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The modifiable areal unit problem
(MAUP) in physical geography
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Abstract: Of particular importance to the study of large-scale phenomena in physical
geography is the modifiable areal unit problem (MAUP). While often viewed as only a problem
in human geography (particularly demographic studies), the MAUP is an issue for all quantitative
studies in geography of spatial phenomena (Openshaw and Taylor, 1979). Increasingly, remote
sensing and Geographic Information Systems (GIS) are being used to assess the distribution
of phenomena from a large scale. These phenomena are modelled using areal units that can take
any shape or size resulting in complications with statistical analysis related to both the scale and

method used to create the areal units. In this paper, we define the modifiable areal unit problem,
present examples of when it is a problem in physical geography studies, and review some
potential solutions to the problem. Our aim is to increase awareness of this complicated issue and
to promote further discussion and interest in this topic.
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I Introduction
The study of physical geography naturally
lends itself toward large spatial scale an-
alyses. Over the past 15 years, the devel-
opment of remote sensing techniques and
sophisticated Geographic Information
Systems (GIS) software has led to an increase
in quantitative studies within physical geo-
graphy conducted at large spatial scales
such as the landscape and regional scales
(Rosswellet al., 1991; Cainet al., 1997; Davis
etal., 1998; McDermid et al., 2005).

Of particular importance to the study of
large scale phenomena is the modifiable areal

unit problem (MAUP). In geography, we use
modifiable areal units in quantitative analysis
(Openshaw and Taylor, 1979). These areal
units can take any shape or size, resulting in
complications with statistical analysis related
to both scale and the method used to create
the areal units. For example, in biogeographic
studies, much of our knowledge of large-scale
phenomena is derived from the aggregation
of area-based information obtained from
small areas (less than | km?) or from data
collected at specific predefined scales such
as with remotely sensed imagery. This type
of data and subsequent analyses may not be
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truly representative of the scale of the phe-
nomena under examination (Burke et al.,
1991). In addition, the selected areal unit
may have strong implications for statistical
analysis (Openshaw and Taylor, 1979).

While the issue of scale has been widely
examined in various aspects of physical geo-
graphy, the MAUP has been largely ignored
despite its presence in various types of large-
scale spatial data analysis. The primary goal
of this paper is to provide a comprehensive
review of the MAUP in physical geography.
As such, we will review the impacts of the
MAUP particularly relative to the analysis of
spatially explicit data, provide a review of
the presence of the MAUP in key aspects
of geographic research related to physical
geography, and examine the potential solutions
to the MAUP.

II The modifiable areal unit problem
For the purpose of analysis, a study area
can be divided into non-overlapping areal
units in a variety of ways, therefore the
MAURP can exist in any aspect of large-scale,
spatially explicit data (Openshaw, 1984;
Marceau and Hay, 1999). There are two
issues of concern related to the MAUP.

|. The scale effect is attributed to variation
in numerical results owing strictly to the
number of areal units used in the analysis
of a given area (Openshaw and Taylor,
1979).

2. The zonationeffectisattributed tochanges
in numerical results owing strictly to the
manner in which a larger number of smaller
areal units are grouped into a smaller
number of larger areal units (Openshaw
and Taylor, 1979).

The first concern focuses on the issue
of scale and variation. When areal units
are aggregated into fewer, larger units for
statistical analysis, values associated with
the variation of the data decrease which
will affect any associated statistical analysis.

The second concern focuses on aggregation
and the variation in results from statistical
analysis as a result of alternative combinations
of areal units at similar scales (Openshaw,
1984; Marceau and Hay, 1999). Several
studies have confirmed that statistical results
vary based on scale and aggregation which is
a cause for concern for anyone conducting
research with geographic data (Fotheringham,
1989; Marceau et al., 1994; Amrhein and
Reynolds, 1996; Arbiaet al., 1996; Goodchild
& Quattrochi, 1997).

The MAURP is also associated with the con-
cept of ecological fallacy. Ecological fallacy
occurs when it is inferred that results based
on aggregate zonal data can be applied to the
individuals or specific sites (x, y coordinate
locations) within the zone itself. The problem
occurs because studies using areal data do
not distinguish between spatial associations
created by the aggregation of data and real
associations possessed by the individual data
prior to spatial aggregation (Openshaw, 1984).
Any statistics or models, which are based on
aggregated spatial datasets, may be valid at
the scale of the dataset, but any attempts to
infer to higher-resolution or lower-resolution
data (such as the use of vegetation indices
derived from remotely sensed imagery derived
at a 30m scale being used to assess regional
patterns in vegetation) may produce invalid
results. The statistics and model parameters
differ between the two levels of resolution,
and we have no way to predict what they
are at the higher level given the values at the
lower level or vice versa. This is true for both
the spatial and temporal scale. If ecological or
social policies are based on such conclusions,
there could be unforeseeable consequences.

Studies of the MAUP date back to the
1930s with the emphasis greatest in the late
1960s and 1970s. The results from studies
of the MAUP have been highly variable
and somewhat incomplete, thus making it
difficult to make broad inferences about how
the MAUP influences the performance of
univariate, bivariate, and multivariate statistics.
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However, some general patterns have arisen.
In univariate statistics, when the MAUP is
present the mean does not change and the
variance declines with increasing aggregation
(Gehlke and Biehl, 1934; Openshaw, 1984;
Fotheringham and Wong, 1991). Essentially,
there is a loss of information associated with
a smoothing effect that occurs upon aggre-
gation. This phenomenon has been recognized
by most researchers (Gehlke and Biehl, 1934;
Openshaw 1984; Fotheringham and Wong,
1991; Jelinski and Wu, 1996). Zoning effects
have less predictable results for the mean
and variance. Jelinski and Wu (1996) demon-
strate the contrived affects of both scale and
zonation in Figures | (a-c). In these figures the
mean value does not change with aggregation,
but the variance declines. In Figures | (d-f)
the units have been aggregated into zones
with varying orientations of the cardinal direc-
tions. For d and e there is no change in the
mean, but the variance changes substantially.
By comparing d-f'one can see that even when
the number of zones is held constant the mean
and the variance are affected (Jelinski and
W, 1996).

In the natural sciences, research has focused
on the issue of scale and not aggregation.
One of the major contributions in the field
of natural sciences was to acknowledge the
existence of natural scales at which ecological
processes and physical characteristics occur
within the landscape. This was revealed by
a series of studies oriented toward the choice
of an appropriate sampling unit size for an-
alysing ecological phenomena, particularly to
detect spatial patterns in plant communities
(Kershaw, 1957; Mead, 1974; O’Neill et al.,
1986). Research suggested that because the
scale of the study determines the range of
patterns and processes that can be detected,
an appropriate level of resolution for study of
these processes should be identified. Because
ecological and physical processes operate at
different spatial scales, the need for appropriate
scaling laws has been emphasized in current
research in order to relate information across
a wide range of scales.

Effects of Aggregation
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Figures 1 (a-c) In these figures the
mean value does not change with
aggregation, but the variance declines.
In Figures | (d-f) the units have been
aggregated into zones with varying
orientations of the cardinal directions.
For d and e there is no change in

the mean, but the variance changes
substantially. By comparing d-f one
can see that even when the number
of zones is held constant the mean
and the variance are affected

(Jelinski and Wu, 1996)

Wiens (1989) and Levin (1993) both argue
that a variety of statistical and mathematical
tools, such as correlation and extrapolation, can
be used for scaling. However, they concluded
that these techniques are appropriate only
when applied for short-term or small-scale pre-
dictions or, in other words, within the relevant
domain of scale for the phenomenon under
investigation. Extension across scale thresholds
may be hazardous due to the instability of the
dynamics of the transition zone between two
domains of scale.

While studies relating to the issue of scale
continue to be prolific in biogeography and
other sub-disciplines within physical geography,
there has been little concern about the issue of
aggregation. With the increased use of satellite
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imagery (which is inherently aggregated and
further aggregated in order to create GIS data
layers) concerns about aggregation should
become increasingly important.

III Remote sensing applications
Remotely sensed imagery has been used for
the development of large-scale ecosystem
models, forest resource assessment, analysis
of ecosystem health, vegetation mapping,
and assessment of large-scale biogeographic
patterns for a variety of taxa (Gillespie, 2001;
Nightingale et al., 2004; Boyd and Danson,
2005). While the use of remotely sensed im-
agery has clearly increased our understand-
ing of the spatial components of the natural
environment, it is important to recognize the
limitations of this data (Hay et al., 2001).

Marceau (1992) was among the first
to recognize the relationship between the
MAUP and remotely sensed imagery. One
key limitation of remotely sensed data is the
issue of spatial scale. Remotely sensed data
is collected at a predefined scale without
regard to the specific phenomena that may
be examined with such data. The issue of
scale has been examined by scientists in
different disciplines and it has been widely
recognized that the complexity of natural
systems requires a multiscale approach
(Hay et al., 2001).

As stated by Hay et al. (2001), ‘remotely
sensed imagery represents a largely un-
recognized case of the MAUP.” The resolution
of a raster data set corresponds to the scale
effect of the MAUP. The choice of the scale
for analysis is predetermined with satellite
imagery by the resolution of the data (Jelinski
and Wu, 1996). Remotely sensed imagery
essentially represents an arbitrary sampling
grid superimposed over the surface of the
earth. The areal unit used for sampling is
determined by the mechanics of the satellite
rather than an ecologically or scientifically
significant scale. Therefore, remotely sensed
data is largely prone to the problems associated
with the MAUP because the real world data

is aggregated based on the size of the grid
being superimposed and not underlying na-
tural processes. Likewise, remotely sensed
imagery is often re-sampled in a process where
neighbourhood raster cell values are averaged
or mathematically combined to smooth or filter
data (Lillisand et al., 2004). This re-sampling
corresponds to the aggregation effect which
can result in erroneous data and results when
extracted for statistical analyses.

Several studies assessing the impact of the
MAUP on remotely sensed data have found
that this type of data induces the scale and
aggregation effects that define the MAUP.
Marceau et al. (1994) conducted an empirical
investigation to verify the impact of spatial
resolution and aggregation level on the classi-
fication accuracy of forest data. Their results
indicated that per-class accuracies were con-
siderably affected by changing scale and
aggregation level, which led to the conclusion
that remotely sensed data are not independ-
ent of the MAUP. In addition, Arbia et al.
(1996) confirmed the unpredictable effects
of the MAUP on the accuracy of maximum-
likelihood image classification. Still, there is
little discussion or research with regard to the
MAUP and its impact on large-scale remotely
sensed biogeographic data such as measure-
ments of sea ice, spectral reflectance, and
sea-surface temperatures.

IV GIS applications

A geographic information system (GIS) is a
powerful tool that is increasingly utilized to
perform spatial analysis in physical geography
as well as many other disciplines. Researchers
can use GIS to perform hydrologic modelling,
climate modelling, predictive mappingfor plant
function types, land use evaluation modelling,
digital terrain analysis modelling, and more
(Clarke et al., 2002). Whereas the scale and
aggregation standards of many projects are
often based on remotely sensed data, a GIS
may also rely on data collected from field
surveying procedures, and manual delineation
of areal features from pre-existing analog
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maps or aerial photography. Although GIS
can provide incredibly robust and extensive
information to geographers in a highly effi-
cient manner, it is not by any means immune
to the problematic influences of the MAUP.

Issues related to hydrologic modelling pro-
vide an excellent example of how the MAUP
can be manifested in physical geography
through the application of GIS. Hydrological
datasets such as flow accumulation, flow dir-
ection, and watershed boundaries (Hellweger
and Maidment, 1999) are most commonly
derived from the processing of raster Digital
Elevation Models with a GIS (Skidmore,
2002). More current DEMs may be produced
from high resolution remotely sensed imagery
(Skidmore, 2002) and earlier versions with
30m elevation postings were generated from
either low resolution aerial imagery or the
digitization of topographic maps (Clarke
et al., 2002). In either case, the topography
of the landscape was transferred to a raster
grid by superimposing a pre-defined spatial
grid on the landscape. Models then generated
from this data are likewise subjected to the
MAUP.

Flow accumulation models provide an
explicit example of the MAUP. These models
estimate the accumulation of water at a given
location based on a statistical calculation de-
rived from a DEM. Flow accumulation models
are then used to extract linear features such
as a stream drainage network within a water-
shed (Maidment and Djokic, 2000). While
providing an appropriate general perspective
on the flow of water across the landscape, the
variation in flow accumulation values is de-
pendent upon the scale of the DEM from
which it is derived. Likewise, real world data
are aggregated to the sampling scale of the
DEM. The extraction of a flow line (stream
feature) from the accumulation grid further
reduces the fine scale variation in the accu-
mulation of water across the landscape and
results in an inaccurate spatial placement
of the flow line. Figure 2 demonstrates this
phenomenon where a 30m resolution DEM is

used to extract a flow line using the described
process, and is then compared to a medium
resolution (10m) DEM and a high resolution
(Im) true colour image.

Slope calculations may also suffer from
the consequences of the MAUP. Slope values
are derived from DEMs and are used for a
variety of purposes such as predicting ero-
sion, stream nutrient loads, and evapotrans-
piration rates (Evans et al., 2002; Lu et al.,
2003). Slope models are increasingly being
used in a GIS to identify riparian zones for
land management protection. The goal is to
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Figure 2 Flow line models extracted
from a 30 metre resolution DEM and
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identify the area in which hillslope processes
contribute to sediment accumulation (Schoorl
etal., 2000; Wilsonet al., 2001). These areas
are then mapped and classified as riparian
and consequently given importance in main-
taining the overall health of the larger water-
shed. To determine the contribution of hill-
slope processes to riparian areas, slope values
are averaged across a buffer distance gen-
erated from a stream flow line (Naiman and
Decamps, 1997). These buffers, represented
as polygons, are then used to map the riparian
zones to be protected. In this case, values are
summarized both from the DEM and across
the buffer distance, potentially resulting in a
loss of information. This loss of information
may be manifested in a lack of inclusion of
hillslope processes that are indeed important
aspects of riparian areas.

Project design and the data collection
associated with field-based vegetation map-
ping provide another example of how the
MAUP is manifested in GIS. In cases where
landcover/vegetation layers are generated
using data collected in the field, it is necessary
to simplify and aggregate vegetation types
due to time and resource limitations in data
collection. Because of this, superior sampling
techniques are critical to ensure an accurate
and comprehensive collection of informa-
tion is obtained. As aresult, it is inevitable that
subtle variations in vegetation or unique oc-
currences of rare species may be ignored. The
GIS layer ultimately created and the conclusions
drawn as a result of the simplification of this
data could be incomplete and erroneous.
A potential solution to this is to increase
the amount of field data available. Murguia
and Villasenor (2000) proposed methods
to assess the error associated with data in
presence—absence matrices. Their quantita-
tive analysis illustrates that since the quality
of data included in the study is directly re-
lated to the level of resolution and attention
to detail of the biogeographical analysis,
the degree of error diminishes as data avail-
ability increases. However, the feasibility of

collecting sufficient field data is often limited
by logistics and funding.

The MAUP can also result from the deri-
vation of spatial data and/or its associated
attribute values. One manner in which this
can happen is the conversion of vector data
(ie, a point, line or polygon) into a raster for-
mat. The information and values that may
originally be linked to a discrete point location
can be resampled and associated with a
raster cell that represents an area covering
up to 30m (Skidmore, 2002). Additionally,
merging either adjacent polygons with the
same value or distributed polygons with
similar values that are simplified (Skidmore,
2002) could result in effects associated with
the MAUP. The development of complex
spatial models has become a mainstay for
GIS (Goodchild and Quattrochi, 1997). How-
ever, the representation of the individual
entities being modeled has rarely been ad-
dressed. As data are aggregated, this lack of
knowledge can lead to problems associated
with the MAUP and ecological fallacy.

V Some potential solutions
While considered largely intractable, there
are some potential solutions to the MAUP
(Openshaw, 1984). These are discussed
extensively in several papers (Openshaw,
1977, 1984; Tobler, 1979; Fotheringham,
1989; Jelinski and Wu, 1996; Marceau and
Hay, 1999). Even with the numerous options
suggested, none provide a comprehensive
solution thatis capable of easily and accurately
quantifying the effects of the MAUP. We will
briefly review some of these approaches.
Openshaw (1984) proposed four initial
solutions which were used as base models
and expanded upon by other geographers
within the discipline of human geography.
The first solution simply suggests that one
could ignore the problem of the MAUP and
hope that the outcome of the research was
still significant. Although this is the easy way
out of the problem, it has one significant flaw.
Results using this technique may appear to be
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significant, but because of the MAUP these
results may not be accurate. Being unaware
of the degree to which the conclusions have
been affected by the MAUP may have serious
consequences for analyses impacted by this
phenomenon. This solution is almost certainly
used more often than others due to the fact
that calculating the effects of the MAUP is
such a challenging process.

The second solution proposed by Openshaw
(1984) acknowledges but diminishes the im-
portance of the MAUP by examining and
addressing the significance of spatial entities.
Openshaw (1984) suggests the MAUP exists
due to the ambiguity of which spatial entities
are being examined. Therefore, if geographers
agree to the ‘objects of geographical enquiry’
(Openshaw, 1984) or analysis is performed only
with basic entities (Hay et al., 2001), a reso-
lution may exist for this predicament. In other
words, a focus on identifying the appropriate
spatial scale of analysis may limit the impacts
of the MAUP. However, identification of the
appropriate scale for spatial analysis con-
tinues to be a complicated and unresolved
issue for natural phenomena studied within
the discipline of physical geography.

Hayetal. (2001) are among the first to offer
an approach for ‘analysing and upscaling
remotely sensed data’ by applying an ‘object-
specific approach’ (OSA). This approach
represents a multiscale technique that de-
fines unique spatial measures of objects com-
posing a remotely sensed image. These spatial
measures are then used as weighting func-
tions for upscaling an image to a more coarse
resolution. This process reduces the effect of’
the MAUP by incorporating object-specific
measures throughout the analysis of upscaled
data. Even with the application of this solu-
tion, two problems remain. First, the ‘objects’
in question will be different based on what
is being studied and the level of functional
geographic knowledge of the researcher.
Second, although the aggregation effect will
be removed, other remnants of the MAUP
will remain.

Jelinski and Wu (1996) propose another
potential solution to the MAUP by identify-
ing and analysing all individual entities in a
project in order to avoid the MAUP entirely.
While this would undoubtedly provide the
most accurate results, it is entirely unreal-
istic considering the incredible time and
resource demands. Additionally, Jelinski
and Wu (1996) recommend building on this
concept with the ‘sensitivity analysis ap-
proach’. This solution aims at obtaining a
sense of project scope and magnitude
through detailed assessments, and then
determines how sensitive the different vari-
ables are to variations in scale and zoning
configurations. This approach is akin to the
recommendations of Fotheringham (1989),
in which the variables and relationships
that become unpredictable due to changes
in scale are examined in detail. Methods
such as fractal dimension analysis and spatial
autocorrelation can be used to identify these
characteristic scales so geographers could
gain greater insight into the instability of
their data and focus their studies accordingly.
Although comprehensive and intensive solu-
tions such as these are beneficial due to the
illumination of the project data and design,
they are simultaneously impractical for pro-
jects which contain large amounts of data
and numerous variables.

Another solution proposes a new method-
ology which defies the normal science para-
digm by including a hypothesis in the data
set-up design of the spatial analysis project. A
hypothesis is created based on the expected
result for an analysis, and aerial units are aggre-
gated to the point where the target result is
attained. In this case, spatial units are defined
with awareness of the entity and particular
analysis and they are also geographically
meaningful. While contrary to the normal
science paradigm, Openshaw (1984) makes
the point that since the initial unit design of a
project is subjective and adjustable anyway,
why not mould the project to produce a
predicted outcome? According to Openshaw,
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if the ‘statistical assumptions or geographical
factors are violated, the hypothesis must be
rejected’. In this case, the theory would be
confirmed and the MAUP avoided.

A variety of other options have been dis-
cussed (Fotheringham, 1989; Tobler, 1979;
Jelinski and Wu, 1996; Marceau and Hay,
1999). However, which solution is used is
based on the project topic, type of analysis,
and degree to which the MAUP affects the
results. Certain solutions may not be logistic-
ally feasible or are inappropriate for most
types of analyses. As geographers become
more aware of the MAUP and include the
appropriate analyses in their projects, poten-
tial solutions may either become more viable
or new ones suggested.

VI Conclusion

The purpose of this paper is to present a
review of the MAUP and its potential impli-
cations in physical geography. The problems
associated with the MAUP were identified by
social scientists and economic geographers
more than 40 years ago (Gehlke and Biehl,
1934; Yule and Kendall, 1950; Blalock, 1964;
Openshaw, 1977). However, since then the
topic has been given little attention, particu-
larly by physical geographers. The recent
emergence of the use of remotely sensed
imagery in physical geography, has renewed
some interest in the MAUP, resulting in
studies that focus on the development of new
scaling techniques (Jelinski and Wu, 1996;
Cain et al., 1997; Marceau and Hay, 1999).
Nonetheless, the MAUP is still considered
an unresolved problem in spatial analysis and
a major conceptual challenge for any geo-
graphic study (Openshaw, 1984). As such,
physical geographers working with remotely
sensed data and GIS should continue to be
aware of this issue and attempt to address it
when possible.
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