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ABSTRACT

Scaling issues are complex, yet understanding is-
sues such as scale dependencies in ecological pat-
terns and processes is usually critical if we are to
make sense of ecological data and if we want to
predict how land management options, for ex-
ample, are constrained by scale. In this article, we
develop the beginnings of a way to approach the
complexity of scaling issues. Our approach is rooted
in scaling functions, which integrate the scale de-
pendency of patterns and processes in landscapes
with the ways that organisms scale their responses
to these patterns and processes. We propose that
such functions may have sufficient generality that
we can develop scaling rules—statements that link
scale with consequences for certain phenomena in
certain systems. As an example, we propose that in
savanna ecosystems, there is a consistent relation-
ship between the size of vegetation patches in the
landscape and the degree to which critical re-
sources, such as soil nutrients or water, become
concentrated in these patches. In this case, the
features of the scaling functions that underlie this
rule have to do with physical processes, such as
surface water flow and material redistribution, and
the ways that patches of plants physically “capture”
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such runoff and convert it into plant biomass,
thereby concentrating resources and increasing
patch size. To be operationally useful, such scaling
rules must be expressed in ways that can generate
predictions. We developed a scaling equation that
can be used to evaluate the potential impacts of
different disturbances on vegetation patches and
on how soils and their nutrients are conserved
within Australian savanna landscapes. We illustrate
that for a 10-km? paddock, given an equivalent area
of impact, the thinning of large tree islands poten-
tially can cause a far greater loss of soil nitrogen
(21 metric tons) than grazing out small grass clumps
(2 metric tons). Although our example is hypotheti-
cal, we believe that addressing scaling problems by
first conceptualizing scaling functions, then propos-
ing scaling rules, and then deriving scaling equa-
tions is a useful approach. Scaling equations can be
used in simulation models, or (as we have done) in
simple hypothetical scenarios, to collapse the com-
plexity of scaling issues into a manageable frame-
work.

Key words: landscape ecology; land-use distur-
bances; resource conservation; resource patches;
scaling equations; scaling functions; soil conserva-
tion; soil nitrogen.
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INTRODUCTION

Scaling issues are complex, yet they lie at the very
heart of ecology. They are complex because of the
vast array of scale dependencies and scaling thresh-
olds that characterize the physical environment of
landscapes and because of the diversity of ways in
which the responses of organisms are scaled. They
are at the heart of ecology because, ultimately, all
ecological patterns and processes are sensitive to
scale at some point and because our attempts to
make sense of ecological data or to use our findings
in management are constrained by scale.

Scaling issues are also ubiquitous in ecology and
resource management. No matter which compo-
nents of ecological systems are studied, which ques-
tions are asked, or which goals underlie manage-
ment policies, the results depend on the time and
space scales used. A documentation of the distribu-
tion and abundance of a particular species, for
example, will reveal one pattern when viewed at a
fine scale over a short time period, another when
viewed broadly in time and space (Wiens and others
1985). Ecology, whether basic or applied, is a scale-
dependent science.

Recognition of the importance of scale in ecology
has grown dramatically in recent years (for ex-
ample, Gardner and others 1989; O’Neill 1989;
Wiens 1989; Holling 1992; Levin 1992; Schneider
1994; Pickett and others 1997; Gustafson 1998;
Peterson and others 1998). However, this insight
generally has not progressed much beyond the
observation that the scale of investigation does
make a difference. Scale often is viewed as a com-
plex problem that constrains analysis and interpreta-
tion, rather than taking a view that scale-dependent
“rules” are an inherent property of ecological sys-
tems, worthy of consideration in their own right. As
Sale (1998) has observed, some ecologists “have
begun to treat spatial scale as an object before which
to genuflect rather than as an element in project
design and analysis.” Explicit incorporation of scale
dependencies and scaling rules in management
policies lags even farther behind.

Our aim in this article is to illustrate how consid-
eration of a scaling rule can improve our understand-
ing and management of scale-dependent processes
in savanna landscapes. We approach this topic by
first defining the “scaling problem” within the con-
text of a conceptual framework involving landscape
patterns and processes, and how scaling functions
and rules relate these patterns to processes in space
and over time. We then define a scaling rule for
Australia’s savannas, specifically how landscape
patches of different sizes concentrate resources such

as soil nitrogen (N). A scaling equation for small
patches in local landscapes then was derived from
this scaling rule. This equation was used to illustrate
how the scaling rule predicts the consequences of
different landscape disturbances on soil N conserva-
tion in savannas.

Finally, this illustrative example was placed within
a broader context of how well landscapes conserve
vital resources—a continuum from highly func-
tional “conserving” landscapes to highly dysfunc-
tional “leaky” landscapes. We discuss the impor-
tance of maintaining patches when managing
savanna landscapes. Our intent here is not to pro-
vide definitive scaling rules and equations for the
conservation of resources in savannas—present data
are too limited—but rather to provide a “proof of
concept” for an approach that is based on a concep-
tual framework of scaling functions and how scaling
rules and equations can be derived from this con-
cept and applied to land management situations.
Real world management applications require rigor-
ously determined scaling equations, ideally embed-
ded within simulation models to examine manage-
ment strategies and tactics.

THE SCALING
PROBLEM—EXTRAPOLATION AND
LANDSCAPE PATCHINESS

Scaling—A Conceptual Framework

Scaling in ecology involves an interaction of three
elements (Figure 1). First, there are scales at which
landscape processes and patterns are expressed in
the physical environment. For example, at fine,
local landscape scales spatial patterns of soil mois-
ture and nutrient concentrations affect activities of
ants or termites, which in turn affect soil processes,
such as water infiltration and litter breakdown rates
(for example, Jones 1990; Eldridge 1993). At broad,
regional scales, geological and hydrological pro-
cesses dominate, producing different patterns of
sediment deposition as one moves from the scale of
hectares to catchment (Woodmansee 1990; Bloschl
and Sivapalan 1995).

Second, organisms respond in a scale-dependent
manner to this template of scale-dependent patterns
and processes in the environment (Figure 1). Thus,
species that differ in size, mobility, physiology, or life
history may respond to the same physical setting
not only in different ways but also at different scales
(Addicott and others 1987; Kotliar and Wiens 1990;
With 1994; With and Crist 1996). Beetles and ants
occupying the same microlandscapes, for example,
respond to landscape heterogeneity in different
ways, and although different species of Eleodes
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Figure 1. Key elements of scaling in ecology: (a) the
environmental scales relating landscape patterns and
processes, and (b) the scale-dependent responses of organ-
isms. These elements are linked through scaling functions
and the scale at which we observe this organism-—
environment system, which then allows one to predict
consequences of different management actions on land-
scapes.

beetles may move in similar ways, they do so at
different rates that correspond with size differences
among the species (Wiens and others 1995). As a
consequence, they may perceive the structure of the
landscape at different scales (Ims 1995).

The combination of environmental scaling with
the scaling of organism responses defines scaling
functions (Figure 1; Southwood 1988; Wiens 1989,
1995). Scaling functions define the aggregate scal-
ing dynamics of the environment—organism system.
They enable us to determine at what scales the
patterns and processes of the landscape coincide
with the scales at which organisms are likely to
respond to those patterns and processes, and there-
fore what scales may be most appropriate for obser-
vation or management.

But our observations of such functionally coupled
environment-organism systems are themselves con-
strained by scale (Figure 1). As scientists and re-
source managers, we observe systems at a particular
scale or range of scales. From these observations we

wish to predict how organisms will respond to
environmental perturbations or the consequences
of management actions. Observational scale acts as
a “window” through which we view the scaling of
the environment and the scale-dependent re-
sponses of organisms (Allen and others 1993).
Observational scale therefore determines which pat-
terns and processes are detected and which are
missed; what we see through the observational
window may be clear enough, but the view is
limited, and the overall context of the observations
may be incomplete. Usually, the observational scale
is selected on the basis of the objectives of an
investigation or management activity, the study
design, and various logistical, financial, sociological,
or political constraints. Obviously, the closer this
observational window coincides with the scaling
functions of the system under study, the more likely
the resulting observations will portray real organism—
environment interactions rather than artifacts. Eco-
logically based management requires that observa-
tions are appropriately scaled, and scaling functions
define the conceptual framework for scaling such
observations.

Extrapolation

Of course, logistical constraints often dictate that
ecological studies will be conducted at relatively fine
scales (Kareiva 1990; Wiens 1995). Thus, our obser-
vation window for viewing scale-dependent organ-
ism responses (Figure 1) is really a narrow “slit.”
Because our scientific or management objectives are
often more general, however, we frequently wish to
derive inferences and rules that can be applied at
much broader scales. This raises the issue of extrapo-
lation.

The fundamental premise of extrapolation is the
assumption that pattern-process linkages do not
change unexpectedly with changes in scale. So long
as the factors that produce the patterns of environ-
mental scaling or organismal response act in a
consistent fashion with changes in scale, scaling
functions will validly extrapolate from finer to
broader scales. Because the scale dependency of
environment-organism relationships is not linear,
however, there are likely to be thresholds at which
pattern-process responses change rapidly with small
changes in scale (for example, Krummel and others
1987). There may be “domains” of scale, within
which functional relationships remain relatively
consistent and extrapolation is possible (Wiens
1989). At other points on the scaling spectrum,
however, the pattern-process relationship suddenly
changes profoundly, and extrapolation becomes
difficult or impossible.
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Proponents of hierarchy theory (Allen and Starr
1982; O’Neill and others 1988; Allen and others
1993; Ahl and Allen 1996) suggest that such do-
mains may be represented as hierarchical levels.
They argue that observations should be scaled to
include not only the level of interest, but also the
next lower level, because it contains the mecha-
nisms acting to produce the patterns of interest, and
the next higher level, because it incorporates the
constraints on the patterns of interest. Unfortu-
nately, it often is not clear where the boundaries
between hierarchical levels or scale domains occur.
Because scaling properties differ among different
kinds of organisms (for example, small vs. large,
herbivores vs. carnivores), different kinds of environ-
ments (for example, wet, productive vs. arid, unpro-
ductive), or different time periods (for example, wet
vs. dry seasons), the limits to extrapolation are
likely to be different for different features of a
system. Such heterogeneity of scaling relationships
may be especially troublesome for multispecies stud-
ies or for multiple-use management over broad
landscapes or regions.

There is also a close relationship between land-
scape patchiness and scale (Wiens 1997). Ecologists
(for example, Watt 1947; Usher 1975, Greig-
Smith1979) have long recognized that whether or
not we regard a given environment as heteroge-
neous, and in what measurable ways (Kolasa and
Pickett 1991; Wiens and others 1993), depends on
both the scale of observation and the scale of pattern
and process being studied. Whether patchiness is
ecologically important, however, depends on how
organisms respond to spatial patterns and physical
processes at different scales (Figure 1). The research
challenge is for the investigator to observe and
measure landscape patches at scales relevant to the
patterns and dynamics of the organisms or processes
of interest. The challenge for the resource manager
is to use the findings of such studies to define scaling
rules at the appropriate scales of management,
rather than forcing data to fit into preexisting
management scales and thereby ignore scale-
dependent response rules.

Resource Concentration by Patches

The concentration of soil nutrients and runoff water
to form enriched or fertile patches has been well
documented for many semiarid landscapes in Aus-
tralia (for example, Tongway and others 1989;
Ludwig and Tongway 1995; Tongway and Ludwig
1997a), and for other arid and semiarid lands
around the world (for example, Southwest deserts
in the US: Schlesinger and others 1996; Whitford
and others 1997; Negev Desert, Israel: Garner and

Steinberger 1989; Sahelian savanna, West Africa:
Seghieri and others 1994). From these studies, it is
evident that patches within many patterned land-
scapes do concentrate resources such as soil water,
nutrients, and organic matter, and the differences in
concentration of materials, such as soil N between
versus within patches, reflects the long-term effects
of landscape processes. What are these processes?

The primary process producing such spatial pat-
terns in landscapes is redistribution (Risser and
others 1984). In semiarid landscapes, excess water
from rainfall usually is redistributed as runoff, which
is captured as run-on by landscape patches that act
as “traps” for runoff soil water, nutrients, and
organic matter (Tongway and Ludwig 1997a). For
example, when runoff encounters a grass clump (a
small patch), the flowing water is slowed by this
obstruction. This water has more time to infiltrate
into the soils of the clump. Any rich topsoil sedi-
ments, litter, and seeds being carried in the runoft
also may be trapped in this clump, leaving poor
subsoils exposed on the surface of interpatches. The
clump will grow and maintain itself as nutrients are
assimilated into biomass by the plants and animals
living in the clump. Microorganisms through death,
decay, and fixation processes recycle and concen-
trate nutrients. For example, soil N is concentrated
in vegetation clumps by N-fixing plants and by
free-living N-fixing organisms.

As long as patches are physically intact, they will
continue to grow and concentrate resources through
enhanced capture of runoff. The generation of
patches within local landscape systems is therefore
(within limits) a self-reinforcing process. The posi-
tive feedback between patches and resource concen-
tration processes creates self-organizing patterns in
landscapes (for example, Holling and others 1996).

The actual patterns and processes of resource
redistribution in landscapes are complex and diffi-
cult to measure. Landscape patches, on the other
hand, may be relatively easy to measure at multiple
scales, at least in semiarid and arid ecosystems. Is it
possible to use simple landscape patch attributes as
indicators or surrogates of resource conditions?
Such landscape patch indicators could be quite
useful in monitoring the consequences of changes
in landscapes due to disturbance or changing land
use (Ludwig and Tongway 1992; Tongway 1995).
Because landscape indicators have received so little
study, however, empirical support is scanty. Here we
propose that developing scaling functions and rules
may provide a means of relating landscape pattern
to resource conditions.
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A ScALING RULE FOR PATCHES

There is more to the story than just the concentra-
tion of resources to form enriched patches. Studies
in the semiarid woodlands of eastern Australia
indicate that differences in nutrient concentrations
between open interpatch spaces and small patches
(for example, grass clumps) are low compared with
concentration differences between interpatch spaces
and patches when the patches are intermediate
sized (for example, shrub thickets) or large (for
example, tree groves; Tongway and Ludwig 1994;
Ludwig and Tongway 1995). This observation sug-
gests a scaling rule: the concentration of resources
into patches becomes increasingly greater as patch
size increases. We define patch size in terms of its
surface area (m?). Note that this rule defines a
concentration effect: it is the amount of resource per
unit of patch area, not the total amount for the
patch as a whole that increases, which of course
would increase as area increased. In other words,
the increase in patch resource is not just a simple
linear multiple of patch size, but is a nonlinear
increase in the concentration of the resource in the
patch.

TESTING AND APPLYING THE PATCH
ScALING RULE

To test this scaling rule, we used soil N and patch-
size data from the savannas of northern Australia. A
scaling equation was fit to this data and then used to
predict the consequences of different landscape
disturbances on the conservation of soil N.

Australia’s Savannas

Following Gillison (1994), we define savannas as
vegetation with a grassy ground layer underlying a
discontinuous tree layer. Several savanna types are
recognized by Gillison: from types with a nearly
closed tree canopy to types appearing as nearly open
grasslands. These savannas are spread across the
wet-dry, monsoonal tropics of northern Australia
(Figure 2a) and occupy approximately 1.5 x 10¢ km?
(Mott and Tothill 1984). The Australian continent
occupies some 7.6 x 10° km?. Tropical rainforest and
floodplains (for example, Mary River and East
Alligator River floodplains) adjoin these savannas
along coasts and rivers (Whitehead and others
1990; Russell-Smith 1992). At a regional scale, as in
the north or Top End of the Northern Territory,
Australia, savannas are divided into different vegeta-
tion types defined by the dominant Eucalyptus spe-
cies in the overstory and the grasses in the under-
story (Wilson and others 1990). These savanna
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Figure 2. The location of: (a) savannas across the wet-dry
tropics of northern Australia, and (b) five sites sampled
along the rainfall gradient of the NATT. The distribution of
savannas follows Moore and Perry (1970).

vegetation types are correlated with underlying
geology, topography, hydrology, and soils (Isbell
1983). Within the Top End region, tree height,
cover, and basal area decline on clay soils and with
decreasing rainfall to the south (Williams and others
1996).

At broad landscape scales (1 km? and greater),
savannas also vary with land-use history (for ex-
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ample, cattle grazing), soil texture and depth (for
example, deep sands and shallow loams), and local
topographic position (for example, ridges, midslopes,
toe-slopes) (Bowman and Minchin 1987; Fensham
and Kirkpatrick 1992; Williams and others 1996).
On steeper slopes, aspect also influences savanna
composition (Kirkpatrick and others 1988). Fire is a
dominant disturbance in these savannas, so fire
frequency, intensity, and extent also cause varia-
tions within savannas at local to broad landscape
scales (Morton and Andrew 1987; Lonsdale and
Braithwaite 1991; Cook 1994). It has been esti-
mated that most of the savannas in the Top End will
burn every 1-2 years (Graetz and others 1992). In
the entirety of Kakadu National Park, which in-
cludes floodplains, wetlands, savanna uplands, and
rocky escarpments, 46% of the park is likely to burn
each year (Russell-Smith and others 1997). It has
been estimated that up to 70% of the savanna
uplands burn annually (Gill and others 1996).

At finer, local savanna landscape scales (ha),
patchiness is expressed as, for example, Allosyncarpia
patches in Kakadu National Park (Bowman 1991)
or patches of monsoon forest “islands” surrounded
by savanna (Bowman and others 1991; Bowman
1992). At yet a finer scale (2-10 m?), patches occur
in the form of tree islands and log mounds. Also,
very fine-scale, ground-layer patches of less than 1
m? (for example, tussocks and clumps of perennial
grasses) are important components of the structure
of these savannas. The spacing and, hence, the size
and cover of these very fine-scale patches vary with
rainfall and soil type (Ludwig and others 1999b).

Study Areas and Soil and Patch Sampling

Soil N data were derived for five locations along a
1000-mm rainfall gradient defining a North Austra-
lian Tropical Transect (NATT; Figure 2b). These five
locations form part of other rainfall-gradient, soil-
texture NATT studies on the landscape ecology of
savannas (for example, Williams and others 1996;
Ludwig and others 1999b). For this study, we only
used soils collected on loam sites at these five
locations.

On each loam site, soils were sampled from two
patch types, smaller perennial grass clumps and
larger woody patches. The latter are tree islands and
log mounds formed by tree trunks, stems of saplings
or postfire resprouts, and downed logs and fallen
branches. Soils also were collected from interpatch
spaces, which were either bare soil or partially
covered with litter. Any litter on the collection
surface was removed before soil coring. At each site,
five replicate soil cores were collected for each of the
two patch types and the interpatch zone. Each core

was partitioned into four samples by depth: 0-1 cm,
1-3 cm, 3-5 c¢m, and 5-10 cm. These soils samples
then were air-dried, passed through a 2-mm sieve,
and stored in sealed containers until analyzed for
total N content (Twine and Williams 1967). Several
other chemical analyzes were completed on these
soils (pH, EC, OC, S, P, Na, K, Mg, and Ca), but,
because our purpose was to simply illustrate the
application of a scaling rule to the conservation of a
soil resource, only the N data for the 0-5 cm depth
were used. For each patch, mean soil N, weighted by
sample depth, was computed.

Patch sizes for each site were estimated as ellipti-
cal areas from a sample of patch lengths and widths
taken along a line transect as part of a general study
on landscape patches (Ludwig and others 1999b).
Where the data were available, 10 patch lengths and
widths were used to compute an average patch size
for the site. Mean patch sizes will tend to underesti-
mate actual patch sizes because patch lengths along
a line transect will not necessarily be the maximum
lengths for patches. Furthermore, widths of patches
were taken as “obstruction to flow” widths. These
widths were measured at approximately 1 cm above
the ground surface (see Tongway and Hindley 1995),
which are not maximum widths. To reduce these
length and width measurement biases as much as
possible, we restricted the sample of 10 patches for a
site to those larger grass and woody patches with
nearly equal width to length ratios (approximately
circular).

Scaling Equation

To express the scaling rule quantitatively, we used
our patch data (Table 1) to generate a scaling
equation relating the difference in soil N levels
between patch and interpatch areas to patch size.
Plots of this scaling-rule relationship data appear to
be curvilinear (Figure 3), suggesting a simple power
equation (for example, Y = aX®). Thus, a scaling
equation was estimated by fitting this power equa-
tion to the data, which had a close fit (Y =
0.565X0%015; 12 = 0.96; P < 0.001), even though we
lacked patches in the 1.5-4-m? range. This equation
expresses the scale-dependent consequences of the
scaling functions and runoff/run-on processes pro-
ducing an increasing concentration of soil N in
patches as patch size increases.

Two Examples

We can use this scaling equation to evaluate poten-
tial disturbance effects on soil N in local savanna
landscapes. To illustrate such effects, assume that a
10-km? area of undisturbed savanna is fenced as a
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Table 1. Concentration of Soil Nitrogen? in Local Landscape Patches of Different Sizes? in Comparison

to Interpatch Zones for Loam Sites along the NATT

Patch Size  Kjeldahl Nitrogen (mg N/g Soil)
NATT Patch Dominant
Location Type  Patch Component(s) m? log,, Patch Interpatch Difference log,
Mt Sanford Grass  Chrysopogon fallax, Heteropogon contortus  0.35 —0.45 0.62 0.40 0.22 —0.66
Woody Trunks, logs of Eucalyptus argillacea 432 0.64 1.76 0.40 1.36 0.13
Kidman Springs Grass  Sehima nervosum, Chrysopogon fallax 0.35 —045 1.60 1.19 0.42 —0.38
Woody Trunks, logs of Eucalyptus pruinosa 4.68 0.67 2.69 1.19 1.50 0.18
Willeroo Grass  Themeda triandra, Chrysopogon fallax 0.37 —043 1.00 0.51 0.49 —0.31
Scott Creek 1 Grass  Themeda triandra 0.40 —0.40 1.37 1.07 0.30 —0.52
Scott Creek 2 Grass  Chrysopogon fallax, Themeda triandra 0.40 —0.40 1.28 1.07 0.21 —0.68
Douglas Daly Grass  Heteropogon contortus 0.15 —0.82 0.75 0.67 0.08 —1.10
Woody Trunks, stems, logs of Eucalyptus latifolia 1.29  0.11 1.25 0.67 0.57 —0.24
Annaburroo Grass  Heteropogon triticeus, Chrysopogon fallax ~ 0.08 —1.10 1.04 0.88 0.16 —0.80
Woody Trunks, stems, logs of Eucalyptus miniata 0.86 —0.07 1.45 0.88 0.57 —-0.24

a0-5 cm depth.
bm? surface areas and log,, transforms.
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Figure 3. Patch to interpatch differences in soil N in
relation to patch size for small-scale, local landscape
vegetation-soil patches. The estimated differences in soil
N are 0.14 mg/g soil for 0.1-m? patches (dotted line) and
1.5 mg/g soil for 5.0-m? patches (dashed line).

paddock for cattle grazing. Let us also assume that
the savanna vegetation is characterized by Eucalyp-
tus tetradonta (stringybark) and E. dichromophloia
(variable barked bloodwood), with grasses such as
Themeda triandra (kangaroo grass) and Chrysopogon
fallax (golden beard grass) in the understory. This
vegetation is a common savanna type in the Top
End of the Northern Territory, covering over 17
million km? (Wilson and others 1990). Further-
more, assume that the management aim is to
sustain a stocking rate that will use the grasses such
that their density is only reduced by 20% over the
long term—allowing for fluctuations due to fire and
prolonged dry seasons typical for the area.

First, if the grasses in this savanna paddock occur
at an average density of 5/m?, a 20% grazing
utilization in the long term could lead to a 20% loss
of tussocks, reducing their density to 4/m?. Further-
more, if these grasses primarily occur as tussocks of
approximately 0.1 m? patch size, the loss of 1
tussock/m? then could result in the loss of soil and N
beneath the tussock, eventually reducing the level
of soil N to that equal to the level in the interpatch
spaces. From the scaling equation or Figure 3
(dotted line), we estimate that the loss of a grass
patch (tussock) of 0.1 m? in size would produce a
loss of 0.14 mg N/g soil, assuming a reduction of
patch soil N down to that of the interpatch.

Next, we know that 0.14 mg N/g soil = 0.00014
kg N/kg soil, and that these savanna soils have a
bulk density of 1.4 g/cm? (Stace and others 1968).
This bulk density is equivalent to 14 kg soil/m? of
surface area, assuming a 1-cm loss of soil from
below each lost grass tussock. Given these facts and
assumptions, we estimate that 1960 kg of N (approxi-
mately 2 metric tons) could be lost in total from the
10-km? paddock (see Appendix for calculation de-
tails).

Second, we apply similar calculations to a situa-
tion in which the same type of savanna landscape is
impacted by another type of disturbance—tree thin-
ning to form a more open paddock or improved
pasture. The tree layer of this savanna is assumed to
have a density of 1000 trees/ha, and the mean tree
canopy area is assumed to be 5 m2. Then, with 1000
trees/ha and 5 m2/tree, we have 5000 m?/ha of total
tree canopy cover, thatis, a 50% cover (5000 m? per
ha/10,000 m? per ha = 0.5). This canopy cover is
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typical of savannas on sandy loam soils above 1000
mm rainfall in northern Australia (Williams and
others 1996).

As before, we apply a 20% impact. In this case,
tree density is reduced by 20% down to 800 tree/ha,
or, in terms of tree canopy area, 800 trees/ha at 5
m?/tree is 4000 m?/ha—a 20% reduction in the
original 5000 m?/ha tree canopy area. If we assume
that the area of enriched soil (patch) is equal to the
area defined by the tree canopy, then we have a
20% loss of patches, hence, a potential loss of soil
from the paddock if 1 cm of this soil patch is eroded
away. For comparison, we want to have the same
total soil surface area impacted as in the previous
example (thatis, 1,000,000 m?/paddock; see Appen-
dix). From the scaling equation or Figure 3 (dashed
line), we estimate that the loss of a tree patch
(island) 5 m? in size would produce a loss of 1.5 mg
N/g soil. Given a soil bulk density of 1.4 g/cm?, this
is a loss of 14 kg soil/m? when 1 cm of soil is eroded
from below each island. From this, a total of
14,000,000 kg of soil and 21,000 kg of N (21 metric
tons) would be lost from the 10-km? paddock (see
Appendix).

DiScUSSION

Applying Scaling Rules

In Australian savanna landscapes with loamy soils,
our data illustrates that soil N is increasingly concen-
trated into landscape patches as these patches in-
crease in size. We quantified this scaling rule with a
scaling equation by using patch N and size data.
Then we applied this equation to hypothetical situa-
tions to examined how two different landscape
disturbances might affect patches and, hence, deter-
mine how soil and the nutrients associated with
these soils and patches might be lost. We believe
such hypothetical situations should be realistic appli-
cations, not extreme scenarios. In the first example
we only assumed a 20% utilization of perennial
grass tussocks by cattle and a subsequent 20% death
and loss of tussocks. Actual utilization and death
rates of savanna grasses are often much higher
(McIvor and others 1995). Thus, for our example, a
predicted potential loss of approximately 2 metric
tons of soil N is not extreme.

One can reasonably assume that downslope
patches in the landscape would capture some of the
soil lost from upslope tussocks, at least in the short
term. In other words, soil N would not be immedi-
ately lost from the paddock. However, small patches
such as grass tussocks have a finite capacity to
capture soil and build mounds around them before
they overload with sediment. There may be a

cascading effect in which sediments not captured by
overloaded tussocks on midslopes in the landscape
will cascade downslope and rapidly overload patches
on lower slopes (Ludwig and Tongway 1997). In
other words, there are limits to the scale-specific,
“self-organizing” capacity of an ecosystem or land-
scape (sensu Holling and others 1996).

In the second example, we described a land
management action commonly used in savannas—
tree killing and thinning for pasture improvement
(Mclvor and Gardener 1995). We described a situa-
tion in which 20% of the trees were killed in a
newly established 10-km? cattle paddock. In the
long term, with soil erosion from beneath killed
trees, we estimated that this erosion potentially
could lead to the loss of approximately 21 metric
tons of soil N from this paddock. This is a large
potential loss of soil N due to the impacts of killing
trees in patches compared with the 2 metric tons of
soil N potential lost due to the impacts of grazing on
small grass patches. In reality, this difference could
be even greater because the soil mound formed by
tree islands is usually higher than 1 cm—more than
1 cm of soil surface could be lost with erosion after
tree thinning. Furthermore, if all the trees in the
paddock were cleared for, say, cropping, the impact
would be even greater.

Our predictions from these two examples seem
realistic based on a few studies on the loss of soil
from savanna paddocks (for example, Scanlan and
others 1996). These studies confirm that runoff and
sediment yields vary positively with rainfall amount
and intensity but negatively with ground cover (for
example, Gardener and others 1990). Savanna pas-
ture and soil type also strongly influence soil loss
(for example, Eldridge and Rotham 1992; Mclvor
and others 1995).

Generality

We expect our scaling rule for how resources are
concentrated into small landscape patches also is
generally applicable to larger savanna landscape
patches. We base this expectation on some data
from the savanna literature. We looked for articles
in which soil N was measured in various run-on
patches within a matrix of upland savanna (taken as
interpatch areas). These articles also had to describe
their study areas in enough detail to allow us to
estimate the approximate size of run-on lowland
and floodplain patches. We found data for patches
ranging in size from a few ha (for example, dry and
wet monsoon savanna forest islands; Bowman
1992), to a few km? (for example, peninsula mon-
soon forests; Bowman and Fensham 1991; Bowman
and Panton 1993), and to regional patches of several
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Figure 4. Use of log, transforms for patch to interpatch
differences in soil N and for patch sizes shows that there is
an apparent disjunction between the scaling relations for
smaller, local landscape patches and for larger, regional
lowland/floodplain patches. This disjunction probably is
related to the landscape processes operating at these two
scales (see text). Large patch data is from: 1 Bowman
(1992), 2 Bowman and Fensham (1991), 3 Bowman and
Panton (1993), 4 Day and others (1979), and 5 White
(1984). Upland savanna soil N data is from Bowman
(1991).

thousand km? (for example, river floodplains; Day
and others 1979; White 1984).

Although estimated patch sizes were pretty rough
and some of the soil N data were limited to only a
tew samples collected from a very large area, concen-
tration differences between these soil N data with
that for surrounding upland savannas (Bowman
1991) support the scaling rule (Figure 4). Over the
range of patch sizes from a few ha (10* m?) to
thousands of km? (10° m?), patch to interpatch soil
N concentration differences increased with patch
size. The scaling rule applies because differences in
soil N concentrations between floodplains and sur-
rounding savannas are greater than soil N concentra-
tion differences between smaller landscape patches
(for example, monsoon forest islands) and surround-
ing savannas.

When these data for larger landscape patches are
log-transformed and plotted with similarly trans-
formed data for small local landscape patches (Fig-
ure 4), it is apparent that the scaling relations differ
at these two scales—there is a disjunction—extrapo-
lation is unwise. This sudden change in scaling
relations reflects a scale-dependent threshold that is
probably caused by the different landscape pro-
cesses operating at the two scales. For local land-
scapes, biological, geochemical, and microtopo-
graphic redistribution processes largely influence
the concentration of soil resources within small

vegetation patches, whereas for large regional land-
scape patches, vegetation and soils are largely struc-
tured by geological, hydrological, and pedogenic
processes (also see The Scaling Problem section).
For example, regional floodplain soils have higher
concentrations of soil N and organic matter than
surrounding upland savannas (White 1984), and
lower bulk densities (for example, 1.2 vs. 1.4 g/cm?;
Stace and others 1968).

We also expect our patch scaling rule for wet-dry
tropical savannas to be generally applicable to most
arid and semiarid landscapes where the redistribu-
tion of scarce resources (for example, water and
nutrients) is observed, for example, in deserts (for
example, Noy-Meir 1981) and rangelands (for ex-
ample, Tongway and Ludwig 1997a). However,
scaling equations for different vegetation-soil types
will likely differ because of inherent properties. For
example, on fine-textured loams, infiltration rates
can be very low and runoff can be very rapid
(Greene and others 1994), but runoff is very slow
on deep, coarse sandy soils and on deep cracking
clays because infiltration rates are very high.

The patch scaling rule also may apply generally to
other resources that are redistributed and concen-
trated in landscapes. In the examples presented
here, for simplicity, we only derived scaling equa-
tions for soil N, but we also could have derived
equations for other soil nutrients such as phospho-
rus. Scaling equations for the capture of runoff
water by landscape patches of different sizes also
could be derived if soil attributes, such as infiltration
rates and soil-water storage capacities, along with
landscape attributes such as terrain shape and slope,
were available for large data sets. These scaling
equations then could be used in simulation model-
ing studies to rigorously address a number of ques-
tions about the role of landscape patches in conserv-
ing soil resources in savannas. Such studies would
add to those that have examined optimal patch area,
shape, and configuration in conserving runoff in
semiarid woodlands (Ludwig and others 1994,
1999a).

Landscape Functionality—A Continuum

Our data for savanna landscapes demonstrate that
patches concentrate soil resources. Patches in the
semiarid woodlands of eastern Australia also func-
tion to capture, concentrate, and conserve water
and the nutrients carried in runoff sediments and
litter (Tongway and Ludwig 1997a). Patches also
trap soil particles and litter being blown about by
winds, often forming vegetation mounds. Such
landscapes with patches that function to capture
resources are termed “conserving” landscapes,
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Figure 5. Landscape functionality in relation to: (a) a
continuum from “leaky” dysfunctional systems to “con-
serving” functional systems, (b) shifts caused by fire,
grazing, and clearing disturbances, and (c) approximate
recovery times for these disturbances.

whereas landscapes that have been degraded and
have lost some of their patches are termed “leaky”
or partially dysfunctional (Tongway and Ludwig
1997b). These leaky landscapes no longer function
to effectively capture scarce resources.

Conceptually, landscapes can be positioned along
a continuum (Figure 5a). At one end of this con-
tinuum are fully functional landscapes that are
highly patchy and, ideally, capture all resources
(that is, no runoff and sediments are lost). At the
other end are totally dysfunctional landscapes that
do not trap or retain any of the resources made
available to them (that is, all runoff, sediments, and
litter are lost).

What causes a functional landscape to lose patches
and become leaky, and thereby shift down the
continuum toward becoming dysfunctional? Al-
though many forces can disturb savanna land-
scapes, we focus on three: fire, grazing, and vegeta-
tion clearing (Figure 5b). We chose these three
because they vary in their potential severity of

impact on savanna landscapes, from least severe
(fire) to most severe (clearing).

Fire is a natural, regular feature of savannas in
northern Australia (Gill 1975). As noted earlier,
much of the savanna in the Top End of the Northern
Territory burns every year or two (Graetz and others
1992). Fire also is used as a rangeland management
tool in savannas (Tothill 1971; Mott and Tothill
1984). Fires, both natural and human caused, affect
savannas by causing some tree mortality, but trees
regenerate quickly (Bowman and others 1988; Lon-
sdale and Braithwaite 1991; Williams and others
1997). Thus, fire disturbances are likely to cause
only small shifts down the continuum toward dys-
functionality (Figure 5b). Recovery from any shifts
are likely to be rapid, occurring in months to a few
years (Figure 5c).

In contrast to fire, the impacts of grazing on
savanna landscapes are likely to be more severe
(Mott and Tothill 1984), particularly because of the
introduction of tropical zebu (Bos indicus) cattle
breeds into northern Australia (Frisch and Vercoe
1977). These breeds are more resistant to heat stress
and ticks and can more effectively forage and utilize
tropical grasses than the British breeds of Bos taurus
that were originally used in these savannas (Gar-
dener and others 1990). Thus, long-term grazing
impacts on landscape patches are likely to cause
greater shifts down the continuum toward dysfunc-
tionality (Figure 5b). These large shifts may cause a
grazing impacted savanna to change to a different
state, such as a savanna with mostly annual and
exotic grasses (Ash and others 1994). Overgrazing
savannas can collapse soil structure, cause surface
sealing, and form bare areas within a few years
(Bridge and others 1983). Recovery from degraded
states back to more functional states, however,
would likely take many years to decades (Figure 5c).

Grazing impacts may cause a change in vegetation
state by shifting the scale (grain) and size of patches.
For example, in the chenopod shrublands of West-
ern Australia, grazing impacts and wind have
changed areas of dense, small mounds of bluebush
(Maireana polypterygia) into areas of sparse, large
mounds of Acacia spp. (Tongway and Ludwig 1994).
Similar impacts and processes have changed the
fine-scale patchiness of desert grasslands occurring
on the Jornada in southern New Mexico, USA, into
coarse-scaled dunelands dominated by mesquite
(Prosopis glandulosa; Schlesinger and others 1990).
The soils beneath the mesquite dunes form “fertile
islands” (Schlesinger and others 1996), and the
primary productivity in these dunelands does not
appear to be lower (degraded) compared with that
in grasslands (Huenneke 1996). If soil is only redis-
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tributed by winds into larger patches (for example,
mesquite dunes), a loss of small landscape patches
(for example, grass clumps) does not mean a net loss
of nutrients from the broader landscape. The scale of
resource concentration and production within the
system is only changed from fine to coarse. How-
ever, if impacts are severe and prolonged, the
broader landscape can become leaky and dysfunc-
tional, leading to a desertified state with lower
production (Schlesinger and others 1990).

If savannas are cleared for purposes of agricul-
tural cropping, impacts on tree patches and soils
obviously will be very severe, and landscapes can
become very dysfunctional, no longer containing
patches to trap resources (Figure 5b). Recovery to a
functional state could take decades to centuries
(Figure 5c). Such dysfunctional landscapes may
require rehabilitation by rebuilding patches (Lud-
wig and Tongway 1996; Tongway and Ludwig 1996).
However, a more common savanna land use is to
improve pastures (that is, increase forage produc-
tion) by Kkilling trees but not clearing them (Mott
and Tothill 1984; Burrows and others 1988). In the
long term, production is likely to decline as soil
nutrients are depleted on the areas where trees
were killed, eventually approximating yields of the
interpatch areas.
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Appendix Estimating Losses of Soil N from
a Savanna Paddock

The estimate of 1.96 metric tons N being lost from a
10-km? savanna paddock (see text for setting) was
calculated by: (0.14 mg N/g soil) x (1.4 g soil/cm?) x
(1000 cm? soil lost/tussock) x (1 tussock lost/m?) x
(1,000,000 m?/km?) x (10-km? paddock) x (1 kg/
1,000,000 mg) = 1960 kg N/paddock.

This estimate also can be calculated from the total
area of grass patches lost from the 10-km? paddock,
which was 1,000,000 m? = (0.1 m? of tussock/m?) x
(10,000 m?/ha) x (100 ha/km?) x (10 km?/paddock).

The amount of soil lost is then 14,000,000 kg/
paddock = 14 kg soil/m? x 1,000,000 m?/paddock,
and the amount of lost soil N is 1960 kg = 0.00014
kg N/kg soil x 14,000,000 kg soil/paddock.

The total area of tree patches impacted in the
10-km? paddock was also 1,000,000 m? = (5 m?/
tree island patch x 200 patches/ha) x (100 ha/km? x
10 km?/paddock). Again, given the same soil bulk
density of 1.4 g/cm?, or 14 kg soil/m? when 1 cm of
soil is lost from below each thinned tree island, then
the total soil loss from the 10-km? paddock is also
14,000,000 kg. Then, given that 1.5 mg N/g soil is
0.0015 kg N/kg soil, 21,000 kg N (21 metric tons N)
would be lost from the paddock.



