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ABSTRACT

We review the current understandings of the fre-

quency, spatial distributions, mechanisms, and

ecological consequences of fire in riparian zones.

Riparian zones are well known for influencing

many ecological processes at local to landscape

scales, and fire can have an important ecosystem-

scale influence on them. Riparian zones differ from

surrounding uplands in their biophysical templates,

moisture regimes and disturbance regimes; as a

consequence the characteristics and effects of fire

are different than in adjacent uplands. Fire impacts

on riparian zones vary proportionally with the

severity and extent of burning in the catchment

and are affected by stream size. Riparian zones can

act as a buffer against fire and therefore as a refuge

for fire-sensitive species. However, under some

circumstances, such as dry pre-fire climatic condi-

tions and the accumulation of dry fuel, riparian

areas become corridors for fire movement. Fire

incursion into riparian zones creates canopy gaps

and drier conditions, which allow subsequent build

up of dead wood and establishment of fire adapted

species. In concert, this increases fuel loads and the

probability of another fire. Secondary effects of

riparian fire include altering nutrient fluxes and

cycling, increasing sediment loads, and stimulating

erosion. We conclude that riparian fires are

potentially important in shaping ecological char-

acteristics in many regions, but this is poorly

quantified. A better understanding of riparian fire

regimes is essential to assess the effects of fire in

helping shape the complex ecological characteris-

tics of riparian zones over the longer-term.

Key words: riparian fire; vegetation; kruger Na-

tional park; Pacific northwest; ecological processes

and consequences.

INTRODUCTION

Fire and riparian zones may seem like an oxymo-

ron to many people. As a result, fire in riparian

zones is a subject that does not receive much

attention but, when it occurs, has long-lasting and

often far-reaching ecological consequences. It is

well known that riparian zones—transitional areas

between water bodies and upland terrestrial com-

munities—are influential in integrating interac-

tions between these systems throughout the

landscape (Malanson 1993; Naiman and others

2005b). Riparian systems usually differ from sur-

rounding uplands in moisture regime, topography,

micro-climate, soils and vegetative structure and

productivity—reflecting the fact that organisms

occurring there are well adapted to the dynamic

water regimes inherent in river systems (for

example, floods and drought; Junk and others

1989; Naiman and others 2005a). As a conse-

quence, riparian zones are often characterized as
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being highly heterogeneous in time and space

(Naiman and others 1993, 2005a, b), with complex

biophysical structures and disturbance regimes

(Pettit and Naiman 2005; Gurnell and others 2005).

Fire adds another important layer of complexity.

Riparian zones, as linear systems penetrating

throughout the landscape (Figure 1), are ecologi-

cally influential in regulating the movement of spe-

cies and propagules as well as water and nutrients.

Fire directly affects landscape features including

riparian areas embedded within catchments. Most

riparian areas are small but nonetheless important.

In wet regions there are approximately 2.5 km of

stream corridor per km2 of land; in drier regions

stream density declines to approximately 1.5 km/

km2 (Naiman and others 2005b). Further, riparian

systems have a large edge-to-surface ratio making

them highly susceptible to edge effects from upland-

based fire. Therefore, because streams and rivers are

a pervasive and embedded part of landscapes, the

effects of fire on riparian zones have implications for

the whole catchment.

Fire effects on ecosystems are related to their fre-

quency, severity and timing of occurrence which

are, in-turn, affected by climate conditions, vegeta-

tion type, fuel loads and landscape features (Agee

1993; Pyne and others 1996). Nevertheless, the

majority of landscape management and research

does not treat riparian zones as separate or special

ecosystem types. An ecological understanding of the

frequency-of-occurrence and consequences of fire,

as well as fire suppression, in contrasting riparian

systems is essential to forming a better understand-

ing of factors underpinning the unusual complexity,

resilience and biodiversity of riparian systems.

The ecological effects of fire in riparian zones are

the result of interactions between fire characteris-

tics and the riparian biophysical environment

(Figure 2). Climate has strong influences on spe-

cific fire characteristics (Agee 1993; Whelan 1998)

as well as on the riparian physical environment;

together their interaction determines the ultimate

effects of fire on riparian vegetation (Figure 2). The

location of the riparian zone, in relation to wa-

tershed position and elevation (that is stream or-

der), are also likely to determine their vulnerability

to fire. This article reviews current understandings

of the frequencies, spatial distributions, mecha-

nisms, and ecological consequences of fire in

riparian zones, and highlights topics where addi-

tional knowledge is needed. This article deals only

with stream riparian zones and therefore some

conclusions may not hold in lake or wetland

riparian zones. The general propositions that pro-

vide the framework for this review include:

1 Fires are generally less frequent and of lower or

higher intensity in the riparian zone, as com-

pared with adjacent uplands.

2 Streams form linear landscape features that are

influenced by upland fires but also influence fire

spread across the landscape. This is also related to

stream order.

3 Fire interacts with flooding to provide a major

system-scale driver in shaping riparian charac-

teristics, particularly after a large infrequent

disturbance.

4 Riparian fires influence in-stream ecology and

geomorphology by altering the physical nature

of the riparian and in-stream environment.

Figure 1. Network of streams and

riparian areas across the landscape and

the spatial extent of fires over three

years (2002 grey, 2003 dark grey, 2004

light grey) in the southern section of

Kruger National Park, South Africa.
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5 Nutrients in riparian soils vary unpredictably in

response to fire due to spatial variability in fire

characteristics, climate and landscape topogra-

phy.

6 Plant adaptations for living in an environment

with a high frequency of disturbance and topo-

graphic heterogeneity combine to make the

vegetative community in the riparian zone rela-

tively resilient to fire.

Fire Frequency and Intensity as Applied
to Riparian Areas

In general terms, fire regimes in riparian areas are

considered to be of lower intensity and to occur less

frequently than in the surrounding uplands (Agee

1988; Benda and others 1998; Patten 1998; Dwire

and Kauffman 2003). In the majority of instances

tongues of fire enter the riparian area from up-

lands, creating burnt and unburnt patches and

contributing to the establishment of the upland/

riparian boundary. For example, following a pre-

scribed fire in temperate forest in the southern

Appalachian Mountains (USA), which had not

burnt for 70 years, there was no tree mortality in

the riparian zone compared with 37% mortality

upslope, with no observed change in riparian spe-

cies diversity (Elliot and others 1999). In a tropical

riparian forest within a savanna matrix in Central

America, fire scarred trees were concentrated on

gentler slopes near the savanna-forest boundary

(Kellman and Tackaberry 1993) indicating that fire

rarely penetrates far into the riparian forest as it is

stalled at the boundary. Penetration of upland fires

appears to depend, to a large extent, on the

intensity of the fire and the width of the riparian

zone (Agee 1988). Therefore riparian zones, as part

of the landscape topography can act as a filter to

fire, stopping some but allowing others to pass

(Taylor and Skinner 2003).

Under some circumstances climatic pre-fire

conditions can drive large and intense fires in

riparian zones with significant ecological impacts.

Over longer time scales, prolonged droughts lower

the watertable and dry out riparian vegetation,

increasing fire risk. The ‘terrestrialization‘ of

riparian areas through extended (for example,

decadal) low rainfall periods can also result in the

riparian vegetation community more closely

resembling upland communities and consequently

sharing a similar fire regime (Naiman and others

2005b).

After the application of an ignition source (such

as lightening or anthropogenic), whether flaming

combustion is achieved will depend on the state of

the fuel, including moisture content, fuel size and

oxygen levels (Neary and others 1999). Foliar

moisture content of needles will affect the likeli-

hood of crown fire of conifers in Pacific Northwest

forests of the US (Agee and others 2002) and leaf

litter moisture levels of greater than 20% will

prevent ignition in eucalypt forests in Australia

(Cheney 1981). Fine fuels are generally involved in

active flaming combustion whereas larger fuels are

important for residual combustion and smoke

production. The size distribution of fuels can affect

the rate of spread as well as intensity of fire. In a

fire in mixed conifer riparian forest in Sierra Ne-

vada, California, around 90% of small size fuel,

including litter and duff, was consumed, whereas

only 6% of large sized fuel was consumed, unless it

was partly decomposed in which case 100% was
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Figure 2. Conceptual model of the

processes of fire in the riparian zone.

Climate has a strong influence on the

particular characteristics of a fire as

well as the riparian physical

environment which will determine the

effects of fire on the riparian

vegetation. The riparian vegetation in-

turn affects the characteristics of a fire

and the riparian physical environment.

Other disturbances create synergistic

fire characters via increased fuel load

which will increase fire intensity and

severity.
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consumed (Bêche and others 2005). In this study it

was also shown that riparian fires were generally

patchy and most severe where there were large

accumulations of small sized fuel such as conifer

litter and debris. Fire fuels also relate to the dif-

ferent strata within a riparian forest from tree

crowns to organic soil layers, including both live

and dead biomass.

The general aspects of fire regimes—frequency,

season, intensity, severity, fuel loads and spread—

are obviously also relevant to fires in riparian zones

but with some strong, as well as more subtle but

important differences. Collectively, factors affecting

fire characteristics are interrelated and all are

greatly influenced by climate.

Fire frequency Fire return interval is generally a

function of how quickly fuel accumulates, of cli-

mate conditions and of the frequency of ignition.

Less frequent and milder fires in riparian areas as

compared with adjacent uplands are, to a large ex-

tent, due to higher fuel moisture content and rela-

tive humidity in the riparian areas. This is

particularly associated with understorey shrubs and

herbs (Agee and others 2002). The frequency of fire

intrusion into stream corridors is also affected by

local topography, particularly bank slope, so that in

general, steeper bank gradients restrict the ability of

fire to burn through riparian zones. In contrast, for

a riparian area of low topographic incision in

Douglas fir (Pseudotsuga menziesii) forest in Oregon,

Olsen and Agee (2005) found no difference in fire

return intervals between riparian and upland areas.

In first and second order gravel bed streams in

Canada no difference was found in fire frequency

between upland and riparian areas (Charron and

Johnson 2006). Riparian fire frequency is therefore

likely to decrease with increasing stream size

(Benda and others 1998) so that headwater chan-

nels have a much greater fire frequency than wider

channels and wider riparian zones downstream.

However, in some areas differences in vegetation

structure between riparian zones and adjacent areas

govern the occurrence of fire (van Wilgen and

others 1990). Aspect is another important topo-

graphic feature of riparian areas in determining the

spatial variation in fire frequency with fires (in the

northern hemisphere) generally less frequent on

north facing slopes (Taylor and Skinner 2003).

Intensity Fire intensity usually refers to the energy

released during fire but probably a more useful

term in the context of this review is fire severity,

which is broadly defined as the measure of eco-

system impact, such as tree death or consumption

of above ground biomass (Bond and Keeley 2005).

Micro-climate conditions, particularly temperature

and humidity influence fire severity. High relative

air humidity prevents fuel from drying sufficiently

to carry a fire, or at least reduces fire intensity.

Riparian plant communities exert considerable

influences on local microclimates (for example,

Chen and others 1999) with the usually dense,

closed canopies reducing evaporation and main-

taining a high relative humidity—keeping fuel

moisture levels high. Additionally, the close prox-

imity of water often sustains mesic vegetation in

riparian zones by keeping surface soils moister,

thereby contributing to higher humidity. Finally,

shading lowers air temperatures, reducing drying

rates of fuel, and the dense riparian vegetation re-

duces wind speeds thus helping to maintain high

humidity and therefore lowering fire severity.

Season The seasonal timing of burning has strong

effects on riparian and in-stream processes, princi-

pally through fire severity. In sub-tropical savannas

late dry season fires are generally larger and more

severe than those at the beginning of the dry sea-

son (Andersen and others 2003; Govender and

others 2006). In a long-term experiment in a wet

tropical savanna in northern Australia, season of

burning (early or late dry season) had large effects

on riparian vegetation in terms of species compo-

sition. There was higher species richness, density

and cover of woody species and vines in unburnt

riparian areas as compared with late dry season

(hot) burn areas, with early dry season (cool) fire

effects intermediate (Douglas and others 2003).

The effect of season of fires in the riparian zone can

be related to annual flooding patterns as well as to

the phenological characteristics of the vegeta-

tion (for example, growth, flowering, seed set and

dispersal).

Fuel loads Accumulation of fuel in riparian zones

occurs through a variety of mechanisms not always

found in uplands. Particularly in drier regions,

primary production is generally higher in riparian

zones, due primarily to the ready availability of

water, which is a major contributor to high fuel

loads. Also, as riparian trees are uprooted and

deposited in channels and particularly in the

riparian zone during large floods, the risk of high

severity riparian fires increases in response to the

accumulation and concentration of wrack and

woody fuels (Figure 3; Pettit and others 2005).

Additionally, harvesting trees in riparian zones in-

creases fuel loads as well as creating canopy gaps

allowing faster drying of fuel, thereby increasing
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fire frequency and severity (Uhl and Kauffman

1990). It appears that there is a lagging relationship

between fire, flood frequency and forest practices

with the accumulation of woody debris and litter

increasing fire severity (Ellis 2001; Reeves and

others 2006).

Fire extent and rate of spread Fire extent and spread

are both generally related to landscape heteroge-

neity. Riparian landscapes are considered to be

highly heterogeneous (Malanson 1993; Naiman

and others 2005a) and several aspects of this het-

erogeneity affect fire characteristics and behavior.

In particular topography is usually diverse in

riparian zones with low and high terraces, levy

banks and banks with variable slopes such as in

constrained and unconstrained reaches. The rate of

spread is further complicated by the patchiness of

vegetation type and density, as well as soil and

plant moisture content, which are also related to

local topography. Fuel loads are generally spatially

and temporally heterogeneous in riparian zo-

nes—due to flood-related accumulation of debris

piles and flood regimes, respectively—which con-

tribute to highly variable rates of spread (Cary and

others 2006). Large increases in fuel are likely to

increase fire residence times (and therefore the

residence time of lethal temperatures), which can

have important ecological consequences.

Streams as Linear Landscape Features

Most riparian areas are linear, dendritic landscape

features and, as such, are biophysically influential

throughout the catchment. The size and spatial

position of streams within the catchment, as well as

stream type, have strong interactions with fire

(Figure 4). The penetration of upland fires into

riparian zones along higher order streams is often

patchy or completely absent in all but the most

intense fires (Kellman and Tackaberry 1993). In

contrast, on lower order streams, fires of moderate

intensity are able to move through entire riparian

zones, although in some instances headwater

springs, seeps, and small wetlands can mediate lo-

cal fire effects. Fire interactions with streams are

also more frequent in lower order streams simply

because of the greater abundance of these lower

order streams in the landscape (Figure 1). Drainage

density tends to be concentrated in the lower order

streams so that over 80% of the stream kilometres

within a catchment can be small first and second

order streams (Dunne and Leopold 1978). Fire ef-

fects on streams are greatest in headwaters and

dissipate progressively downstream (Minshall and

others 1989), therefore fire frequency and severity

in the riparian zone usually decreases as channel

size increases. In low-order gravel bed streams in

the Canadian Rocky Mountains, Charron and

Johnson (2006) found that fire was of greater

importance for riparian tree establishment than

flooding except for trees establishing on lateral and

point bars.

Fire effects in low order streams are likely to

have consequences for the riparian environment

throughout the downstream system. Fire in head-

water streams can lead to pulses of nutrients, sed-

iment, plant propagules, and increased wood debris

being delivered downstream. Alternatively the

consumption of woody debris by fires in low order

streams may deprive downstream reaches of this

important ecological asset (Gregory and others

2003; Gurnell and others 2005; Pettit and Naiman

2005; Latterell and Naiman 2007). Therefore,

although fire may be less frequent in higher order

Figure 3. a Large woody debris deposited in the riparian

zone after a flood increases fuel load and can accumulate

around surviving trees. b The wood accumulations are

subsequently consumed in a high intensity fire.
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streams, fire effects at the top of the catchment may

still have consequences for the ecosystems down-

stream.

Riparian areas, as they criss-cross the landscape,

also act as natural fire breaks to limit the spatial

extent of wildfires. Features of the riparian zone

described above (for example, high humidity, high

fuel moisture levels) can have a retardant effect on

fires as they spread. This effect can be used by land

managers to limit terrestrial fires by creating a

buffer zone to protect the stream ecosystems from

fire (Bisson and others 2003). However, under

certain circumstances, such as through fuel accu-

mulation and a hot dry period, riparian zones can

act as passages for fire leading to the spread of fire

to unburnt uplands (Agee 1998). Also, under par-

ticular conditions steep sided stream banks can act

to funnel winds increasing wind speeds that may

increase fire rate of spread and operate as a conduit

for fire to different parts of the landscape (Dwire

and Kauffman 2003).

Higher frequency of fires on lower order streams

can lead to the loss of some elements of the riparian

plant community such as fire-sensitive species

(Douglas and others 2003). Through system-scale

feedbacks, fires entering the riparian zone can open

up the canopy leading to an increase in fire tolerant

life-forms such as grasses, which in-turn increase

fire frequency. Unravelling the influence of fire on

riparian vegetation composition in both wet and

dry environments, and interactions with stream

size and gradient, will improve landscape-scale

management of these systems.

Relationship between Fire and Flooding

Flooding, a major system-scale driver in shaping

riparian characteristics interacts with fire to provide

an important element of the disturbance regime

and to the ecosystem-scale outcomes. For example,

flooding can lead to the accumulation of wrack and

woody fuel (Pettit and others 2005) and the
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destruction of riparian forest. This opens the area to

greater radiant heat (Cochrane 2003), thereby

increasing the drying-out of fuels including the

surviving vegetation, ground litter and woody

debris. This combination of increased fuel load from

flood debris and the drying out of fuels increases

the likelihood of subsequent fires. In the riparian

zone of the Rio Grande River in New Mexico, fire

severity is related to the amount of organic debris

present—a reflection of flooding history (Ellis

2001). The deposition of wood debris piles after a

large flood on a river in semi-arid South Africa

created conditions for fire that was spatially patchy

in terms of intensity with subsequent effects on

vegetation and soil nutrients (Pettit and Naiman

2007). In a low rainfall savanna in Botswana, fire

frequency was higher on floodplains than uplands

due to higher biomass production and associated

fuel loads (Heinl and others 2006). However fre-

quent flooding will inhibit vegetation growth and

the build up of fuel, thus reducing the risk and

intensity of fire. Therefore we suspect fire and flood

frequency have a non-linear relationship with fire

frequency being highest at intermediate flooding

frequencies.

Post-fire, the trajectory of stream ecosystem

succession may depend to a large extent on the

levels of stream flooding in years immediately after

the fire (Minshall and others 1989). In fact flooding

shortly after a riparian fire increases stream bank

erosion and damages vegetation recovering from

loss of numbers and foliage in the fire. Occurrence

of fire in the immediate post-flooding period also

affects the regeneration dynamics of vegetation

through the destruction of regenerating plants. The

life history adaptations of riparian vegetation to

flooding, however, may also ameliorate the effects

of fire on plants. Conifer forests in Canada gener-

ally reveal no serious impact of fire in riparian zo-

nes—when compared to uplands—as riparian

forest are considered pre-adapted to fire by having

an open canopy and subject to frequent flooding

disturbance (Lamb and others 2003).

Riparian Fires, Geomorphology and
In-stream Ecology

Floods and riparian fires create and maintain

complex and productive in-stream aquatic habitat

(Bisson and others 2003). Depending on stream

size, fire effects include changes to nutrient fluxes

and cycling, input of sediment and wood load, litter

input and consequently the general ecology of

aquatic organisms (Minshall and others 1989). Fire

effects on streams can be immediate and generally

short-lived such as when pulses of sediment and

woody debris are delivered to streams after fires,

which will have obvious effects on in-stream hab-

itat. Fire can also create short-term effects on

stream nutrient levels. In first order streams in a

mixed conifer forest in Sierra Nevada, California

total N and total P increased immediately post-fire

but decreased to pre-fire levels within 1–2 weeks

(Bêche and others 2005). Fire effects on streams

also can be long-term. For example, changes to

channel form in a stream that was burnt 11 years

previously in Yellowstone National Park, Wyoming

lead to greater mobility of wood and therefore a

lower frequency of wood accumulations, compared

to an unburnt stream (Zelt and Wohl 2004).

Changes in channel form and reduction in riparian

canopy cover due to fire lead to elevated stream

temperatures for extended periods of up to 10 years

in a British Columbia headwater stream (Moore

and others 2005). In smaller streams riparian fires

can defoliate trees, resulting in more light reaching

the stream thereby increasing water temperature as

well as growth of aquatic and emergent plants.

Although fire can kill and injure riparian trees the

resultant opening of the canopy, together with in-

creases in nutrients, can alter in-stream diversity

and productivity by adding woody structure and

augmenting the light and nutrient regimes (Doug-

las and others 2003).

Fire affects stream channel geomorphology by

increasing sediment flux as well as the movement

of wood, leading to changes in channel shape and

flow patterns. The major physical effects of riparian

fire are an increasing likelihood of bank erosion

and the large fluctuations in the delivery of woody

debris in the riparian zone and in the stream. Fire

increases erosion in the riparian area by removing

vegetation, increasing surface run-off and reducing

soil infiltration rates—thereby increasing the po-

tential for landslides and debris flows (Shakesby

and Doerr 2006). Fire can reduce water infiltration

rates by creating a hard soil surface crust which is

often hydrophobic and, combined with loss of

ground cover (vegetation, litter or wood debris),

leads to sheet or gully erosion (Shakesby and Doerr

2006). The net result is the loss of nutrients and soil

from riparian areas to the stream. High severity

fires destroy vegetation that is important in main-

taining bank stability (that is through roots binding

the soil). In this case the fire is more likely to result

in eroded stream banks during subsequent high

flows. This can lead to further loss of trees, channel

widening and the input of additional sediment into

the stream. Wood pieces can also form channel

dams, and if burned, these release large amounts of
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stored sediment downstream. In a comparison of a

burnt and unburnt stream corridor in Wyoming

(USA), Zelt and Wohl (2004) found stream channel

width increased in burnt streams due to increased

bank erosion and sediment movement. This led to a

loss of large woody debris as the wider channel

transported wood more readily during high flows.

Intense fires resulting in the death of many trees,

coupled with increased bank instability, can lead to

a large amount of wood being deposited in the

stream (Bêche and others 2005). However severe

fires can also lead to the consumption of most of

the dead wood, particularly in lower order streams

(Figure 3). For a second order stream in Wyoming,

Bragg (2000) found that fire greatly increased

woody debris fluxes to streams; more so than

normal annual mortality or episodic events such as

tree death through insect outbreaks or clear-cut-

ting. Whether woody debris increases or decreases

in riparian areas after fires depends—to a large

extent—on fire characteristics, existing composi-

tion of the vegetation, position in the catchment

and channel geomorphology.

Riparian Soil Nutrients and Fire

Fire effects on soil nutrients are complex and var-

iable, with the fire-vegetation interaction leading

to either nutrient increases or shortages (Neary and

others 1999). Specific effects depend to a large ex-

tent on the fire characteristics and the fire regime

(Wan and others 2001; Certini 2005). In general,

low severity fires increase plant available nutrients

whereas severe fires result in the volatilization of

soil nutrients and losses through ash entrainment,

erosion, leaching and denitrification (Cook 1994;

Neary and others 1999; Aranibar and others 2003).

Although riparian areas occupy the lower part of

the landscape and are therefore run-on zones

where water and soil nutrients tend to accumulate,

changes in nutrient dynamics brought about by fire

in riparian zones are likely to be similar to those

documented for uplands, and therefore depend to a

great extent on the fire regime. However, high

water tables in riparian zones may minimize the

fire effect on nutrients with loss of carbon and

nitrogen during fires reduced on sites with high

water tables compared with low water table sites

(Blank and others 2003). Additionally, soil mois-

ture has a strong influence on mineralization rates

(Austin and others 2004) so that riparian zones

with typically high soil moisture content suggest a

pattern of soil nitrogen levels increasing quickly

after fire due to relatively higher levels of nitrogen

mineralization. In contrast, high soil moisture

levels and accumulations of fine fuel material will

increase soil heating in fire which may lead to

greater volatilization of some soil minerals and the

death of soil organisms (Neary and others 1999).

High water tables and humidity levels in riparian

zones as well as periodic accumulations of fine

debris material during flooding can create such

conditions.

Nutrients from upland fires also reach the ripar-

ian zone. Fire generated ash and modified soil are

mobilized in the uplands during subsequent rain-

storms and deposited in the lower slopes, including

the riparian zone. Surface runoff is increased

through the reduction of vegetation cover and soil

structure via fire (Beeson and others 2001; Jo-

hansen and others 2001). Nutrient influxes in

rainfall run-off after a fire is also likely to be more

pronounced in the numerous low order streams

with smaller riparian buffers.

In addition to the effects of fire on individual soil

nutrients, fire is likely to have a strong effect on

element interactions. Elements released by fire are

mobilized differently, which is likely to contrast

with the elemental ratio requirements of organisms

(Sterner and Elser 2002). How the ratios of ele-

ments are redistributed following a fire will depend

on pathways in which they are mobilized, which

will be influenced in-turn by the make-up of the

biological community. In a simulation of carbon–

nitrogen–phosphorus interactions under various

frequencies and intensities of fire, high frequency

fire reduced nitrogen pools to only 25% of levels

seen without fire (Hungate and others 2003).

However where nitrogen-fixing plants were pres-

ent, fire increased phosphorus availability, which

in-turn enhanced the rates of nitrogen fixation. In

the riparian zone, floods also mobilize elements to

varying degrees. Knowledge of how flooding and

fire interact with element ratios in the riparian

zone and their effects on in-stream processes would

enhance our understanding of the ecosystem con-

sequences of fire in the riparian zone.

Riparian Vegetation and Adaptation
to Fire

Riparian fires shape vegetative community com-

position and plant structure via the responses and

adaptations of individual species. In fire-prone up-

land environments, such as savanna, fire is a major

controller of tree/grass dynamics (Scholes and

Walker 1993; Higgins and others 2000) with annual

fires promoting grasses and preventing the estab-

lishment of woody plants (Heisler and others 2004).

However, in most riparian zones environmental
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factors such as moisture, flow regime, herbivory

and geomorphology are likely to be the key drivers

of plant community characteristics (Naiman and

others 2005b). For example, in Californian conifer

forests, distance from the stream was a stronger

influence than time since the last fire on vegeta-

tive composition suggesting—as one would ex-

pect—that the effects of fire declines with proximity

to water (Russell and McBride 2001). Southwestern

US riparian communities are generally structured

along gradients related to moisture, fire and com-

munity age (Busch and Smith 1995). However, fire

can play an important role in the structuring of

riparian communities in headwater streams by

reducing plant cover and species richness and by

altering composition (Bêche and others 2005). In

savannas, fire can also influence tree densities in

the riparian zone. Fire interval needs to be suffi-

ciently long for saplings resprouting from the root

collar to grow tall enough to survive a subsequent

fire (Bond and Keeley 2005). Lower fire frequencies

and higher growth rates means that tree seedlings in

the riparian zone are more readily able to escape

from the firetrap. Along with higher moisture re-

gimes this will contribute to riparian seedlings

having higher survival rates than in upland areas

that will contribute to high tree densities in riparian

communities.

In many situations the fire retardant effect of the

riparian zone and the patchy nature of riparian

fires create refugia for fire-sensitive species in a

matrix of more fire-prone uplands (Meave and

others 1991). These refugia can then act as focal

points from which plants and animals can recolo-

nize the post-fire landscape. For example in tropical

lowland rainforest in Indonesia large diameter trees

characteristic of climax vegetation are more com-

mon in the riparian forest where fire is rare (Slik

and Eichhorn 2003). Gallery forest along streams in

savannas includes fire sensitive tree species that

occur only in protected areas away from the sa-

vanna boundary where fire is uncommon (Kell-

man and others 1998). Consequently an ecotone of

fire tolerant trees along the savanna boundary

develops, which acts as protection for fire sensitive

species in the interior. Even where fire encroaches

into the riparian zone, fire protected patches such

as moist gullies may exist which offer some pro-

tection for fire sensitive species.

There are few examples of fire responses by

specific riparian plants but examples from uplands

give important insights about potential riparian

responses. In fire-adapted savanna communities

there is a relationship between fire history and

plant life history so that the phenology of the

vegetation becomes an important determinant of

subsequent fire impacts (Williams and others

2002). This is seen in key phenological phases such

as leaf flush, flowering and seed set, which tend to

occur in the late dry season when the majority of

fires occur. The implications are that the repro-

ductive characteristics of riparian plants can be

differentially affected by fires occurring outside the

normal period. For example, burning late in the dry

season greatly reduces flowering and fruiting of a

common riparian tree (Eucalyptus alba) in northern

Australia (Douglas and others 2003). Additionally,

the combination of fire and flooding may also affect

seed germination and seedling development by

riparian plants. Fires in southeastern Australia en-

hance the germination of soil-stored seed of the

riparian shrub Grevillea rivularis by helping break

seed dormancy. Seedlings of this species emerge

after fires that are followed by local flooding

(Pickup and others 2003).

Plants with the ability to resprout after the loss of

all or most of the aboveground biomass are favored

in environments with a high frequency of distur-

bance such as flooding (Bellingham and Sparrow

2000) or fire (Bond and Midgley 2003). The ability

to resprout from broken stems or from the root-

stock after defoliation can be seen as an adaptation

of riparian species in flood zones (Naiman and

others 2005b) but also may provide riparian plants

an ability to recover quickly after fire. This has been

reported in southern Californian streams (USA)

where fire history influenced riparian community

composition so that sites with high fire frequency

are dominated by resprouting species (Bendix

1994). In the Pacific Northwest (USA) the most

common riparian species, willow (Salix spp) and

poplar (Populus spp) resprout readily after flood

damage whereas Sitka spruce (Picea sitchnesis) does

not (Naiman and others 1998). On the Sabie River

in South Africa, after a 1:100 year flood, 30% of

the regenerating riparian plants originated from

resprouting residual plants (M. Parsons, University

of the Witwatersrand, personal communication).

Riparian vegetation of seasonal streams in wet

tropical savanna in northern Australia have fea-

tures that are more characteristic of rainforest than

savanna and consequently unburnt riparian areas

have twice as many tree species and three times the

stem density of sites burnt in the late dry season

(Andersen and others 2005). Some riparian species

are particularly sensitive to fire such as trees with

thin bark (Cochrane 2003) as well as many species

of liana (Douglas 1999; Laurance 2003). In con-

trast, many plants that are adapted to a fire-prone

environment have hard fruit or thick walled seed
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and thick bark that are better able to withstand the

heat from fires (Bond and van Wilgen 1996; Bond

and Midgely 2003).

Riparian Fire: Examples from Two
Contrasting Environments

Semi-arid savanna: Kruger National Park, South

Africa. Kruger National Park is situated in a semi-

arid subtropical region of north-eastern South

Africa. The area, locally described as the lowveld,

consists principally of a grassy woodland savanna

and is considered to be a highly fire adapted eco-

system with a large proportion of plants able to

withstand repeated and frequent defoliation by fire

(van Wilgen and others 2003, 2004). Several major

rivers, supported by a vast network of smaller

tributaries, run through Kruger (Figure 1; O‘Keeffe

and Rogers 2003). Prescribed burning within Kru-

ger has concentrated on the extensive terrestrial

ecosystems whereas, from 1957 to 1975, fire was

excluded from some areas considered fire sensitive

including vleis (wetlands) and riparian areas (Bry-

nard 1971). However, fires were probably not

completely absent from these areas and analyses of

fire records suggest that management had little ef-

fect on the total area burnt which is controlled by

rainfall—a major driver of grass biomass (van

Wilgen and others 2004; Govender and others

2006). Fire policy since 1975 has allowed man-

agement or wildfires to burn into riparian areas (N.

Govender, personal communication).

Fire in the riparian zones of higher order streams

in Kruger is generally considered relatively

uncommon, only likely when fuel loads build-up

sufficiently and fuel moisture contents are low. On

the Sabie River in Kruger, after a approximately

100 year return interval flood in 2000, large

numbers of riparian trees and shrubs were up-

rooted and redistributed, resulting in an open

riparian canopy and the accumulation of sub-

stantial amounts of large woody debris and wrack

material in the riparian zone (Pettit and others

2005). Prior to the flood, woody debris was scarce

or absent from most of the riparian corridor (Par-

sons and others 2006). Deposited wood piles are

likely to create a particularly acute fire hazard to

remnant trees, especially those where wood has

accumulated around the trunk (Figure 3). A flood

of comparable size last occurred on the Sabie River

in March 1925 (Heritage and others 2001). His-

torical accounts of the aftermath of this flood

describe large accumulations of wood that were

considered a fire risk to surviving trees. Indeed the

then warden of the Kruger Game Reserve, J. Ste-

venson-Hamilton, described:

‘‘On subsidence of the flood huge piles of reeds

and uprooted trees were left far away from the

river, piled in heaps often 10–12 feet high... I found

this to be the case at many places along the Sabie

River, and it is clear that at the next grass fire these

masses of tinder would form the funeral pyre of

many beautiful trees... I had found places where

fire had already done their work, and where only a

few charred trunks, their surroundings covered 2

feet deep in wood ashes, remained to tell a tale of

furious conflagration. Of course no trees, however

hardy, can withstand bonfires of this kind.‘‘ (Ste-

venson-Hamilton 1929)

After the February 2000 flood on the Sabie River

several fires have taken place, burning sections of

the riparian zone. These fires were not necessarily

of high intensity. For example a riparian fire in

October 2004 occurred on a cool, high humidity

day where the fire slowly burnt across the sparse

grass ground cover before reaching debris piles

where high severity spot fires were responsible for

the death of many trees in close proximity (Pettit

and Naiman 2007; Figure 3). These fires can alter

pathways of succession after floods causing the

destruction of survivors as well as the regenerating

vegetation and create a mosaic of alternate suc-

cessional states (Pettit and Naiman 2007).

Current fire management in Kruger is a combi-

nation of patch burning, burning according to

range condition and lightning fires. This approach

is taken with the aim of maximizing landscape

heterogeneity (van Wilgen and others 2003). As

riparian fires usually originate in the uplands the

fire regime created there will have an impact on

riparian areas. The distinct vegetation community

that exists in the riparian zone and the relationship

that exists between flooding and fire suggests that

there is some case for the management of fire in

riparian zones as a separate and distinct ecosystem,

at least for higher order streams.

Temperate Forest: Pacific Northwest, USA. The Pa-

cific Northwest of North America, extending from

northern California to south-eastern Alaska, is an

area of temperate climate characterized by generally

high precipitation with cool, dry summers and wet

winters. The forest cover is a complex mixture of

coniferous and hardwood forest reflecting topo-

graphic and rainfall patterns. In this region there is a

high diversity of vegetation types, riparian systems,

and fire regimes with fires generally frequent and of

low intensity in the eastern dry forests and infre-

quent and of high intensity in western moist forests.
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Fire is an important disturbance process in Pacific

Northwest forests but is generally less frequent in

the riparian areas due to high humidity and mois-

ture levels and to more common deciduous vege-

tation that is less flammable than upslope conifers

(Agee 1988). Periodic drought, drying easterly

winds and the build-up of wood debris create

favorable conditions for fire (Agee 1993)—and the

frequency and magnitude of fires strongly influ-

ences stand ages in the southern, drier regions

(Benda and others 1998). Fire frequency has a wide

range (10 to >500 years) and mid to late summer is

the most common season for fires (Agee 1998).

Simulation models suggest substantial differences

in fire return interval for different parts of the

landscape. For example, even though the average

interval for southwest Washington is approxi-

mately 300 years, it is approximately 500 years for

valley floors whereas, on ridge tops and along low

order streams, it is only about 150 years (Benda

and others 1998). Riparian areas usually have a

more complex forest structure than uplands, which

allows faster post-fire recovery from fires that may

be less frequent and severe (Agee 1998). Eventu-

ally unravelling the intricate interactions of fire

regime with site conditions in the riparian zone will

require more in-depth understanding of the basic

characteristics and processes associated with the

riparian areas.

The riparian zone is frequently protected from

fire to ‘preserve‘ aquatic ecosystems important to

salmonids in the Pacific Northwest (Agee 1998;

Bisson and others 2003) and, as well, the riparian

zone acts as a buffer between moderate intensity

fires in the upland and the in-stream environment

(Bêche and others 2005). However, under condi-

tions of severe drying weather and inherently high

fuel loads (Gregory and others 2003; Latterell and

Naiman 2007) riparian areas can act as a corridor

for fire too (Segura and Snook 1992; Agee 1998).

Riparian areas can then carry a more severe fire

than upland areas, particularly when upland fuels

have been depleted by a recent fire. Inherently

high fuel loads are maintained continuously in

Pacific Northwest riparian zones by the death of

large numbers of trees through such mechanisms as

severe flooding or intense insect outbreaks or

storms (Camp and others 1997; Agee 1998; Bragg

2000). The synergy of conditions required for a

severe riparian fire therefore suggests that these

fires are highly episodic.

Forestry practices in the Pacific Northwest have

generally been one of fire exclusion, which has

dramatically altered the forest ecosystem so that

increased fuel loads in areas of low severity fire

now have severe fire impacts (Agee 1998). Simu-

lating natural disturbance patterns has been pro-

posed as an alternate management strategy to

maintain broadly defined ecosystem processes

(Swanson and others 1997) and in particular to

maintain structures in aquatic ecosystems (Bisson

and others 2003). This would require extensive

knowledge of past fire regimes in these forests

(Agee 1998) as well as understanding of the highly

variable spatial and temporal nature of the riparian

ecosystems in this region (Naiman and Bilby 1998;

Bisson and others 2003; Naiman and others

2005b).

Despite the very different ecosystems described

in this section there are several similarities in pre-

ferred approaches to fire management. This in-

cludes the desire to replicate natural fire regimes as

well as producing a mosaic of fire patches to create

and maintain biodiversity and, thereby, ecosystem

resilience. Also, for each bioregion, knowledge of

fire regime effects on riparian ecosystems as well as

individual riparian species, or what the natural fire

regimes are, is incomplete. Therefore an adaptive

management approach to fire management is

advocated (van Wilgen and others 2003; Bisson

and others 2003) whereby management decisions

are based on a thorough ecological understanding

and outcomes from management prescriptions that

are continuously refined through feedback from

monitoring.

SUMMARY AND CONCLUSIONS

There is vast variation in the nature of riparian

zones. This occurs within a catchment, from

headwater streams to high order rivers, as well as

among rivers, and depends on the physical tem-

plate including geology, topography, soils, geo-

morphology, hydrology and climate. The

heterogeneous fire conditions found in riparian

zones—those created largely by topography, can-

opy gaps, moisture gathering areas, distribution of

wood fuel and viability in fuel moisture con-

tent—create a mix of crown fires, surface fires and

unburnt patches—thus contributing to a high de-

gree of heterogeneity within the riparian zone.

Also, the episodic nature of riparian fires, depend-

ing on the confluence of particular conditions of

fuel load and climate, is evident across riparian

ecosystems in vastly different bioregions (Figure 4).

Due to the connectivity of stream networks, fire

effects in low order streams will be conveyed

downstream and have ecological consequences for

the riparian environments in valley bottoms

(Wipfli and others 2007). Therefore, when estab-
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lishing policy for managing fire in riparian zones

we need to understand differences in the ecological

effects of riparian fire for different stream order and

elevation, under different climatic regimes (Fig-

ure 4).

Riparian areas and their associated streams are

pervasive landscape features, suggesting that fire

will have spatially broad consequences extending

beyond the actual location of the fire—as well as

for riparian areas themselves. Therefore disruption

of the natural fire regime can lead to adverse affects

for riparian areas and the wider landscape. Activi-

ties such as logging, construction of fire access

routes along rivers and road construction along

riparian corridors may lead to fires of greater fre-

quency and severity in riparian areas (Reeves and

others 2006). Other changes to river function such

as flow regulation also can have indirect conse-

quences on the riparian fire regime, such as

reducing the accumulation of wood debris by re-

duced flooding. Protecting riparian buffers from fire

is likely to change the structure and possibly the

function of riparian areas (Agee 1998) as fire

exclusion can eventually lead to extreme, high

severity fires through the accumulation of fuels.

We believe that a greater understanding of the link

between the riparian zone and the surrounding

upland matrix, together with the relationship to

disturbance regimes such as fire and flooding, will

improve landscape and watershed management

overall.

Alternatively, rare natural disturbance events,

such as extreme flooding, can lead to the rapid

build up of fuel, as occurred on the Sabie River,

South Africa. This increases fire risk as well as fire

severity in riparian zones that rarely experience

severe fires. Thus there is a link between these two

infrequent disturbance events which can act as

catalysts for sudden change in ecosystems and may

result in the development of alternate successional

states (Turner and Dale 1998) in the regenerating

riparian community (Pettit and Naiman 2007).

Acknowledgement that rare large-scale distur-

bances are inevitable—and required for the long-

term ecological stability—is important for fire

management in riparian systems (Bisson and others

2003).

In considering appropriate management of fires

for riparian zones there first needs to be a general

assessment of the role of fire in local riparian eco-

system processes. Further, most knowledge on

riparian fires relates to short-term responses to fires

but there is also a need to consider long-term fire

regimes with a focus on variability within and

between habitats, on resultant habitat quality and

diversity, as well as on acknowledging elements

and processes important for ecosystem resilience

(Andersen and others 2003). Management for

riparian fires also needs to consider habitat quality

as well as habitat diversity at the landscape scale

while considering the historic range of variability.

For higher order streams at least, because riparian

areas represent different vegetation community

types, they should be considered separately in

terms of fire management. Implicit in this is a

requirement for improved understanding of the

natural recovery processes of riparian areas after

fire.
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