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Introduction

Banded land~capes are characterized by bands of dense perennial vegetation ori
ented parallel to the contour. separated by bare soil (Figures 1.1, 1.10, 1.12, this
volume). They are widely distributed globally and have been studied in arid and
semiarid c1imate~ of Sahelian Africa and the Middle East (White 1971: Wicken~
and Collier 1971). South Africa (van der Meulen and Morris 1979), Au~tralia

(Mabbutt and Fanning 1987: Tongway and Ludwig 1990), and North America
(Cornet et al. 1992). White (1971) dcfined the cornmon characteristic~apparently
necessary for the exi~tence of a banded vegetation ~patial structure. The~e charac
teristics are now weil known and include a semiarid climate and rainfall runoff as
sheet-tlow on gently inclined surfaces (chapter 1, this volume). Commonly. the
band and interband zones have a similar soil type and texture but not always. For
example, some banded landscapes are located on soils with swell/shrink gilgai pat
terns and dynamics lDunkerley and Brown 1995; Macdonald, Melville. and White
1999). The most common vegetation association in the bands is a mixture of grass
and shrubs and/or trees (Slatyer 1961; Montana, L6pez-Portillo. and Mauchamp
1990: Seghleri et al. 1997) but can be dominated by grass (Worral 1959). trees
alonc (Worral 1960). or chenopod shrubs (Macdonald, Melville, and White 1999).

The origlll ofbanded landscapes has been the subject of much conjecture (White
1971; Greig-Smith 1979). BOLder and Hodge ( 1964) postulated that bands devel
oped from an initially evenly vegetated surface through graduai degradation duc
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to c1imatic or soi! degradation. White ( 1971) and Boudet ( 1(72) suggested that
they originated from colonization of previously bare zones by concentrating re
sources upslope of natural obstacles to water movement. Mabbutt and Fanning
(987) and Cornet and associates ( 19(2) proposed that the origin of handed land
scapes lies in the geomorphic evolution of planar or very slightly convex or con
cave landforms so as to favor extensive sheet-tlow runoff. Ali these explanations
remain speculative hecause hand initlation has not actually heen observed. Mod
eling band initiation has been a major activity (chapter 9, this volume).

Hypotheses as to the overall functioning of banded landscapes have all been re
lated to surface hydrological processes in which resources mobilized by rainfall
runofffrom the interband are effectively captured within the band and used by veg
etation growing there (White 1970, 1971; Wickens and Collier 1971; Tongway and
Ludwig 1990: chapter 5. this volume). This commonly results in denser, more
perennial plants in the band than would be predicted from the average annual rain
fall without spatial redistribution (Ludwig. Tongway. and Marsden 1994). These
processes are dealt with in detail in chapters 4 and 5 of this volume. The underly
ing hypothesis exemplifies the Noy-Meir (1973) proposition that heterogeneous
distribution of water in semiarid landscapes improves overall productivity than if
water were evenly spread.

The objectives of this chapter are to discuss vegetation dynamics of banded
landscapes in the Iight of the hydrological functioning of the landscape in terms of
(1) the overafllandscape vegetation structure, (2) the species composition and tem
poral dynamics at different locations within the bands. (3) the evidence provided
by vegetation in upslope band migration. and (4) the effect of human activities on
vegetation and band persistence. The data are drawn from the set of sites where
formaI vegetation studies have been carried out: Mapimi in Mexico, Banizoum
bou in Niger, and Lake Mere in Australia. although smaller studies at other sites
have also contributed.

Vegetation Band Structure

Band-Interband Patterns

The vegetation composition and structure of the bands proper are very variable be
tween global locations (Table 7.1). White (1971) suggested three types of vegeta
tion bands: those composed basically of grasses, those containing a mixture of
grass and shrubs, and those composed of shrubs and trees. The wide range in life
form suggests that there is an equivalent range in the availability of soil moisture
over time and three-dimensional space in the soit. Different soil moisture regimes
are caused by differences in the interaction of how much rain falls and its spatial
redistribution. Theoretically, less frequent but deeply penetrating soil water addi
tions might advantage trees. whereas grasses might be favored by frequent smaller
showers.

Vegetation cover on the interbands was so low at ail sites that its dynamics have
been largely ignored in the Iiterature. At the Lake Mere site in Australia,vegetative
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Table 7.1. Common Aspects of the Vegetation Structure in Several Sites of
Banded Vegetation

Niger site Burkina Faso site Mexico site Australia ~ite

Dominant in Combrewm Combretwl! Hilaria mut/ca Acacwaneura
thicket core, micralllhum micranthulll (perennial (tree)
backbone of the (shrubl (shrub) grass)
banded pattern

Dominant Cuiera l'ail allnllal FlolirellSia ThyndolefJis
up~lope the senegafensis c()))/)nul1ity cemua u,hrub) mitchel/ul11a
thicket core (shrub) (mainly grasses) (perenmal

grass)

Distributed PtelVcarpus Prvsopis EraglVs/ls
independcntly ll/cms (~hrub) glandulosa eriopoda
from the banded (shrub) (perennia1
pattern grass)

cover on the interbanu was never more than 10%, whcrcas the mulga band ex
ceeded 50% foliar cover and the upslope grassy fringe or ecotone had 2Y7r cover
(Tongway and Ludwig 1990).

ln the SaheL Couteron, Mahamane, and Ouedraogo (1996) and Couteron, and
co-workers (2000) studied the differences in band structures at sites at Banizoum
bou (Niger) and Bidi (Burkina Faso) by examining the distribution of woody
species. The rainfall distribution is similar, and the dominant species at both sites
is COlllbrelulIl micmlllhllfll. The soil texture at Bidi is sandier and lacks the ce
mented ironstone gravel present at Banizoumbou, so that the infiltration rates are
higher and the soil water more evenly distributed across the landscape. As a con
sequence, the vegetation banding, as assessed by mcasuring the density of juve
niles of C. micmnlhum across the vegetation band at Bidi, is not as strongly dif
ferentiated as at Banizoumbou and has a lower overall biomass per unit area. These
vegetation data illustrate variations in intrinsic banded landscape runoff/runon
processes (function).

Within-Band Patterns

The vegetated bands can be divided into three basic sections (Figure 7.1): (1) the
upslope fringe, (2) the main body of the band, and (3) the downslope fringe (Cor
net et al. 1992; Montana 1992; Couteron et al. 2000). One wouId expect the ups
lope fringe to receive a higher frequency of runon events and more water overall
than the downslope fringe, which would receive only ambient rain plus rare runon
from exceptional events. This expectation is supported by vegetation data.

For example, at Lake Mere, the upslope fringe was composed of perennial grass
cover of 20.2% that is composed of nine species and a two-species shrub cover of
7.4%. The main body of the band comprised 12.4% perennial grass cover that is
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Figure 7. 1. Schematic repre~entation of
banded vegetation patterns from the
southem Chihuahuan Desert (Mexico).
(a) Aerial view at 1:25.000 scale showing
the vegetation bands (In black) ~ur

rounded by almost bare areas. (b) Ideal
ized cross-section of the landscape show
ing the distribution of vegetation and soil
water moisture after rain (dotted areas in
the soil profile). (c) Idealized cross-sec
tion of a vegetated band. Horizontal
straight lines indicate the range vegetated
and the height ofherbaceous species (con
tinuous line). shrubs (Iower dashed line).
and small trees (upper dashed line). Dot
ted vertical lines indicate the three subdi
visions of the bands u~ed in this work:
(i) upslope. (ii) main body. and (iii) down
stope. (Modified from Fig. 1. Montana
1992.) Permission courtesy of Blackwell
Science Ltd.
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composed of nine species and 40.1 % shrub/tree cover composed of two species.
There was no downslope fringe (Tongway and Ludwig 1990), implying that re
source availability there was too low to support plant populations. This accords
with the comparative hydrological analysis in chapter 5 of this volume.

At Mapimi, a greater number and diversity of species were found on the up
slope fringe compared with downslope (Figure 7.2). The upslope fringe had much
higher species richness (5.43 ± 0.51; range, one to 18 species) than the down
slope fringe of the vegetation band (1.72 ± 0.12; range, zero to four) as measured
in 2 x I-m quadrats (Montana 1992). Seedlings growing in full sunlight grew larger
than those in shade. There was a distinct senescence zone on the downslope side
of the hand.

There is a diversity of germination strategies among the commonly found plant
species. Sorne plants germinate in multiple locations, whereas others appear to
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Figure 7.2. Den,ity (a), height (b), and caver (c) of the most abundant ,hrubs and ,mali
tree, In a vegetation band from the southcrn Chihuahuan De,ert (Mexico). (Moditied from

Fig. 16.6. from Cornet et al 1992.) Permis"on courtesy of Blackwell Science Lld.

favor a restricted set. For example. in Mexico. Prosopis glandlllosa seedlings were
recorded both in the band and in the bare area, whereas Flourensia cernua seedlings
were dominantly found in the upslope fringe (Montana, L6pez-Portillo, and
Mauchamp 1990: Mauchamp et al. 1(93). In Niger, 50% of C. micranthul11
seedlings were in the core, and similar proportions of the remainder were in the
upslope and downslope fringes. whereas Cuiera senegalensis specialized in either
core or upslope fringe sites (93%) and only 7% in the downslope fringe (Couteron,
Mahamane, and Ouedraogo 1996: Couteron et al. 2000). These observations are
consistent with the notion that the future tloristic composition (and hcncc the veg
etation structure), at a specific site. are mainly intluenced by the availability of safe
sites and the ability of seeds to reach them (Harper et al. 1961: Harper. Williams,
and Sagar 1965: Harper 1977) and also by the biotic and abiotic conditions for
plant establishment (Grubb 1977).
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Vegetation Band Dynamics
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A greater part of published vegetation studies in banded landscapes has been con
cerned with the dynamics of the vegetated bands, mainly in the upslope fringe or
ecotone, where the dynamics are greatest. Indeed, the dynamics of the long-hved
vegetation in the core of the band have had little attention due to the long time
frame needed to study these orgamsms effectively (Tongway and Ludwig 1990;
Montana 1992; Galle, Seghieri and Mounkaila 1997). For example, Mulga (Alll

cia alleura) is believed to live for about 250 years (Crisp 1978), implying that suc
cessful establishment of new plants need not be a frequent event. The vegetation
dynamics studies were mainly undertaken to investigate the basic processes of col
onization and plant species succession and to provide information about possible
upslope migration processes. These studies accepted the controlling influence of
runoff/runon hydrologica1 processes in principle but looked in finer detail at the
consequences for vegetation.

Plant Dynamics in Response to Available Moisture

Herhaceoll.\" P/allfs

At the scale of the band upslope fringe, soil moisture dynamics influence both ger
mination and establishment of herbaceous plants (Cornet et al 1992; Montana
1992); over time, the species composition implies successiona! development. This
pattern is characterized by the presence of annual or ephemeral plants at the ex
treme upslope edge of the ecotone followed in a downslope sequence: short-lived
perennials and then long-lived perennials more closely resembling the species
composition of the core of the band. For example, at Mapimi, between 1982 and
f986 in the upslope fringe there was a decrease of herbaceous perennials (forbs)
and an increase of both perennial grasses and saplings of woody species (Cornet
et aI.1992). Further, Montana (1992), studying the spatial distribution of plants
along a transect from the upslope edge of the fringe to the main body, found (1) a
graduaI increase in species richness up to a peak and then a decrease (as would be
expected within an ecotone). (2) changes in both the lifeform and the floristic dom
inance spatially matched this peak, and (3) a change in the distribution of species
abundance from geometrical to log-normal, as wouId be expected in a successional
process (May 1981).

Wuody P/allts

The above findings for herbaceous vegetation do not extend to woody plants,
where the age distribution of P g/andu/osa, a long-lived woody plant was used to
seek evidence for progressive upslope migration (L6pez-Portillo and Montana
1999). The hypothcsis underlying this study was that if ups10pe migration were a
continuous process, both the age and size classes of P g/andu/osa would increase
systematically downslope within a band. An inventory of plants showed this not to
be true. In particular. younger plants were not more abundant in the upslope 10ca-



138 C. Montana. J. Seghien. and A. Cornet

tions, and larger individuals were not found in downslope locations within the
bands. Sorne P glandulosa close to the upslope edge appeared to be greater than
50 years old. However, dead trees in the contiguous bare areas up and down slope
of the band suggest that sorne sections of the downslope part of the bands have
contracted, the rest of the population femaining stable (L6pez-Portillo and Mon
tana 1999). P glandulosa is known to have a strong invasive propensity (Brown
and Archer 1990), particularly into landscapes where grass competition has been
reduced by grazing (B ush and van Auken 1990). Its seeds are dispersed widely by
large herbivores. so it may be a poor indicator for the upslope migration of "natu
raI" bands.

Seed Dispersal

There appear to be no specifie studies of seed production as such in banded land
scapes. The few studies made on seeds relate to dispersal and indicate that the seed
bank is patchily distributed and concentrated mainly in the vegetated patches.
Mauchamp and associates (1993) showed that 90% of seeds were beneath the
crown of adult plants l1l the surface SOlI layer for the shruh F cemUll. the domi
nant vegetation cover on the upslope edge of bands in Mexico. Montana, L6pez
Portillo, and Mauchamp (1990) recorded most F cemua seedlings less than 3 m
away from the nearest adult and not any more than 5 m distant. Moreover, condi
tions for F cernua recruitment are met only in the upslope ecotone between the
main body of the band and the bare area (i.e .. in the colonization front). These char
acteristics of F cernua recruitment. coupled with the observation that sorne bands
have a dense grass cover upslope of the F cernua populations, led Mauchamp and
associates (1993) to the conclusion that F cernua populations persist in vegetation
bands by metapopulational dynamics involving successive colonizations and local
extinctions (Pulliam 1988). This is consistent with conventional seed dispersal and
establishment observations: primary and secondary dispersal and seed density de
crease with distance from the source plant (Harper 1977; Nelson and Chew 1977;
Schaal 1980; Howe and Smallwood 1982; Boyd and Brum 1983; Green 1983;
Chambers and MacMahon 1994).

The vegetation bands have microtopographic features that favor seed accumu
lation. Reichman ( 1984) and Ellner and Shmida (1981) showed that seed trapping
in natural and artificial depressions in the soil surface is common in arid lands gen
erally. In desert ecosystems, Chambers and MacMahon (1994) stated that few
long-lived perennials have persistent seed banks, whereas annual species range
from high to transient (Kemp 1989). In banded landscapes, seed may be washed
or blown by wind across the bare interband zone and accumulated by the vegeta
tion band. Seghieri and colleagues (1997) found a 180-fold difference between the
annual soil seed bank at the core of the band compared with the bare area. The
transport of seeds between vegetation bands, by runoff water or wind, may be a
source of regeneration in degraded bands (Mauchamp et al. 1993). They found that
F cernua seedlings germinated ail over the band after rain, strongly suggesting re
distribution and concentration of seeds in the band by sheet-flow.
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As mentioned above, domestic and wild animais may also disperse seeds, as in
the case of P !!,Iandulosa. as the distribution of seedlings was clumped in animal
camps. This manner of dispersion might increase the probabi\ity of seed survival
in the landscape as a whole because of the high predation of seeds by insect lar
vae close to parent plants (Montana, L6pez-Portillo, and Mauchamp 1990). P lu
cens in Burkina Faso may also have dispersal mechanisms not related to the
runoff/runon banded landscape processes (Couteron et al. 2000).

Upslope Band Migration

The notion of upslope migration or movement of the vegetation bands has been a
cornmon thread in ail studies of banded landscapes (White 1971; Greig-Smith
1979; Mabbutt and Fanning 1987; Montana, L6pez-Portillo, and Mauchamp 1990;
Tongway and Ludwig 1990; Montana 1992). Most of the evidence for the move
ment of whole bands is circumstantial and collected over short time spans relative
to the functioning of the landscape. In particular, observations of dead trees just
downslope of the band provided strong prima facie evidence of band movement.
When linked with the accepted runoff/runon processes for band-interband pattern
maintenance, these plant observations provide a hypothesis worthy of testing. Up
slope migration of vegetation bands has been extensively modeled (chapters 8 and
9, this volume), and several plausible scenarios exist.

There is a \ittle evidence of the upslope migration of whole bands, but it is not
compelling in a global sense. In Mexico, the edge of the band moved 4 m upslope
between 1982 and 1987 and thereafter remained static. Upslope retraction of the
vegetation in the downslope fringe did not commence until 1988 (Montana 1992).
This suggests that any upslope movement of the band as a whole is not a steady
whole-of-band migration. There may be a time lag of a number of years between
upslope edge advance and the downslope edge retraction, depending on seasonal
conditions. These spatial dynamics of species succession also retlect the graduaI
development of appropriate edaphic habitat in the upslope fringe. In Niger, large
tree roots found in the interband zone (1. Rajot, pers. comm.) imply that trees once
occupied this zone.

The relative dearth of actual measurements of genuine upslope migration, as op
posed to periodic expansion/contraction of either the upslope or downslope fringe
in response to alternating weather regimes, implies that the process is probably in
termittent rather than continuous. The evidence also suggests asynchronous move
ment of the respective edges (Montana 1992). Measuring a rate of migration has
therefore not been fruitful. Perhaps a study of long-term climatic variation would
be able to shed more understanding on the dynamics of band migration in that there
could be periods when migration was active and rapid and a time when it was qui
escent. In sorne systems, soil biogeochemical processes are implicated in the form
of siliceous hardpan formation (Mabbutt and Fanning 1987), implying near-geo
Jogic time spans in any movement of the vegetated bands. There are no observa
tions on banded landscapes over the century ti me scales that can be used to con
firm or refute the basic notion.
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Degradation of Vegetation Bands due to
Human Activities

Most re~eareh on banded landscapes has been eoncerned with the basic nature of
their tunctlOnmg. and the appltcation of this knowledge to examining the effeets
of stress and disturbance on managed banded landscape~ is essential. At Lake
Mere, a range of grazing pressures was experimentally applied to a site where the
band comprised a perennial grassland ecotone and a mulga woodland (Ander~on

and Hodgkinson 1997). They found that the perennial grass sward that dominated
the ground layer of the ecotone served an important functional role in that the grass
slowed and obstmcted the tlow of runoff water l'rom the interband lTongway and
Ludwig 1997), capturing a greater proportion of mnoff compared with a treatment
in which domestic and wild herbIvores had consumed the greater part of the grass,
permitting mnoff water to run through the band. As a consequence, both the grass
and the mulga were moisture-detïcient, as shown by predawn water potential
measurements. threatening their survival (Anderson and Hodgkinson 1997). This
is a clear example of [he role of perennial vegetation in directly conrnbuting to
land~eape funelion. Wlthout thls resource-capturing proccss. the CXl~tcncc of
mulga banding would be threatened, as the banded mulga landscapes are intrinsi
cally less resource eapturing than either the Mexico or Niger banded land~capes

(chapter 5, thi~ volume).
Wu and associates (2000) found similar effects of degradation to thc Australtan

work. Their retrospective remote-sensing study in Niger showed that between 1960
and 1992, the bands near Hamdallaye ( 13° 34' N,2° 35' E) beeame seriously frag
mented due to human aetivity (Figure 1.8, this volume). The period of the photo
graphie revlew coineldes with a massive build-up of stock numbers (Cisse 1981).
Firewood harvesting abo increased over this period, with tracks being made to both
eollect and transport the wood. Fragmentation took several fonns. The bands brake
up into shorter sections. permitting mnoff water to bypass the band and become
lost l'rom the system. Wu suggested that lacunarity analysis is an appropriate tool
to quantify this proces~. ln addition. the downslope boundary of the band~ retracted
upslope over the period, also indicating that the water relations in the downslope
fringe of the band had been adversely affected. L6pez-Portillo and Montana (1999)
also recognize overgrazing as a vector of change m band functioning.

The consequences for management are clear. Increasing human pressure limit~

plant establishment everywhere, but the least favorable sites are more adversely
affected (e.g .. the downslope fringe). The effect of human pressure is to restrict or
Iimit the capture of resources by the bands. Water, topsoil. Iitter, and seeds tlow
around or through degraded bands and out of the system. so that resource capture
by less favored sites is even more restricted (Ludwig et al. 1997). These stresses
might favor upslope expan~ion of some band fragments in the ~hort term but would
accelerate the disorganization of the banded system as a whole in the long term
(Wu, Thurow, and Whisenant 2000). Adequate monitoring of band integrity needs
to be implemented with the explieit intention of providing early warmng ~igns of
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,ystem degradation, together with clear guideline, a, to appropriate ways to man
age the landscape.

Summary

Noy-Meir (1979/80) discussed the biology of de,ert vegetation in terms of two
competing hypotheses that he named autec%gim/ and ecosystelll. The former hy
pothesis suggests that "the dynamics of each population are determined by its in
dependent reaction to the environment," whereas the latter holds "that nature, in
generaL consists of integrated ecosystems, in which ail population, and many en
vironmental factors are idirectly or indirectly) linked and regulated by biological
interactions and feedbacks."

Clearly, the complex interrelationships between vegetation and various parts of
the physical environ ment described in this review support the dominance of the
ecosystem hypothesis. Explicit integration and cross-linking of knowledge about
biota, resources, and physical conditions is essential to understand banded vege
tation function (chapter 2. this volume). A range of abiotic processes (Shmida.
Evenari, and Noy-Meir 1985) as weil as biotic processes (Niering, Whittaker. and
Lowe 1963: Noy-Meir 1985: Callaway 1995) contributes to the structure and func
tioning of banded landscapes. Also. spatial and temporal variability in the devel
opment of the successional process iYarranton and Morrison 1974; Robinson
et al. 1992), in turn. may arise from the variability in the outcome of biological
interactions (Bronstein 1994).

Banded vegetation patterns can be considered as a nested organizational hierar
chy (Urban. O'Neill and Shugart 1987; Mauchamp 1992). At the coarsest or land
scape organization leveL banded landscapes are a mosaic composed of vegetation
bands and bare areas. linked by the dynamic redistribution of rainwater by sheet
flow into an alternating runotf/runon pattern. At a ,econd finer-scale leveL as soil
water availability increases from the upslope edge to somewhere within the vege
tation band. the vegetation coyer and biomass increases to a maximum (Galle,
Ehrmann. and Peugeot 1999) and then decreases to the downslope bare zone. If
the availability of light changes in concert with the gradient in water and blOmass.
zonation of vegetation species composition may occur, as it does in Niger. With
out light restriction, only the plant population size distribution is affected. as in
Mexico and Australia. Few of the models have explicitly incorporated the effects
of biological interactions between vegetation elements at the within-band level
(Mauchamp, Rambal, and Lepart 1994; Thiéry, d'Herbès, and Valentin 1995;
Dunkerley 1997a.b: Lejeune. Couteron, and Lefever 1999).

A third and least-studied level considers the individual plants within the vege
tation array. The elements linking them are demographic proce\Ses, biotic inter
actions (e.g.. facilitation and inhibition/competition). and fine-scale abiotic factors.
(e.g., microtopography. soil crusts). The present review reveals that vegetation
dynamics are the outcome of complex interactions at this leveL Models predicting
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the behavior of individual system elements at this scale are inevitably complex,
and none yet exist. The outcomes may be analyzed in tenns of both succession
models and of more process-based conceptual frameworks involving feedback
loops (chapter 2, this volume). ln the future, manipulative experiments in natural
communities and careful analysis techniques (Gurevitch and Collms 11)1)4) will be
essential to verify those models.

Demographie processes such as dispersal and establishment need much more
elucidation to build on the work of Mauchamp and co-workers (1993). L6pez
Portillo, Montana, and Ezcurra (1996), and L6pez-Portillo and Montana (1999).
This becomes important as human-use patterns become threatening processes to
the survival of the vegetation system. The differential survival of mature plants in
the ditferent zones of the pattern implies spatially linked physiologicallimitations
l'or perennial species in relation to water availability and other factors. These rela
tionships need further attention to shed light on the functional role of the observed
vegetation structures in the provision of ecosystem services (Mauchamp et al.
1993: Montana, Cavagnaro, and Briones 1995; Seghieri and Galle 1999).
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