731 72.42
0.000211 20.90
0.000010
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P

Significance

L.S.D

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

0.007
0.001
0.004

0.18

m3 kg-1

0.16
0.14

35-60

0.12

15-35

burned

depth (cm)

0-15

b/ub

unburned

Figure 4.14 Surface plot showing the variation in the values of the soil magnetic
susceptibility at three depths in burned (b) and unburned (ub) soils from the
coastal site.

0.09

m3 kg-1

0.06
45-70
0.03
15-45
burned

depth (cm)

0-15

b/ub

unburned

Figure 4.15 Surface plot showing the variation in the values of the soil magnetic
susceptibility at three depths in burned (b) and unburned (ub) soils from the
mountain site.
96

4.3 Summary of findings
The overall outcome from the results of the analysis of the soil physical properties from
the two study sites emphasizes the point that, except for the measurements of the soil
water content, the other soil physical properties tested were not affected very much by
fire; there were a more differences associated with the site or the depth of the soil
sample. However, although the soils of the two studied sites were subjected to fire at
different periods of time, the results of the measurements of the magnetic susceptibility
did show major differences as a result of burning, affecting the uppermost layer of these
soils, and these effects were still very evident 8 years after burning in the coastal site.

The effects of fire, soil depth and site on the physical properties and magnetic
susceptibility, as indicated by the present results, can be summarised as in Table 4.11
below. These results, together with those of chapter 5, will be discussed more fully in
chapter 6.
Table 4.11 Summarizing the effect of fires on the studied soil physical properties
and soil magnetic susceptibility in the burned (b) and unburned (ub) soil samples
at three depths from the coastal and mountain sites.
Parameter
Particle
size

clay
silt

sand
water content
Porosity

Effect of
burning
little effect
no effect
no effect
less when
burned
small effect of
burning

Particle density

No effect

Magnetic
susceptibility

higher when
burned

Effect of soil
depth
more at depth
little effect
with depth
less with depth
less at surface
lower values
at intermediate
depth
no real trend
higher in top
layer when
burned
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Effect of site
more in the coastal site
more in the mountain site
more in the mountain site
more in the coastal site
more in the mountain site

more in the coastal site
more in the coastal site

Chapter 5: Analysis of soil chemical properties

This chapter includes the results of the chemical analysis of the soil samples carried out
in the Department of Geography and Environmental Science laboratories at the
University of Bradford, UK. The results indicated below were obtained by following the
analysis methods which were described in chapter 3 of this thesis.

5.1 Soil Electrical-Conductivity (EC)
The electrical conductivity (EC) of soil-water extracts (Tables 5.1) range from the
lowest value at the unburned coastal site (15-35 cm in depth), to the highest one at the
burned mountain site (depth of 0-15 cm). Similarly the highest salt (Na+ and Cl-)
concentrations in the study sites in both burned and unburned areas were at a depth of
0-15 cm (Table 5.4). This may be due to the period when the samples were collected (in
August) when the annual air temperature was at its highest (about 30 and 35°C at the
coastal and mountain sites, respectively). This will have resulted in an increase in the
evaporation rates from soils. However, the results show that the EC values for the
mountain site in the uppermost soil layer are higher than the values in the coastal site at
the same depth. This is likely to be because the fires have a role in lowering the
moisture content which will increase the values of soil EC at this depth. Three-factor
ANOVA statistical analysis results (Table 5.2) reinforced this conclusion when it
indicated the differences in EC values were highly significant (p < 0.001) between the
two study sites.

The results also show that the EC values decrease to their lowest values in the middle
depth at both study sites, whether burned or unburned (Figures 5.1 and 5.2). This may
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be due to an increase in water content with depth (Figures 4.7 and 4.8). This may be
accompanied by an increase in the solubility of salts, which would lead to a decrease in
salt concentrations and thus lower soil EC.

Table 5.1 Mean values of soil EC and pH in the coastal and mountain sites for both
burned and unburned areas at three depths. Each reading represents the average
of 9 replicates.
Site

Type of sample
Burned

Coastal
Unburned

Burned
Mountain
Unburned

Depth (cm)
0-15
15-35
35-60
0-15
15-35
35-60
0-15
15-45
45-70
0-15
15-45
45-70

EC
mS cm-1 at 25°C
1.42
1.16
1.32
1.35
1.05
1.20
2.22
1.56
1.72
1.84
1.59
1.64

pH
7.09
7.04
7.27
7.06
7.11
7.20
7.57
7.16
7.26
7.10
7.14
7.20

The results of the statistical analysis by three-factor ANOVA also indicate that the
differences between depths in EC values in the four study areas were highly significant
(p < 0.01).

Table 5.1 also shows that the average value of EC in the burned area at the mountain
site in the uppermost layer was higher than that in the unburned area at the same depth.
This may be due to the effect of fire increasing the temperature and causing a
corresponding increase in the rates of evaporation, which led to a greater concentration
of ions at this depth.
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Table 5.2 Soil Electric-Conductivity (EC) values analyzed by three-factor ANOVA
with replication in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance level is denoted by: N.S p > 0.05;
** p < 0.01;*** p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n = 4
for burned and unburned areas at each of 2 studied site; n = 12 for depth (3 depths
at four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
0.4086
2.1009
7.0120
0.0844
0.0104
0.4940
0.4451
14.7640
25.3195

Mean
of
Squares
(M.S)
0.4086
1.0505
7.0120
0.0422
0.0104
0.2470
0.2225
0.1538

F
value

P

2.66
6.83
45.59
0.27
0.07
1.61
1.45

0.106
0.002
0.000
0.761
0.795
0.206
0.240

Significance L.S.D

N.S
**
***
N.S
N.S
N.S
N.S

1.02
0.35
6.98

Despite the outbreak of fire in the mountain site, shortly before the study period, the EC
values were highest in the uppermost layer in the soil profiles of both study sites in both
burned and unburned areas. This has been confirmed from the results of three-factor
ANOVA statistical analysis of the EC values (Tables 5.2) which showed no significant
difference (p > 0.05) between burned and unburned areas in the two study sites. This
probably refers to the homogeneity of the soil profiles, in terms of ease of passage of the
soil solution within it, and perhaps that the effect of heat from the high air temperature
during the sampling period lowered the moisture content and increased the EC values at
the surface of the soil and was more important than the effect of fire. Besides the
individual factor effects of site and depth on soil EC, however, none of the interaction
effects were significant.
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mS / cm at 25C

1.5

35-60

1.0

15-35
burned

depth (cm)

0-15

b/ub

unburned

Figure 5.1 Surface plot showing the variation in EC (mS cm-1 at 25°C) at three
depths in burned (b) and unburned (ub) areas from the coastal site.
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45-70
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Figure 5.2 Surface plot showing the variation in EC (mS cm-1 at 25°C) at three
depths in burned (b) and unburned (ub) areas from the mountain site.
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5.2 Soil pH
The pH values of all soil samples are characterized as slightly alkaline (Table 5.1).
Slightly higher values were recorded in almost all cases in the burned areas at both
study sites compared with the same depth in the unburned areas, with one exception
(Figures 5.3 and 5.4). The increase in the pH in the surface layer due to burning was
much greater in the mountain site (0.47 units) than it was in the coastal site (0.03 units).
The two sites are statistically highly significantly different (p < 0.001) from each other
(Table 5.3), with higher values in the mountain site. There was also a very significant
effect of burning (p < 0.001). The results also show a strongly significant (p < 0.001)
effect of depth (Table 5.3), with the greatest values at the lowest depth except for the
upper layer of the burned mountain site (Figures 5.3 and 5.4).

The increase in pH values in the uppermost layer in the burned mountain site may be
attributed primarily to an increase in the percentage of basic cations in the ash residues,
due to the consumption of organic matter by the oxidation processes during the fire and
thus a lack of organic acids.

The fact that there is a large increase in pH in the upper layer only of the more recently
– burned mountain site explains why there are significant (p = 0.001) interaction effects
between all pairs of factors and also the interaction of all three factors. This may be an
indication of the impact of fire on the uppermost layer of soil shortly after a burn, since
these soil samples were collected less than one month after the fire.
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pH

7.2
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35-60

6.8

15-35

burned
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0-15
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Figure 5.3 Surface plot showing the variation in pH at three depths in burned (b)
and unburned (ub) soils from the coastal site.
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Figure 5.4 Surface plot showing the variation in pH at three depths in burned (b)
and unburned (ub) soils from the mountain site.
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Table 5.3 Soil pH values analyzed by three-factor ANOVA with replication in the
burned (b) and unburned (ub) soil samples at three depths from the coastal and
mountain sites. Significance level is denoted by: ** p < 0.01;*** p < 0.001. L.S.D is
Least Significance Difference (at p = 0.05), n = 4 for burned and unburned areas at
each of 2 studied site; n = 12 for depth (3 depths at four studied areas); n = 2 for
the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)

Mean of
Squares
(M.S)

0.24083
0.26741
0.32231
0.36222
0.18750
0.33852
0.24889
1.64889
3.61657

0.24083
0.13370
0.32231
0.18111
0.18750
0.16926
0.12444
0.01718

F
value

P

14.02
7.78
18.77
10.54
10.92
9.85
7.25

0.000
0.001
0.000
0.000
0.001
0.000
0.001

Significance L.S.D

***
***
***
***
***
***
***

0.57
0.12
2.35

5.3 Soluble cations
5.3.1 Soluble sodium (Na+)
The dissolved sodium cations in the water extracts of soil samples form a considerable
percentage of the concentration of the total cations in the study area sites in both burned
and unburned areas (Table 5.4). The results show that the concentration of soluble
sodium is higher compared with the concentration of the other cations at all depths, and
second only to chlorine of all the ions studied (Figures 5.5, 5.6 and 5.7).

104

Table 5.4 Mean values of the soluble cations studied in soils of the coastal and
mountain sites for both burned and unburned areas at three depths. Each reading
represents the average of 9 replicates.
Site

Type of
sample
Burned

Coastal
Unburned

Burned
Mountain

Concentration of soluble ions
(meq.L-1)

Unburned

Depth (cm)
0-15
15-35
35-60
0-15
15-35
35-60
0-15
15-45
45-70
0-15
15-45
45-70

20
18
16
14
12
10
8
6
4
2
0

Soluble cations
(meq. L-1 )
Na+
K+
Ca++
6.71
0.42
4.18
4.96
0.27
3.84
6.30
0.38
4.09
5.77
0.40
4.09
3.53
0.23
3.33
4.72
0.28
4.04
11.95
0.77
6.13
7.12
0.48
4.24
7.43
0.51
5.53
5.96
0.64
5.77
4.11
0.38
3.33
5.47
0.46
4.62

Mg++
3.62
2.71
3.36
3.40
2.60
2.89
5.40
4.36
4.69
4.60
3.27
4.42

BC

UB C
BM
Ub M

Soluble ions
Figure 5.5 Histogram showing the concentration of soluble ions in soil samples at
0-15 cm depth from the four study areas. (C = coastal; M = mountain; B = burned
& Ub = unburned).
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(meq.L-1)

14
12
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8
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6
4

Ub C

2
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0
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Soluble ions

Concentration of soluble ions
(meq L-1)

Figure 5.6 Histogram showing the concentration of soluble ions in soil samples
at15-45 cm depth from the four study areas. (C = coastal; M = mountain; B =
burned & Ub = unburned).

16
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Soluble ions
Figure 5.7 Histogram showing the concentration of soluble ions in soil samples at
45-70 cm depth from the four study areas. (C = coastal; M = mountain; B = burned
& Ub = unburned).
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Due to the high air temperature during the sampling period, the processes of evaporation
that occurred in the soil have lead to an accumulation of sodium salts in the uppermost
layer of the soil profile in both study sites (Figures 5.8 and 5.9). Moreover, fire in the
mountain site may have contributed to the increase of sodium concentration in the
uppermost layer at that site, because the increased soil temperature would lower the
moisture content and increase the concentration of dissolved ions. The average sodium
concentration in the uppermost layer of the burned area was nearly twice its average
concentration at the same depth in the unburned area (Table 5.4).

The results of the statistical analysis by three-factor ANOVA (Table 5.5) show highly
significant differences (p < 0.001) in the average concentration of dissolved sodium
between the two study sites, between burned and unburned areas and between the
depths in the studied soils. This significant difference between depths appears partly due
to the effects of air temperature and burning on the upper layer, but also the high
solubility and limited quantities of sodium salts, which may provide an opportunity for
leaching down the soil profile during the rainy season, resulting in a greater
concentration at the lowest depth than at the middle one (Figure 5.6 especially). It is
worth mentioning that due to the marked effect of burning on the uppermost layers of
the sampled soils particularly in the mountain site, as well as the different response to
depth in the two sites, all the interaction terms are also highly significant (p < 0.001).
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Figure 5.8 Surface plot showing the variation in soluble sodium content (meq. L -1)
at three depths in burned (b) and unburned (ub) soils from the coastal site.
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Figure 5.9 Surface plot showing the variation in soluble sodium content (meq. L -1)
at three depths in burned (b) and unburned (ub) soils from the mountain site.
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Table 5.5 Soluble sodium (meq.L-1) values analyzed by three-factor ANOVA with
replication in the burned (b) and unburned (ub) soil samples at three depths from
the coastal and mountain sites. Significance level is denoted by: *** p < 0.001.
L.S.D is Least Significance Difference (at p = 0.05), n = 4 for burned and unburned
areas at each of 2 studied site; n = 12 for depth (3 depths at four studied areas); n =
2 for the number of studied sites.
Source of
variation

Degree Sum of
Mean
of
squares
of
F
P
Significance L.S.D
freedom
(S.S)
Squares
value
(D.F)
(M.S)
b/ub
1
131.473 131.473 2327.58 0.000
***
0.60
depth
2
99.869 49.934 884.03 0.000
***
0.09
site
1
97.927 97.927 1733.67 0.000
***
4.32
b/ub*depth
2
21.732 10.866 192.37 0.000
***
b/ub*site
1
21.978 21.978 389.10 0.000
***
depth*site
2
16.141
8.070 142.88 0.000
***
b/ub*depth*site
2
35.649 17.824 315.56 0.000
***
error
96
5.423
0.056
Total
107
430.191

5.3.2 Soluble potassium (K+)
The result of the chemical analysis of the soil-water extracts (Table 5.4) show that the
dissolved potassium represents a very small percentage of the total concentration of the
dissolved cations in all samples. This may be due to its limited quantity in precipitation
and non- supply to the soil from the parent material (limestone). It is obvious also from
the results that its concentrations decreased from the upper to the middle depth but then
increased again in the all four study areas. There is a clear effect of burning, since the
highest average concentrations of dissolved potassium were found in the uppermost soil
layer of the burned areas of both study sites (Figures 5.10 and 5.11).
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15-35
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0-15
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unburned

Figure 5.10 Surface plot showing the variation in soluble potassium content
(meq. L-1) at three depths in burned (b) and unburned (ub) soils from the coastal
site.
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Figure 5.11 Surface plot showing the variation in soluble potassium content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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The behaviour of potassium is thus similar to sodium in the mountain site, but showed a
similar if not so pronounced effect in the coastal site which the sodium did not.
However, the results also indicate that the average soluble potassium values were higher
in the mountain site compared with the coastal. All three of the main factors are then
highly significant (p < 0.001) in the three-factor ANOVA statistical analysis (Table
5.6). There is also a highly significant (p < 0.001) effect of all the interaction terms,
because of the increase in dissolved potassium especially in the topmost layer of the
burned mountain site.

Table 5.6 Soluble potassium (meq.L-1) values analyzed by three-factor ANOVA
with replication in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance level is denoted by: *** p < 0.001.
L.S.D is Least Significance Difference (at p = 0.05), n = 4 for burned and unburned
areas at each of 2 studied site; n = 12 for depth (3 depths at four studied areas); n =
2 for the number of studied sites.
Source of
variation

Degree Sum of
Mean
of
squares
of
F
P
Significance L.S.D
freedom
(S.S)
Squares value
(D.F)
(M.S)
b/ub
1
3.8950 3.8950 3133.41 0.000
***
0.09
depth
2
8.5162 4.2581 3425.53 0.000
***
0.03
site
1
4.5264 4.5264 3641.36 0.000
***
0.62
b/ub*depth
2
3.3335 1.6668 1340.85 0.000
***
b/ub*site
1
0.4840 0.4840
389.37 0.000
***
depth*site
2
0.7652 0.3826
307.77 0.000
***
b/ub*depth*site
2
0.1073 0.0536
43.15 0.000
***
error
96
0.1193 0.0012
Total
107
21.7469

111

5.3.3 Soluble calcium (Ca++)
The results of chemical analysis for soluble calcium concentration (Table 5.4) showed
essentially the same patterns as for sodium and potassium. Higher concentrations were
found at the mountain site compared with the coastal site (Table 5.4); concentrations
were at their lowest in the middle depth layer of the soil; and there was some indication
of greater values in the burned areas, though this difference was more slight a with
potassium (Figures 5.12 and 5.13).

These results are reinforced by the three-factor ANOVA statistical analysis results for
the soluble calcium values (Table 5.7) which show that there were highly significant
differences (p < 0.001) for all three of the factors separately. However, due to the
presence of higher concentrations of the soluble calcium in the uppermost soil layers of
the burned areas, the three-factor ANOVA results (Table 5.7) also indicated that there
was a highly significant difference (p = 0.001) in the interaction between the impact of
fire and soil depth. There was also a very highly significant (p ˂ 0.001) interaction
between soil depth and site, due to the more pronounced difference in the calcium
values between the middle soil layer and the others in the mountain site than was the
case in the coastal site (Figures 5.15 and 5.16). Other interactions were not significant
(Table 5.7), as the response to burning was similar in the two sites.
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Figure 5.12 Surface plot showing the variation in soluble calcium content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the coastal
site.
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Figure 5.13 Surface plot showing the variation in soluble calcium content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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Table 5.7 Soluble calcium (meq.L-1) values analyzed by three-factor ANOVA with
replication in the burned (b) and unburned (ub) soil samples at three depths from
the coastal and mountain sites. Significance level is denoted by: ** p < 0.01;*** p <
0.001; N.S p > 0.05. L.S.D is Least Significance Difference (at p = 0.05), n = 4 for
burned and unburned areas at each of 2 studied site; n = 12 for depth (3 depths at
four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
2.9337
37.2422
35.8226
2.0896
0.3559
12.9119
0.1652
13.5556
105.077

Mean
of
F
P
Squares value
(M.S)
2.9337 20.78 0.000
18.6211 131.87 0.000
35.8226 253.69 0.000
1.0448
7.40 0.001
0.3559
2.52 0.116
6.4559
45.72 0.000
0.0826
0.58 0.559
0.1412

Significance L.S.D

***
***
***
***
N.S
***
N.S

0.10
0.35
6.73

5.3.4 Soluble magnesium (Mg++)
The results of the chemical analysis of the soil-water extracts (Table 5.4) indicate that
the patterns of the concentration of soluble magnesium was similar to the pattern shown
by sodium and calcium: namely, on average, the highest concentrations of soluble
magnesium were found in the uppermost layer of all the soil profiles; the average
concentrations at the mountain site were higher than in the coastal site (Table 5.4); and
the burned area values were higher than the unburned ones, especially in the mountain
site (Figures 5.14 and 5.15). When these results were analyzed by three-factor ANOVA
(Table 5.8) the differences were highly significant (p < 0.001) for all three factors
separately. There were also less strong but significant differences (p < 0.05) in the
interaction terms between burning and site and between burning, depths and site. Both
of these interactions appear related to the greater magnesium concentration found in the
upper layer of the burned mountain site.
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Figure 5.14 Surface plot showing the variation in soluble magnesium content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the coastal
site.
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Figure 5.15 Surface plot showing the variation in soluble magnesium content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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Table 5.8 Soluble magnesium (meq.L-1) values analyzed by three-factor ANOVA
with replication in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance level is denoted by:
* p < 0.05;*** p < 0.001; N.S p > 0.05. L.S.D is Least Significance Difference (at p
= 0.05), n = 4 for burned and unburned areas at each of 2 studied site; n = 12 for
depth (3 depths at four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
6.5515
19.0230
49.8848
0.2496
1.3781
0.5741
1.6141
19.4222
98.6974

Mean
of
F
P
Squares value
(M.S)
6.5515 32.38 0.000
9.5115 47.01 0.000
49.8848 246.57 0.000
0.1248
0.62 0.542
1.3781
6.81 0.011
0.2870
1.42 0.247
0.8070
3.99 0.022
0.2023

Significance L.S.D

***
***
***
N.S
*
N.S
*

1.18
0.42
8.13

5.4 Soluble anions
5.4.1 Soluble chlorine (Cl-)
Table 5.9 shows that the soluble chlorine anion was the prevalent ion in the soil-water
extracts of the soil at both study sites, whether the area was burned or unburned. The
prevalence of this ion is probably associated with the high solubility of its salts and
being an anion, the chance of it being expelled from the surface of the soil particles is
high. The result of this is that most of the surfaces of clay particles on which ions are
exchanged carry negative charges (Bohn et al. 1979).

The data also indicate the soluble chlorine extracted from the soil samples taken from
the mountain site was higher than in those samples taken from the coastal site
(Table 5.9). Thus, the two sites are statistically significantly different (p < 0.001) from
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each other (Table 5.10). It might expected that fire would play a role in increasing the
evaporation rates and thus increasing the concentration of chlorine salts in soil solution
in the topmost soil layer. There is no significant effect of burning on its own (Table
5.10), but there are significant interaction terms between burning and depth (p < 0.001)
and between all three factors combined (p < 0.05).

Table 5.9 Mean values of the soluble anions studied in soils of the coastal and
mountain sites for both burned and unburned areas at three depths. Each reading
represents the average of 9 replicates.
Site

Type of sample

Burned
Coastal
Unburned

Burned
Mountain
Unburned

Soluble anions
(meq. L-1 )

Depth (cm)
0-15
15-35
35-60
0-15
15-35
35-60
0-15
15-45
45-70
0-15
15-45
45-70

Cl15.39
10.60
11.40
12.82
9.38
10.91
18.48
12.49
12.00
16.29
10.52
15.84

HCO30.89
0.60
0.87
0.93
0.54
0.67
0.62
0.33
0.58
0.69
0.32
0.35

SO4- 1.46
1.20
1.38
1.52
1.18
1.41
3.74
2.82
3.41
3.25
2.67
3.13

The highest concentration of soluble chlorine was found in the uppermost layers of the
soil profiles in the burned areas, particularly in the mountain site (Figures 5.16 and
5.17). This may partly be attributed to the increase effect of air temperature and
evaporation rates on the upper soil layer, which also shows the properties of chlorine
salts in terms of high solubility and its rising up the soil profile due to capillary action
and increased concentration in the uppermost layers during the summer period, as well
as the effect of burning in having similar effects.
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Figure 5.16 Surface plot showing the variation in soluble chlorine content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the coastal
site.
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Figure 5.17 Surface plot showing the variation in soluble chlorine content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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Table 5.10 Soluble chlorine (meq.L-1) values analyzed by three-factor ANOVA
with replication in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance level is denoted by: * p <
0.05;*** p < 0.001; N.S p > 0.05. L.S.D is Least Significance Difference (at p =
0.05), n = 4 for burned and unburned areas at each of 2 studied site; n = 12 for
depth (3 depths at four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
Sum of
Mean
of
squares
of
F
P
freedom
(S.S)
Squares value
(D.F)
(M.S)
b/ub
1
15.641
15.641
3.88 0.052
depth
2
462.042 231.021 57.33 0.000
site
1
172.016 172.016 42.68 0.000
b/ub*depth
2
83.467
41.734 10.36 0.000
b/ub*site
1
11.669
11.669 2.90 0.092
depth*site
2
14.700
7.350 1.82 0.167
b/ub*depth*site
2
31.970
15.985 3.97 0.022
error
96
386.878
4.030
Total
107
1178.382

Significance L.S.D

N.S
***
***
***
N.S
N.S
*

5.22
1.9
36.1

5.4.2 Soluble bicarbonate (HCO3 -)
The concentration of the soluble bicarbonate anion was low in all soil-water extracts
from all areas and depths (Table 5.9). This may be due to its low content in
precipitation, and no precipitation will have been occurring in the study period (in
August). Results indicate that the highest average concentrations were found in the
uppermost layers in both study sites and both burned and unburned areas (Figures 5.18
and 5.19). The ANOVA results (Table 5.11) indicate that there were highly significant
differences (p < 0.001) in the soluble concentration of this anion between the different
depths in the four studied areas.

When the bicarbonate chemical analysis results were analyzed by three-factor ANOVA
(Table 5.11), the differences between burned and unburned areas in the two study sites
were not significant (p > 0.05) which indicates that there was not an independent effect
of fire on its own on the soluble content of this anion; nevertheless, there was a
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modestly significant difference (p < 0.05) when considering the interaction between the
effect of burning and the soil depth. This interaction would appear to be because of
slightly lower bicarbonate values in the upper layer of burned soils compared to
unburned ones, but slightly higher values in the lower soil layer in the burned compared
to unburned areas.

Although the results (Table 5.9) show that the mean values of the soluble bicarbonate
concentration do not vary much within each site, higher values were recorded in the
coastal site compared with the mountain site, probably due to the fact that the amount of
rainfall at the coastal site is higher than in the mountain site and thereby this will
increase the solubility of this anion. There is a highly significant difference (p < 0.001)
in these concentrations between the studied sites when statistically analyzed
(Table 5.11). However, the statistical analysis results also show that there are no
significant differences (p > 0.05) in the soluble bicarbonate content in relation to any
other of the interaction terms.
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Figure 5.18 Surface plot showing the variation in soluble bicarbonate content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the coastal
site.
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Figure 5.19 Surface plot showing the variation in soluble bicarbonate content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
121

Table 5.11 Soluble bicarbonate (meq.L-1) values analyzed by three-factor ANOVA
with replication in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance level is denoted by: * p <
0.05;*** p < 0.001; N.S p > 0.05. L.S.D is Least Significance Difference (at p =
0.05), n = 4 for burned and unburned areas at each of 2 studied site; n = 12 for
depth (3 depths at four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree Sum of Mean of
of
squares Squares
freedom
(S.S)
(M.S)
(D.F)
b/ub
1
0.12000 0.12000
depth
2
2.00074 1.00037
site
1
1.97370 1.97370
b/ub*depth
2
0.36222 0.18111
b/ub*site
1
0.00037 0.00037
depth*site
2
0.02296 0.01148
b/ub*depth*site
2
0.00963 0.00481
error
96
4.46667 0.04653
Total
107
8.95639

F
value

P

2.58
21.50
42.42
3.89
0.01
0.25
0.10

0.112
0.000
0.000
0.024
0.929
0.782
0.902

Significance L.S.D

N.S
***
***
*
N.S
N.S
N.S

0.29
0.20
8.81

5.4.3 Soluble sulphate (SO4- -)
From Table 5.9 and Figures 5.20 and 5.21, it can be seen that the pattern of distribution
of the soluble sulphate anion within the soil profiles of the study sites was similar to the
chlorine anion. Its average concentrations were higher in the mountain site than in the
coastal site; the concentration in the middle depth was lower than in either of the others
in the soil profiles; and burning seems to increase this parameter in the upper layer of
the more recently burned site in the mountain. All three of the main factors are therefore
highly significant (p < 0.001) in the ANOVA (Table 5.12).

It should be noted that all the interaction terms are also highly significant (p < 0.001),
probably due to the marked effect of burning on the top layer, but only in the mountain
site.
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Figure 5.20 Surface plot showing the variation in soluble sulphate content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the coastal
site.
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Figure 5.21 Surface plot showing the variation in soluble sulphate content
(meq. L -1) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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Table 5.12 Soluble sulphate (meq.L-1) values analyzed by three-factor ANOVA
with replication in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance level is denoted by: *** p < 0.001.
L.S.D is Least Significance Difference (at p = 0.05), n = 4 for burned and unburned
areas at each of 2 studied site; n = 12 for depth (3 depths at four studied areas); n =
2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)

Mean of
Squares
(M.S)

0.5405
5.2512
88.7808
0.0798
0.7170
0.9644
0.1888
0.2478
96.7703

0.5405
2.6256
88.7808
0.0399
0.7170
0.4822
0.0944
0.0026

F
value

P

Significance

L.S.D

209.36
1017.1
34391
15.45
277.76
186.78
36.57

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

0.13
0.49
0.91

5.5 Exchangeable cations
5.5.1 Exchangeable calcium
The results (Table 5.13) indicate the basic exchangeable cations ranking was:
Ca++ > Mg++ > Na+ > K+, in both study sites, for both burned and unburned areas and at
all depths. The rank order of these four cations did not change with depth in the four
study areas except that sometimes exchangeable potassium was more abundant than
exchangeable sodium.

The calcium cation accounted for more than 50% of the

exchange points and cation exchange capacity of soils of both study sites and at all
depths. In a similar pattern to the clay ratio changes with depth (Tables 4. 1 and 4.2), it
may also be noted from the results that the exchangeable calcium average quantities had
their maximum values in the middle depth in both study sites (Figures 5.22 and 5.23).
There was a significantly greater (p < 0.001) amount of exchangeable calcium in the
coastal site (Table 5.14); a significant effect of depth (p < 0.001) with higher values
particularly in the middle depth layer (Figures 5.22 and 5.23); and a significant effect
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(p < 0.001) of burning which increased the exchangeable calcium concentration
(Figures 5.31 and 5.32), particularly in the mountain site. Because this effect of burning
is mainly observed in the mountain site, there are also highly significant effects
(p < 0.001) for all the interaction terms (Table 5.14).

Table 5.13 Mean values of exchangeable cations, CEC and Exchangeable Sodium
Percentage in soils from the coastal and mountain sites for both burned and
unburned areas at three depths. Each reading represents the average of 9
replicates.
Site

Type of
sample

Exchangeable cations
(meq. 100g-1 soil)
Depth
(cm)

Ca++

Mg++

Na+

K+

Cation
Exchangeable
Exchange
Sodium
Capacity
Percentage
(CEC)
(ESP)*
(meq.100g(%)
1
soil)

0-15 12.01 7.26 1.02 1.06
21.35
4.80
Burned
15-35 13.41 8.92 0.91 0.31
23.55
3.86
35-60 11.48 7.20 0.79 0.38
19.85
4.01
Coastal
0-15 12.06 7.38 0.94 0.40
20.78
4.55
Unburned 15-35 13.32 8.62 0.51 0.23
22.68
2.24
35-60 11.88 7.12 0.46 0.38
19.84
2.32
0-15 12.20 8.27 0.94 1.92
23.33
4.15
Burned
15-45 13.04 8.97 0.91 0.62
23.54
3.90
45-70 11.37 8.62 0.91 0.85
21.75
4.18
Mountain
0-15 11.08 7.13 0.58 0.83
19.62
3.03
Unburned 15-45 11.96 8.66 0.52 0.42
21.62
2.40
45-70 10.15 7.84 0.49 0.60
19.08
2.56
* According to (U.S. Salinity Lab., 1954) ESP = Exchangeable Sodium Percentage:
𝐄𝐱𝐜𝐡𝐚𝐧𝐠𝐞𝐚𝐛𝐥𝐞 𝐬𝐨𝐝𝐢𝐮𝐦

𝐄𝐒𝐏 = 𝐂𝐚𝐭𝐢𝐨𝐧 𝐄𝐱𝐜𝐡𝐚𝐧𝐠𝐞 𝐂𝐚𝐩𝐚𝐜𝐢𝐭𝐲 × 𝟏𝟎𝟎
A sodic (alkali) soil has an ESP of more than 15 and an EC of less than 4 mS cm-1 at 25°C.
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Although the differences in the absolute values of the exchangeable calcium quantities
in the soils of the two study sites are fairly small, probably due to the prevailing parent
material (limestone) being a main source of the soluble and exchangeable calcium, the
ANOVA results show that there were highly significant differences (p < 0.001) in the
exchangeable calcium content between the studied sites, the coastal site having
generally higher values.

The difference in the exchangeable calcium values at the uppermost layer between
burned and unburned areas in the coastal site was very small. Probably this may be
attributed to the coastal site being an old-burned site; also, the pumping of nutrients by
regenerating vegetation (Figure 3.3) from the deeper horizons towards the surface
probably accounts for increased concentrations of exchangeable calcium in the middle
depths; and at the mountain site, the increased amount in the surface layer of the burned
area was probably due to the accretion of ash from burning of surface organic matter.

Although the interaction terms are also highly significant, nevertheless it seems that the
fire did not affect the ratio of this important cation compared to the total cation
exchange capacity of the soils of the two study sites, and this may have helped to keep
their physical properties such as good structure and suitable permeability for water and
air, as reported in chapter 4.
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Figure 5.22 Surface plot showing the variation in exchangeable calcium content
(meq. 100g-1 soil) at three depths in burned (b) and unburned (ub) soils from the
coastal site.
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Figure 5.23 Surface plot showing the variation in exchangeable calcium content
(meq. 100g-1 soil) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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Table 5.14 Soil exchangeable calcium (meq. 100g soil-1) values analyzed by threefactor ANOVA with replication in the burned (b) and unburned (ub) soil samples
at three depths from the coastal and mountain sites. Significance level is denoted
by: *** p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n = 4 for
burned and unburned areas at each of 2 studied site; n = 12 for depth (3 depths at
four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
6.3220
50.9631
15.2250
0.1091
9.8343
2.0275
0.7642
0.3719
85.3471

Mean of
Squares
(M.S)

F
value

6.3220
1632
25.3465
6543
15.2250 3930.2
0.1091 14.08
9.8343 2538.7
1.0137 261.69
0.3821 98.64
0.0039

P

Significance

L.S.D

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

0.16
0.07
1.14

5.5.2 Exchangeable magnesium
The magnesium cation has formed an important part of the exchange points and cation
exchange capacity of soils of both study sites (Table 5.13). Results indicate that the
proportion of the exchangeable magnesium overall reached a maximum of 30% of the
total cation exchange capacity.

It may be seen that there is a similarity in the patterns of the results for exchangeable
magnesium compared to these for exchangeable calcium. Quantities of the
exchangeable magnesium were highest in the middle depth layers (Figures 5.24 – 5.25).
The effect of burning was much more pronounced in the mountain site, especially in the
topmost layer of the soil profile (Table 5.13). Therefore, as with exchangeable calcium,
all three factors and all of their interaction terms were highly significant (p < 0.001)
(Table 5.15).
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Figure 5.24 Surface plot showing the variation in exchangeable magnesium content
(meq. 100g-1 soil) at three depths in burned (b) and unburned (ub) soils from the
coastal site.
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Figure 5.25 Surface plot showing the variation in exchangeable magnesium content
(meq. 100g-1 soil) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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It should be noted that this parameter seems to be returning to its pre-burn levels in the
coastal site which was burned 8 years ago (and which has begun regenerating the
vegetation); therefore the effects of fire on this parameter (and on calcium) are quite
short-lived in the study area where limestone is the parent material.
Table 5.15 Soil exchangeable magnesium (meq. 100g soil-1) values analyzed by
three-factor ANOVA with replication in the burned (b) and unburned (ub) soil
samples at three depths from the coastal and mountain sites. Significance level is
denoted by: *** p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n =
4 for burned and unburned areas at each of 2 studied site; n = 12 for depth (3
depths at four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
5.0873
33.3340
7.3947
0.3205
3.4204
4.7829
2.2406
0.1621
56.7425

Mean of
Squares
(M.S)

F
value

5.0873 3012.3
16.6670
9869
7.3947 4378.4
0.1603 94.90
9.8343 2025.3
3.3915 1416
1.1203 663.3
0.0017

P

Significance

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

L.S.D

0.10
0.04
0.76

5.5.3 Exchangeable sodium
Despite the varying amount of the exchangeable sodium in soils of the different areas, it
comprised a relatively small proportion of the exchangeable ions in the soil, with the
mean exchangeable values not exceeding 1.02 meq.100g soil-1 (found in the burned
coastal site in the uppermost layer) (Table 5.13). This is in contrast to the soluble
quantities of this element in the studied soils (Tables 5.4). Figures 5.26 and 5.27 show
there to be generally more exchangeable sodium in the burned areas. This is shown to
be highly statistically significant (p < 0.001) comparing the exchangeable sodium
between the burned and unburned areas (Table 5.16). There is also a highly significant

130

(p < 0.001) effect of depth, with higher values in the uppermost layers
(Figures 5.26 and 5.27), whether burned and unburned. There is also a significant
difference (p < 0.001) between the sites, with the coastal site tending to have relatively
higher values (Table 5.13).

It may also be seen from the results that there is not always a clear trend in the content
of the exchangeable sodium between the studied sites, with a relatively elevated content
in the burned area at the coastal site than at other depths there. This may be due to the
regeneration of the vegetation in the coastal site following the release of elements
during the degradation of the plants residues. Such features have resulted in highly
significant (p < 0.001) interaction terms for all combinations of the three factors
(Table 5.14).

Table 5.16 Soil exchangeable sodium (meq. 100g soil-1) values analyzed by threefactor ANOVA with replication in the burned (b) and unburned (ub) soil samples
at three depths from the coastal and mountain sites. Significance level is denoted
by: *** p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n = 4 for
burned and unburned areas at each of 2 studied site; n = 12 for depth (3 depths at
four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
2.93370
0.84237
0.05513
0.16736
0.09600
0.42869
0.10285
0.18067
4.80677

Mean of
Squares
(M.S)

F
value

2.93370 1559
0.42119 223.80
0.05513 29.29
0.08368 44.46
0.09600 51.01
0.21435 133.90
0.05142 27.32
0.00188
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P

Significance

L.S.D

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

0.13
0.04
0.76
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Figure 5.26 Surface plot showing the variation in exchangeable sodium content
(meq. 100g-1 soil) at three depths in burned (b) and unburned (ub) soils from the
coastal site.
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Figure 5.27 Surface plot showing the variation in exchangeable sodium content
(meq. 100g-1 soil) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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The fact that the exchangeable sodium percentage (ESP) in soils of the study sites was
less than 5% (Table 5.13) confirms that these soils would not be classified as sodic soils
(U.S. Salinity Lab., 1954) and fire did not cause an increase in exchangeable sodium to
the degree which causes its dominance on the adsorption complex. In addition, except in
the mountain site burned area third depth, the results also show the exchangeable
sodium percentage values decreased with depth (Table 5.13; Figures 5.28 and 5.29).
This decrease of the exchangeable sodium percentage with depth, compared to an
increase of the exchangeable calcium and magnesium especially in the middle depth
layer in the four study areas (Table, 5.13) may be due to the competition between
exchangeable calcium and magnesium as a divalent cations, for exchangeable sodium as
mono-valent cation on exchanging points on surfaces of the soils particles, which may
encourage the replacement of a part of the exchangeable sodium with exchangeable
calcium or magnesium (Bohn et al, 1979).

Due to the close relationship between the ESP values and sodium exchangeable
concentration values in the soils of study sites, statistical analysis results of ESP values
(Table 5.17) have agreed completely with those of the analysis of exchangeable sodium
values (Table 5.16). Results indicate the differences between all three factors and their
interactions terms were highly significant (p < 0.001). The results have not been
illustrated separately because they mirror the results for exchangeable Na in Figures
5.26 and 5.27.
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Figure 5.28 Surface plot showing the variation in exchangeable sodium percentage
(ESP) values at three depths in burned (b) and unburned (ub) soils from the
coastal site.
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Figure 5.29 Surface plot showing the variation in exchangeable sodium percentage
(ESP) values at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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Table 5.17 Exchangeable Sodium Percent (ESP) (%) values analyzed by threefactor ANOVA with replication in the burned (b) and unburned (ub) soil samples
at three depths from the coastal and mountain sites. Significance level is denoted
by: *** p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n = 4 for
burned and unburned areas at each of 2 studied site; n = 12 for depth (3 depths at
four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)
45.9817
22.1820
1.8122
5.1554
0.3457
9.1604
1.3726
3.4446
89.4546

Mean of
Squares
(M.S)

F
value

45.9817 1281.5
11.0910 309.1
1.8122
50.5
2.5777
71.8
0.3457
9.6
4.5802 127.7
0.6863
19.1
0.0359

P

Significance

L.S.D

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

0.48
0.57
3.43

5.5.4 Exchangeable potassium
Exchangeable potassium represents a very limited ratio of the total exchangeable
cations (Table 5.13). This is probably due to its absence in the parent material of the
soils and almost all that there is being absorbed by plants. Like the other exchangeable
cations, the results indicate that the highest quantities of the exchangeable potassium
were in the uppermost layers in both study sites, were particularly high in the mountain
site compared with the coastal site, and were markedly affected by burning in the top
layer of the soil (Figures 5.30 and 5.31 ). Thus it was not surprising that the results of
the ANOVA statistical analysis results (Table 5.18) show highly significant differences
(p < 0.001) between the two studied sites, and between the different depths (p < 0.001)
with the decrease of its concentration with depth probably being due to the continuous
depletion by plant roots because it is one of the main nutrients. Furthermore, the
ANOVA results also show highly significant differences (p < 0.001) in the average
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exchangeable potassium concentration between burned and unburned areas, where fire
appears to be cause an increase in this exchangeable cation.

Besides the individual factor effect of burning on the exchangeable potassium content,
however, all the interaction effects are also highly significant (p < 0.001; Table 5.18).
The soil exchangeable potassium is most increased in the burned mountain site in the
top soil layer, which is a positive effect. It is known that potassium is a macro-nutrient
element of plants and its most important function is to increase the synthesis and
transmission of carbohydrates, which promotes increased thickness of cell walls and the
strength of plants stems (Foth, 1984), so its increased availability after burning will
encourage plant regrowth.

Table 5.18 Soil exchangeable potassium (meq. 100g soil-1) values analyzed by threefactor ANOVA with replication in the burned (b) and unburned (ub) soil samples
at three depths from the coastal and mountain sites. Significance level is denoted
by: *** p < 0.001. L.S.D is Least Significance Difference (at p = 0.05), n = 4 for
burned and unburned areas at each of 2 studied site; n = 12 for depth (3 depths at
four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)

Mean of
Squares
(M.S)

1.12649
1.03204
2.67908
2.30274
0.02582
0.75052
0.03361
0.13773
8.08803

1.12649
0.51602
2.67908
1.15137
0.02582
0.37526
0.01681
0.00143
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F
value

P

Significance

L.S.D

785.16
359.67
1867.3
802.5
18.00
261.55
11.71

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

0.10
0.04
0.63
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Figure 5.30 Surface plot showing the variation in exchangeable potassium content
(meq. 100g-1 soil) at three depths in burned (b) and unburned (ub) soils from the
coastal site.
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Figure 5.31 Surface plot showing the variation in exchangeable potassium content
(meq. 100g-1 soil) at three depths in burned (b) and unburned (ub) soils from the
mountain site.
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5.6. Cation exchange capacity (CEC)
The results in Table 5.13 indicate that the CEC of the study sites ranged from a mean of
19.08 in the unburned mountain site at a depth of 45-70 cm, to 23.55 meq. 100g soil-1 in
the burned coastal site at 15-35 cm depth. When the soil CEC results were analyzed by
three-factor ANOVA (Table 5.19), the differences between burned and unburned areas
in the two study sites were highly significant (p < 0.001), with higher values in the
burned areas which may relate to an increase of the exchangeable cations due to fire due
to release of these cations from the litter and their being deposited on the mineral soil.
Since the exchangeable calcium and magnesium account for about 80% of the CEC
results (Table 5.13), the patterns of behaviour of the soil CEC are similar to the patterns
of behaviour of these two elements. Results show the CEC values were greatest at the
intermediate depths in the study sites (Figures 5.32 and 5.33). The ANOVA results
indicate that there were highly significant differences (p < 0.001) between the different
depths. There is also a weaker but still significant (p < 0.05) effect of site but more
importantly there is a highly significant interaction (p < 0.001) between all
combinations of factors since, as can be seen in figures 5.32 and 5.33, the effects of
burning and depth are different in the two sites. This is not surprising, as the behaviour
of CEC is related to the behaviour of the exchangeable cations in the studied soils,
especially exchangeable calcium and magnesium; however, the separate effect of site on
the CEC is not as clear as it is with these two elements individually.

It can be concluded that, although there is a significant effect of fire on the CEC due to
its impact in the consumption of the surface organic matter, this effect is reversible after
a few years, as is demonstrated by the return of values to nearly unburned levels in the 8
year old coastal site
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Figure 5.32 Surface plot showing the variation in CEC content (meq. 100g-1 soil) at
three depths in burned (b) and unburned (ub) soils from the coastal site.
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Figure 5.33 Surface plot showing the variation in CEC content (meq. 100g-1 soil) at
three depths in burned (b) and unburned (ub) soils from the mountain site.
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Table 5.19 Soil Cation Exchange Capacity (CEC) (meq. 100g soil-1) values analyzed
by three-factor ANOVA with replication in the burned (b) and unburned (ub) soil
samples at three depths from the coastal and mountain sites. Significance level is
denoted by: * p < 0.05;*** p < 0.001. L.S.D is Least Significance Difference (at p =
0.05), n = 4 for burned and unburned areas at each of 2 studied site; n = 12 for
depth (3 depths at four studied areas); n = 2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)

Mean of
Squares
(M.S)

57.218
137.821
0.047
4.172
29.547
7.853
6.749
0.929
244.336

57.218
68.911
0.047
2.086
29.547
3.926
3.374
0.010

F
value

P

Significance

L.S.D

5914.7
7123.4
4.85
215.65
3054.4
905.8
348.82

0.000
0.000
0.030
0.000
0.000
0.000
0.000

***
***
*
***
***
***
***

0.25
0.08
1.80

5.7 Organic matter
Soils of both study sites are characterised by low organic matter content (Table 5.20). In
addition, the results indicate that the average percentage of the organic matter in all
layers at the coastal site was higher than its average percentage in the equivalent layers
at the mountain site. This may be due to the diversity of vegetation in the coastal site,
as this site included several species of trees, bushes, etc. (Figures 3.2 and 3.3), while in
the mountain site, the forest included just one type of tree (Figures 3. 5 and 3. 6). The
two sites are statistically significantly different (p < 0.001) from each other (Table 5.21)
in the amount of organic matter percent. Furthermore, the illustrated surface plots in
Figures 5.34 and 5.35 show that the organic matter percentages decreased with depth in
the coastal site and in the unburned mountain area; the low content of organic matter in
the burned uppermost layer in the mountain site may emphasize the effect of fire on this
layer (Figure 5.35). Decreasing organic matter with depth was expected, due to the
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accumulation and degradation of the plant residues in the top layers and the microbial
activities of degradation of organic matter decrease with depth. Results of the ANOVA
also indicated that there were highly significant differences (p < 0.001) between the
different depths.

Table 5.20 Mean values of the percentages of organic matter and total nitrogen,
and of total phosphorus concentration, in soils from the coastal and mountain sites
for both burned and unburned areas at three depths. Each reading represents the
average of 9 replicates.
Site

Type of
sample

Burned
Coastal
Unburned

Burned
Mountain
Unburned

Depth
(cm)

Organic Matter
(OM)
(%)

0-15
15-35
35-60
0-15
15-35
35-60
0-15
15-45
45-70
0-15
15-45
45-70

2.42
1.51
1.43
2.53
1.46
1.40
1.07
1.12
1.02
1.65
1.15
1.08

Total
Nitrogen
(TN)
(%)
0.35
0.26
0.08
0.66
0.22
0.13
0.14
0.10
0.07
0.60
0.15
0.06

Total
Phosphorus
(TP)
(ppm)
19.02
5.42
6.36
21.03
5.84
6.38
1.39
2.45
2.37
16.48
2.57
2.13

Although the statistical differences for the effect of burning on the organic matter were
highly significant, this was most marked in the mountain site. This may be because the
coastal site as an old-burned site seems to have started on the recovery processes and
the cycling of the organic matter decomposition at this ecosystem has begun; while in
the mountain site, the period of burning has been more recent and fire has had the effect
of decreasing the organic matter. This was noted by its low value in the uppermost
burned layer compared with the same layer depth in the unburned area.
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It is notable that all the interaction terms are also significant (p < 0.001), particularly
because of the pronounced effect of burning on the top soil layer associated with the
fact that this effect is different when comparing the burned to the unburned areas in the
mountain site than it is in the coastal site.

Table 5.21 Soil organic matter (%) values analyzed by three-factor ANOVA with
replication in the burned (b) and unburned (ub) soil samples at three depths from
the coastal and mountain sites. Significance level is denoted by: *** p < 0.001.
L.S.D is Least Significance Difference (at p = 0.05), n = 4 for burned and unburned
areas at each of 2 studied site; n = 12 for depth (3 depths at four studied areas); n =
2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)

Mean of
Squares
(M.S)

0.3559
10.2005
10.0589
0.6975
0.3115
3.4387
0.2236
0.1277
25.4143

0.3559
5.1003
10.0589
0.3488
0.3115
1.7193
0.1118
0.0013
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F
value

P

Significance

L.S.D

267.55
3833.8
7561.2
262.17
234.14
1292.4
84.05

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

0.1
0.02
0,63
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Figure 5.34 Surface plot showing the variation in organic matter (%) at three
depths in burned (b) and unburned (ub) soils from the coastal site.
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Figure 5.35 Surface plot showing the variation in organic matter (%) at three
depths in burned (b) and unburned (ub) soils from the mountain site.
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5.8 Total nitrogen (TN)
According to the findings contained in Table 5.20, the pattern of distribution of average
amounts of total N is similar to the pattern of distribution of organic matter. Thus the
results have showed a marked decrease of its concentration values with depth
(Figures 5.36 and 5.37), particularly in the unburned areas. Results also indicate the
average values of total N in the coastal site are higher than its average values in the
mountain site. A period of 8 years after a forest fire in the coastal site appears to have
restored the pre-fire level of total nitrogen. This is confirmed by statistical analysis of
the three-factor ANOVA results (Table 5.22), which show highly significant differences
(p < 0.001) in the content of total N between the different depths, between the studied
sites and as a result of fire, with average values of total N in the burned areas in both
sites at the uppermost layer being less than its average values in the unburned areas,
especially in the mountain sites.

These results are consistent with the effect of fire contributing to the loss of nitrogen by
volatilization and particulate transfer to the atmosphere, especially in the site of the
most recent fire. All the interaction terms involving burning were statistically highly
significant (p < 0.001) because of this; and the interaction between depth and site was
very significant too (p < 0.001) because of the different rates of decline in total N with
depth in the two sites.
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Figure 5.36 Surface plot showing the variation in total nitrogen (%) at three
depths in burned (b) and unburned (ub) soils from the coastal site.
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Figure 5.37 Surface plot showing the variation in total nitrogen (%) at three
depths in burned (b) and unburned (ub) soils from the mountain site.
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Table 5.22 Soil total nitrogen (%) values analyzed by three-factor ANOVA with
replication in the burned (b) and unburned (ub) soil samples at three depths from
the coastal and mountain sites. Significance level is denoted by: *** p < 0.001.
L.S.D is Least Significance Difference (at p = 0.05), n = 4 for burned and unburned
areas at each of 2 studied site; n = 12 for depth (3 depths at four studied areas); n =
2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)

Mean of
Squares
(M.S)

0.51945
2.41088
0.26305
0.82002
0.02225
0.04025
0.05041
0.14340
4.26970

0.51945
1.20544
0.26305
0.41001
0.02225
0.02012
0.02521
0.0013

F
value

P

Significance

L.S.D

347.75
806.99
176.10
274.49
14.89
13.47
16.87

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

0.10
0.25
0.63

5.9 Total phosphorus (TP)
It seems clear from the results (Table 5.20) that the average amounts of total phosphorus
(TP) in soils of the study sites behave in a similar manner to those of organic matter and
total nitrogen in the mountain site, but somewhat different responses in the coastal site.
In the coastal site the TP concentration is much higher in the upper soil layer
(Figure 5.38). This may be attributed to phosphorus being classified as an immobile
element in the soil so that it does not move much down the soil profile. The present
results indicate that the values of TP in the coastal (less recently burned) site are higher
than their equivalent values in the mountain site. By contrast, the lowest content of the
TP was recorded in the burned uppermost layer at the mountain site (Figure 5.42) which
is considered a recently burned site; possibly the majority of phosphorus is lost by fire
during volatilization of the litter and biomass. Statistical analysis by three-factor
ANOVA of these results (Table 5.23) indicates that all three of the main factors were
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highly significant (p < 0.001), as well as all of the interactions because of the different
concentrations of the TP in the two sites as a response to burning and to depth.

Generally, it seems that in spite of loss of large amounts of this element as a result of
fire, the concentrations do recover with time as has been observed in the coastal site.

Table 5.23 Soil total phosphorus (ppm) values analyzed by three-factor ANOVA
with replication in the burned (b) and unburned (ub) soil samples at three depths
from the coastal and mountain sites. Significance level is denoted by: *** p < 0.001.
L.S.D is Least Significance Difference (at p = 0.05), n = 4 for burned and unburned
areas at each of 2 studied site; n = 12 for depth (3 depths at four studied areas); n =
2 for the number of studied sites.
Source of
variation

Degree
of
freedom
(D.F)
b/ub
1
depth
2
site
1
b/ub*depth
2
b/ub*site
1
depth*site
2
b/ub*depth*site
2
error
96
Total
107

Sum of
squares
(S.S)

Mean of
Squares
(M.S)

224.67
224.67
2549.61 1274.80
989.42
989.42
433.32
216.66
123.71
123.71
347.32
173.66
260.77 130.39
14.62
0.15
4943.44
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F
value

P

Significance

L.S.D

1475.4
8372.4
6498.1
1423
812.50
1140.5
856.3

0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***

1.02
0.37
7.0
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Figure 5.41 Surface plot showing the variation in total phosphorus (ppm) at three
depths in burned (b) and unburned (ub) soils from the coastal site.
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Figure 5.42 Surface plot showing the variation in total phosphorus (ppm) at three
depths in burned (b) and unburned (ub) soils from the mountain site.
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5.10 Summary of findings
Unlike the impact of fire on the physical properties of the soils of the study area, which
were presented in the previous chapter, the impacts of fire on the chemical properties
were very obvious especially in the mountain site which has been subjected to fire
recently. Sometimes the effect of fire has lead to an increase and sometimes a decrease
in the chemical parameter.

When estimating the impact of fire on the plant macro-nutrient chemical elements
namely nitrogen, phosphorus, and potassium, results showed that this effect was adverse
in reducing total nitrogen and total phosphorus, but also contributed to an increase in the
amount of exchangeable potassium.

The effects of fire, soil depth and site on the chemical properties as indicated by the
present results can be summarized as in Table 5.24. These results will be discussed
more fully in chapter 6.
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Table 5.24 Summarizing the effect of burning, soil depth and site on the studied
soil chemical properties from the coastal and mountain sites.
Parameter
Electrical
conductivity (EC)

pH
Soluble Na+
Soluble K+
Soluble Ca++
Soluble Mg++
Soluble Cl-1
Soluble HCO3-1

Soluble SO4-2

Exchangeable
Mg++

Organic matter
Exchangeable Ca++

Effect of
burning
no significant
effect
higher when
burned in the
mountain site
only
higher when
burned in
mountain site
higher when
burned in top
layer
slightly
higher when
burned
higher when
burned
higher when
burned in
upper layer
no consistent
effect
higher when
burned in the
mountain site
only
higher when
burned in the
mountain site
only

Effect of soil
depth
most at surface
and least in
middle layer
greater at depth
except in the
burned
mountain site
more at surface

Effect of site
more in the mountain site

higher in the mountain site, when
burned
more in the mountain site

more at surface

more in the mountain site

lowest in middle
depth

more in the mountain site

more at surface

more in the mountain site

more at surface

more in the mountain site

more at surface,
least in middle
layer
lower values at
intermediate
depth

more in the coastal site

higher values at
intermediate
depth

less when
burned
especially in
mountain site

more at surface
except where
recently burned

higher when
burned in the
mountain site
only

higher values at
intermediate
depth
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more in the mountain site

generally slightly more in the
mountain site

more in the coastal site

generally more in the coastal site

(Table 5.24 continued)
Exchangeable Na+

higher when
burned

Cation Exchange
Capacity (C E C)

higher when
burned

Exchangeable K

+

Total Nitrogen
Total Phosphorus

higher when
burned
less when
burned
less when
burned

more at surface

no real trend

more at
intermediate
depth
more at surface
especially when
burned
more at surface

more in coastal site (unburned
areas); opposite trend for burned
areas.

more at surface
except where
recently burned

more in the coastal site
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more in the mountain site
more in the coastal site

Chapter 6: Discussion and conclusions

This study was conducted in Aljabal alakhdar (Green mountain) which lies in the N.E of
Libya. This area is characterised by forests which are the most important coastal forests
in the region stretching from Morocco to Syria. These forests possess a diversity of
vegetation which benefits from the coastal influences which ensure that the local
climate is much less dry and has less extreme temperature when compared with other
regions of Libya (Eldoumi, et al. 2002).

The importance of this region lies in the fact it is the only naturally well vegetated
region in Libya. Like other Mediterranean forests it is exposed to the risk of fires
(IUCN, 2002). Moreover, fires are often deliberately started, mainly as a consequence
of people removing fire wood, or sometimes converting forested areas to agricultural
use, and such fires destroy large areas of forest, causing the elimination of biological
diversity and contributing to land degradation through increased erosion rates, in
addition to redistribution or losses of organic matter and nutrients within the soil which
may affect the soil chemical and physical properties, as well as depriving the local
people of aesthetic aspects such as the shadow of trees and beautiful aromas.

Deliberate fires cause the elimination of types of the natural vegetation cover without
discrimination, especially the juniper trees (Juniperus phoenicia) which are most
affected by fire, because of it being the most prevalent species in most areas of Aljabal
alakhdar. Because of fires, superficial crusts of the burned vegetation may form causing
a decline in the infiltration rates of water, although the results of this study suggest that
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the level of moisture in the surface layers of the studied soils did not decline by more
than 4.33%. This could create the conditions to stimulate the phenomena of runoff and
soil erosion. Thus quick and constructive actions that stimulate the growth of any
vegetation cover, especially on slopes that have become bare of any vegetation as a
result of the devastating fires, will help to protect the soil against erosion which, if not
prevented, could lead over time to an increase in the area of desertification.

The results from the present work will be discussed in relation to the soil physical and
chemical properties separately, and then the results will be integrated to take the first
steps to developing a model that could be used for assessing fire effects on soils.

It is hoped that the output from this research will be used to develop recommendations
that will help to conserve these forests and make people aware of the dangers of fire to
this ecosystem, in terms of their potential effect on soil physical and chemical
properties. Finally, the chapter will indicate further work that appears necessary arising
from these results and conclusions.

6.1 Soil physical properties
Study sites were selected based on their geographical location (coastal and mountain),
providing environments which differed in terms of temperature and annual rainfall as
well as the density of vegetation. The two sites had also been affected by fires at
different periods in the past.
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Though fires seem to have changed some of the properties of the soils, one notable
feature which came out of the study of the physical properties of soils at both study sites
was the homogeneity of their profiles in terms of soil type, particle size, and the density
of soil particles and particles ratios at all depths. Thus the dominant type of soil texture
at the four sites was silt loam. In addition to this, there was a further similarity at all
sites in the movement of moisture down the soil profiles (data show that the mean water
content increased with depth in all cases) and the proportion of pore spaces between the
mineral particles was also consistent across all areas. Detailed discussion of individual
parameters is given below.

6.1.1 Effect of fire on soil particle size (soil texture)
As noted above, the soils of the study area sites, whether burned and unburned from the
coastal or mountain site, and within all horizons were characterised by a silt loam
texture which means that the fire was not enough to change the studied soil fractions
and therefore the type of texture. Results also indicated that silt represented the main
component of the mineral parts of the soils sampled at both study sites in both burned
and unburned areas, while the clay content was always the smallest fraction, especially
in mountain sites, but increased with depth. Particle size analysis also showed that sand
sized particles form between 24.6 and 30% of the mineral part of the sampled soils.

The fact that there were relatively high proportions of silt and sand and a low content of
clay in the mountain sites as compared to the coastal site may be due to the lower
density of vegetation at the mountain site. The reduced quantity of vegetation may have
affected the erosion of soil and therefore the selective movement of the clay particles,
leaving the large particles of sand and silt in situ (Eldoumi et al, 2003). This explanation
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has been advanced elsewhere in many studies such as G.E.F.L.I (1975) and Selkoz
Prom Export USSR (1980). The studies indicate that the Aljabal Alakhdar region is
characterised by shallow soil profiles and soils that are relatively low in organic matter.
The studies also indicate that the density of vegetation varies from one site to another
which, if true on a regional scale, would facilitate different rates of soil erosion. Soil
erosion varies from medium rates in regions with relatively substantial vegetation cover
e.g. in areas which are adjacent to the sea, to high rates of soil erosion in regions with
sparse vegetation such as the regions in the south that are bordering the Sahara. The
actual pattern is also known to be complicated when the impacts of southerly winds are
considered.

Despite the low percentage of clay and organic matter, field observations of the soil
profiles of both study sites indicated that these profiles were characterised by a granular
structure in the surface layers and sub- angular soil structures in the sub-surface layer
horizons. This may be considered as providing important indicators of the quality of the
soil structure, as the granular structure may help to improve moisture ingress and
movement and to encourage the activities of microorganisms and growth of plant roots
(Foth, 1984). The absence of any manifestations of anaerobic conditions would be
expected to favour the spread of roots of plants and the percolation of precipitation
through the soil profiles. The extent of root penetration throughout the soil is clearly
evidenced by both the observation of roots in the soil profiles and by the presence of
plant root residues throughout the profiles.

In respect of the results of the mechanical analysis of the soil samples from both sites
there is no clear evidence of any impact of forest fires on soil particle sizes in the clay
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and silt particle size range, and the impact of fire on sand particles was only just
significant. The dominance of the particles that are in the silt size category has remained
the same in both the burned and unburned study area of the two sites. This may be due
to the intensity of fires being insufficient to cause a clear change in soil sample fractions
and thus soil texture. The results are consistent with those found in field studies by
Nishita and Hange (1972) and Chandler et al, (1983), who recorded that most forest
fires do not result in enough heat to change the texture of the soil. On the other hand,
these results contrast with Dyrness and Youngberg (1975) and Duriscoe and Wells
(1982) who found a sharp increase in the amount of sand and a decrease in silt and,
especially, clay even when the fires generated only low temperatures. However the
observed changes of these authors were mostly limited to the surface layer of soil
(0-5 cm depth), and also these observations were laboratory based studies, whereas
conditions in the field may be influenced by other factors such as different levels of
moisture, and the presence of vegetation.

6.1.2 Effect of fire on soil water content
The data obtained from this study indicate that there is a strong link between the
percentage of moisture in the soils and the soil‟s clay content. This relationship was
present at both study sites and for both the burned and unburned areas. The soil
moisture present increased with depth. However, the proportion of moisture in the
coastal site at all depths appears to have been sufficient to meet the needs of evaporation
and transpiration, since it was observed during the collection of samples that there was a
notable recovery of the vegetation at this site 8 years after burning.
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Furthermore, the data also indicate that the average water content at the coastal site was
higher than the average at the mountain site. In the burned areas at both sites the water
content of the surface soil was notably lower than in the surface layer in the unburned
areas. At the mountain site, where the lowest soil moisture values were recorded, the
almost complete absence of surface organic detritus may have allowed soils in this area
to dry out swiftly in the summer. In addition, removal of the litter layer may likely result
in increased soil temperatures which, in turn, could increase evaporation rates and
drying of soils in this area. Overall, the data obtained from the sites match the findings
of Litton and Santelices (2002) who noted increased evaporation rates from burned
forests where the litter layer has been eliminated and as a consequence the soils in the
burned areas were drier than those in unburned areas where the litter layer was intact.
This has important implications for the productivity of these areas, as the water
available to seedlings seeking to re- establish the vegetation may well become limiting
in burned forests during dry periods long before it does so in unburned areas.

6.1.3 Effect of fire on soil porosity
It follows from the data that, although there is only a modest impact of fire on the
porosity of the sampled soils these soils appear to be characterised by the quality of
internal drainage despite the low rates of moisture, i.e. the soil porosity is such that it
will allow free movement of water without restriction. This is reinforced by the results
of the EC measurements of the soil sample extracts (Table 5.1) which indicate that the
concentrations of soluble salts were greatest in the uppermost layers of the four study
areas due to the soil solution rising up through the soil layers by capillarity. These
results indicate that the intensity of the fire was not enough to produce any observable
effect on the soil porosity in this ecosystem. This may be consistent with the study of
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Giovanni et al (1988), despite the fact that they observed an increase of total porosity
with temperature

of ˂ 600◦C either in sandy and clay soils, if the fire temperatures in

the study sites were lower than this. Other studies, such as those of Savage (1971) and
Molina and Sanroque (2000), do not accord with the results of the mountain site soil
porosity estimation while they agree with the coastal site results. They reported greater
porosity in unburned soil in forest soils; however the soils they investigated were
characterised by high levels of organic matter. They also reported that the changes in
soil porosity induced by fire seem to depend not only on temperature levels and soil
type, but also on the amount of ash that enters the soil. Thus it seems that there is clear
difference in the conditions of their study area and the study area covered by this
research, namely their study area possessed soils with a high content of organic matter,
while the study areas in Libya have only low quantities of organic matter.

6.1.4 Effect of fire on soil particle density
The soil particle density (density of soil particles without pores and gaps) of the soils
sampled at the two sites has not been affected by fire at either of the sites sampled. This
has important implications for homogeneity of soil particle size and its distribution in
the soil profiles of these sites. This study supports the ideas expressed by Nishita and
Hang 1972 and Giovannini et al (1988) who hypothesised that particle size ratio
remains unchanged until temperatures of 300-400οC are reached. Above this
temperature, silt and clay particles aggregate and the sand fraction of soils increases.
This also may agree with the results of Jury et al. (1991) who found in their study that
an increase in particle density can result in deeper heat transfer into the soil profile. The
implication of this is that the fires involved in burning the sites used in this study may
not have reached temperatures above 300°C.
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6.2 Effect of fire on soil magnetic susceptibility
As far as it is possible to ascertain, this study has used the technique of magnetic
susceptibility for the first time in Libyan soils. Using this technique provided
information that was particularly helpful in developing logical explanations for many of
the results obtained from this study. In particular it assisted in identifying the depth of
the soils that are believed to have been affected by fire and so helped to track the
potential effects of fire on the physical and chemical properties within the soil profiles.
In the light of the results obtained, it is clear that within the burned areas the surface
layers have experienced magnetic change, with high values of magnetic susceptibility in
the surface layers. This is especially pronounced at the more recently burned area in the
mountain site. This suggests that the vegetation, particularly in the coastal site, played
an important role in obstructing the penetration of the effects of the fire into the deeper
layers of the soil. Thus, the expected fire effects were concentrated in the surface layer
(0-15 cm) in both study sites.

The fact that the magnetic changes in the soils are confined to the surface layers accords
with numerous studies that have indicated that the effect of fires in woodland are
confined to the surface layers of the soils (e.g. Litton and Santelices, 2003; Marafa and
Chau ,1999).
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6.3 Soil chemical properties

Most of the work that has been done in this thesis is the study of the chemical properties
of the soil samples collected from the two study sites, which included burned and
unburned areas. It is particularly interesting to note that many of the results of analysis
of the chemical properties when assessed by ANOVA, showed that these properties
were affected by fire and very few of the data sets proved to be showing no or low
significance due to the effect of fire. This is still true at the coastal site even though the
burned area there was affected by fire several years ago. Many of these effects are most
pronounced in the upper soil layer, reflecting the rapid decline in temperatures with soil
depth (see e.g. Ghuman and Lal, 1989).

6.3.1 Effect of fire on soil Electric-Conductivity (EC)
The average values of electrical conductivity of extracts of these soils were highest at
the surface layer depth compared to other depths, with the highest value recorded at the
surface in the burned area of the mountain site. This reflects the effect of fire in
contributing to the increase of salt concentration in the surface layer of the burned area
in the mountain site by increasing the temperature of this layer and thus the rate of
evaporation.

Moreover, the effect of high air temperature and high rates of evaporation from the soil
surface will be to cause an increase in salts concentration in the surface layers of the
profiles.
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It should be noted that statistical analysis showed that there is an inverse relationship
between the values of electrical conductivity of soil samples and moisture content
values of those samples (correlation coefficient between Moisture (%) and EC (mS cm-1
at 25°C) = - 0.896, p < 0.001).This means that the increase in moisture values with
depth has been accompanied by a decrease in the values of electrical conductivity
(Table 6.1 and Figure 6.1). This is a clear indication that the rates of rainfall on the
study area were enough to cause leaching of an important proportion of salts in the root
zone. It is clear from Figure 6.1 that this effect is most pronounced in the coastal site,
the results of which lie to the lower right of the diagram.

Table 6.1 The distribution patterns of moisture content (%) and electrical
conductivity (EC) (mS cm-1 at 25°C) of soils of the two study areas at both sites at
three depths. Each reading represents the average of 9 replicates.
Site of study

Type of
sample
Burned

Coastal
Unburned

Burned
Mountain
Unburned

Depth of
sample (cm)
00-15
15-35
35-60
00-15
15-35
35-60
00-15
15-45
45-70
00-15
15-45
45-70
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Moisture
(%)
2.42
3.50
3.39
4.33
4.83
4.82
1.05
2.34
2.30
1.85
2.55
2.23

EC
(mS cm-1 at 25°C)
1.42
1.16
1.32
1.35
1.05
1.20
2.22
1.56
1.72
1.84
1.59
1.64

KEY
C oastal Burned
C oastal Unburned
Mountain Burned
Mountain Unburned

2.2
2.0

EC

1.8
1.6
1.4
1.2
1.0
1

2

3

4

5

Moisture %

Figure 6.1 Scatter plot of the relationship between EC (mS cm-1 at 25°C) and soil
water content (soil moisture) using mean data for all depths and burned and
unburned areas, from coastal and mountain sites, the different symbols indicate
the four areas sampled.

6.3.2 Effect of fire on soil pH
While the results indicated that soil pH values of soil samples from the study sites were
slightly alkaline, they also indicated that fire has contributed to increase the pH in the
recently burned mountain site. Because soil temperature decreases with depth in a fire
(Ghuman and Lal, 1989), the magnitude of this pH increase is therefore higher in the
top soil than the lower soil. Results showed this increase in pH in burned areas was
accompanied by an increase in the concentrations of the soluble and exchangeable basic
cations in the top layer compared to the concentrations of these cations at the same
depth in the two unburned areas. This may be because of the loss of organic acids in the
soil organic matter during burning, as well as through the release of base cations from
the ash which can raise the pH of the soil.
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It is worth noting that, in the burned part of the coastal site, the soil pH has returned to
about pre-fire levels. The up-take of basic elements by regenerating vegetation and
leaching of ash under conditions of rainfall have probably resulted in a drop of pH after
fire at this site. This would be consistent with what Chandler et al (1983) pointed out.
They reported that soil pH values were found to return to pre-burn levels within 3 years
in low to moderate intensity fires.

The increase in soil pH and base cations after forest fire due mainly to the influx of ash
into the soil has been reported by several workers (Lee et al 1988; Kauffman et al 1993;
Mun and Choung, 1996). Although these studies have agreed with this study, in terms
of pH results, Murphy et al (2006) found that there was no change in pH after fire in
their study of the effects of fire on soil nutrients and leaching. They explained this result
as being due to the inherently large soil exchangeable base cation pools and high
variability in their studied area.

6.3.3 Effect of fire on soluble cations
It is clear from the present results that there is a similarity in the patterns of
concentrations of soluble calcium, magnesium and sodium in soil solution, being higher
in the top layer, particularly when burned, and more so in the mountain site than the
coastal site. The fact that the highest concentrations of these ions were found in the
surface layer in the burned area of the mountain site is likely to be influenced by the
greater air temperature and evaporation rates than in the coastal site, as well as the fire
being more recent.
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In general, due to the appropriate drainage system of these soils, it seems to be that the
dilution in the salt concentration has been caused by rainfall at a suitable point for the
regenerating of vegetation after fire.

The increase in the concentration of these cations in the top burned layer agrees with
the results of Tomkins et al (1991). They found in their research in a Eucalypt forest in
Australia that the mean soil solution of Ca++ and Mg++ ions increased more than 10 fold
after fire, but the relative predominance of these cations was not affected by burning.
On the other hand, they also noticed that mono-valent ion concentrations (K+ and Na+)
were at or below pre-burn levels.

Although the ratio of concentration of soluble sodium to other ions increased in both
study sites as a results of burning, this increase was not as great as to affect the chemical
and physical properties of the soil; calculations of the sodium adsorption ratio (SAR) of
the soils (Table 6.2) found that the SAR fell within the acceptable limits according to
known standards (U.S. Salinity Lab., 1954).

Potassium ions form a very low proportion of the total soluble cations in soil solution
and of total exchangeable cations on adsorption complex, which is to be expected, due
to its low concentration in the parent material (Selkoz Prom Export USSR, 1980) and
perhaps due to its depletion by plants (Russel, 1988).
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Table 6.2 Mean values of the Sodium Adsorption Ratio (SAR) of soils of both study
areas sites for burned and unburned areas at three depths. Each reading
represents the average of 9 replicates.
Study sites

Depth of
samples
(cm)
00-15
Burned
15-35
35-60
Coastal
00-15
Unburned
15-35
35-60
00-15
Burned
15-45
Mountain
45-70
00-15
Unburned
15-45
45-70
* According to (U.S. Salinity Lab., 1954):
SAR=

Type of
samples

Soluble cations
(meq. L-1)
++
Ca
Mg++ Na+
4.18
3.84
4.09
4.09
3.33
4.04
6.13
4.24
5.53
5.77
3.33
4.62

3.62
2.71
3.36
3.40
2.60
2.89
5.40
4.36
4.69
4.60
3.27
4.42

6.71
4.96
6.30
5.77
3.53
4.72
11.95
7.12
7.43
5.96
4.11
5.47

Sodium Adsorption
Ratio (SAR)*
3.41
2.74
3.26
2.97
2.05
2.54
4.98
3.44
2.88
2.61
2.26
2.57

𝐍𝐚+
𝐂𝐚++ + 𝐌𝐠 ++
𝟐

Where:
SAR: 0-10 (low sodium hazard).
SAR: > 10-18 (medium sodium hazard).
SAR: > 18-26 (high sodium hazard).
SAR: > 26 (very high sodium hazard).

6.3.4 Effect of fires on soluble anions
The data contained in this study confirmed the low concentration of the bicarbonate
anion in soil extracts of both study sites whether burned or unburned. The low content
of this anion in soil solution is probably due to the sampling period taking place when
there was a relatively high air temperature; this will lead to a low solubility of CO2 and
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its limited interaction with CaCO3, and therefore a limited amount of HCO3 that has
been liberated (FAO, 1973).

Chemical analysis showed no concentration of carbonate anion in the samples; however,
the results also indicated the presence of significant concentrations of the sulphate
anion. The SO4 concentration was particularly high in the first layer of the burned
mountain site, so fire appears to increase this anion. As this anion is considered to be a
strong acidic anion, the increase of pH by the fire probably caused the exclusion of this
anion from the soil complex adsorption to soil solution. These results are consistent
with Chorover et al (1994). They noted in their study of soil solution of the acidic soils
of the Giant Forest area of Sequoia National Park, California, USA that sulphate
concentration, which was very low in soil solution before fire, increased more than 100
times following fire. They also reported that the sulphate 'pulse' facilitated a large efflux
of basic cations (Ca++, Mg++ and K+) in soil solution.

The present data also showed that the chlorine ion is much the most dominant ion in
these sampled soils. A high concentration of Cl-1 may cause damage to plant growth
(Rhoades, 1973), but fortunately its salts are characterized by high solubility, so
leaching of these salts by rainfall through soil profiles to below the root zone is
expected. In addition, data showed that the highest Cl-1 concentration was in the first
depth layer of the burned area in the mountain site. This means that the pattern of
concentration of Cl-1 is similar of that of SO4 -2, despite the high air temperature which
prevailed in the study area during the sampling period; the fire has presumably therefore
contributed to increase Cl-1 concentration at this depth. Stohlgren (1991) found similar
results in his study in giant-sequoia-mixed conifer watersheds in the Sierra Nevada,
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California, USA; he noted that C1-1 concentrations were greatly increased as a result of
fire and that the time series results for this solute were very similar to those for SO4-2.

6.3.5 Effect of fire on exchangeable cations
Exchangeable Ca++ formed a significant proportion of the total exchangeable cations.
Data also showed that it accounts for more than 50% of the cation exchange capacity in
soils of all four of the areas studied, which is expected in soils of arid and semi-arid
regions (Black et al., 1965). In spite of the high concentration of soluble Na+ in soil
extracts, that did not cause Na+ dominance and replace Ca++ with Na+ under the
prevailing conditions in the study area.

However, Mg++ also formed an important part of the exchangeable points and cation
exchange capacity (more than 30%) in soils of both study areas. It‟s high propotion of
total exchangeable cations remained the same pre and post fire. Thus the divalent
cations, Ca++ and Mg++, represent about 80% of total adsorbed cations and probably that
explains why the soils of the study area are characterized by acceptable physical
properties in spite of the fire and weather conditions that prevailed during the study
period, especially in the mountain site.

Data obtained in this study confirmed that the conditions of all areas did not lead to an
increase in the quantity of exchangeable Na+ after the fire. This may be considered an
important indicator that rainwater leaching operations helped to offset part of the
quantity of soluble Na+ in the soil solution and its replacement with Ca++ or Mg++ and
its lower percentage in surface layers in soil profiles. However, the results of this study
have showed that exchangeable K+ formed a very limited quantity of total exchangeable
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cations and that its quantity decreased with depth. The low quantities of exchangeable
Na+ and K+ may contribute to the higher selectivity of ion exchange sites for divalent
ions (Bohn et al 1979).

On the other hand, the results showed that the fire may have contributed to the increase
of exchangeable Ca++ and Mg++. When comparing their quantities between burned and
unburned areas in the upper soil layer at the mountain site, the burned area has increased
in quantities of Ca++ and Mg++ that have increased by about 9% and 14%, respectively.
This may have resulted in an abrupt release of elements, which in the absence of fire
would only have become gradually available through the slow decay of plant litter (St.
John and Rundel, 1976). This corresponds with the increase in pH at the surface when
burned and in general, the present data have indicated that the quantities of
exchangeable cations have increased at this depth, except that Na+ was not affected by
fire.

Furthermore, although the quantity of exchangeable K+ was limited, fire caused an
increase in the exchangeable quantity of this cation by about 57% in the mountain
unburned area. K+ is generally absorbed in excess by plants; the element is concentrated
in the aboveground biomass and thus in upper layers of the soil. Although this is
contradictory to reports of an overall increase of exchangeable K+ (e.g. Khanna and
Raison, 1986; Tomkins et al 1991), these results correspond with those found by
DeRonde (1990) who reported significantly higher levels of exchangeable K+1 in burned
forests for a period of 21 months following fire.
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In contrast, there was no increase in exchangeable Ca++ and Mg++ in the old-burnt
(coastal) site. This may be attributed to temporal variation which may have been greater
than the effect of fire on this site; i.e. the pumping of nutrients by regenerating
vegetation probably accounts for the higher relative concentrations of these
exchangeable cations. Moreover, the parent materials of these soils (limestone and
dolometic limestone) are rich in these cations and will therefore have been an essential
source of them, providing a continuous supply into the soil matrix.

6.3.6 Effect of fire on Cation Exchange Capacity (CEC)
The average cation exchange capacity of soils of the study area ranged from 19.05 to
23.55 meq.100g-1 soil, and this small range is an indication of the similarity of soil
properties in their ability to keep and exchange cations. Due to the homogeneity of the
soil texture and low content of organic matter of these soils, it can be considered that
this role is played mainly by mineral colloidal substances.

According to the findings of this study, the cation exchange capacity at the surface
layer depth in the burned areas was higher than that at the same depths in unburned
areas. This may be expected due to the increased pH values and amounts of
exchangeable cations, especially Ca++ and Mg++, because organic matter, which
provides a large reactive surface area, is consumed.
It seems that the increase of CEC in the studied soil in response to the fire may have
contributed to the plant-available nutrient status due to release of organically bound
nutrients found in the ash. This has clearly been relevant to the regeneration of
vegetation in the coastal site.
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Increases in soil CEC following fire have been widely reported. For example, Knoep
and Swank (1993) found that CEC was elevated after burning due to an initial large
release of the base cations. However, other studies have reported variable results in
relation to fire effects on CEC of soils. James et al (1999) pointed out in their study that
there was no increase in CEC after fire; they attributed that to the high fire intensity
which reduced the availability of basic cations.

6.3.7 Effect of fire on organic matter
Although the data obtained from this study have confirmed that the soils of the study
sites are poor in their content of organic matter, the data also showed that fire appeared
to decrease soil organic matter of these soils as a result of the pyrolysis of organic
materials by heat. When compared against the old burnt site, the fire event of 2000 in
the coastal site accounted for a loss of about 4.38% soil organic matter in the surface
layer, while in the newly burnt site (mountain site) fire accounted for a loss of about
35% soil organic matter at the same depth. It is also possible that the weather conditions
prevailing in the region during the sampling period in addition to the fire may have
helped to increase the loss of organic matter in the mountain site.

It can be observed from the data that the organic matter in both sites is significantly
higher in the surface layer than the sub-surface layer. This is expected, due to the
accumulation of the vegetation residues on the surface, and most of the fibrous roots
which ultimately decompose to become organic matter are shallow in this ecosystem.

It is worth noting that the relatively successful regeneration of the vegetation of the
coastal site, and the results of the soil organic matter analysis (which indicate that
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organic matter levels are higher at the coastal site compared to the mountain site, which
is believed to have declined during the fire outbreak) has important implications for the
chemical, physical and biological properties of the soil at this site.

It is likely that increased rates of litter accumulation as a result of the burning episode
(an important source of nutrients and organic matter) were enough to provide a carbon
and nutrient substrate for microbial activity, as well as acting as insulation from sudden
changes in soil temperature and moisture content.

The effect of fire on soil organic matter has been reported by many researchers and
most of their results are consistent with the results of this study. For example, Fernadez
et al (1997) noticed in their study in a Humic Cambisol under pine forest, Spain, after a
fire that organic carbon suffered losses higher than 50% in the upper 10 cm of studied
soil profiles. On the other hand, while Hungerford et al (1991) noticed in their study
that organic matter was destructively distilled between 200 and 300°C, Almendros et al
(1988) reported that it is difficult to generalize the percent loss of soil organic matter
from a single burn without knowledge of the fire intensity and antecedent conditions.
In contrast, an increase of organic matter content after burning has also been reported by
several studies. Choonsig Kim et al (1999) found in their short time change (one week
after fire) study in Pinus densiflora forests, Korea that organic matter content at the 0-5
cm depth was slightly higher in the burned area. They attributed that to ash mixed into
the top mineral soil arising from the burning. However, Lee et al (1988) gave the reason
for an increase in the organic matter in surface layers after fire to be due to much dead
root biomass.
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6.3.8 Effect of fire on total nitrogen (TN)
The results from this study showed that fire resulted in lower TN, especially in the newburnt (mountain) site, which agrees reasonably well with the decrease of soil organic
matter of both burned study sites. The expected way that TN would be lost in these soils
by fire is in volatilization and particulate transfer to the atmosphere during burning
(Raison et al 1990; Binkley et al 1992).

The data also showed there was a significant difference in TN loss percentages between
the coastal and the mountain site. These percentages have decreased by about 47 and
77% for the upper depth layer in the burned area of the coastal and the mountain site,
respectively, compared to the upper depth layer in the unburned area at the same sites.
In addition, the data reveal that the differences in TN content between burned and
unburned areas in the coastal site are beginning to narrow. This may be attributed to the
growth of plant colonists after fire disturbances and to the increase in soil temperature
and moisture resulting from the removal of dominant vegetation which can enhance
microbial activity which, in turn, may lead to an increased rate of mineralization of
nitrogen. This phenomenon continues until the increased nutrients are taken up by new
plants, are immobilized by microbes or are used up in chemical reactions (Kimmins,
1996). Similar findings have been recorded by Wells et al (1979) namely that the
replacement of TN to pre-fire levels occurred within a few years.
The losses of TN by fire in this study agree with the results of Baird et al (1999) who
reported significant TN losses in the A soil horizon one year after fire. However,
Dyrness et al (1989) noticed both an increase and a decrease in soil TN following fire in
Alaska. Rashid (1987) measured increase soil TN five months after fire, but
concentrations decreased to near control levels 16 months later.
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6.3.9 Effect of fire on total phosphorus (TP)
The results of TP in soils showed that there was more TP in the upper soil layer in the
old-burnt (coastal) site than the new-burnt (mountain) site at the same depth. Less
phosphorus in the upper depth of the burned area at the mountain site may be due to
volatilization loss (Hungerford et al 1990). Moreover, its amount decreased sharply
with depth in the studied soils; this is fully consistent with the pattern of distribution of
organic matter in the studied soil profiles, as well as the limited leaching characteristics
of phosphorus (Tisdale et al 1993).

It should be noticed from the data that the amount of TP in the coastal site was high
compared with its amount in the mountain site, this is due to the density of vegetation
which is more intensive in the coastal site.

DeBano and Conard (1978) have suggested that most phosphorus found in the plants
and litter is consumed during a fire. They also reported that this consumed phosphorus
may return to the soil surface as ash. If this ash is not removed from site by wind and
surface runoff, it will be incorporated into the soil matrix, resulting in increased levels
of phosphorus following fire over a period of five years or longer.

The loss of TP by fire in this study agrees with the findings of Duguy et al. (2007) who
observed in an eastern Spanish area that a decrease in soil total phosphorus following
fire. Likewise, Wells (1971) reported significant increases in TP in the 0-10 cm layer of
a coastal plains pine system after 20 years of burning. On the other hand, this study
contrasts with that of Litton and Santelices (2003) who found increases in TP
immediately following fire. They attribute that to the effect of fire in eliminating a large
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portion of the organic material in the litter, which could speed up the process of
oxidation and this can result in readily available nutrients in ash left after a fire has
passed.

6.4 Significance of the findings
The effects of fire in this type of ecosystem are not well understood. Most of the results
show agreement with those of some previous investigations, but typically do not agree
with those of some other authors. In order to try and clarify the responses found in the
present study, a summary of the effects of fire on the various physical and chemical
properties is given separately for the coastal site (Table 6.3) and the mountain site
(Table 6.4), in both cases for the top soil layer only.

It can be seen that in both sites, many more properties were affected by fire than were
not affected, with slightly more parameters being affected in the more recently burned
mountain site. Most of the studied soil physical properties except soil water content and
soil magnetic susceptibility were not significantly different in the burned compared to
unburned areas, while most of the chemical properties were. However, some of the
affected parameters showed a recovery towards unburned levels with time, being less
strongly different in the site burned eight years before sampling than in the site burned
very recently. Of particular importance in this respect, the values of the macro nutrients
showed a noticeable recovery which will be important in terms of the recovery of
vegetation and therefore the control of erosional losses of the soil.

It may be noted that there was a significant effect of fire on soil magnetic susceptibility.
This supports the view that this technique is a worthwhile one for investigating the
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effects of fire, and further studies should be performed on its applicability to such
situations.

In general, it would be useful to choose from the list of parameters that were affected,
such that a smaller subset of variables could be measured. Then it would be possible to
compare a set of data using this subset with the „ normal ‟ range of values for unburned
soils, and therefore assess whether a fire had happened at that site, and possibly make an
estimation of how recently any such fire had occurred.

The development of such an approach, which would hopefully be of use in the
management of a region such as this, is given in the next section.
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Table 6.3 Showing the studied chemical and physical properties in the burned and
unburned soil samples which were affected and unaffected by fire in the surface
layer from the coastal site.
Properties which
were un affected by
fire

Soil particle size
(%)
Soil porosity (%)

Soil particle density
(g cm-3)
EC (mS cm-1 at
25°C)
Soil pH
Soluble bicarbonate
(meq.L-1)
Organic matter
(%)

Properties which showed a significant difference between
burned and unburned areas
property
unburned
burned
mean
mean
mean
difference
Soil water content (%)
Magnetic susceptibility
( m3 kg-1)

Soluble sodium
(meq.L-1)
Soluble potassium
(meq.L-1)
Soluble calcium
(meq.L-1)
Soluble magnesium
(meq.L-1)
Soluble chlorine
(meq.L-1)
Exchangeable sodium
(meq. 100g soil-1)
Exchangeable potassium
(meq. 100g soil-1)
CEC
(meq. 100g soil-1)
Total Nitrogen
(TN) (%)
Total phosphorus
(TP) ppm
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4.33

2.42

0.131 x 10-8 0.183 x10-8

1.91
0.052 x 10-8

5.77

6.71

0.94

0.40

0.42

0.02

4.09

4.18

0.09

3.40

3.62

0.22

12.82

15.39

2.57

0.94

1.02

0.08

0.40

1.06

0.66

20.78

21.35

0.57

0.66

0.35

0.31

21.03

19.02

2.01

Table 6.4 Showing the studied chemical and physical properties in the burned and
unburned soil samples which were affected and unaffected by fire in the surface
layer from the mountain site.
Properties which
were un affected by
fire
Soil particle size
(%)
Soil porosity (%)

Properties which showed a significant difference between burned
and unburned areas
property
unburned
burned
mean
mean
mean
difference
Soil water content (%)
4.33
2.42
1.91
Magnetic susceptibility
( m3 kg-1)

0.026x10-8

0.101x108

0.075x 10-8

7.10

7.57

0.47

Soil particle density
(g cm-3)

Soil pH

EC
(mS cm-1 at 25°C)

Soluble sodium
(meq.L-1)
Soluble potassium
(meq.L-1)

5.96

11.95

5.99

0.64

0.77

0.13

Soluble calcium
(meq.L-1)

5.77

6.13

0.36

Soluble magnesium
(meq.L-1)

4.60

5.40

0.80

Soluble sulphate
(meq.L-1)

3.25

3.74

0.49

11.08

12.20

1.12

7.13

8.27

1.14

0.83

1.92

1.09

19.62
1.65

23.33
1.07

3.71
0.58

Soluble chlorine
(meq.L-1)
Soluble bicarbonate
(meq.L-1)

Exchangeable calcium
(meq. 100g soil-1)
Exchangeable
magnesium
(meq. 100g soil-1)
Exchangeable potassium
(meq. 100g soil-1)
CEC
(meq. 100g soil-1)
Organic matter
(%)

177

(Table 6.4 continued)
Total Nitrogen
(TN) (%)

0.60

0.14

0.0.46

Total phosphorus
(TP) ppm

16.48

1.39

15.09

6.5 Development of an index of fire–affected parameters
The full list of physical and chemical parameters that showed an effect in response to
fire has already been given in Tables 6.3 and 6.4 for the coastal and mountain sites,
respectively. However, some of these parameters were more significantly affected than
others, as indicated by the results of the various ANOVA tests performed in chapters 4
and 5. These significance levels have been collated, for those that were significant only
and based on burned / unburned comparisons only, in Table 6.5 for the two sites.

Choices can then be made for the most appropriate subset of parameters that could be
used to develop an index of burning. This should be based on criteria including:
- Those that were very significantly affected, as shown in Table 6.5.
- Those parameters that have particular importance to the subsequent growth of plants,
so that potential revegetation problems are identified.
- The reversibility of some of the parameters with time elapsed after a fire, so that
indications of age since the latest fire can be obtained.
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Table 6.5 Summary of the results of statistical analysis of the significant soil
physical and chemical properties, comparing burned with unburned areas in the
two study sites by 3 factor ANOVA. Values given are the probabilities and the level
of significance. Key to symbols: * = modest significance, p < 0.05; *** = very
highly significant, p < 0.001.
property
Soil particle size:
Sand fraction
Soil water content
Soil porosity
Magnetic
susceptibility
pH
Soluble Na
Soluble K
Soluble Ca
Soluble Mg
Soluble SO4
Exchangeable Ca
Exchangeable Mg
Exchangeable Na
Exchangeable K
Cation exchange
capacity (CEC)
Organic matter
Total N
Total P

Probability

significance

0.050

*

0.000
0.019
0.000

***
*
***

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

***
***
***
***
***
***
***
***
***
***
***

0.000
0.000
0.000

***
***
***

On the basis of these considerations and using 10 parameters as the chosen number (to
get a reasonable range of parameters, but not too many), the following parameters were
chosen:

- soil water content, because it is important for providing moisture for plant growth.

- magnetic susceptibility, as a technique used in this study which proved to be
successful in determining the soil layers that may be affected by fire.
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- pH, as a chemical property which is directly related to the release of the basic cations
in the soil due to the fire effects.

- soluble Na, because if it occurs in high concentration in the study sites‟ soils it may
cause plant toxicity.

- soluble Ca and Mg, as main components of the parent rocks.

- total N, total P, and exchangeable K, because they represent the macronutrients for
vegetation.

- organic matter, due to its importance as a nutrient pool for vegetation in addition to its
effects on some physical and chemical properties of the soil.

These 10 parameters were then placed into a table, together with their observed ranges
of values from the unburned area, for coastal and mountain sites separately (Table 6.6).
Some of the parameters show marked improvement with time since fire, as evidenced
by the difference between burned and unburned areas being less in the coastal site
(longer time since fire) than in the mountain site (very recent fire). Those parameters
that show such improvement are indicated accordingly in the third column of Table 6.6.
It should be noted that these parameters where improvement is not so marked may still
show some improvement with time, but only the more evident improvements have been
indicated in the third column of Table 6.6.
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Ideally, weightings would be given to each of the parameters to reflect their relative
importance in influencing what would happen subsequently on a site after fire. At this
stage in the development of the index, however, there is insufficient information to be
able to assign accurately such differential weightings, and therefore for the present the
parameters have all been given an equal weighting in column four of the table.

The remaining three columns of Table 6.6 would then be used for any given set of data
from a particular site, to assess whether it has been affected in a major way by a fire
(and therefore probably also, how recent the fire was). Column five would have the
relevant soil parameters for the surface layer of soil entered into it; if these values fall
outside the ̔

normal ̓

range for the most appropriate site type (coastal or mountain) ,

then there is evidence of an effect of fire, which should be recorded in column six.

Finally, the index score for each such parameter which shows evidence of fire (currently
a score of 1 for each) would be entered in the final column, and the sum of these scores
would give the index value for that site.

181

Table 6.6 A table showing the process by which the index of fire-affected
parameters for both study sites (C = the coastal site M= the mountain site) can be
calculated.
Parameter

Unburned range at
surface

Soil water
content
Magnetic
susceptibility
pH

3.94 - 4.48 C
1.63 – 1.97 M
0.128- 0.136 C
0.021 - 0.028 M
7.00 – 7.20 C
7.00 – 7.20 M
5.54 – 5.92 C
5.88 – 6.02 M
3.8 – 4.4 C
5.4 – 6.0 M
2.4 – 4.0 C
4.0 – 5.0 M
0.58 – 0.73 C
0.48 – 0.72 M
20.18 – 21.73 C
16.02 – 16.92M
0.31 – 0.41 C
0.38 – 0.46 M
2.38 – 2.66 C
1.59 – 1.71 M

Soluble Na
Soluble Ca
Soluble Mg
Total N
Total P
Exchangeable
K
Organic matter

Evidence of
improvement
with time?

Weighting

No

1

Mean site
value at
surface

Evidence of
effect of fire?

Index score
per parameter

1
Yes
1
Yes
1
Yes
1
Yes
1
Yes
1
Yes
1
Yes
1
No
1
No

When this procedure was done for the two sites sampled in this study (Table 6.7 a and
b), the index score for the burned coastal site was 6, and that for the burned mountain
site was 10. Of course, the same data have been used here to both define the index and
use the index for these sites: however, the fact that the index score for the more recently
burned mountain site came out higher than that for the older coastal site shows that the
index is likely to be able to distinguish sites on the basis of age/severity of burn that
they have experienced.

The index should be developed further once data from a range of sites has been
collected, and particularly if data can be obtained from sites of known ages since
burning. This would enable the weightings to be adjusted so that the index becomes
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more appropriately calibrated against age. Thus the index could be developed into a
model of the likely effects of fire on a site, as indicated in the recommended section.

Table 6.7 Showing the workings to calculate the index values for the two study
sites. (a) the coastal site, (b) the mountain site.
(a)
Parameter

Unburned range at
surface

Evidence of
improvement
with time?

Weighting

3.94 – 4.48

No

1

2.42

√

1

0.128 – 0.136

Yes

1

0.183

√

1

7.00 – 7.20

Yes

1

7.09

×

0

Soluble Na

5.54 – 5.92

Yes

1

6.71

√

1

Soluble Ca

3.8 – 4.4

Yes

1

4.18

×

0

Soluble Mg

Soil water
content
Magnetic
susceptibility
pH

Mean site
value at
surface

Evidence of
effect of fire?

Index score per
parameter

2.4 – 4.0

Yes

1

3.62

×

0

Total N

0.58 – 0.73

Yes

1

0.35

√

1

Total P

20.18 – 21.73

Yes

1

19.02

√

1

0.31 – 0.41

No

1

1.06

√

1

2.38 – 2.66

No

1

2.42

×

0

Exchangeable
K
Organic matter

∑= 6
(b)
Parameter

Soil water
content
Magnetic
susceptibility
pH

Unburned range at
surface

Evidence of
improvement
with time?

Weighting

Mean site
value at
surface

Evidence of
effect of fire?

Index score per
parameter

1.63 – 1.97

No

1

1.05

√

1

0.021 – 0.028

Yes

1

0.101

√

1

7.00 – 7.20

Yes

1

7.57

√

1

5.88 – 6.02

Yes

1

11.95

√

1

Soluble Ca

5.4 – 6.0

Yes

1

4.18

√

1

Soluble Mg

4.0 – 5.0

Yes

1

5.40

√

1

Total N

0.48 – 0.72

Yes

1

0.14

√

1

Total P

16.02 – 16.92

Yes

1

1.39

√

1

0.38 – 0.46

No

1

1.92

√

1

1.59 – 1.71

No

1

1.07

√

1

Soluble Na

Exchangeable
K
Organic matter

∑ = 10
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6.6 Recommendations for further research

The main objectives of this study were to evaluate the effects that may have been
caused by fire on the physical and chemical properties of Aljabal Alakhdar forests soils
as an environment of these forests. Based on the present results of this study and
literature reviewed, several lines of further research or work can be suggested:

1- Track changes in Marawah (the mountain site) and other recently burnt sites to
see how the parameters change over time. For example, it would be desirable to
know how quickly macronutrient concentrations return to pre-burn levels, as this
may influence strategies of vegetation re-planting.

2-

Get a series of data values from sites of different known ages in the study area
to see if a consistent trend over time can be obtained from different sites which
can be used for dating a site‟s fire.

3- Develop the index on the basis of such data in (2) above, in order to build a true
model of the effects of fire on soil properties over time for this type of
ecosystem.

4- Test other parameters, such as soil micronutrients and infiltration rate, to see if
they are equally or more important parameters than those studied here.
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5- Study the effects of fire on soil mineralogy, as this may affect properties such as
nutrient retention and CEC.

6- Perform further studies on the use of magnetic susceptibility to detect forest fires
in soils of this region.

7- Explore/evaluate water retention in semi-arid soils in the Libyan region, with a
view to possibly re-using alternative sources of water, e.g. desalinated sea water,
investment surface water or reused sewage water, to irrigate these forests.

8- Explore the potential for on-site recording speed up sam
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