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Resumen

INTRODUCTION


The general consensus of opinion is that fire is one of the most important factors influencing the development of forest ecosystems. However, many people emphasise its negative aspects, particularly as a factor of deforestation (Van Wagner, 1990; Fuller, 1991). Fire can affect forest vegetation and soil. The latter is rapidly destroyed by fire, resulting in chemical and physical reactions, which, moreover, affect ground water retention, bacteriological balance, fauna, and small animal life. The consequences of this are not only short-term but also, and more importantly fire could affect the forest ecosystems in the medium and even in the long-term (Chautrand, 1982; Chandler, et al, 1983b). If we know how fire works in a natural ecosystem, we can define under which conditions fire can have positive effects. Thus we can apply fire, in a given stand, to achieve certain objectives (Wells et al, 1979; Hudson and Salazar, 1981). However, prescribed fires are used without a well definition of their potential ecological effects. For example, very few is known in México regarding the relation of fire regimes and the vegetation type defined. This is also related to a lack of knowledge on the effects of fire on biodiversity and productivity. As a consequence, the use of fire in many Mexican ecosystems remains controversial, as it was observed in other latitudes (Williams et al, 1994). This is remarked if we consider that there are very fragile ecosystems, such as subtropical mountain, where very few has been documented related to the influence of forest fires on vegetation (Jardel et al 2003)


Fire is one of the factors that most impact subtropical mountain ecosystems, not only for its magnitude (area), but also, and more important, for its speed and severity. However, the study of fire effects in those ecosystems, as fire ecology in general, is relatively new. Therefore, frequently fire ecology is studied without considering basic knowledge of fire regime (frequency and intensity) is not defined (Harrod et al, 1997; Roller and Halvorson, 1995; Bock and Bock, 1992). In these cases fire is considerate as a constant factor, without variations. As a result of this it has been not possible to know what kind of fire (intensity, rate of spread, flame length, frequency, etc.) has produced certain vegetation conditions, which results in very general conclusions. Therefore, the main purpose of this paper is to show some of the perspectives on the knowledge of the effects of fire regimes on vegetation types in a complex subtropical forest ecosystem, located in the Sierra de Manantlán (Jalisco, México).

FIRE AND VEGETATION DISTRIBUTION


To understand the role of fire on vegetation one has to start with an understanding of forest environmental history. Fire has played a natural and important role in the development of virtually all forest, woodland, and grassland ecosystems (Chandler et al, 1983a; Cooper, 1974). Fire "cuts" the vegetation succession cycle and lets fire-tolerant early successional forest vegetation remain in a specific site (Arno, 1980). Furthermore, some authors consider that if there are not fires in a given forest the natural vegetation succession will follow its cycle to later-succession, less fire-tolerant forms of vegetation, resulting in a change of biodiversity (Reich and Abrams, 1993; Cooper, 1974). If fire is excluded from a fire-influenced forest, other processes must be substituted to fulfil fire's role if the current vegetation is to be maintained. That means that some forest ecosystems are dependent on fire, or have ecological tolerance of fire (Vélez, 1990; Chandler et al, 1983a; Givnish, 1981). An ecosystem may be said to be fire dependant when its continued existence depends on the periodic occurrence of fire. If fires occur with sufficient regularity, the ecosystem may remain stable for millennia (Fuller, 1991). However this depends on the type of forest, because forests vary greatly in the importance of fire to them. Moreover, an ecosystem can be strongly influenced by fire without being "dependant" on it, and are considered as fire “adapted”. 
In ecosystems where fire is frequent, most species have adaptive traits that allow them to survive fire, regenerate and reproduce, such as a thick bark, dormant buds, an intense seed dissemination after fire, etc. (Packman et al, 1992; Fuller, 1991; Moraveck, 1990). Failure to recognise that some forest ecosystems are fire adapted has resulted in a great deal of mismanagement of their resources.


The effects of fires on vegetation are remarkably varied among different types of forest For example, in a cold subartic or subalpine ecosystem, severe fires have caused reductions of tree population and shifts from forest to tundra communities (Uemura et al, 1990). Nevertheless, Kauffman et al (1988) suggest that, in contrast to many temperate ecosystems, natural fire played no significant role in the development of tropical rain forest. Moreover, tropical rain forest is an example of a low-flammable community (Mutch, 1970). Fire may burn in the rain forest, but these fires are probably always local and take place under exceptional conditions (weather, livestock or agriculture) (Mutch, 1970; Uhl et al, 1988). None paper was found related to fire role on subtropical mountainous forest vegetation.

METHODOLOGY

Study area


This study carried out in the Sierra de Manantlán, which is located in the limits of Jalisco and Colima , México (19025’-19045’ N and 103045’-104030’) (Figure 1). The surface of this saw is about 139,577 ha of mountainous topography, covered by different vegetation types. These include pine-oak forest, oak-pine forest, deciduous forest, inter-mountain forest, deciduos low tropical forest, sub-deciduous medium tropical forest, shrubs and grasslands (Castillo et al 2002). This variety of vegetation is results of the high altitudinal gradient (from 300 to 2,860 m.a.s.l.), and other conditions such as climate, soil and the typical land use of the mountainous regions of México.
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Figure 1. Geographical location of the Sierra de Manantlán, at Jalisco state (México). Coordinates corresponds to UTM zone 13.

Methods


This study was developed based on two sources of information. The first one corresponds to the results of several studies in the Sierra de Manantlán related to several topics, such as botany, soil, land use, wildlife and entomology (Martínez et al 1993; Santiago and Jardel, 1993; Jardel, 1991). Special care was given to the studies about vegetation succession, which describe the forest dynamic originated by several causes (Saldaña, 2001; Jardel et al 1996; Sánchez y García, 1994; Saldaña and Jardel, 1991; Jardel, 1991). It was necessary to rebuild a historical documentation based on scientific papers, official reports, interviews whit local people, and student thesis). With this information it was possible to define a general picture of: a) fire history (Jardel et al 2001a); and b) vegetation dynamics Due to the dimension of the spatial approach (landscape) remote sensing imagery, such as aerial photography and Landsat images, were very helpful. The second source of information is based on the experience many years of observation of the dynamic of vegetation types in the Sierra de Manantlán (Jardel et al 2003).


Since this study was focused on an analysis of the relationships between vegetation types and fire regimes, first of all these parameter where analysed separately. Therefore, the following two scale levels were considered: A) Landscape level; and B) Stand level. In the former the variations of vegetation originated by altitudinal gradient were determined. Potential fire regimes were defined at the stand level.

RESULTS AND DISCUSSION

Vegetation distribution


As it was mention the vegetation of the Sierra the Manantlán is highly influence by changes in the altitudinal gradient (, which define a great landscape mosaic. These mosaics are characterized by different combinations of aspect, slope, soil types and landforms (Figure 2). Generally pine species are located in areas frequently disturbed (shallow soil), while subtropical broadleaf (Carpinus tropicalis, Cornus disciflora, Fraxinus uhdei, Magnolia iltisiana, Quercus salicifolia, etc.) occurs in area with high humidity. Oak forest (mainly Quercus scytophylla and Q. candicans) is mostly established in combination with pine species (dominated by Pinus douglasiana) since 1,000 m.a.s.l. The pine-oak forest is located at higher altitudes. The Sierra de Manantlán is an area of great importance because its high level of biodiversity, where forest fires have a determinant role in the definition of structure and composition of vegetation (Castillo et al 2002).
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Figure 2. Example of the influence of environmental conditions on vegetation distribution in the Sierra de Manantlán, Jalisco (México).


According to the soil type, two general zones (at landscape level) can be defines: a) west central, formed by igneous extrusive rock; and b) eastern, formed by calcareous rocks. Each zone is divided in different landscape sub-units (Table 1).

Table 1. Landscape sub-units located in the Sierra de Manantlán, Jalisco (México) (after Jardel et al 1996). 

	Landscape
	Sub-unit
	Altitude
	Description

	West-Central
	Highlands
	2,300 - 2,860
	Lands covered by fir-pine forests in cold-humid sites, pine forests in poor rocky soils and broadleaved forest in small valleys.



	
	Highly dissected mountain slopes
	1,000 – 2,800
	Lands covered by deciduous oak forest (1,000-1,500 m) and pine-oak forests (1,500-2,800 m.

)

	
	Hills and low mountains
	400 – 1,000
	Shallow rocky soils covered by deciduous oak forest, tropical deciduous forest and tropical subdeciduous forest depending on temperature and humidity conditions.



	
	Small inter-mountain valleys


	
	Deep soil dominated by agricultural fields and secondary vegetation.

	Eastern
	Plateau highlands
	
	Dominated by humid oak forests, with pine-fir-oak forest in cold sites, subtropical humid broadleaf forest in ravines on the western slopes, oak-pine forests in the drier areas, and pine forest n poor soils or in areas with frequent disturbance by fire or landslides.



	
	Sides of the plateau
	
	Steep slopes and shallow soils covered by tropical deciduous forest and agricultural fields and bamboo thickets.



A better understanding of the influence of altitude on vegetation types distribution is illustrated in Figure 3. At the top of the Sierra de Manantlán we have Abies Forest, which are characteristic of high altitudes in México. This “dependence” of high altitudes defines a kin of “sky island”, where vegetation require of an important period of low temperatures. Pine-Oak forest occurs at lower altitudes, defined less dense vegetation, which is typical of not tolerant species. The following altitudinal level correspond to two vegetation types: a) inter-mountainous forest; and b) oak forest. The former occurs in areas that combine high humidity and a low incidence of light. As it was mentioned, this condition allows a high level of biodiversity. The oak forest is located in drier environments, with more much less dense vegetation.


In the lower level of the Sierra de Manantlán we have two types of tropical forest: a) deciduous; and b) subdeciduos. The latter coincide in the same conditions than the inter-mountainous forest, but the lower altitude defines a drier environment.

Fire regime


Between 1995 and 2001 246 forest fires took place at the Sierra de Manantlán, resulting in and average of total burned surface of 7,522.2 ha (Jardel et al 2001b). The average size of each fire was around 244.0 ha (±68.1). Most of the fires (97%) are surface fires, and mostly man caused. Fire occurs frequently in pine-oak forests, where there are species adapted to fire. The high frequency keeps a low fuel loading, decreasing fire risk


The mosaic of conditions defined in the Sierra de Manantlán implies the occurrence of different fire regimes. Therefore, it is difficult to establish an average that fit most of the situations. In this region there are different combinations between fire frequency and fire severity. Table 2 illustrates some of such potential situations.
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Figure 3. Main vegetation types that occur in the Sierra de Manantlán, distributed in different altitude ranges.

Table 2. Potential fire regimens based on the frequency and severity that occur at the Sierra de Manantlán, Jalisco (México).

	
	
	Frequency
	

	Severity
	Very low *
	Low **
	High (

	Low +
	---
	2
	3

	High @
	1
	4
	5


	+ Fuels loading decreasing, mortality of forest floor vegetation, mortality of individual trees or mortality of groups of small trees.

@ Vegetation replacement
	
	*   Around every 70 years

**  Among 25 and 70 years

(  Less than 25 years



There are not fire regimes of very low frequency and low severity in the Sierra de Manantlán. Very low frequency-High severity. This regime occurs at broadleaf forest in warm climate, or in humid temperate and very humid climates (middle sub deciduous tropical forest, and inter-mountainous forest), with a high accumulation of biomass. In this area fire is a rare event that occurs in very dry conditions (“El niño” years), or as a consequent of anthropogenic activities. Since tree species are not adapted to fire, when a fire happens there is a high percentage of mortality. This effect is important even when a surface fire of low intensity occurs. Low frequency-Low severity. This type of regime is not frequent in deciduous forest, where there is a low accumulation of forest fuels (low flammability) with discontinues distribution. Low frequency-High severity. This regime produces crown fires, in very dense forest with a well continuity of fuel loading (very flammable). Some examples are the Abies forest, pine–broadleaf forest, and Pinus patula forest. Although these are very few frequent, these fire can destroy completely the original vegetation, which eventually is replaced for earlier xeral stages. High frequency-Low severity. These are very frequent surface fires, which kill individual tress and many plants of the forest floor. These forests are defined by species adapted to fire, such as pine-oak forest, pine savannas. This is the typical fire regime of long-leaf pines in sub warm climates. High frequency- High severity. These fires are frequent in areas dominated by shrubs, or in forest stands with abundant saplings. In these case fire has very severe effects. The high frequency could define a eventual replacement of the original vegetation, producing conditions favourable for some shrubs and grasses.


Natural fire regimes are frequently altered by many man activities, such as grass introduction in forestlands, debris accumulation produced by logging, fire suppression, and landscape fragmentation caused by agricultural clearcuts.

Integral context


Considering severity, in some vegetation types fire only diminish fuels loading and affects the vegetation of the forest floor (herbs, shrubs, and small trees). In such cases fire produces conditions favourable to intolerant species (basically Pinus spp). On the other hand, high severity fires are enough to stop the vegetation succession. When fire is so strong the vegetation back off to earlier xeral stages. 

We have to consider several elements in order to understand better the relationship among fire regimes and vegetation. Figure 4 shows a graphic that summarize some of those conditions, which are describes as follow:

Zone A. This region is located at the highest elevation of the Sierra de Manantlán, where Abies forest occurs. Due to the high humid condition and a cold weather, the presence of a fire is rare. As a result the low frequency of fires these could be of high severity. In this elevation a certain pine forest occurs in a drier environment, which is formed by Pinus pseudostrobus.

Zone B. There is a semi-warm and sub-humid zone that defines good weather conditions for fire occurrence. In this zone we can find inter-mountainous forest, pine-broadleaves forest and pine-oak forest. According to the variations of humidity and warm levels, several fire regimes can occur. In the Inter-mountainous forest, fire are of very low frequency because the very humid conditions. However, when a fire occurs is likely to be of high severity. Colder and less humid conditions allows the occurrence of pine-oak forest, where fire regime is of high frequency and low intensity. In the middle of this zone, pine species occur together with some broadleaves. Under this condition fire regime is not well defined, therefore two types of fire regime can occur: a) High frequency-Low severity; and b) Low frequency-High severity. 
Zone C. Tropical forest (subdeciduous and deciduous), pine savannah and oak forest are established in the warmer and drier conditions of the Sierra the Manantlán, which correspond to the lower areas In such condition there is a low biomass production, which results mostly in fires of low intensity. This is the case of the low tropical deciduous forest (Low frequency-Low intensity), and oak forest (Low frequency-Low intensity and High frequency-Low intensity). Although fire is very rare (Low frequency) in the medium tropical deciduous forest, these could have great effects on vegetation (High severity). High frequent and high severe fire occur in the pine savannah, which keep large areas dominated by grasses.
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Figure 4. Vegetation types distribution according to variations on weather and humidity conditions.


The dynamic of vegetation changes due to fire is remarkable in Zone B (Figure 4), where vegetation succession is based on three main forest representations. Starting from a pine–broadleaves forest, we can have two alternative succession processes: a) Fire occurrence. In this case, as we mentioned, fire regime could be of high frequency-low severity, or low frequency-high severity. However in both situations the vegetation remain the same, recovering slower or faster according to the fire severity. b) Fire absence. If a fire does not occur in a long time (let say more than 50 years), the vegetation succession process keeps going, until reach an inter-mountainous forest condition. However, it is important to point out that this situation only would occur where environmental conditions tends to be semi-warm and very humid. On the other hand, although fire frequency in a inter-mountainous forest is very low, when a fire occurs in such condition could be of very high severity. Therefore, most of the vegetation is destroyed, opening gaps that are more likely for intolerant species, such as pine forest. Eventually, the vegetation tends to establish a pine-broadleaves forest with broadleaves species more tolerant. In the case of pine-oak forests if there is not a fire they tends to remain the same, but when a fire occurs the following alternative situations could happen: i) The forest keeps its original composition; or ii) Other broadleaves could invade the area, however eventually, due to the drier environment, the forest will recover it original condition. 


The great varieties of conditions that can occur in the Sierra de Manantlán define, together with fire regimes, a mosaic of vegetation types. Figure 5 shows a general conceptual picture of how the different parameters interrelate each other. It is clear that altitude plays a very important role, defining basically different weather conditions. Which, at the same time, define humidity variations. In a very general way is possible to define certain zones of fire regimes. For example, although inter-mountainous forest and medium subdeciduous tropical forest are quite different vegetation types, both of the same fire regime (Very low frequency-High severity). In pine (alone or associated) forests and oak forests, the characteristic fire regime has a high frequency but a low severity. In this zone there are different pine species. 
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Figure 5. General distribution of vegetation types according to fire regimes (see Table 2), altitude, humidity, and weather. PIPA= Pinus patula; PQA= Pinus-Quercus-Abies; PIPSE= P. pseudostrobus; PIDO= P. douglasiana; PIOC= P. oocarpa; PIDU= P. durangensis.

CONCLUSIONS 

The lack of definition of methodologies is one the most important problems when the effects of fire regimes on vegetation distribution are studied. Also we have to consider that these kinds of studies could require a very long period, which could be expensive and time consuming. Moreover, in the case of the Sierra de Manantlán, beside fire, vegetation distribution could be is constrained principally by (Williams et al 1994;, Bradstock et al 1995):



- Inadequate knowledge.



- Fragmentation of natural systems (mosaic of structures).



- Need to satisfy other objectives (timber, recreation).


The influence of fire on environmental heterogeneity, in the Sierra de Manantlán, affects biotic response and shape biological productivity (Williams et al 1994). This defines different structures (mosaic) that can help to maintain a high biological diversity (Jardel et al 2001a; Segerström et al 1997). However, to understand such effects it is necessary to know the role of fire. Based on that fire could be used as a tool in fire management operations (Jardel et al, 2001b). Moreover, management of fire regime variability is a good short-term alternative to managing fire concurrently for conservation and protection (Bradstock et al ,1995),.


Although the results showed in this study offer an enormous amount of information, we still need to answer many questions, such as: i) how to sample information?; ii) how frequent has to be sampled such information?; iii) what kind of data is more representative of natural process?; iv) is it possible to make interpolations?. One practical alternative could be to put together all the information, and experience, gathered in simulation models, which can be used to estimate the natural diversity level of a ecosystem (Gauthier et al 1996). Modelling, associated with geographical information systems, can be useful also for management purposes, such as biodiversity conservation, and to compare the effects of fire on different areas (Wilgen et al 1994). Another alternative to support and feedback modelling is through the use of techniques that allow tracing back the relation between fire and a biodiversity in a certain time and space (Segerström, 1997). Nevertheless, to provide a understanding of the relationship between fire and vegetation it is necessary carry out long term ecological monitoring and research into ecological effects of fire (Jardel et al 1996; Williams et al 1994)


Currently most of the conclusions of the influence of fire regime on vegetation are based on theories and empirical knowledge. The latter has been useful to interpret vegetation dynamics based on fire effects (Gorshkov et al 1996). Therefore the experience achieved in many years of studies in the Sierra de Manantlán is highly valuable. In this way, some principles of conservation biology, such as population extinction risk (as an alternative to density maximisation), can be used when setting fire management objectives (Bradstock et al 1995). Moreover, fire affects not only many elements but also many processes of an ecosystem. The level of these impacts is related to the fire severity and frequency. However, when studying these impacts in the Sierra de Manantlán we have learned that fire is not a constant factor, because it shows variations on time and space. Nevertheless, it is still not well known how is the dynamics of plant establishment and growth after fire. These processes have to be related to fire characteristics, because the impact of fire varies according to its frequency and severity. The effects of a given fire on biodiversity are very different if we consider a fire of 300 Btu/ft2 than one of 48,000 Btu/ft2. Also it is important to relate regeneration with fire regime. In the Sierra de Manantlán, it can be said that frequent, repeated fires would be likely to alter the structure of plant communities significantly, as it was reported in other studies (Williams et al, 1994).


In general it can be said that fire management is supported on the possibility of control fire severity and frequency. Therefore, prescribed burns could be used in the Sierra de Manantlán to mimic wildfires of low severity. The information generated in this study help us to understand the potential effects of certain combination of fire severity and frequency; therefore we could establish the adequate fire regimes to achieve a desired vegetation type (Bradsctok et al 1995). We also must take into account the other parameters that define vegetation (altitude, humidity, weather, etc.). However, exploration of potential impacts of fire regimes on biodiversity is very new (Flores, 2003; Jardel et al 2001; Gill et al 1996). This applies not only for natural fires, but also for prescribed burns (Flores, 2003). Nevertheless, the tendency has to be to define fire regimes according to a desired biodiversity.


It is important to point out that fire exclusion in the Sierra de Manantlán have greatly influenced the development of certain vegetation types, such as the intermountain forest. The type of information gathered in this study is useful to understand the ecological mechanisms that allow us to maintain certain fire regimen in order to define conditions favourable to vegetation not adapted to fire. For this purpose, the monitoring of fire effects on biodiversity could be a good indicator of the adequate management of a given ecosystem. Also it is important to consider that other ecological concepts have to be involved, such as sustainability, xeral dynamic, etc.


Finally, due o the lack of knowledge on the effects of fire on vegetation distribution, several studies have to be defined in order to understand how fire regimes define certain vegetation types. These include the support and development of adequate techniques and methods. For instance, when we design an experiment we should define the relevant scale level and determine the variables that reflects more accurately the impact of fire on vegetation distribution. One of the most important factors that we have to consider is that the dynamic of vegetation succession implies long-term studies. Therefore it is necessary to define strategies for monitoring biodiversity changes through time. Geographical information systems have resulted in a very important tool to have a reference at temporal and spatial scales of the relationships between fire regimes and vegetation distribution in the Sierra de Manantlán (Flores et al 2003; Castillo et al 2002).
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