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Abstract

Landscape ecologists deal with processes that occur at a variety of temporal and spatial scales. The ability
to make predictions at more than one level of resolution requires identification of the processes of interest
and parameters that affect this process at different scales, the development of rules to trandlate information
across scales, and the ability to test these predictions at the relevant spatial and temporal scales. This paper
synthesizes discussions from a workshop on ‘ Predicting Across Scales: Theory Development and Testing’
that was held to discuss current research on scaling and to identify key research issues.

Introduction

The range of godtid and tempord scdes of ecdlog-
cal problems has expanded dramatically in recent
years. Ecologists are now challenged by environ-
mental problems that require landscape, continen-
tal, and even global levels of understanding. For
example, predicting the effects of climatic change
may requre wsng exdogcd and amogohaic mod
ds that indude processss that oocor & the scde of
a leaf and influence broad-scale atmospheric pat-
terns (Fig. 1). Understanding hydrological systems
and the effects of spatial heterogeneity on ground-
wde  requires integrding aooss units thet differ in
size, shape, and arrangement (e.g., soil systems,
surface wathersheds, groundwater networks)
(Fig. 2). Ecologists are aso being asked to predict
responses that may not be manifested in the time
frame of typical experimental studies.

The identification of guiding principles that
allow researchers to combine data and models at
different spatial and tempora scales and to extra

polate information between scales remains a chal-
lenge (Risser 1986; Rosswal et al. 1988). Remote
sensing and geographic information systems can
provide information at scales appropriate for anal-
ysis by gspatially explicit statistical techniques
(Bennett 1979; Delhomme 1978; Turner et al. in
press), but the difficulty of replicating broad-scale
experiments hinders our ability to address regional
processes. The challenge is particularly acute for
landscape ecology, which focuses on large hetero-
genous systems and attempts to integrate perspec-
tives from different disciplines (Risser et al. 1984;
Forman and Godron 1986; Turner 1989).

The redizetion of the stde dependence of predic
tions is evidat in recat dudies in landscgpe ecdogy
(Meentemeyer and Box 1987; O’Neill et al. 1988),
physiological ecology (Jarvis and McNaughton
1986), soil processes (Sollins et al. 1983; Webster
1985), population interactions (Addicott et al. 1987,
Wiens, in press), vegetation analysis (Getis and
Franklin 1987), paleoecology (Delcourt et al. 1983),
aqudic ecdogy (Sede 1978, Levassr e al. 1984
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Fig. 1. Space-time diagram of ecological and atmospheric
processes illustrating the multiple spatial and temporal scales
that must be considered. (Adapted from Dickinson 1988.)
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Fig. 2. Study of the globa hydrologica cycle must integrate
across units of the earth system that have different spatid and
tempord dimensions. (Adapted from van der Heijde 1988)

Carpenter and Kitchell 1987; Frost et al. 1988), re-
mote sensing (Woodcock and Strahler 1987), and
global change (Risser 1986; Rosswall et al. 1988).
Scale problems have been acknowledged (e.g.,
Allen and Starr 1982; O’Neill et al. 1986; Meente-
meya ad Bax 1987, Rosswall et al. 1988), and the
importance of goetid heterogeneity hes been recog-
nzed (eg, Riss et al. 1984; Forman ad Godron
1986, Tume 1987, 1989). Howeve, ‘sding rues

have not been developed, and limits to extrapola-
tion have been difficult to identify.

The objective of this paper is to synthesize the
resits and idees thd emagad from the workshap,
‘Predicting Across Scales. Theory Development
and Testing'. We propose a set of working defi-
nitions for scale-related concepts, examine ap-
proaches for predicting across scales, and discuss
future directions and research needs.

Table 1. Definitions of scaderelated terminology and concepts.

Term Definition

Scale The spatid or tempord dimenson of an object
or process, characterized by both grain and
extent.

Level of The place within a biotic hierarchy (e.g.,

organization organism,  deme,  population).

Cartographic The degree of spatid reduction indicating the

scale length used to represent a larger unit of mea
sure; ratio of distance on a map to distance on
the earth surface represented by the map,
usualy expressed in terms such as 1. 10,000.

Resolution Precision of measurement: grain size, if spatia.

Grain The finest level of spatid resolution possible
with a given data set; eg., pixel size for raster
data.

Extent The size of the study area or the duration of
time under consideration.

Extrapolate To infer from known vaues, to estimate a value
from conditions of the argument not used in
the process of estimation; to transfer informa
tion (@) from one scde to another (either grain
Sze or extent) or (b) from one system (or data
st) to another system a the same scale.

Critical The point a which there is an abrupt change in
threshold a qudity, property, phenomenon. '

Absolute scae The actua distance, direction, shape, and
geometry.

Relative scale A transformation of absolute scae to a scae
that describes the relative distance, direction,
or geometry based on some functional rela-
tionship (e.g., the relative distance between
two locations based on the effort required by
an organism to move between them).




Definitions and concepts of space, time, and scale

The word scde is used in many contexts and often
connotes different aspects of space and time. A
common vocabulary and set of working definitions
of scderelated concepts are necessary for  discus
son. We follow the definitions listed in Table 1 and
disinguish between scde and level of hiotic organi-
zation. Scale refers to the spatial or tempora
dimension (e.g., size of area or length of time),
whereas level of organization refers to the place
within some biotic hierarchy (eg., organism, deme,
population). We categorize scale as is commonly
done in ecology (e.g., fine scale refers to minute
resolution or small study area, and broad scale
refers to coarse resolution or large study area)
rather than use the cartographic scale of geography
(ie, large scde refers to smal resolution). We dso
differentiate between grain and extent, both spa
tially and temporally (see aso Turner et al. 1989),
Grain refers to the finest level of spatiad or tempora
resolution available within a given data set. Extent
refers to size of the study area or the duration of the
study.

Discussing the extrapolation of information from
one scale to another requires the use of severa other
terms. The term extrapolation refers to the process
of edtimating unknown values from a known set of
conditions. The process can be used to transfer
information from a landscape of one set of dimen-
sons to a larger set of dimensions or from a refer-
ence landscape to another area of equal dimen-
sions. However, the transformation is difficult if
it exceeds some limit, or ‘critical threshold,’ at
which there is an abrupt change in some quality,
property, or phenomenon of the system. Scale
transformations may aso be performed by using
measures of ‘relative scale; in which units of
absolute scale (e.g., distance or geometry) are
changed to untis based on some functionad relation-
ship (e.g., units representing the energy to move
from one location to another) (Meentemeyer 1989).

Approaches for predicting across scales

The procedure for making predictions across more
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than one scale has at least four parts. First, the
spatial and temporal scale of the process must be
identified. Second, the way in which controlling
factors vary with scde must be understood. Third,
the appropriate methods to trandate predictions
from one scale to another must be developed. Final-
ly, the methods and predictions must be empiricaly
tested across multiple scaes. The following  sections
examine each of these four approaches.

Identification of scales

Scales are determined by observer-dependent cri-
teria (Allen and Starr 1982), and the scales must
be appropriate for the phenomenon of interest.
Existing analytical methods (e.g., power spectra,
fractals, multiscale ordination, Fourier transfor-
mation, fracture theory) may assist in the identifi-
cation of the scales at which different organisms
or processes operate. For example, a plot of the
power spectrum versus scde can be used to identify
regularities and thresholds at broad scales (Steele
1989). Similarly, a plot of fractd dimension versus
scale can identify scale-dependent changes in pat-
tern which may reflect the underlying processes
creating those patterns (e.g., Krummel et al. 1987,
Milne 1988). Ordination methods have been used
in vegetation analysis to describe pattern and relate
it to underlying gradients such as water availability
(e.g., Noy-Meir 1971). A wide range of statistical
techniques for identifying scale in landscape anal-
yses has been reviewed and evaluated by Turner
etal. (in press).

Empiricd methods can aso be used to determine
the spatial and temporal scales of processes. For
example, the return interval for catastrophic fires in
Yellowstone National Park was empiricaly deter-
mined to be 200 to 300 years by using tree ring and-
yses and landscape pattern data (Romme 1982;
Romme and Knight 1982). The paleoecologica
record, in which biotic responses to environmental
events are preserved, is also an important data
source for empirical studies (e.g., Barnosky 1984,
Davis and Botkin 1985). The scale of historica cli-
mate change and vegetation responses (e.g., eco-
tone dynamics) have been described using paleoeco-
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logical records (eg., Delcourt and Delcourt 1988).

Because biological processes may be controlled
by the scade of dominant physical processes (Meen-
temeyer and Box 1987), it is possible to identify the
appropriate scales for many systems based on abio-
tic processes. For example, the spatid and temporal
scales of biological activity in aguatic systems are
tightly coupled to the scaes of physica phenomena
such as thermoclines, currents, or gyres (Steele
1989). The biota respond to changes in the scae of
physical processes by adapting, tracking, smooth-
ing, or incorporating the scale changes. Blooms
of blue-green algae are controlled by factors that
occur at many scales, but physical changes at
broader scales constrain the options available at
finer scales (Carpenter 1989). Broad-scale con-
straints can aid in predicting biotic responses at
other  scaes.

Understanding the importance of parameters at
different scales

The variables influencing a process may or may not
change with scale, but a shift in the relative impor-
tance of variables often occurs (Meentemeyer and
Box 1987). For example, the prediction of site-
specific decomposition rates requires detailed
knowledge of environmenta variability, microcli-
mate, and litter characteristics such as lignin con-
centration. At regiona to global scales, however,
temperature and precipitation are sufficient to
predict decomposition rates (Meentemeyer 1978,
1984). Similarly, evapotranspiration is controlled
by vapor pressure surface deficit and stomatal pro-
cesses at the scale of asingle leaf or tree, whereas
radiation is the driving variable at regional scales
(Jarvis and McNaughton 1986). The distributions
of species may also be explained differently at dif-
ferent scales. For example, oak seedling mortality
at local scales decreases with increasing precipita-
tion, whereas mortality at regional scalesis lowest
in the drier latitudes (Neilson and Wulstein 1983).
Therefore, predicting across scales requires that the
changes in the relative importance of parameters
with scale be understood.

The explanatory power of a set of variables can

be evauated experimentaly at different scaes by
using analytical techniques (e.g., regression) and
varying the grain or extent of the analysis. How-
ever, considerably more research is necessary to
identify changes in congraints. There was a consen-
sus among workshop participants that multiscale
experiments, in which spatid or tempora scde is an
independent variable, are crucial.

Theoretical methods may assist in predicting
changes in the importance of parameters with
changing scale. Methods adpated from percolation
theory have been used to simulate the relationship
between landscape pattern and the movement of
organisms at spatial scales that varied in both grain
and extent (Gardner et al. 1989). These theoreti-
cd dudies predicted the existence of criticad thresh-
olds in gpatial patterns and identified changes in
the important variables above and below the criti-
cal threshold. Because multiscale empirical studies
are logistically challenging, predictions from theo-
retica studies should be particularly vauable in
designing experiments to test scale-related hypo-
theses.

Translating across scales

Methods to translate across scales include both
‘top-down” and ‘bottom-up’  approaches. The top-
down method uses the concept of constraint to
predict phenomena at finer scales. The objective
is to identify the constraints that are important
at each scale. For example, solar radiation is used
to predict global patterns of evapotranspiration,
whereas stomatal conductance is used to predict
evapotranspiration in individual leaves or plants
(Jarvis and McNaughton 1986). The top-down
approach can use many of the ideas of hierarchy
theory to extrapolate between scales (O’ Neill et al.
1989). The bottom-up approach begins with indi-
vidual or entity-based measurements and adds
appropriate constraints to explain the resultant
phenomena at broader scades. The objective here is
to use information that is available at fine scales to
predict phenomena at broader scales for which
empirical data are lacking. The merits of each
approach continue to be subjects of debate (e.g.,



Huston et al. 1988). Both approaches will be neces
sary because of the suite of broad-scale environ-
mental problems facing ecologists and the paucity
of data at broad scales.

Simulation models are useful to develop methods
to extrapolate across scales because they can test the
implications of various scaling rules. For example,
Gadner et al. (1989) used a simple model to predict
animal movement across a heterogeneous land-
scape when the spatid scde was varied in different
ways. Simulation models can also be subjected to
uncertainty analyses that detect errors that occur
as a result of extrapolating from a few plots to a
region (Dale et al. 1988). Models can aso be used
to examine phenomena on either side of a critica
threshold in order to develop procedures to trans-
late predictions religbly across scaes (Gardner et al.
1987).

Physical models may aso be important in devel-
oping methods to extrapolate across scales. Models
of mechanical objects for which scaling relation-
ships are known (e.g., ships, aircraft) are frequent-
ly used to elucidate dynamical properties at larger
scaes. However, the components for the smal- and
large-scale mechanical systems are generaly the
same, whereas changes in the scale of biological
model systems (e.g., microcosms, mesocosms)
result in a number of different conditions. First, the
quality (species) and quantities (e.g., individuals/
aea or volume) vay with scae Second, the influ-
ence of boundary conditions, such as fences or tank
wals, on biologicd components is scde dependent.
Finaly, the simulation of natura physica and
chemica conditions as a function of scde is essen-
tia to redistic behavior of the model system. These
conditions can be met in small physica models, as
demonstrated by their ability to mimic a dynamical
property of the larger natural system being studied
(Dwyer and Perez 1983). Because the physicd en-
closure or containment of large biotic systems is
difficult, mesocosms may be the most useful phys-
cal model of ecological systems. If system bound-
aries are correctly established, then experimenta
models can predict dynamic properties and selected
state variables in large-scale systems. Physical
models, used in conjunction with mathematical
models and field studies, can be expected to con-

249

tribute to a thorough understanding of the relation-
ship between biotic complexity and scale.

Defining limits to extrapolation is necessary to
translate information across scales, but more re-
search is needed to address this. The workshop par-
ticipants hypothesized that error associated with an
extrapolation may increase as the change in the
number of levels, grain sizes, or extent becomes
greater. For example, the error associated with
extrapolating CO, uptake from a forest plot to a
whole stand might be less than the error in ex-
trapolating the same measurement from a forest
plot to an entire region. It was further hypothesized
that, if variance was measured as a function of
scale, increased variance associated with changing
scde may indicate the approach of a critica thresh-
old. Extrapolation might then be possible within,
but not beyond, the bounds of the threshold (see
dso Rosen 1989). Ancther hypothesis to explore is
that extrapolations between fine and broad scales
may not be symmetrical. For example, it may be
easier to scale from smaller to larger grain sizes or
extent than to scale down to finer levels of resolu-
tion. In the absence of detailed knowledge, scaling
down to finer levels may not be posshble unless the
concept of self-similarity can be applied.

Spatial heterogeneity appears to constrain our
ability to trandate information from one scale to
another. In a simple example, Turner et al. (1989)
experimentally varied the grain and extent of land-
scape data to observe the effects of changing spatid
scale on the analysis of landscape pattern. The
results indicated that the organization, or pattern,
of the landscape influenced the response of mea-
surements to changes in spatid scae. Discussions at
the workshop suggested that scale problems may
not occur in spatially homogeneous systems be-
cause process measurements could be summed
directly. However, in heterogeneous landscapes
or aguatic systems, process measurements obtained
at fine scales often cannot be summed directly
to produce regional estimates. Weighted averages
do not always produce reasonable measures (King
et al. 1988) because heterogeneity may influence
processes in nonlinear ways. This suggests that
the possibility that increasing the level of spatid
heterogeneity aso increases the difficulty of
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extrapolating information across scales.

Sampling and experimentation across scales

Unless it is part of the experimental design, the spa
tiad or tempord scale of an experiment is fixed once
a sampling scheme is sdected. The typica approach
to ecologicad studies is to specify the question of in-
terest and design a sampling scheme to edtimate the
appropriate parameter. However, it is necessary to
have an understanding of the spatia and temporal
characteristics of the process. For example, weekly
sampling in lakes is, not sufficient to study processes
which operate on smaller or longer time scales
(Carpenter 1989). Samples collected at 2- to 3-day
intervals showed a negative relationship between
phytoplankton and zooplankton, whereas samples
collected at 10- to 14-day intervals showed a posi-
tive relationship. The traditional week-long sample
interval cannot detect any relationship between
phytoplankton and zooplankton! The effect of
sampling intervdl on benthic processes was adso well
documented by Livingston (1987). Therefore, it
may sometimes be necessary to sample processes at
severa scales in order to identify these dependen-
des.

A suggestion from workshop participants was
that an ‘adaptive approach’ (sensu Holling 1978)
to sampling might be used when scde is suspected
to be important. This approach would involve
choosing a reasonable sampling scheme & a gpeific
spatial-temporal scale but augmenting the study
with samples a other scales. The robustness of the
dudy could then be assessed with respect to scde
If the study results were not robust, the adaptive
approach recommends that additional samples at
other spatial or tempord scaes should be obtained.

Simultaneous measurements at multiple scales
are desirable, but this type of sampling is only
beginning to be applied (but see Hall et al. 1988).
New technologies may permit measurements to be
made a multiple scaes or a mesoscdes (Gosz and
Sharpe 1989). Empirical studies using multiple-
sde or mesoscde measures should dso meke Sig
nificant contributions to our understanding of the
effects of spatial heterogeneity on extrapolation.

Future directions and research needs

As ecologists continue to grapple with broad-scale
questions in landscape and global ecology, scale-
related considerations must be addressed. The dis-
cussions at this workshop have suggested the fol-
lowing ideas for future research:

= Define the objectives of ecological studies with
an awareness of scde effects

- Study the level of organization and spatial-
tempora scales that are appropriate to the
question.

— |dentify critical thresholds or break points in
patterns and processes.

- Consider multiscaled studies, both spatialy and
temporally, in which scale is an independent
variable.

-~ Consider the importance of measuring and
modeling variance, rather than means, particu-
larly near critical thresholds.

- Develop ‘rules’ for incorporating the effects of
gpatial heterogeneity on processes at various
scdes

~ Consider the relative rates of system compo-
nents, and consider relative scale.

- Develop and test theory for monitoring re-
sponses at one scale but predicting effects at
another scale.

The study of scaling issues is a major contribu-
tion of landscape ecology to ecologicad sciences and
the management of biological resources. By ex-
plicitly defining and discussing scaling concepts,
landscape ecologists are providing a lead to other
researchers in relating ecological data that are col-
lected at a fine scale to environmental problems
which are pervasve a broad scales. The continued
development of theory and methods for predicting
information across broad spatial and temporal
scales requires that scaling issues be recognized
within the scientific community, current informa-
tion be synthesized into a set of principles, and
practical  techniques for extrapolating across scales
be developed and applied. The articles collected in
this volume, athough not all strictly focused on
landscape issues, present a diversity of theoretical
and empirical approaches to the problems of pre-
dictions across  scdes.
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