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Chapter 1

INTRODUCTION - THINKING SPATIALLY

Andrew C. Millington
Department of Geography, University of Leicester, UK
acm4 @leicester.ac.uk.

Stephen J. Walsh
Department of Geography, University of North Carolina, USA
swalsh@email.unc.edu

Patrick E. Osborne
Department of Environmental Management, University of Stirling, UK
p.e.osborne @stir.ac.uk.

Keywords:

Context

geographic information science, remote sensing, biogeography, ecology.

The idea for the book arose from two joint symposia that were organised
by the Biogeography Study Group of the International Geographical
Union; the Biogeography, Remote Sensing, and GIS Speciality Groups of
the Association of American Geographers, and the Biogeography Research
Group of the Royal Geographical Society-Institute of British Geographers
and held in Leicester and Honolulu in 1999. These groups represent the
majority of geographers who are conducting research in biogeography and
ecology, and teaching this material to geographers.

Many members of these groups have strong links with ecologists and
biogeographers in biological sciences, but as geographers they have
particular insights into biogeography and ecology, which arise from their
training in spatial digital technologies that have been collectively referred
to as Geographic Information Science (GISc). It is this issue — the
appucation of spatial concepts and techniques of GISc to biogeography
and ecology — that has formed the focus of the two symposia and this book.
This material is increasingly being covered in a variety of disciplines and
sub-disciplines (e.g., large-area ecology, landscape ecology, remote
sensing and GIS), but many researchers in these fields lack the training in
spatial concepts behind the techniques that they utilise. The spatial
concepts that are covered in this book are richer than those found within
landscape ecology at the present time, and we suspect that this book will
promote the use of many of these concepts amongst landscape ecologists.
We feel that it is timely to gather together a representative set of examples
of the many varied spatial techniques and analytical approaches that are



being used by geographers, ecologists, and biogeographers to study plant
and animal distributions, to assess processes affecting the observed
patterns at selected spatial and temporal scales, and to discuss these
examples within a strong conceptual spatial and/or temporal framework.
Therefore, the aims of this volume are to:

» Identify the key spatial concepts that underpin GISc in biogeography
and ecology;

» Review the development of these spatial concepts within geography
and how they have been taken up in ecology and biogeography;

» Exemplify the use of the key spatial concepts underpinning GISc in
biogeography and ecology using case studies from both vegetation
science and animal ecology/biogeography that cover a wide range of
spatial scales (from global to micro-scale) and different geographical
regions (from arctic to humid tropical); and

» Develop an agenda for future research in GISc, which takes into
account developments in biogeography and ecology, and their
applications in GISc including remote sensing, geographic
information systems, quantitative methods, spatial analysis, and data
visualisation.

INTRODUCTION

There is no escaping the reality that the world is unavoidably spatial
(Tilman and Kareiva 1997) and any technique or process that helps us to
think spatially will bring us closer to understanding how nature works. The
term Geographic Information Science (GISc) encompasses a whole range of
quantitative, graphical and non-graphical, and spatial methods that enable us
to capture, process, analyse, interpret, and display information about the
arrangement of objects in space and their character and connectivity across
spatial and temporal scales. In our own fields of biogeography and ecology,
it is only relatively recent that advances in satellite technology, computer
hardware and software, geographic information systems, and spatial analysis
have brought GISc within reach of a wide audience of researchers. In this
sense GISc is a young and rapidly developing area of endeavour that is still
diffusing across the natural sciences. As questions, data, and methods are
increasingly framed within a spatially-explicit context, where space and
time scales are used to represent patterns and processes. new insights are
being generated into familiar problems and new perspectives and
technologies are being developed and applied to address new challenges.
Synthesis of theory, data, and methods are now becoming the rule rather
than the exception as a consequence of the broad availability of spatial
digital technologies combined within the concept of GISc. The following
chapters apply a host of these technologies to an array of biogeographical
and ecological topics, and still, the areas of research where GISc can inform
relative to these fields are too extensive to be solely reported here because of
the broad applicability of GISc and the robustness of spatial tools and
techniques that are contained. Others (e.g., Walsh et al. 1994; Butler and
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Walsh 1998) have presented applications of GISc theory and practice within
vegetation science and geomorphology, but new emergent technologies
continue to make the application of GISc to landscape issues quite dynamic.
Here, we describe a breath of scientific work where GISc serves as the
unifying framework that ties the examples together within the study of
biogeography and ecology. The chapters report on the application of new
data and approaches to familiar problems as well as the use of GISc to
explore new topics and areas of research.

It may be surprising that we introduce spatial analysis in this way and
you would be forgiven for thinking that since geography and ecology are
themselves intrinsically spatial, the subject would have a long history. Yet
ecology, for example, has advanced during the last century largely by
ignoring spatial processes because they complicate the development of
theory and, equally, poses enormous problems for data collection to test
models. This matters greatly in applied ecology (such as the conservation of
biodiversity) because “each real world situation is unavoidably explicitly
spatial, and land management aimed at habitat restoration or habitat
preservation must be grounded in space” (Tilman and Kareiva 1997, page
viii). Increasingly we are facing problems at larger spatial scales or extents,
such as global climatic change and the introduction of new land-use
policies. Yet because of a lack of adequate tools, ecologists have
traditionally focused on scales or grains of only a few metres rather than
tens of kilometres (May 1994), ill-preparing us to meet these challenges.
Even where we have been able to gather adequate data at an appropriate
spatial scale, data analysis has not been straightforward. Using the words of
Legendre and Legendre (1998), we have been trained to believe that nature
follows the assumptions of classical statistics; it does not. The spatial
arrangements of many objects in nature (e.g., rock types, plants, animals)
are neither random nor independent, often critical assumptions in classical
statistics. Furthermore, the spatial structuring that they possess is functional
and should not be regarded as a statistical nuisance. An aspatial view of the
world is not only a gross simplification; without spatial structuring,
ecosystems would simply cease to function (Legendre and Legendre 1998).

The availability of satellite and aerial photography time-series data
combined with the plethora of sensor systems and reconnaissance platforms
of varying spatial resolutions offer biogeographers and ecologists new
opportunities to examine scale dependent relationships across time and
space in a host of environments and geographic places. The integration of
optical remote sensing systems (e.g., Landsat Thematic Mapper) with non-
optical systems (e.g., Synthetic Aperture Radar systems) further enhances
our ability to explore patterns and processes; GIS gives researchers the
capability to integrate not only remote sensing images and landscape views
but field-based measurements, map products, and existing digital data held
in government repositories, marketed by commercial vendors, and/or
distributed over the Internet by universities, individual researchers, and
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research stations. The power of information has been enhanced by the
spatial-explicitness of it and the time-sensitive perspective that much of it
captures. Research questions linked to complexity theory and hierarchy
theory, for instance, are now being more aggressively explored because of
the ability to capture landscape information over numerous grains and
extents, for extensive time frames, and for an ever increasing set of thematic
domains. Because of the convergence of theory, data, and methods that are
appropriate for spatial inquiry, new challenges face the modern scientist but
the potential for insight is substantial and the rewards significant.

In this book, we have tried to bring together examples of the work being
carried out by biogeographers and ecologists who acknowledge the
importance of thinking spatially. The mixture of contributions is somewhat
eclectic, being driven by authors’ own choices of topics to present to one of
two related meetings convened on the theme of spatial analysis in
biogeography and ecology. When we first conceived the idea for this book,
we imagined individual contributions fitting into neat sections related to
topics such as gradients and ecotones, spatial dynamics, or applications of
remote sensing, often reflecting their origins in the traditional disciplines of
ecology or geography. However, it soon became clear that the barriers
between the disciplines have become so blurred that this was not possible.
Indeed, we celebrate this as an advance that bodes well for the future
because it promises rapid development. For example, whether a problem
derives from geography or ecology, spatial data sets are often best handled
with a Geographical Information System (GIS). Once using a GIS, many
researchers will want to incorporate data layers from satellites because this
is often the only way to acquire data of reliable and uniform quality across
large areas. The result is that a biologist interested in understanding a plant’s
distribution, must also appreciate the qualities of satellite-derived data, how
it can be processed for different purposes, and how it can be interpreted, for
example, in terms of standing biomass. As Ling Bian’s contribution shows
(Chapter 13), an interest in a field problem such as animal movements can
also highlight limitations in existing GIS technology. Perhaps more
importantly, having appreciated what remotely sensed data can and cannot
be used for, researchers are increasingly asking more appropriate spatial
questions. We thus see a new breed of researcher asking functional, often
ecological questions but armed with the tools of the geographer, spatial data
analyst, or remote-sensing scientist.

We have thus organised this book in a simple way, trying to progress
from chapters that focus largely on development of techniques to
applications in management. We do not pretend in any way to have covered
all the techniques being used nor to have focussed on the most appropriate
applications. But we do believe that the range of examples from the alpine
treeline ecotone to tropical deforestation, and from ecological settings as
distinct as Thailand to Sussex, illustrates in an exciting way what can be
done to analyse environmental data in a spatially explicit way. One
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advantage in not having sections in the book is the often unusual
juxtaposition of subject matter, such as the GIS representation of wildlife
movements (Chapter 13) next to the stratified sampling of environmental
gradients in a desert ecoregion (Chapter 14), which we hope will encourage
researchers to read beyond their own fields. It seems to us that advances in
spatial analysis will be all the more rapid if techniques developed in one
subject are tried elsewhere.

As a general overview of the approaches that are being followed in GISc
for biogeography and ecology, and reported here through a set of examples,
Figure 1 is presented. In this schematic, we emphasise the pronounced
utility of remote sensing and GIS for characterising landuse/landcover
(LULC) through measurements of state and conditions variables. Dependent
variables might include LULC type, change trajectories of LULC, metrics of
landscape organisation, plant biomass, and so on, whereas independent
variables might be terrain descriptors from digital elevation models, climatic
data collected at stations and/or output from GCMs, soil and geologic site
information from field or map products, and disturbance types and patterns
from site treatment records. Such variables can be characterised over time
through satellite systems such as Landsat that gives historical snapshots
beginning in 1972 and extending through the present, and aerial
photography that offers landscape views often times back a half century or
more. In addition to being time-sensitive, GISc can be space-sensitive in that
data can be captured at a variety of grains and extents. In addition, spatial
analytical techniques can be used, for example, through agglomeration
techniques for the iterative recomputing of cell sizes used to partition space
and summarise landscape features through spectral responses and/or
environmental indications of site and situation. Approaches are also readily
available to stratify the landscape into other spatial units such as watersheds,
terrain units, ecological zones, and so on to conduct data collections,
sampling approaches, or to generalise data in some hierarchical way. Social
units also serve to bifurcate data for studies of human impacts on landscape
change through, for example, deforestation and agricultural extensification.
Finally, GISc is capable of creating numerous types of outputs to
accommodate the diversity of data, researchers, and problems being
addressed. The visualisation of derived or in some way value-added data is a
common approach for examining graphically the spatial and/or temporal
dynamics of parameters and systems. Plotting regression residuals to
examine the spatial pattern of model fits is but one simple approach for
using the spatial perspective to examine the results of non-spatial tests. But
GISc techniques can also be used to account for spatial autocorrelation in
data sampling and/sr modelling routines by including autoregressive terms
in the models and/or discerning the scale dependence of variables and
landscapes so that distances between samples can be specified to minimise
the influence of location on data values. Image animation through 3-D
displays, image rotations, and the like further add power to the analyst for
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interpreting data and in generating subsequent hypotheses about system and
variable behaviour over time and space. Landscape dynamics are being
increasingly explored because of the availability of image time-series data,
and change vector analysis is but one of many approaches for documenting
the nature of change including the direction, timing, and intensity of
landscape dynamics. In summary, Figure 1 suggests a system afforded
through GISc technologies that is space-time sensitive, is graphical and non-
graphical, and is integrative across thematic domains, scales, data structures,
and analytical methods. Again, the challenges are many for integrating GISc
into biogeographical and ecological research, but the opportunities for new
and richer insights are substantial.

LULC DATA TIME SCALE OUTPUT
Dependent Variable t, Spatial Models Images
o, = Aggregation Y=a+B X+
+ 0+ ty 9 g" trix =arS%
+ 4+ ?ﬁ:::‘)::oan:e) BpXp*BnXy
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Figure 1. Schematic of the GISc analytical process in landscape studies.
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Chapter 2

A SPECTRAL UNMIXING APPROACH TO LEAF
AREA INDEX (LAI) ESTIMATION AT THE
ALPINE TREELINE ECOTONE
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School of Natural Resources and Environment, The University of Michigan, Ann Arbor,
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Keywords:

Abstract

leaf area index (LAI), treeline ecotone, spectral unmixing, vegetation
index (VI) - LAl relationships.

The objective of this research was to develop methods for mapping
arboreal leaf area index (LAI) at the alpine treeline ecotone in Glacier
National Park, Montana using Landsat Thematic Mapper (TM) imagery. A
three-stage approach was tested for addressing the problem of mixed
pixels in biophysical value estimation. This paper illustrates a proof of
concept for this method. First, spectral unmixing was used to obtain
estimates of the percentage of each pixel that was composed of tree,
tundra, bare rock and shadow. Spectral signatures obtained through image
inteigretation were used for mixture modeling. The second step involved
adjusting the pixel vegetation index (VI) values so that they represented
the VI of the tree-only portion of the pixel, assuming an average VI for
background components. Finally, the adjusted VI was regressed against
leaf area index (LAI) measured in the field using a LiCor LAI-2000 and
spatially referenced through differential GPS. Results using the adjusted
VI values were compared with unadjusted VI, as were the results obtained
using the normalized difference vegetation index (NDVI) and the simple
ratio (SR).

Maps of the LAI specific to conifer trees were generated by adjusting
VI values to represent only the tree component of pixels. The results
indicate that adjusted NDVI can be used to predict the LAI of trees within
mixed pixels much better than does unadjusted NDVI, which
overestimates the LAI because it includes non-arboreal vegetation. NDVI
provided better results than did SR. A number of issues affect the accuracy
of LAI estimates in practice: the accuracy of estimates of end-member
proportions obtained through unmixing, the adequacy of the end-member
average NDVI for removing the effects of non-arboreal NDVI
contributions, the non-synchronous nature of the satellite flight and field



work, and the accuracy of field estimates of LAI made using the LAI-
2000.

INTRODUCTION

The leaf area index (LAI) of a forest canopy is an indicator of forest
structure and function. LAI is a dimensionless ratio of the leaf surface area
of a plant to the amount of ground surface beneath it. The index is used to
describe the geometric structure of a plant or community. LAI has
functional effects on forest canopy light penetration, snow accumulation and
melt, interception, evapotranspiration, and, therefore, productivity and
carbon budget (Waring and Running 1998). Mapped LAI values provide a
description of the spatial pattern of forest structure and have served as inputs
to functional models of ecosystem biogeochemistry (Running and Gower
1991).

Red and near-infrared (NIR) spectral reflectance information acquired
from orbiting satellites have shown sensitivity to variations in leaf area
index measurments made in the field (Peterson et al. 1987; Spanner et al.
1990; Myneni et al. 1997; White et al. 1997). Reflectance from green
vegetation is much higher in NIR than in red wavelengths, whereas the
increase in reflectance from red to NIR in other cover types is less
pronounced. A number of spectral vegetation indexes have been developed
to exploit this relationship. The normalized difference vegetation index
(NDVI) combines red and NIR reflectance in a single index. NDVI values
increase when NIR reflectance increases. A curvilinear relationship has been
demonstrated between NDVI and LAI, limiting the usefulness of NDVI for
differentiating LAI values above about 4.0. A simple ratio (SR) between red
and NIR reflectance results in a nearly linear relationship with LAL

Because NDVI and other index values are sensitive to any vegetation
within a given pixel, attempts to map the LAI of canopy vegetation alone
are complicated by background signal. Where background reflectance is
strong and/or highly variable, the predictability of LAI from spectral
information is weakened. One approach to correcting for the influence of
background soil and understory involves the use of spectral information in
the middle infrared (~1.5-2.0 um) wavelengths (Nemani et al. 1993). By
subtracting out the background signal detected in the middle infrared
wavelengths, corrected NDVI and simple ratio indexes are designed to be
more sensitive to the canopy vegetation.

At the alpine treeline, where trees mix within a fine spatial matrix with
tundra, meadows, and non-vegetated surfaces of rock and snow, the effects
of background reflectance on the spectral signal is pronounced. The
predictability of tree LAI from NDVI is, therefore, reduced. Because tree
canopy cover at treeline tends to be low (e.g., under 50 percent), LAI at a
given location is as much a function of the canopy cover as it is the structure
of the canopy and understory at that location. Because the VI signal at
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treeline includes reflectance from meadow and tundra vegetation the middle
infrared correction is not appropriate for isolating the tree VL

This paper demonstrates an approach to estimating the LAI of trees at the
alpine treeline ecotone that combines linear spectral mixture modeling
(Gong et al. 1994; Adams et al. 1995) with regression of vegetation index
and LAI at treeline in Glacier National Park, Montana, USA. The approach
addresses the effect that the mixing of multiple vegetation cover types
within each pixel has on LAI estimation by first estimating the composition
of each pixel, expressed as end-member fractions. The end-member
fractions are then used to adjust the vegetation index values to estimate the
vegetation index contribution of the trees in each pixel. Then, the adjusted
vegetation index values and tree LAI, measured in the field, are regressed to
develop a predictive relationship for mapping the LAI of trees only, with
background LAI removed. The curves are compared with those generated by
White et al. (1997), which describe relationships between vegetation indexes
and LAI across multiple vegetation communities in Glacier National Park.

STUDY AREA

The study is set at the alpine treeline ecotone in eastern Glacier National
Park, Montana, USA (Figure 1). The Park lies on the U.S.-Canada border in
the Rocky Mountain cordillera and is roughly bisected by the continental
divide. The eastern side of the Park has a substantially more continental
climate than the wetter and milder western side. The sub-alpine conifer
forests reflect these climatic differences, with the western side consisting of
species common in the forests of the Pacific Northwest. The subalpine
forests on the eastern side of the Park are dominated by Lodgepole pine
(Pinus contorta), Quaking aspen (Populus tremuloides), and Engelman
spruce (Picea engelmannii) at lower elevations and Subalpine fir (Abies
lasiocarpa). The higher elevation treeline sites investigated in this study
tend to be dominated by Subalpine fir, but also contain Whitebark pine
(Pinus albicaulis) and Limber pine (Pinus flexilis) locally.

Trees at treeline tend to grow in clumps of matted growth forms, called
krummbholz, which are capped by a dense layer of needles with very little
needle growth below. The canopy often contains substantial quantities of
dead needles and exposed wood from “flags,” which protrude from the mat.
Where trees grow erect they often contain a number of gaps and dead
branches or are shaped directionally by prevailing winds. Tree heights at our
treeline sites ranged from under 0.5 m to over 3 m, with the majority under 2
m. The trees in the treeline landscape are intermixed with a diverse
assemblage of tundra and meadow vegetation and rocky or gravelly surfaces
that are devoid of vegetation. The majority of the rock and gravel is derived
from underlying limestone and argillite formations. Repeat photography at
selected sites within the study area suggest that the landscape at treeline has
been quite stable over the past century (Butler et al. 1994).
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Figure 1. Glacier National Park, MT, USA with latitude and longitude lines. White boxes
indicate quadrat locations and are exaggerated in size.

METHODS

Data Collection
Field Data

Data on tree cover and LAI were collected at a total of 38 sample
quadrats during the summers of 1998 and 1999 (Figure 1). The square
quadrats were selected at random from among known, undisturbed treeline
sites. They were 50 m by 50 m in size and oriented along cardinal compass
directions; though 10 sites were oriented 40° off true north due to an error in
the compass declination setting. The center point for each quadrat was
located through post-processing GPS measurements for differential
correction. Most corrections were made using a base’ station in Missoula
(about 200 km to the south and west), but infrequently those data were
unavailable and a station in Helena (about 260 km to the south and east) was

used.
Within each quadrat, a map of the site was sketched in field notebook

and each individual tree or patch of trees (depending on growth form and
clumping) was labeled and the species was noted. The size of each tree or
tree-patch was estimated by recording the length of a primary and secondary
axis of the tree or patch on the ground. The axis lengths were measured by
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tape measure or pacing. The axis lengths were then converted to area
estimates by assuming the shape of each tree or patch was oval. Summing
up the total area of trees and patches within a quadrat and dividing by the
area of the quadrat gave the percentage of the quadrat that was tree-covered.
The calculated values ranged from 2 to 50 percent, with an average of 17
percent.

The LiCor LAT-2000 Plant Canopy Analyzer was used to estimate the
“effective” LAI of trees within the quadrat. The instrument measures light
transmitted through the canopy using five concentrically nested sensors
(Welles and Norman 1991). Readings taken above the canopy are compared
with those taken below to determine the amount of area over which light is
intercepted by the needles. Because of contamination by self-shading and
branches the estimate is termed effective LAI. A minimum mask size of 30°
was placed over the sensor to avoid contamination by the observer.
Although the calculation of LAI from the LAI-2000 readings assumes that
radiation is received from a diffuse source, as on a cloudy day, the field
campaign was not sufficiently flexible to enable the work only on cloudy
days. Therefore, readings were made on both sunny and cloudy days,
introducing some variability into the measurements.

For each tree and patch within a quadrat the average effective LAI was
estimated using one reading above the canopy and a minimum of five
readings below the canopy, distributed throughout the patch or tree. Based
on the individual tree and patch measurements, an area-weighted estimate of
the average effective LAI of trees in the quadrat was calculated. Quadrat
effective LAI, or LAl was calculated as X (A, « LAL) / Ay, where A, is the
area of a given patch within the quadrat, LAJ; is the average LAI of that
patch, and A, is the area of the quadrat.

To compare the LAI calculations with the results presented by White and
others (1997) the LAI values were adjusted twice. First, all LAI values were
converted to projected LAI by multiplying by a combined clumping
correction factor (CCCF), which adjusts for the non-random (i.e., clumped)
distribution of needles and contamination by branches. Because of clumping
and enhanced self-shading, the LAI tends to be underestimated by the LAI-
2000 in coniferous forests (Gower and Norman 1991). However, woody
tissue in the canopy can, even in the presence of clumping, cause an over-
estimation of projected LAI by the LAI-2000 (Deblonde et al. 1994).
Ideally, the CCCF accounts for both of these major sources of bias. In the
harsh treeline environment a variety of growth forms develop, including
dense mats, flagged trees, and dead branches. Because of the small size of
many of the trees and patches, many of the LAI readings were taken very
near to the tree stems. All quadrat-scale LAI-2000 readings were, therefore,
multiplied by 0.75, which is a lower CCCF than values reported for
homogenous stands of large coniferous trees (White et al. 1997), but it
emphasizes the influence of branch, stem, and dead needle contamination.
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The second adjustment was to convert projected LAI values to total LAI
by multiplying them by 2.0. Projected LAI represents one-sided leaf area,
whereas total LAI accounts for the two-sided flat needles in the tree canopy.
The resulting estimate is termed LAl.., because it includes only arboreal
vegetation in the quadrats.

Remotely Sensed Data

A Landsat Thematic Mapper (TM) image of the park, Worldwide
Reference System (WRS)-2 path 41 and row 26, was acquired on September
1, 1995 under clear sky conditions (Figure 2 - on CD-ROM). Although the
imagery was flown three to four years before the field work was conducted,
the relative stability of treeline vegetation (Butler et al. 1994) suggests that
substantial changes were unlikely. Nonetheless, the inter-annual and
seasonal variability of LAI may introduce uncertainty into this analysis
(Deblonde et al. 1994). The image was georeferenced to zone 12 of the
UTM coordinate system using orthographic rectification to remove the
effect of terrain displacement. The geometric terrain correction made use of
a mosaic of USGS 7.5-minute 30-meter digital elevation models (DEMs). A
root-mean-squared (RMS) error of < 15 m was obtained using 21 control
points, which were read from USGS 7.5-minute topographic quadrangles.

The radiometric calibration approach was identical to that of White et al.
(1997) to ensure comparability of results. Raw digital numbers (DNs) in the
TM image were converted, first, to radiance by (a) applying gain and offset
values for sensor calibration provided in the image header file and (b)
adjusting the visible channel values to correct for path radiance by
subtracting the DN value obtained in clear lakes. Next, radiance values were
converted to exoatmospheric reflectance using the method of Leprieur and
others (1988; c.f. White et al. 1997). The reflectance calculation includes a
correction for the effects of terrain on solar incidence using the DEMs.

Two vegetation indexes were computed using the red (TM3) and near-
infrared (TM4) channels from the TM image. NDVI was computed as (TM4
—TM3) / (TM4 + TM3) and the simple ratio (SR) as TM4 / TM3.

Each of the index values was estimated for all of the field quadrats
through image resampling. Bilinear interpolation and cubic convolution
were both used for the resampling and found very little difference in the
results. Nearest neighbor resampling was not considered because spatial
averaging was required to compare the index values from 30 m pixels to
field data collected in 50 m quadrats. The index values resampled through
bilinear interpolation were subsequently used in the testing and analysis of
unmixing and LAI estimation. The resampling process was the same for
both correctly and incorrectly oriented quadrats. Although less than ideal,
the difference in orientation had relatively little influence on the analysis
because it affected the overlap of pixels and quadrats only at the corners, a
relatively small portion of each quadrat.
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Digital orthophoto quadrangles (DOQs) of the Park were used as a
second source for validating tree cover estimates. The image files are
orthographically rectified black-and-white aerial photographs that are stored
at 1-meter resolution. The files were provided in a UTM-rectified digital
image format and image subsets were extracted for our study sites. Tree
cover within each quadrat was determined using a manually defined
brightness value threshold in the DOQs. Once a brightness threshold was
defined interactively, the threshold was applied such that pixels with
brightness values below the specified threshold were labeled “trees” and
pixels with higher brightness values were labeled “not trees.”

Linear Mixture Modeling

Linear mixture modeling assumes that the pixel values, expressed as
digital numbers (DNs), are linear combinations of reflectances from a
limited set of constituent elements, called end-members. For a given
wavelength channel, the DN of a given pixel can be expressed using

Equation 1:
DN}‘=DN1)‘Of1+...+DNkA'fk+€A and Zfi=1 [y

where DN;, is the reflectance observed in wavelength channel A, DNy, is the
reflectance observed for end-member k in wavelength channel A, f is the
fraction of the pixel that is in end-member cover type k, and €, is the error
for that particular channel. If the number of wavelength channels is at least
as large as the number of end-members (k), then end-member spectral
values, observed in the field or using image interpretation, can be used to
obtain estimates of the fraction of each pixel that is in each end-member.
Here the singular value decomposition approach described by Gong et al.
(1994) was used to solve for the f, values. Two constraints were maintained
in the solution of fy values: 1) the fractions across all end-members sum to
one, as in Equation 1, and 2) each end-member fraction is in the range [0,1].

The error term for each channel is calculated and summarized across all
channels using the root-mean-squared (RMS) error. The RMS error is a
measure of the goodness of fit of the model and can be mapped by pixel to
examine its geographic distribution.

Although unmixing works best with hyperspectral data, i.e., where the
number of independent spectral dimensions is large, Adams et al. (1995)
showed that it can work reasonably well with Landsat TM data when the
number of end-members is kept small. The focus of this work on the alpine
treeline ecotone naturally limits the end-members to the landscape
components found in that environment. Therefore, four end-members were
identified for this application: trees, tundra, barren surfaces, and shadow.
Spectral values for each end-member within the six reflected TM
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wavelength channels (Figure 3) were identified through image interpretation
to identify pixels that were relatively free of contamination from other end-
members (Adams et al. 1989). Although spectra were measured in the field
using a portable spectro-radiometer, we used image end-members to limit
problems associated with image calibration. Although these end-members
served the analysis well, the tundra category, which included both wet and
dry tundra, was relatively heterogeneous and would be broken into two
categories if additional spectral channels were available.

Figure 3. Spectral signatures of four end-members on six TM channels. Error bars indicate 1
standard deviation about the mean value.

The results of the unmixing process were evaluated by comparing the
derived tree end-member fraction, estimated at each quadrat location
through bilinear interpolation, with the tree end-member fractions
calculated: 1) in the field, and 2) from the DOQs. Comparisons were
summarized graphically and through the use of the RMS error.

The unmixing process was an interative one in which 1) training pixels
were selected on-screen, 2) the unmixing was performed, 3) the RMS errors
resulting from the unmixing run were examined, 4) the RMS errors based on
comparison with field and photo tree fractions were examined, and 5) the
channels and/or end-member training areas were adjusted to achieve the
result which minimized both errors. The best result was obtained with
relatively small number of the purest training pixels (603, 131, 1236, and
3247 for trees, tundra, bare, and shadows, respectively) and the following
input channels: TM3, TM4, TMS, and NDVL

Adjusting Vegetation Index Values

Having obtained estimates of the fractional composition of each pixel in
each end-member, the vegetation index values were adjusted such that they
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represented the tree-only contribution to the pixel value. This step
represents, in essence, a second mixture model, this time for the vegetation
index (VI) signal. The VI values were from NDVI and SR. The approach
assumes that the VI value for a pixel results from the linear combination of
VI values from each of the end-member components, as in Equation 2:

VIpixel = fiee' Viiee + frundra” Viunara + foare' Vlbare + fshadow™ Vshadow + € 2)

where VI is the index value observed for the pixel, € is measurement
error, and the inputs are the fs and VIs for each end-member. By assuming
an average VI for each of the non-tree components and rearranging the
equation, an estimate of the tree-LAl is obtained using Equation 3:

Ve = VIpixel - fiundra’ Vlundra - Toare’ Vbare = fshadow’ V Lshadow - € 3)

An obvious limitation on the accuracy of this estimate involves the
degree to which any of the non-tree components have a greater variability in
the VI than does the tree component, i.e., the degree to which the mean is
not a good estimate of the non-tree VI value everywhere. Figure 4 illustrates
the differences between means and variations in vegetation index values
among end-members and the large variability in vegetation index values for
tundra, owing to the inclusion of both wet and dry tundra in the class.

Figure 4. Average vegetation index values by end-member component, with one S.D. bars
indicating variation.

VI-LAI Relationships

Original and adjusted vegetation index values (VI and Vl.), obtained in
the previous step, were regressed against the leaf area index of trees, which
was measured in the field. Curves were fitted to the relationship using an
exponential form for NDVI and a linear form for SR. The fitted curves were
compared with those generated by White et al. (1997) in their analysis,
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which was based in Glacier National Park but grouped by homogenous
vegetation types. White et al. (1997) analysis produced Equations 4 and 5
for estimating total LAI from NDVI and SR:

LAI = 0.2273 e*974®DVD 4)
LAI = 1.2565(SR) + 0.069 5)

The fits of the curves generated here using unadjusted VI values are
compared with those generated using VI, and both adjusted and unadjusted
curves are compared among the two indexes (NDVI and SR).

RESULTS AND DISCUSSION
Unmixing for End-Member Fractions

Although there was generally good agreement between the orthophoto-
and field-based estimates of percent trees, the fraction in trees tended to be
overestimated by unmixing (Figure 5). Most of the estimates of f,.. above
0.3 are over-estimates. The RMS errors from the unmixing ranged from 0 to
9.41 across the entire Park, in units of reflectance, with the highest values
occurring in lakes and snow patches. Because water and snow were not
included as end-members the error in fraction estimates were quite high in
areas dominated by these cover types. At snow-free treeline sites the RMS
errors were generally well below 1.0.
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Figure 5. The fraction of trees estimated through unmixing, compared with observed
fractions from digital orthophotographs and field observation.
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The approach to estimating tree LAI developed here is dependent on
acquiring accurate estimates of the fractional composition of each pixel, so
that adjustments to NDVI and LAI values can be made. The best estimates
of tree, tundra, bare rock, and shadow fractions (Figure 6 — on CD-ROM)
were used here to illustrate the LAI estimation process.

Three approaches are considered reasonable for dealing with the
observed bias in tree fraction estimates. First, better estimates should be
attainable with a hyper-spectral sensor. This would allow for a greater
number of purer end-members. Second, the observed bias (Figure 5) can be
used to downwardly adjust the percent trees estimate. This approach is only
reasonable if other end-members are adjusted upward. The similarities in
spectral signatures (Figure 2 — on the CD-ROM) and the observed mixed
pixel combinations (Figure 6 — on CD-ROM) suggest that forests were most
likely to have been confused with shadow. Therefore any decrement in
forest fraction might be attributable to shadow. Finally, some uncertainty in
the end-member fraction estimates is inevitable. Propagation of the
uncertainty through the estimation of LAI might be conducted through
Monte Carlo simulation to acquire, at least, an estimate of the uncertainty in
LAI estimates resulting from uncertainty in the end-member fraction
estimates. Although none of these approaches is described in more detail
here, due to space limitations, using this technique in practice may require
that one or several of them be implemented to improve the accuracy of
resulting estimates.

VI-LAI Relationships

Four regression models were generated to fit curves to the relationships
between the vegetation indexes and LAl in the quadrats (Figure 7). A total
of six quadrats were eliminated from the analysis. Each of the six were
anomalous situations and outliers in the regression. The most obvious
outliers were due to quadrats that were heavily shaded and the tree fractions
were under-estimated in favor of shadow. The others appeared to be affected
by other site conditions that weakened the estimates of either the field LAI
or the satellite vegetation indexes (e.g., steep slopes, patch configurations).

The relationship between the unadjusted NDVI (NDVI;,.)) and LAl
was relatively weak (R> = 0.028; Figure 7A). When compared to the
equation presented by White et al. (1997), it was clear that NDVI;,,; over-
estimated LAl (RMSE = 3.07). The equation presented by White et al.
(1997) was fitted to data collected from several ecosystem types and
included LAI from all sources (i.e., canopy and understory). The fit of the
NDVI-LAI regression, though still weak, increased (R* = 0.191) when the
influences of non-tree vegetation were removed from the NDVI signal to
calculate NDVI. (Figure 7B). Also, the ability of the White equation to
estimate LAl was much better using NDVI.. (RMSE = 0.60).
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The results for SR suggest a similar pattern, however the fits of the
relationships with LAI were not as good as with NDVI. Using the
unadjusted SR (SRg.), the linear relationship with LAly. had an R? of
0.008. Again, the curve fit by White et al. (1997) substantially overestimated
LAlye (RMSE = 3.64). Upon adjusting for non-tree vegetation (SRye.) the
relationship improved to a still-weak R* of 0.04. The RMSE of the fit of the
data to White et al. (1997) curve for SR was 2.40. Using White’s equation
and SR, resulted in an over-estimation of LAl ..

NDVI provided a much better estimate of LAl than did SR. This is
consistent with White et al. (1997) results, in which the fit of the
relationship between NDVI and LAI was R* = 0.90 but the fit for SR
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Figure 7. Relationships between vegetation indexes and quadrat LAI measured using the
LAI-2000. The equation and R2 refer to the curve fitted to the data (thinner line) and RMSE
indicates the fit of Equations 4 and 5 to the data (heavier line), using the original and adjusted
VI values to estimate LAL

and LAI was R?* = 0.74. Although the saturation of the LAI signal in NDVI
at a LAI of about 4.0 would normally limit the applicability of NDVI for
estimating LAI, LAl at treeline tended to be much lower. In fact, all
quadrat LAl estimates made in this study were below 3.0, suggesting that
saturation is not a problem.

Two differences between these studies explain the much lower fit for the
data presented here when compared to White et al. (1997) data. First,
estimating the vegetation index contribution of trees orly was more
challenging than estimating the value for all vegetation in a pixel. This is
especially true where there is a great deal of uncertainty or bias in the
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estimates of the end-member fractions. Second, White et al. (1997) field
data were more extensive and, more importantly, were aggregated by
vegetation cover type. This aggregation across a range of sites averaged out
much of the site-to-site variability present in the data used here.

This analysis suggests that, by adjusting the NDVI value to remove the
effects of non-tree vegetation, the LAI of trees can be approximated.
Because the data used by White et al. (1997) to develop LAI-NDVI
relationships were more complete, their equation was applied using the
adjusted NDVI values (NDVI.) to estimate LAl of pixels within the
Park (Figure 8). Although the field data and analysis presented here focused
on treeline sites, Figure 8 includes sites across multiple ecosystem types, as
did White’s analysis.

A B

Figure 8. Subset image of Glacier National Park study area showing (A) total LAI estimated
using NDVI and Equation 4 and (B) LAl estimated using NDVI adjusted to reflect the
tree-only component and Equation 4.

CONCLUSIONS

The method presented here permits the quantification of forest canopy
characteristics where the forest has an open canopy and mixes spatially with
other cover types. The approach combines vegetation index (VI) based
estimates of leaf area index (LAI) with spectral unmixing to isolate a
particular canopy component. Specifically, by adjusting VI values to
represent only the tree component of pixels, maps of the LAI specific to
conifer trees were generated. The fit of VI-LAl,. relationships was
improved using the unmixing-based adjustments of VI. Although the results
for the SR index were weak, the NDVI-LAI relationship developed and
published by White et al. (1997) provided reasonably good estimates of
LAl (+0.60 LAI) when applied to adjusted NDVI values (NDVI,). The
resulting maps are useful where estimates of tree distribution and condition
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are required regardless of the landscape mosaic within which they are found.
This approach to combining unmixing and parameter estimation should have
applicability for estimating other biophysical properties, including albedo
and photosynthetically active radiation (PAR).

Although the results suggest that the technique may be promising for
estimating component vegetation characteristics, the approach requires
further refinement. The potential for propagation of error in the analysis is
particularly troublesome and consistent with the relatively low levels of fit
found in this analysis. A sensitivity analysis to determine the most important
sources of error has not yet been undertaken. However, potential errors
appear at several steps in the process. Errors contributing to uncertainty in
the result include: (1) LAI measurements taken with the LAI-2000 on sunny
days are less reliable than those taken on cloudy days; (2) error in the
unmixed fractions, especially a bias towards over-estimating the tree
fraction; (3) variability in the end-member mean VI estimates used to
calculate VI, especially the inclusion of both wet and dry tundra in the
tundra end-member; and (4) the non-synchronous satellite and field data
collection efforts. The relative importance of each of these sources of error
is unknown at this point.
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Abstract

airborne imaging, kinematic global positioning system (KGPS), salt
marsh, habitat mapping, light-footed clapper rail, Belding’s Savannah
sparrow, California.

The utility of two data acquisition technologies, airborne digital
multispectral imaging, and kinematic global positioning systems (KGPS),
for providing spatially detailed and precise habitat data for salt marsh
reserves in southern California is assessed. Two case studies demonstrate
that by combining these technologies, habitat of endangered bird species
that occupy these salt marshes can be mapped and analyzed in an efficient
manner. '

The first case study focuses on mapping marsh vegetation types for
artificial salt marshes constructed to create habitat for the light-footed
clapper rail. High levels of accuracy by image classification of airborne
multispectral data alone can be difficult to achieve due to spectral-
radiometric similarity of certain plant species. The integration of digital
elevation data, generated from KGPS field surveys, with image
classification significantly improved the image classification accuracy. A
post-classification sorting approach of integrating DEM data by discrete
rules, resulted in an improvement of overall accuracy from 54.6% to
71.1% and the Kappa coefficient from 0.45 to 0.65.

The salt marsh habitat requirements of the Belding’s Savannah sparrow
are examined in the second case study, also by utilizing data captured by
ADAR imaging and KGPS surveying systems. Elevation, vegetation
height, and percent middie-high marsh were all found to be significantly
greater for territories utilized by the sparrow compared to randomly
selected sample areas. The percent Middle-high marsh variable was
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derived from image classification of ADAR image data. The overall
accuracy of the ADAR-derived map of five habitat types was 86 + 4%,
with a Kappa coefficient of 0.75. For both case studies, a rigorous and
precise assessment of map accuracy was achieved because of the
positional accuracy of KGPS surveys and very-high resolution
georeferenced image data.

INTRODUCTION

Coastal wetlands provide habitat for fauna, such as waterfowl and
shorebirds that use salt marshes as nesting and feeding grounds. In southern
California, salt marshes have greatly diminished in areal extent and are
under constant pressure for development (Zedler 1986). Birds and other
fauna that inhabit or use these wetlands are threatened by the reduction or
degradation of salt marsh habitat. The effects of development and associated
anthropogenic disturbances include the destruction of plants used for food,
nesting, and seclusion and the increase of noise from surrounding areas.

Two endangered bird species being affected by the loss and degradation of the
southern California wetlands are the Belding’s Savannah sparrow (Passerculus
sandwichensis beldingi) and the light-footed clapper rail (Rallus longirostris
levipes). Their habitat range is limited to coastal wetlands of southern and Baja
California. Unlike coastal wetlands on the east and gulf coast of the U.S., southern
and Baja California wetlands are inherently small in extent and are composed of
heterogeneous patches of salt marsh vegetation with typical dimensions ranging
from 2 to 10 m and open areas known as salt pannes. Preserves have been
established to protect and maintain some of the remaining habitat and artificial salt
marshes have been constructed or restored on marginal wetlands or uplands
adjacent to wetlands. Important for adaptively managing preserves and artificial
wetlands is sound biological knowledge of the habitat requirements of protected
bird species. However, such knowledge is limited for clapper rails and Savannah
sparrows. Mapping and monitoring the distribution of salt marsh vegetation
types and understanding bird habitat relationships for the relatively small
and heterogeneous salt marshes of southern California may be best
accomplished using a combination of airborne multispectral imagery and
field observations supported by kinematic global positioning systems
(KGPS) (Phinn et al. 1996; Stow et al. 1996) Very-high spatial resolution
multispectral images are acquired with digital camera or digital video
systems in three or four wavebands within the 0.4 to 1.0 micron region of
the spectrum and with ground sampling distances ranging from 0.2 to 3.0 m.
KGPS surveying units are capable of making horizontal and vertical
positional measurements with precision and accuracy that approaches a few
centimeters. KGPS enables the subtle, yet ecologically important
topographic relief of salt marshes to be mapped with high detail and
precision.

The objective of this chapter is to explore the utility of integrating very-
high resolution data from airborne multispectral digital imaging systems and
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KGPS to improve the general understanding of and assess the ability to
monitor southern California salt marsh habitat utilized by rare and
endangered birds. Two case studies are presented that demonstrate the
integration of remote sensing, GPS, and Geographic Information Systems
(GIS) technologies for quantifying and analyzing environmental properties
associated with bird habitat in natural and restored salt marshes within the
Sweetwater Marsh National Wildlife Refuge (SMNWR) near San Diego,
California (Figure 1).

The first case study illustrates the benefit of integrating airborne
multispectral imagery with digital elevation data derived from KGPS
surveys to generate reliable maps of habitat types associated with the light-
footed clapper rail for a constructed salt marsh. In the second case study,
knowledge is gained about nesting territory preferences of Belding’s
Savannah sparrow by using KGPS to survey territory locations and capture
positions and attributes of topography and vegetation that may be important
predictors of habitat. Cover proportions estimated from maps of general
marsh vegetation types derived from airborne multispectral data are also
incorporated into the habitat analysis.

BACKGROUND

Very-High Resolution Multispectral Imagery

Given the limited areal extent and fine-scale patchiness of southern
California salt marshes, the spatial resolution of current satellite and most
airborne scanner systems are not suitable for mapping and monitoring salt
marsh habitat. An alternative source of imagery is provided by very-high
resolution digital multispectral camera systems such as the Airborne Data
Acquisition and Registration (ADAR) 5500 system (Stow et al. 1996). The
ADAR 5500 normally images in three visible (blue, green, red) and one
near-infrared waveband. It can provide imagery with ground sampling
distances ranging from 0.25 to 2.50 m per pixel, depending on the altitude
and airspeed of the aircraft platform. Each frame is approximately 1000 by
1500 pixels. Each waveband image for a given frame is registered by a
semi-automatic, image registration procedure. Individual frames can then be
georeferenced and stitched together to yield image maps of areas larger than
the scene captured by a single frame (Stow et al. 1996).
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Figure 1. Study area map of the Sweetwater Marsh National Wildlife Refuge (SMNWR).
The refuge is located near San Diego, National City and Chula Vista, California and is
adjacent to San Diego Bay. The Connector Marsh and E Street Marsh study areas for the two
case studies are delimited.

Digital multispectral image data used in the two case studies were
acquired with a spatial resolution of 0.75 m by the ADAR 5500 system on
August 4, 1994. Positive Systems Inc. captured the image data and
performed band-to-band registration and radiometric processing to reduce
brightness fall-off across each image frame, normally associated with
vignetting. An orthorectified mosaic of these ADAR image frames was
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produced through a proprietary process by TRIFID, Inc., resulting in an
image map with high positional accuracy (RMSE = 0.80 m; n = 30). This
high positional accuracy enabled precise co-location of field data generated
from the highly precise KGPS.

Kinematic Global Positioning Systems (KGPS)

A KGPS is a type of continuous differential carrier-phase GPS requiring
only short periods of observations. Differential positioning is the
determination of relative coordinates of two or more receivers that are
simultaneously tracking the same satellites. Before KGPS data can be
collected, a well-distributed control network consisting of horizontal and
vertical control points must be established. We established a control network
with initialization points and permanent base stations with known baselines
within the Sweetwater Marsh study area. When performing a KGPS survey
the surveyor must initialize the survey from a known baseline, while the
other receiver is statically located over the base station. If a quality control
network has been established for the study area, the positional accuracy for
resultant horizontal and vertical measurements should fall within 5 cm of the
true positions. Besides the tremendous precision of three-dimensional
survey measurements, KGPS units enable a field scientist to navigate in real
time to field plot or transect locations that were previously established or
randomly selected and with very high location precision. KGPS surveys for
the case studies were conducted with a Trimble 4000SE Land Surveyor

Sweetwater Marsh Study Site

The study areas utilized for the two case studies are located within the
Sweetwater Marsh National Wildlife Refuge (Sweetwater Marsh), adjacent
to San Diego Bay at the boundary between the cities of National City and
Chula Vista, California (Figure 1). One study area included several
constructed and restored marshes in the northeastern portion of the Refuge.
The other study area was the E Street Marsh, a mostly natural marsh. The
most prevalent vegetation species in the Refuge are Batis martima,
Frankenia grandifolia, Liminium californicum, Monanthochloe littoralis,
Salicornia bigelovii, Salicornia subterminalis, Salicornia virginica, Spartina
foliosa, and Suaeda californica.

Restoration and construction of salt marsh habitat was conducted at
Sweetwater Marsh to compensate for wetlands destroyed and disturbed
during the construction of a freeway overpass and a flood control channel.
Wetlands were excavated from fill material from existing marginal wetlands
and dredge spoil deposits to create a set of islands and channels. Marsh
vegetation was then planted on these newly created islands. Eight salt marsh
islands, comprising the North Connector and South Connector islands, were
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built in 1984 and planted in 1985. These restored marshes connect Paradise
Creek Marsh, a natural marsh in the north, to the main part of Sweetwater
Marsh to the south and southwest.

E Street Marsh was once connected to the rest of Sweetwater Marsh and
is now fragmented by roadways and isolated by a landfill. The marsh covers
approximately 9.32 hectares and is dominated by S. virginica (a type of
pickleweed).

CASE STUDY 1: MONITORING RESTORED CLAPPER
RAIL HABITAT

Introduction

The objective of this case study is to demonstrate the effectiveness of
integrating very-high resolution digital elevation data acquired by KGPS
with ADAR image data to map vegetation types within a restored coastal
salt marsh. Some key results are presented pertaining to habitat for the light-
footed clapper rail from a more detailed study by Bradshaw (1997). Salt
marsh habitat maps derived from computer-assisted image classifications of
ADAR image data alone and from a combination of ADAR and topographic
data are compared to determine whether classification accuracy is improved
by incorporating ancillary data.

Characteristics of the Light-Footed Clapper Rail and Its
Habitat

The endangered light-footed clapper rail tends to build its nests in tall
dense stands of Pacific cordgrass (Spartina foliosa), which only grows in
fully tidal salt marshes (Jorgensen 1975). In addition the clapper rail habitat
requires an area around the nest for foraging, referred to as the home range.
A criterion for suitable clapper rail habitat at the Sweetwater Marsh
restoration sites are that seven home ranges of 0.8 to 1.6 hectares in size
must contain at least 15% Lower Marsh, some Middle Marsh, and at least
15% Upper Marsh (Zedler 1993). Monitoring and evaluating restored salt
marsh habitat for the endangered light-footed clapper rail requires accurate
maps of marsh vegetation types to determine whether the requirements
established for the restoration efforts have been met.

General Approach

Distribution of coastal salt marsh vegetation is primarily driven by tidal
inundation which changes with elevation. This is evident by the groupings
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of plant species into lower, middle and upper marsh associations related to
generalized elevation zones. These differences in elevation were
investigated to determine if they could help separate vegetation having
similar spectral-radiometric signatures in digital multispectral image data
(Phinn et al. 1996).

Field Measurements of Topography and Vegetation Types

Elevation and vegetation type data were sampled along ground transects
with the KGPS unit. A modified systematic sampling strategy was
implemented, such that the spacing was adjusted, or additional samples were
taken to capture significant changes in elevation. Transects were spaced
either 3 or 6 m apart and samples were taken every 3 or 6 m along transects.
The majority of the surveying was based on 6 m spacing. The southernmost
section of the North Connector site was sampled using a 3 m spacing to
generate independent data points for assessing the accuracy of digital
elevation modeling techniques (Bradshaw 1997). Overall, a total of 681
horizontal coordinates and elevation measurements were surveyed with 426
points at the North Connector site and 255 points at the South Connector
site. In addition to positional and topographic measurements, the dominant
plant species present within approximately a square meter patch around each
sample point was identified and recorded with the KGPS data logger. All of
the data from the KGPS survey were used to generate a digital elevation
model (DEM) of the study site. The survey data were split into three
separate groups for use in image classification, ecological modeling, and
accuracy assessment of the image classifications.

Elevation and Ecological Modeling

The elevation data from the KGPS survey were used to generate DEMs
and evaluate the relationship between vegetation species and elevation. The
relationship between vegetation and elevation was then used to develop
rules for modifying the image-based classifications of vegetation types
based on elevations corresponding to each image pixel. ARC/INFO was
used to generate raster DEMs by kriging the KGPS data points (Figure 2 —
on the CD-ROM). Kriging was selected as the optimal interpolation scheme
after comparing the results from this approach with a DEM product
generated with a triangulated irregular networks (TIN) interpolation scheme
(Bradshaw 1997). The DEM was generated with a 0.75 m grid spacing to
correspond to the spatial resolution of the ADAR image mosaic.

Differences between marsh type elevations were investigated using the
corresponding elevation and vegetation type data sampled during the KGPS
survey. Various statistical comparisons of marsh type elevations were
performed using the non-parametric Kruskal-Wallis test and the Mann-
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Whitney test (Barber 1988; Gilbertson et al. 1985). Four marsh vegetation
habitat types were analyzed: Lower Marsh — Cordgrass, Lower Marsh —
Cordgrass/Succulent Mix, Middle Marsh, and Upper Marsh (Figure 3).
Based on the sample data, the four marsh habitat types were found to occur
at different elevations for a given location of the marsh. The elevations of
the four marsh types were all significantly different at the North Connector.
At the South Connector most of the marsh types occurred at different
elevations. However, the elevations of Lower — Cordgrass compared to
Lower — Cordgrass/Succulent Mix as well as the elevations of Lower —
Cordgrass/Succulent Mix compared to Middle Marsh were not significantly
different.

Image Classification

Image data used for classification were subset from the August 1994
ADAR image mosaic (nominal ground sampling distance of 0.75 m). Image
subsets of the North Connector and South Connector were extracted from
the mosaic based on the DEMs generated for these two sites.

An unsupervised classification approach of the study sites was performed
using the ISODATA clustering algorithm in the ERDAS Imagine software
package. An initial set of 20 training clusters were generated and labeled
based on general knowledge of the study sites gained during the KGPS
surveys. Ten separable cluster classes and 10 confused or mixed classes
were identified in the labeling process. A second iteration was then
performed generating another 20 clusters based only on the pixels
corresponding to “confused” cluster classes in the first iteration. This
yielded another 12 separable classes and eight classes that vvere confused.
The signature data from the first 10 and second 12 acceptable clusters were
then combined and evaluated by analyzing their histograms and statistics.
The histograms and statistics of the signature set were considered acceptable
and a pixel-by-pixel classification of the two ADAR subsets was performed
with a maximum likelihood algorithm that was trained with this signature
set. The resulting classes were identified as Channel/Water, Lower-
Cordgrass, Lower-Cordgrass/Succulent Mix, Middle Marsh, Upper Marsh,
and Bare Dry Soil. A 3 x 3 majority filter was then applied to the resulting
image classification products for generalization purposes and to reduce
artificial high frequency variability.
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Figure 3: Marsh type frequency of occurrence by elevation. Compiled from frequency
values in Table 6.

Incorporating Ancillary Data

A post-classification sorting method of incorporating the DEM as
ancillary data was applied to the output of the ADAR-based unsupervised
classification (Hutchinson 1982). A set of sorting rules was implemented to
correct confused or mixed classes. Defining the sorting rules required
identifying the types of confusion that existed in the image-only
classifications and utilizing ecological modeling results to select elevation
thresholds for separating these confused classes. Thresholds were
established from the frequency of occurrence of each marsh type within 10
cm elevation intervals. An elevation range of 10 cm was chosen as the
maximum range in error from the GPS data (+ 5 cm). The frequency of
occurrence is simply the percentage of samples within an elevation interval
where the presence of a marsh type was recorded. These frequencies are the
same as the conditional probability for each marsh type and sum to one for
each elevation range. The frequencies of occurrence of marsh types by
elevation are plotted in Figure 3 and are the basis of the post-classification
sorting rules provided in Table 1. The sorting rules are related to the mid-
points between the transition of dominance from one marsh type to the next,
or the upper/lower limits of a marsh type where the frequency of occurrence
of the marsh type approaches zero.
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Table 1. Post-Classification Sorting Rules.

IF MARSHTYPE IS AND ELEVATION THEN RECLASSIFY AS
(meters NAVD29) IS

Lower Marsh - Cordgrass | > 0.3 mand <0.79 m Lower Marsh -
Cordgrass/Succulent Mix

Lower Marsh — Cordgrass | > 0.8 m Upper Marsh

Lower Marsh - <03m Lower Marsh - Cordgrass

Cordgrass/Succulent Mix

Lower Marsh - >08m Upper Marsh

Cordgrass/Succulent Mix

Middle Marsh <0.0m Channel/Water

Middle Marsh >0.8m Upper Marsh

Upper Marsh <0.8mand>0.51 m Middle Marsh

Upper Marsh <050 m Lower Marsh - Cordgrass

Comparison of Image Classification Results

The resultant maps from the unsupervised image classification and post-
classification sorting approaches are shown in Figure 4 (on the CD-ROM).
Accuracy assessment for these products was performed using a set of 163
sample points set aside from the GPS survey for this purpose. Accuracy
levels were determined by generating error matrices and calculating user’s
accuracy, producer’s accuracy, overall accuracy and the Kappa coefficient
(Hudson and Ramm 1987).

A comparison of error matrices in Tables 2 and 3 indicates that
significant improvements in classification accuracy resulted upon modifying
the image-based classification with the aid of the DEM and simple discrete
rules. The overall accuracy increased over 16% and the Kappa coefficient
increased over 20%. A statistical z-test was run to determine if there was a
significant difference between the Kappa coefficient of the two error
matrices (Congalton and Mead 1983, Hudson and Ramm 1987). Using a
95% confidence interval the null hypothesis that the two matrices are similar
is rejected for z values greater than 1.96. Incorporating the ancillary data
(DEMs and ecological model data) resulted in a significantly more accurate
map product.

Major confusion for the unsupervised classification occurred for Lower
Marsh - Cordgrass which was often mistakenly classified as Lower Marsh -
Cordgrass/Succulent Mix, Lower Marsh - Cordgrass/Succulent Mix which
was incorrectly classified as Lower Marsh - Cordgrass, 2-.a Upper Marsh
which was falsely classified as Middle Marsh. These confusions were
consistently corrected by the sorting rules based on the digital elevation
data. One type of confusion that was not improved occurred for areas of
Middle Marsh that were incorrectly classified as Upper Marsh or Lower
Marsh - Cordgrass/Succulent Mix.



Table 2. Error Matrix for Unsupervised Classification.

Reference Data

Image Water | Lower- Lower- Mid- |Upper |Bare |Total | User’s

Classification Cordgrass | Cordgrass/ |Mars |Marsh | Dry Accur.
Succulent |h Soil (%)
Mix

Water 31 1 2 0 0 0 4 |912

Lower -1 12 17 2 2 0 34 1353

Cordgrass

Lower -10 13 7 3 2 0 25 28.00

Cordgrass/

Succulent Mix

Mid- Marsh |3 1 2 16 11 2 35 457

Upper Marsh |1 2 1 8 14 0 26 53.9

Bare Dry Soil |0 0 0 0 9 9 100.0

Total 36 29 29 29 |29 11 163

Producer’s 86.1 414 24.1 552 1483 |8138

Accuracy (%)

Overall 54.6

Accuracy

(%)

Kappa 44.6

Coeff. (%)

Table 3. Error Matrix for Post-Classification Sorting of Unsupervised Classification.

Reference Data

Image Water |Lower- |Lower- [Mid- |Upper |Bare |Total | User’s
Classification Cordgrass | Cordgrass/ |Mars | Marsh | Dry Accur.

Succulent |h Soil (%)

Mix
Water 32 1 2 0 0 0 35 91.4
Lower -12 17 8 2 0 0 29 58.6
Cordgrass
Lower -10 10 17 4 1 0 32 53.1
Cordgrass/
Succulent Mix
Middle Marsh |2 1 2 15 2 0 22 68.2
Upper Marsh |0 0 0 8 26 2 36 72.2
Bare Dry Soil |0 0 0 0 0 9 9 100.0
Total 36 29 29 29 29 11 163
Producer's 88.9 [58.6 58.6 517 |89.6 818
Accuracy (%)
Overall 71.2
Accuracy (%)
Kappa 64.8

Coeff. (%)
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A significant advantage of post-classification sorting was the ability to
correct for confusion from overlapping spectral-radiometric signatures
where the differences in elevation of two classes were minimal (such as
between Lower Marsh - Cordgrass and Lower Marsh - Cordgrass/Succulent
Mix). For example, post-classification sorting resulted in over a 30%
improvement in producer’s accuracy of Lower Marsh - Cordgrass/Succulent
Mix.

Recommendations for Clapper Rail Habitat Mapping

While significant improvements were achieved by incorporating ancillary
data, this technique yielded an overall accuracy of 73% and a Kappa
coefficient of 67%. The adequacy of this level of accuracy for restoration
monitoring depends on mandated requirements for precision, spatial unit of
assessment (e.g., home ranges versus entire marsh complex), and other
factors. At a minimum, the maps should be sufficiently reliable for
determining if compliance to monitoring objectives are sufficiently close to
justify more costly and ecologically disturbing field assessments.

For an operational implementation, our results suggest that an elevation
survey of a restoration site using a nominal sample interval of 6 m should be
conducted after marsh construction and prior to planting. A DEM of the
restoration site should be generated using kriging as the interpolation
scheme. A random survey of vegetation should be conducted to establish an
ecological model and develop sorting rules. An unsupervised image
classification should be performed with the output modified by the post-
classification sorting rules (Bradshaw 1997).

CASE STUDY 2: ASSESSMENT OF BELDING’S
SAVANNAH SPARROW HABITAT

Introduction

The objective of this case study is to examine the nesting habitat
preferences of the Belding’s Savannah sparrow through the use of KGPS,
remote sensing, and GIS. Examples and results are drawn from a more
comprehensive study conducted by Brewster (1996).

In 1974 the Belding's Savannah sparrow was placed on the California
state endangered list when it was estimated that fewer than 1500 individuals
remained (Bradley 1973, Powell 1993). It is also a Category 2 candidate for
federal listing (James and Stadtlander 1991). Knowledge of the traits,
habitat requirements and distributions of the sparrow is limited (Massey
1977, White 1986, Johnson 1987, Powell 1993). Censuses for the sparrow
were conducted for three different years at the E Street Marsh. In 1977,
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Massey (1977) counted 18 breeding pairs. By 1986, Zembal et al. (1988)
found that the population decreased to only eight breeding pairs. In 1991,
there were 15 breeding pairs. James and Stadtlander (1991) attribute this
88% gain to the restriction of foot and vehicle traffic, which allowed the
pickleweed vegetation (Salicornia spp.) to flourish.

Characteristics of the Belding’s Savannah Sparrow and its
Habitat

The Belding’s Savannah sparrow is a small bird that resides year-round in
the coastal salt marshes of southern California. The sparrow resides in the
upper littoral zone of the marsh, where it usually nests above the highest
spring tide. The vegetation cover of the upper littoral zone is dominated by
pickleweed (S. virginica) and according to Massey (1977), the sparrow
tends to build its nest within these plants. It has also been known to nest in
the upper salt marsh, which is usually dominated by S. subterminalis and M.
littoralis (Massey 1977).

Belding’s Savannah sparrows are highly territorial birds that seem to re-
establish the same nesting territory annually. A nesting territory is a fixed
area, which may change slightly over time, is avoided by rivals, and is
defended by the possessor (Brown and Orians 1970). The nests seem to be
located at sites with minimal tidal inundation and stream flooding, and with
adequate vegetation cover and protection from the sun and predators. Thus,
plant form and structure play key roles in habitat selection, variations of
which can often be remotely sensed. Territory location also seems to be
based on a balance between the ease of defending it with the need to attract
a mate. The size of the territory seems to vary with the density and height of
the vegetation. Powell (1993) found that the territories ranged from 80 to
420 m” at Los Penasquitos Lagoon and from 308 to 936 m* at the Tijuana
Estuary. It has been suggested that the Belding’s Savannah sparrows need
only a small territory because they use it mostly for nesting and forage
elsewhere (Bradley 1973, Massey 1977).

General Approach

The spatial disuibution of three potential habitat variables: elevation,
vegetation height, and percent middle-high marsh, were examined for
territory sites and compared to random sites where sparrows were not
observed. Elevation may be an important habitat variable because the
sparrows generally nest above the highest spring tide to insure the nest’s
safety. In the past, elevation could not be measured in an efficient, precise
and accurate manner in the marsh due to subtle topographic relief. With the
high precision accuracy of KGPS this is now possible. Vegetation height
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may be important because the sparrows require vegetation that is
sufficiently tall to keep their nest above the tide and provide adequate
protection from predators. The percent cover of middle-high marsh type was
examined because certain cover types such as low marsh and bare/sparsely
covered areas do not offer protection from the tides and/or do not provide
adequate cover for sparrow nests. Estimates of the percent cover of middle-
high marsh type were derived from the classification of ADAR image data.

Field Measurements of Topography and Vegetation
Properties

Perch location, topography, and vegetation property data were collected
using KGPS surveying. The control networks of known horizontal and
vertical points necessary for kinematic surveying were established in 1994.
Using a systematic, unaligned spatial sampling scheme, we collected data
every 2 to 5 m along transects spaced between 3 and 5 m. At each
measurement location horizontal coordinates, terrain height, vegetation
height and vegetation type were recorded. Vegetation types present within a
1 m square area around the GPS measurement sites were interpreted and
recorded. The vegetation type data provided a basis for an accuracy
assessment of the classified ADAR imagery.

Perch locations of the Belding’s Savannah sparrow were surveyed on
April 25, 1994 at E Street Marsh. The sparrows were located by listening for
their song, then visually locating them with binoculars. If they were perched
and singing, which are signs of territorial defense (Zembal et al. 1988), the
location was noted. We then proceeded to the location from which songs
were thought to have emanated and surveyed the coordinates with the KPGS
unit. We assumed that each perching sparrow indicated the presence of a
territory.

Because territory size was not measured in this study, the size of the area
examined in the habitat analysis was based on previous findings (Powell
1993, Massey 1977) and on the distribution of surveyed nercn sites. Powell
(1993) and Massey (1977) found that territory size in three southern
California marshes varied from 80 to 936 m’, with areas of denser
vegetation having smaller size territories. To examine the perch site within
the nesting habitat at different spatial extents, we examined environmental
variables sampled within circular areas of three radii: 2 m (12.6 m’ area), 5
m (78.5 m® area), and 10 m (314.0 m® area) (Figure 5). The 2, 5 and 10 m
radius circles were not meant to represent territories and were intended to
characterize a perch site, which is part of a territory, and capture
environmental characteristics associated with the nesting habitat. Twenty-
five additional sample sites were randomly located and enabled statistical
comparison of properties of the observed sites to those where sparrows were
not observed. This does not imply that the random sites were not part of an
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actual territory, but it does indicate that no sparrows were observed at those
locations. Locations of observed and random sites are depicted on an ADAR
image map of E Street Marsh in Figure 6 (on the CD-ROM).

Image Classification of Habitat Types

A similar unsupervised image classification approach and clustering
algorithm (ISODATA) used for the first case study was applied to a subset
of the 1994 ADAR image mosaic covering the E Street Marsh study area to
generate a map of habitat vegetation types. Multiple iterations were run with
varying clustering parameters in an attempt to optimize the classification
accuracy. Fifty cluster classes were generated in each iteration and a pixel-
by-pixel classification based on a maximum likelihood decision rule was
implemented. The resulting cluster classes were assigned the following
habitat labels: Water, Bare, Low marsh, Middle marsh, and High marsh
utilizing field knowledge and data collected with the KGPS.

Stratification of the study area into two subareas corresponding to an
inner zone of predominantly low and middle marsh types and an outer, high
marsh zone proved to be useful in separating confused spectral signatures of
vegetation types. The iterative clustering and masking process utilized in the
first case study was less successful for reducing these confusions. Upon
clustering, classifying, and labeling the two strata separately, the subsets of
the outer and inner portions of the marsh study area were combined into a
single map portraying the distribution of the five marsh and surface cover
types. The resultant marsh habitat map is shown in Figure 7 (on CD-ROM).

Assessment of Image Classification Results

To quantify the accuracy of the image classification product 270 field
samples were randomly selected from the KPGS survey. Vegetation
attributes identified in the field were compared with the image-derived
category for corresponding pixels. An error matrix, overall, user’s, and
producer’s accuracy statistics (Story and Congalton 1986), and the Kappa
coefficient were derived to quantify the accuracy of the classification results
and are shown in Table 4 (Rosenfield and Fitzpatrick-Lins 1986, Hudson
and Ramm 1987).

The overall accuracy of the marsh habitat type map from image
classification was 86 + 4%. The Kappa coefficient of 0.75 is at the threshold
between ‘good’ and ‘very accuracy (Fitzgerald and Lees 1994). Particularly
encouraging was the high classification accuracy of Middle marsh class
(user’s = 89.2%, producer’s = 88.1%), since Middle marsh cover data used
for statistical analyses of habitat characteristics were extracted from the
image classification product. The High marsh and Water categories were
also classified with a high degree of accuracy. The Low marsh and Bare
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categories were found to be less accurate and were confused with the
Middle and High marsh classes, respectively. Areas of misclassification
most commonly consisted of mixed pixels.

Figure 5: Schematic demonstrating testing territory delineations around
observed/random sites.

Environmental Statistics for Sparrow Territories

Statistics were analyzed for environmental variables sampled within
potential territories (i.e. the circular areas encompassing locations where
sparrows were sighted) and random areas. KGPS and image-classified data
were converted to ARC/INFO GIS layers for convenience in extracting
samples. Circular zones of varying radii (1, 5 and 10 m) were generated
around each perch observation location and random points. Mean elevation
and plant height was computed from the KGPS data for sample points
falling within each zone. Percent Middle and High marsh cover was derived
as the percentage of pixels within buffer zones classified as Middle and

High marsh.
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Table 4. Error matrix and accuracy statistics for ADAR-based classification of habitat types.

Reference Data

Image Classified | Low Middle |High |[Bare Water |Total |User’s
Accuracy
(%)

Low 59 17 0 0 0 76 77.6

Middle 16 141 1 0 0 158 89.2

| High 0 2 17 0 0 19 89.5

Bare 0 0 3 8 0 i1 72.7

Water 0 0 0 0 6 6 100

Total 75 160 21 8 6 270

Producer’s 78.7 88.1 81.0 100 100

Accuracy (%)

Overall 86.4

Accuracy

Kappa 75.0

Coefficient

Table 5 provides descriptive summary statistics for environmental
variables measured throughout the E Street Marsh study area. The observed
territory density was 2.68 territories per hectare. Much of the vegetation at
the study site was not tall and dense enough to hide sparrow nests.

To compare habitat characteristics of observed and random sites we used
univariate statistics to determine if there were significant differences
between each continuous variable (e.g., vegetation height, elevation, percent
of mid-high marsh) (Li and Martin 1991, Frederick and Gutierrez 1992,
Shiraki 1994). For each environmental variable, skewness and kurtosis
measures were computed and the histograms were viewed to determine if
they were normally distributed. The distributions for all variables except
elevation were weakly normal and skewed. Thus, both Mann-Whitney (non-
parametric) and F-statistic (parametric) statistical tests were applied.

Vegetation Height

Since Belding’s Savannah sparrows are thought to need vegetation of
sufficient height to provide adequate protection for their nests, we tested the
hypothesis that the vegetation height for observed sites would be
significantly (o= 0.05) taller than that of random sites. We also
hypothesized that the standard deviation for observed sites would be smaller
than that of random sites, because there should be less variability at the
desired territory locations. Table 6 summarizes the results of the Mann-
Whitney and F tests.



40

Table 5. Environmental Statistics for E Street Marsh.

Environmental Variable Value
extent of marsh (hectares) 9.32
known territories 25
territory density ( per hectare) 2.68
mean vegetation height (cm) 25.26
median vegetation height (cm) 254
minimum vegetation height (cm) 2
maximum vegetation height (cm) 83.82
mean elevation (m) 0.970
minimum elevation (m) 0.235
maximum elevation (m) 2.796
% low marsh 28.08
% middle marsh 53.70
% high marsh 10.73
% water 4.15
% bare/sparse 5.41
no. of KGPS points collected 4265

Vegetation height at observed sites was significantly taller than that at
the randomly selected sites for all three radii sizes. The standard deviation
was also smaller for all circular areas. Much of the E Street Marsh site was
covered by stunted vegetation in low lying areas. These low lying areas are
often covered by water, provide no cover and therefore, are unsuitable as
nesting sites. The maximum difference between means for observed and
random sites was 9 cm. While this may seem like a small difference, the
total range in vegetation heights was about 80 cm over this study area. For
the 2 and 5 m radius sizes the vegetation height ranges were smaller for the
observed sites, but the ranges for the observed and random sites were
identical for the 10 m radius size. As area around the perch site increased for
observed sites the mean vegetation height decreased, while the standard
deviation and range increased. This may indicate that patchiness increased
as the areal extent increased. It could also indicate that the perch site
contained taller vegetation.

Elevation

The Belding’s Savannah sparrows are thought to build nests above the
highest spring tide, therefore, we hypothesized that the elevation of the
observed sites would be greater than that of the random sites. The elevation
of the observed sites was significantly (o = 0.05) higher than that of the
random sites (Table 7). The standard deviation for the observed sites was
smaller for all territory sizes except the 5 m radius size, which suggests that
there was less topographic variability in the observed sites.
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Table 6. Results of one-tailed Mann-Whitney and F tests for vegetation height.

2 mradius 5 m radius 10 m radius

observed random observed random observed random
n 26 44 119 134 484 451
mean (cm)  35.46 27.2 33.79 24.76 30.18 23.17
S.D. 6.44 12.7 9.16 12.37 12.03 12.49
range 22.86 50.8 45.72 58.42 63.5 63.5
M-W test 1142* 18616.5* 175702*
M-Wp 0.004 0.00 0.00
F 3.62* 6.65* 8.73%
p 0.0003 0.00 0.00
direction obs. obs. obs.

>random >random >random

Significant at o = 0.05

M-W test = Mann-Whitney test statistic

M-W p and p = level at which test becomes significant
obs. = observed sites random = random sites

Although the elevations for observed sites were significantly greater, the
magnitude of differences was small. The maximum difference between
means for observed and random sites was 9 cm. The maximum difference in
means between observed sites was 2 cm. As with vegetation height, the
range in elevations across the study area is also small (2.5 m).

Percent Middle and High Marsh

We tested the hypothesis that the observed sites have a higher percentage
of middle and high marsh types than the randomly selected sites. The
observed sites for all radii sizes did contain a higher percentage of middle
and high marsh, the standard deviations were lower and the range was larger
for random sites (Table 8). Only the 5 and 10 m radii zones contained
significantly (ot = 0.05) more middle and high marsh than the random sites.

Recommendations for Future Assessment of BSS Habitat

The use of remote sensing for assessing Belding’s Savannah sparrow
habitat is warranted, because it provides a non-invasive and non-destructive
means of acquiring wall-to-wall information on some aspects of habitat. The
use of spectral vegetation indices (SVIs) to quantify vegetation height
and/or cover should be investigated. Also worth exploring is the use of
landscape ecological pattern indices applied to image-derived maps of SVIs
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or vegetation types to examine known territory sites and search for spatial
patterns (Cressie 1991).

Table 7. Results of one-tailed Mann-Whitney and F tests for elevation.

2 m radius 5 mradius 10 m radius

observed random observed random observed random
n 51 44 144 134 474 484
mean (m)  0.983 0.916 1.003 0.925 0.999 0.945
S.D. 0.154 0.194 0.215 0.206 0.199 0.213
range 0.894 0.975 1.310 1.079 1.310 1.594
M-W test  2772.5* 22707* 251995*
M-Wp 0.0078 0.000 0.000
F 1.83* 3.11* 4.04*
p 0.035 0.001 0.00
direction obs. obs. obs.

>random >random >random

*Significant at o = 0.05

M-W test = Mann-Whitney test statistic

M-W p and p = level at which test becomes significant
obs. = observed site; random = random sites

Table 8. Results of one-tailed Mann-Whitney and F tests for percent middle-high marsh.

2 m radius S m radius 10 m radius
observed random observed random observed random
n 25 25 25 25 25 25
mean 0.694 0.619 0.719 0.574 0.703 0.605
S.D. 0.217 0.309 0.179 0.256 0.134 0.201
range 0.714 1.000 0.660 0.948 0.509 0.760
M-w 612 531.5* 531.0%
test
M-Wp 0.311 0.020 0.019
F 0.942 0.267* 2.52*
p 0.178 0.007 0.009
direction  obs.>random obs.> obs.>
random random

* Significant at o = 0.05 ; ** Test not performed
M-W test = Mann-Whitney test statistic

M-W pand p= level at which test becomes significant
obs. = observed site; random = random sites
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More reliable and precise information on habitat requirements may be
derived if the true size and position of the territories are known. KGPS
could be used to map actual territory locations as part of a more rigorous
observation of bird activity and movements within territories.

SUMMARY AND CONCLUSIONS

Managers of habitat reserves containing rare and endangered animal
species require spatial information on the type and condition of the habitat
that is utilized by these animals. For many of these reserves, the areal extent
is limited by the fragmentation caused by human land use activities and
because the establishment of the reserve may have required land purchases
which are expensive. Also, the grain or spatial resolution at which habitat
information is required is often very small, due to the fine-scale patchiness
of vegetation distributions and because many of the disturbance effects of
interest to managers occur at fine scales. Thus, data collection schemes that
satisfy management information needs must enable spatially detailed and
continuous measurements to be captured over limited spatial extents.

In the first case study, we focussed on vegetation mapping of restored
salt marshes constructed to create light-footed clapper rail habitat. We
showed that high levels of accuracy by image classification of ADAR
multispectral data alone can be difficult to achieve due to spectral-
radiometric similarity of certain plant species. Through the analysis of
vegetation associations with the very subtle topographic relief (on order of 1
to 2 m range) of the salt marsh, we found that vegetation types generally
occur within elevation zones. These differences in elevation can help
separate vegetation with similar spectral characteristics. The integration of
digital elevation data, generated from precise KGPS field surveys with
image classification significantly improved the accuracy of classification
results. The post-classification sorting approach of integrating DEM data by
discrete rules, resulted in an improvement of the overall accuracy from
54.6% to 71.1% and the Kappa coefficient from 0.45 to 0.65.

The salt marsh habitat requirements of the Belding’s Savannah sparrow
were examined in the second case study, also by utilizing the detailed and
precise data captured by ADAR imaging and KGPS surveying systems. Our
analyses showed that elevation, vegetation height, and percent middle-high
marsh were all significantly greater for territories utilized by the sparrow
compared to randomly selected sample areas. The percent Middle-high
marsh variable was derived from image classification of ADAR image data.
The overall accuracy of the ADAR-derived map of five habitat types was 86
+ 4%, with a Kappa coefficient of 0.75. Our results correspond with
previous findings by Massey (1977) and Powell (1993) and support the
hypothesis that the Belding’s Savannah sparrow tend to build nests in taller
vegetation above tidal levels and where they are protected from predators.
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The tools assessed in this study, ADAR image data, KGPS surveys, and
GIS, have proven valuable. Overall accuracy for both case studies were high
given the heterogeneous landscape and the very precise and rigorous
accuracy assessment procedures. These results suggest that ADAR System
5500 or other high resolution multispectral data from similar airborne digital
camera systems have merit for generating baseline inventories of wetland
vegetation and for monitoring changes that might affect endangered bird
species that utilize salt marshes as habitat (Stow et al. 1996).

KGPS surveys provided precise and accurate positions and elevations
and were convenient for recording site-specific environmental attributes.
Also, KGPS surveys allowed an efficient and precise means of checking the
accuracy of image classification derived from very high-resolution images.
However, these surveys are invasive, destructive and costly. In future
studies of this nature, the damage to the marsh caused by human intrusion
could be minimized by exclusively collecting KGPS data at known territory
sites and pre-selected random sites, or in the case of restored and
constructed sites, before marsh vegetation is planted. In conjunction with
airborne imaging and KGPS surveys, GIS and image processing software
proved to be valuable in the display, manipulation, extraction, and analysis
of the large amounts of data that were collected for these studies.
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Spatial patterns of seasonal vegetation dynamics were derived from
coarse-spatial resolution (NOAA14-AVHRR) image data for three
ecosystems with contrasting levels of soil moisture stress in the Bolivian
lowlands over a 14-month period. These data were compared to ground
measurements of parameters that represent seasonal vegetation dynamics
(vegetation phenology), local climatic conditions, and the pathways of red
and near-infrared (NIR) radiation through the vegetation canopy. Internal
spatial variability in the image sub-scenes representing “homogenous”
areas of the vegetation in the three ecosystems was measured using a
transient 3x3 pixel kernel by four standard measures of variance (mean
local image Euclidian distance, variance, skewness, and kurtosis). The
seasonal behaviour of these measures of patterns of spatial variation in the
imagery is the opposite of the behaviour of frequently applied vegetation
indices (VIs). When canopy greenness is low, spatial variance is high; and
when the canopy greenness is high, spatial variance is low. These temporal
patterns of spatial behaviour of VIs are readily explained by a combination
of topographic and edaphic and vegetation structure in semi-arid
ecosystems, but the explanation is more complex in wetter ecosystems.

INTRODUCTION

From the mid 1980s onwards, remote sensors have conducted research
into monitoring the greening up and dieback of vegetation over very large
areas using coarse-spatial resolution remotely sensed imagery. Studies were
initially conducted in Africa (Tucker et al. 1985), but rapidly other
continents were studied.
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This line of research has informed a number of important ecological
areas, namely:

» Visualisation of vegetation greening up and dieback at continental
scales (e.g., Achard et al. 1988).

» It has enabled spatial patterns of greening-up and dieback to be
researched in relationship to spatial variations in phenological triggers
by analysing patterns in contemporaneous meteorological data (e.g.,
rainfall and temperature) (Justice et al. 1985, Lloyd 1990).

» Runs of satellite and meteorological data over a number of years have
enabled inter-annual variability in vegetation responses to climate
fluctuations to be researched (Davenport and Nicholson 1993).

» The synoptic view afforded by satellite data has enabled comparisons of
phenological phenomena over large areas.

» The “remote sensing phenologies” have been used to map land cover
classes using multi-temporal, rather than multi-spectral, classification
(Defries and Townshend 1994).

There is no doubt such research constitutes a clear example of an application
of GISc (Geographic Information Science) that has advanced ecological
understanding of seasonal and inter-annual vegetation dynamics.

Whilst the results of such analyses are visually appealing when viewed at
the continental and regional scales, many vegetation scientists are able to
identify relatively small areas where their “local ground knowledge” of
seasonal (and sometimes inter-annual) vegetation dynamics does not fit with
the products derived from remotely-sensed data. This is to be expected
because of mismatches in spatial scale between ground observations and the
synoptic scale of image products. The majority of studies on tropical forest
phenology have been conducted at the species level (e.g., Umana-Dodero
1988, Bullock and Solismagellenes 1990, Ghate and Kumbhojkar 1991) or
community scale (e.g., Martinez-Yrizar and Sarukhan 1990, Wright and
Cornejo 1990, Bierregaard et al. 1992). Relatively few researchers (e.g.,
Bray and Gorham 1964, Da Cruz Alencar et al. 1979, Sarmiento and
Monsaterio 1983, Fleming and Partridge 1984, Lonsdale 1988) have studied
ecosystem-scale phenology. Whilst in some areas GISc provides new
insights into spatial patterns of seasonal vegetation dynamics (which may
cause us to change our minds about vegetation responses to seasonal
changes in bioclimatic parameters), we must be cautious in ascribing all
such “mismatches” as GISc generating new ecological knowledge. Spatial
patterns of seasonal vegetation dynamics derived from the image data may
be incorrect representations of what is happening on the ground. Erroneous
spatial patterns arise because of the high contribution to pixel reflectance
from soil in arid and semi-arid areas (Huete et al. 1992), atmospheric effects
(Pinty and Verstraete 1992a), sun-sensor geometry (Qi et al. 1994), sensor
characteristics (Elvidge and Chen 1995) and spatial sampling issues that
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arise when image products such as GAC and GVI data are produced.
Internal spatial variability in the vegetation (or land cover) types being
monitored is also a potential cause of the “mismatch” between ground-based
and satellite-based observations.

Internal spatial variability within an “homogenous” parcel of a particular
vegetation type can arise because of many factors. For natural vegetation
communities they are: (i) differences in the architecture of the vegetation
(e.g., the size and frequency of forest gaps); (ii) the effects of topographic
variation on microclimate (e.g., slope aspect and receipt of solar radiation),
and moisture availability (e.g., edaphic conditions); and (iii) the influences
of vegetation architecture and topography on species composition. Less
attention has been paid to the internal spatial variability of vegetation
communities in studies of seasonal vegetation dynamics than the five factors
listed above.

We attempt to address this imbalance in this chapter by reporting
research into the relationships between ground-based measurements of
vegetation  (biological)  phenology, ground-based  microclimate
measurements, the receipt of visible and near-infrared (NIR) radiation in the
vegetation canopy, and estimates of vegetation greenness derived from
satellite imagery. Observations were made at three sites along a
vegetation/land cover gradient in central Bolivia that is strongly determined
by climate. Measurements were made over a full seasonal cycle from mid
1995 to mid 1996 (Table 1). Our aims in this chapter are to:

> analyse the spatial variability in the vegetation indices that are
commonly used by remote sensors to map the seasonal dynamics of
vegetation;

» explain ecologically how this spatial variability arises;

» consider the robustness of remote sensing approaches to mapping and
monitoring seasonal vegetation dynamics in the light of our findings.

These aims are important given the studies of the seasonal dynamics of
tropical ecosystems that have been conducted using coarse spatial resolution
imagery (e.g., Tucker et al. 1985, Townshend and Justice 1986, Justice et al.
1986, Townshend et al. 1987, Achard et al. 1988, Gregoire 1990, Achard
and Blasco 1990, Arino et al. 1991, Cross 1991, Gond et al. 1992, Singh and
Singh 1992, Davenport and Nicholson 1993, De Almedia et al. 1994,
Lambin and Strahler 1994a 1994b, Boyd and Duane 1997, Jones et al.
1997).

METHODOLCGY

Three sites were studied along a climatic gradient that extends from east
to west in central lowland Bolivia. The sites were selected so that human
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disturbance was minimised as far as was possible because we were
interested in studying spatial variability in natural ecosystems. Details of the
sites are provided in Table 1. They are presented in order of decreasing
seasonal moisture stress, starting with savanna abroizada — a grass and tree
savanna typical of the southern Amazon basin — to seasonally-inundated
tropical forest — classical lowland rainforest which experiences periodic
flooding.

At each site we measured parameters that were either aspects of seasonal
vegetation dynamics, the local climatic conditions, or the pathways of red
and NIR radiation through the vegetation canopy. All measurements were
taken between June 1995 and October 1996. Contemporaneously, image
data were acquired for the sites from NOAA14-AVHRR and ESA-ATSR 2
sensors, although only the NOAA14-AVHRR images were used to analyse
the spatial variability of seasonal vegetation dynamics.

The following meteorological data were obtained from automatic
weather stations we installed at Campo de Buffalo (the closest open ground
to the Vallé de Sajta site, and 6 km to the northwest) and at Las Trancas
(adjacent to the Las Trancas site, and approximately 13 km to the east of the
Lomerio site): net solar radiation, total solar radiation, air temperature, wet
bulb depression, wind speed and direction, and precipitation. Two further
parameters were calculated from these data - relative humidity and potential
evaporation.

In terms of biological phenology, we measured the following every two
weeks.

(i) Litterfall using 0.5 mm mesh basket traps emptied every two weeks
(Proctor 1987, Parker et al. 1989) and 2 x 2 m areas of ground cleared of
surface litter at every. We were unable to measure litterfall using either of
these methods at the savanna aborizada site because of disturbance by
cattle. :

(ii) Visual assessments of the phenological status of leaves on selected trees
at each site were made using a four-point scale comprising absent,
emerging, expanded, and senescing. Flowering and fruiting were simply
recorded as absent or present. We made observations in the canopy, the sub-
canopy, and in the ground layer.

(iii) We measured canopy closure as the percent open sky for four fixed
points at each site using hemispherical photography taken 170 cm above the
soil surface.

(iv) We measured leaf area index (LAI) using a ceptometer. A ceptometer
is a linear array of photo-diodes sensitive to PAR. It measures the
distribution of sunflecks (i.e., direct solar radiation which has passed
through the canopy unattenuated) as a proportion of the PAR absorbed by
the canopy. These data are then inverted to retrieve LAL The length of
sunfleck ceptometer required in tropical forests is too long to be
manufactured. Therefore we used a 1 m ceptometer and made measurements
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every 10 m along regular 250 m transects through the three sites to obtain
mean LAI values for each site.

Table 1. Environmental characteristics of study sites.

Study site Las Trancas Lomerio Vallé de Sajta
Latitude (°S) 16 ° 35’ 35” 16° 31’ 30” 17°04’15”
Longitude (°W) 61°51’ 48~ 61° 50’ 45” 64°45°49”
Elevation (m.a.s.1.) 400 400 212
Vegetation Type Savanna abroizada  Seasonal semi- Seasonally-
deciduous tropical inundated tropical
forest forest
Meteorological Base Las Trancas’ Las Trancas Campo de Buffalo
Station (UMSS research
station)
Dominant Geology Pre-Cambrian Pre-Cambrian Recent alluvium
(Brazilian Shield)  (Brazilian Shield)

Granitoid Gneiss, schist
Soil Type Dystric Ferralsols Ferralsols, Fluvisols and

& Nitosols Lixisols & Cambisols

Nitosols

Climate Zone Sub-humid (3-5)  Sub-humid (3-5) Humid tropical
(and number of dry (1-2)
months)
Mean Annual 1000-1500 1000-1500 4500-5000

Precipitation (mm)

Mean Annual 23 23 25
Temperature (°C)

Red and NIR radiation at up to seven locations in the vegetation canopies
were measured daily over the entire period of the experiment, at times which
corresponded to local overpass times for the ESA-2 (10.15hrs) and NOAA-
14 (14.15hrs) satellites. Texas Instruments silicon photodiodes were used to
measure red and NIR radiation which approximates to the 580-680 and 735-
1100 nm AVHRR bands, and the 545-565, 649-669 and 855-875 nm ATSR-
2 bands. To simulate the AVHRR 580-680 nm band, the output from a
TSL260 photodiode was subtracted from the output from a TSL250
photodiode which had a LEE106 primary transmitter filter fitted. To
simulate the AVHRR 735-1100 nm band, a TSL260 photodiode without a
filter was used. The pairs of diodes were calibrated, fitted to a foam-backed
board, covered with a neutral density filter, and had their fields-of-view
restricted to 40°. They were placed at various locations in the canopies of the
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forest and savanna ecosystems at the sites monitored and connected to Grant
Instruments Squirrel data logger and power systems. Seven locations were
monitored in the two forest ecosystems and three at the savanna site.
AVHRR image data were acquired from NASA. They were cloud
screened manually using the 11.5-12.5um band and NDVI images. Of the
271 images downloaded 67 were suitable for comparison with ground data,
and these were sorted according to sensor view angle into 0-10°, 10.1-20°
and 20.1-30° from nadir classes. One of the images was geometrically
corrected using map and GPS coordinates. All other images were registered
to this image and RMSE values ranged from 0.122 to 0.244 pixels. All
images were atmospherically corrected using 5S code (Tanré et al. 1990).

THEORETICAL CONSIDERATIONS

A major element of the research, which is not reported in detail in this
chapter, was to verify that the spectral indices which are frequently applied
to coarse spatial resolution imagery to monitor vegetation dynamics can be
related to a comprehensive set of ground observations of vegetation
phenology and the environmental factors controlling phenology. These
results are detailed in Jones (1999). The results are summarised in Table 2,
because they are required to appreciate the spatial variability in the image
data we report in this chapter. For the savanna abroizada and semi-
deciduous seasonal tropical forest ecosystems, both of which exhibit
pronounced vegetation phenologies in response to strong seasonal
differences in moisture availability, the correlation coefficients between the
bioclimatic triggers for phenological change and the phenological
measurements are generally very high, though there are often time lags
between the climate triggers and the phenological responses. The equivalent
correlations are significantly lower for the seasonally-inundated tropical
forest (Table 2).

The correlations in Table 2 represent the correlations between spectral
indices and geo-referenced ground observations of single pixels. This is
important, because the experimental basis for using spectral vegetation
indices to monitor vegetation dynamics over large areas using coarse spatial
resolution is based on laboratory-scale leaf reflectance and field plot studies
are limited. Verification at the landscape scale is rare, and has not been
attempted for most ecosystems. In this chapter, we wish to extend the spatial
scope of this analysis and consider the seasonal behaviour of spectral indices
over (supposedly) homogenous area of vegetation — we term this spatial-
temporal monitoring.
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Table 2. Summary of significant correlation coefficients between the meteorological
measurements) and the phenological measurements for the three ecosystems studied. Values
of the correlation coefficients are not given here (but can be obtained from Jones 1999),
rather an indication of which correlations are significant and not significant is given.
Correlations were calculated for contemporaneous and lagged relationships between the
parameters, the most significant correlations for each bivariate pair are indicated below.

Ecosystem Bioclimatic Litterfa Leaf Presence Leaf
Parameters 11 flushing  of PALS senescence
Savanna Temperaturel -15 0,-1 0, -1 0,-1
aborizada Precipitation2 ~ +1 0,-1 0,-1 0,-1
R. Humidity3  +1 0,-1 0,-1 0,-1
Pot. Evap4 +1 0,-1 0, -1 0,-1
Seasonal semi- Temperaturel  nd7 * 0 0
deciduous Precipitation2  nd * 0 0
tropical forest ~ R. Humidity3  nd * 0 0
Pot. Evap4 nd * 0 0
Seasonally- Temperaturel  *6 * * *
inundated . Trecipitation2  * * * *
tropical forest R, Humidity3  * * * *
Pot. Evap4 * * * *
Ecosystem  Bioclimatic Canopy LAI Ground Lower canopy
Parameters Closure Reflectanc  Reflectance
e
Savanna Temperature' 0, -1 1 * *
aborizada Precipitation2 0,-1 0 0 *
R. Humidity® -1 0 0 *
Pot. Evap* * 0 0 *
Seasonal Temperature' +1 nd -1 -1
semi- Precipitation’ +1 nd 0 0
deciduous  R. Humidity? 0 nd 0 0
tropical Pot. Evap* 0 nd 0 0
forest
Seasonally- Temperature' * 0 * *
inundated  Precipitation® -1 * +1 *
tropical R. Humidity® * * *
forest Pot. Evap* * * * +1
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Key to Table 2.

1.  Temperature = Mean monthly temperature

2. Precipitation = Mean monthly precipitation

3. R. Humidity = Mean monthly relative humidity

4.  Pot. Evap. = Mean monthly potential evaporation

5. Significant correlation coefficient (at significance levels > 0.095) are provided in
the following format: O significant correlation between parameters for same month; -1
significant correlation between phenological parameter and meteorological parameter for
previous month; +1 significant correlation between phonological parameter and
meteorological parameter for subsequent month.

6.  no significant correlation (at significance level > 0.09)

7. nd =no data collected for the phonological parameter

8.  PAL = photosynthetically active leaves.

Spatial-Temporal Monitoring

Our approach to spatial-temporal monitoring of satellite-derived
vegetation dynamics is based on the hypothesis that phenological changes in
the vegetation contributing to the reflectance of groups of pixels induce
changes in the spatial structure of an image. Seasonal changes are also
characteristic of other surfaces that contribute to pixel reflectance, for
example, soil surfaces. The seasonal changes in the biotic and abiotic
elements contributing to reflectance of a group of pixels can be combined,
and if the relationships between landscape elements change seasonally and
at different spatial scales, heterogeneity will exist within the landscape or
ecosystem.

Landscape ecology provides a suitable concept to investigate this -
domains of scale (Turner et al. 1989). A domain of scale is a range of spatial
scales across which processes that influence the spatial pattern will be
relatively stable, that is, a range of spatial scales associated with a set of
environmental processes. Since the scale for monitoring over time in this
study is constant at approximately 1 km (the size of an AVHRR pixel), the
question becomes — what varies seasonally at a spatial scale of 1 km? If the
spatial resolution (1 km) is considerably less than the average landscape
element size in the scene, most of the pixel radiance values will be highly
correlated with neighbouring pixels, resulting in low local variance.
However, if the mean landscape element size approximates to that of the
scene resolution (pixel size) the likelihood of pixel values being similar
decreases and local variance rises. Woodcock and Strahler (1987)
demonstrate that this peak in local variance occurs at 0.5 to 0.75 times the
size of the fundamental scene elements. If the size of the scene elements
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falls further, many landscape elements will be found within a single pixel
and the local variance will decline.

Turning to three sites, the fundamental scene elements (at 1 km scale)
that spatial-temporal monitoring may detect are:

1. Differences in the rate and amplitude of seasonal vegetation change
between, and within, the ecosystems. These differences can be
subdivided by cause, namely:

a. differences in microclimates within the vegetation formations;
or

b. different phenological responses of vegetation which, to a
certain extent is a function of physiological differences between
the species.

2. Differences in phenological variations associated with gap size,
frequency, and distribution. Structural variations within forests
modify microclimates and light environments. These, in turn, may
alter leaf phenology at some spatial scales.

3. Seasonal differences in canopy leaf area and density (LAI and
canopy closure) result in seasonal variations in the soil-background
contribution to pixel reflectance.

Variance Analysis

Spatial-temporal monitoring of seasonal vegetation dynamics for the
three ecosystems researched was achieved by moving a 3 x 3 pixel kernel
over 15 x 15 pixel areas of “homogenous” vegetation in soil-adjusted
vegetation index (SAVI) images (Huete 1988). SAVI was selected for this
monitoring rather than NDVI or GEMI (the global environmental
monitoring index, Pinty and Verstraete 1992b) images because it yielded the
largest dynamic range of values in analyses of single pixels (although the
seasonal trends in SAVI, NDVI and GEMI were very similar) (Jones 1999).
Four measures of mean local image variance were calculated (a) mean
Euclidean distance, (b) variance, (c) skewness, and (d) kurtosis. In each 15 x
15 pixel area, all pixels form the centre of the moving kernel once with the
exception of the edge pixels. Therefore the four variance measures were
computed nine times for each “homogenous” area and the mean values
taken as an indication of local variability within the image (Woodcock and
Strahler 1987, Lambin and Strahler 1994a,b). When interpreting changes in
spectral variance within the images it is the relative rather than absolute
changes in reflectance values in the 15 x 15 km areas that are important.

Two preconditions were necessary to analyse temporal changes in spatial
variance so that the variance could be attributed to vegetation dynamics
rather than ex-situ factors. They were that no cloud (or cloud shadow) is
present in the image and that no significant human disturbance of the
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vegetation had occurred. A further point, not relevant to this study however,
is that this technique cannot be used on composite images (e.g., GAC or
GVI) as view geometries could be different for each pixel in the image.
These preconditions precluded the analysis of areas of “homogenous”
vegetation greater than 15 x 15 km because of natural changes in
ecosystems across the lowland Bolivia and because of anthropogenic
disturbances. Moreover, as the size of the area studied increased, the ability
to meet cloud precondition was compromised by increased cloud
occurrence. This was especially problematic at Vallé de Sxjta. To obtain
enough image data for spatial-temporal monitoring, the viewing angle
criteria that were applied to single-pixel phenological analysis (20° either
side of nadir) were relaxed to 30° (Table 3).

Table 3. Numbers of AVHRR images available for spatial-temporal analysis of image
variance at different angles from nadir.

Site Number of AVHRR images available at the following range of
viewing angles from nadir
+10to -10 +20 to - 20 +30to -30
Lomerio 5 12 20
Las Trancas 4 11 20
Vallé de Sajta 13 13 26
RESULTS

Seasonal Variations in Image Variance

At each of the three areas, the four measures of image variance had
similar trends (Jones 1999). The data in Figure 1 shows the temporal
distribution of the four measures of variance for the seasonal semi-
deciduous tropical forest ecosystem around the Lomerio site. All four
measures of image variance are high in the dry, austral winter and low
during the wet, austral summer. A similar seasonal pattern is characteristic
of the savanna aborizada around Las Trancas. Surprisingly, the seasonal
trends in image variance are also similar in the much wetter seasonally-
inundated tropical forest ecosystem at Vallé de Sajta (Figure 2).

Image Variance and SAVI

Seasonal trends in image variance are in direct opposition to the trends in
the vegetation index (SAVI) for the same images and over the same 15 x 15
km areas of ‘“homogenous” vegetation (Figure 3). For example, in the
seasonal semi-deciduous tropical forest around Lomerio, when the image
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variance statistics are high in the dry season SAVI is low, and, during the
wet season the situation is the opposite (Table 4).

Table 4. Comparison between the ranges of image variance and SAVI values in the wet and
dry seasons in seasonal semi-deciduous tropical forest and Savanna aborizada ecosystems.

Ecosystem and Season

Parameter Savanna Seasonal semi-decid.
aborizada tropical forest
Wet Dry Wet Dry
SAVI 0.40-.59 0.03-0.54 0.53-6.08 0.10-0.47
Image E. distance 1.56-5.68 0.53 5.53-9.30 2.01
variance Variance 1.11-7.34 1.50 1.56-7.77 0.93-1.04
statistics Skewness 0.67-5.13 0.91 0.62-5.11 3.06
Kurtosis 7.60-1.70 2.05 1.47-6.79 1.50

RELATING IMAGE VARIANCE TO SEASONAL
VEGETATION DYANMCIS

The fact that the behaviour of SAVI and all of the measures of variance
in the two ecosystems with strong seasonal water deficits is out of phase by
a whole season, suggests that water availability has a strong influence on
both the greening-up and dieback of vegetation, and on within-ecosystem
spatial heterogeneity. Whilst the role of water availability in seasonal
vegetation dynamics in tropical savanna and deciduous forest is clear, its
influences on spatial variability of these phenomena are much less well
known.

(a) euclidian distance

Euclidan distance

0 10 20 30 40 50 60
Week from start of experiment
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(b) variance
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(d) Kurtosis
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Figure 1. Four measures of spatial variance in AVHRR-SVAI imagery calculated for a
15x15 pixel block of Seasonal Semi-deciduous Tropical Forest at the Lomerio site. All four
graphs use the same time axis in which Week 1 is the first week of June 1995. All viewing
angles from nadir to 30° from nadir are shown. The behaviour of spatial variance at this site
contrasts with that of SAVI (Figure 3), being out-of-phase by a whole season.
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Figure 2. Spatial variance represented by the measurements of kurtosis in AVHRR-SVAI
imagery calculated for a 15x15 pixel block of Seasonally-inundated Tropical Forest at the
Vallé de Sajta site. As for Figure 1, Week 1 is the first week of June 1995.
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Figure 3. SAVI calculated for a single AVHRR pixel in the centre of the 15x15 block pixels
which represent Seasonal Semi-deciduous Tropical Forest at the Lomerio site. All viewing
angles from nadir to 20° from nadir are shown. NDVI and GEMI show strongly similar
patterns of behaviour with respect to climate seasonality. The behaviour of SAVI contrasts
with that of variance at this site (Figures 1a-1d) in that it is out-of-phase by an entire season.

Differences in water availability - associated with spatial variations in
topography, hydrology and micrometeorology - exist in the seasonal semi-
deciduous tropical forest and savanna aborizada ecosystems. In the dry
season, when soil moisture is at a premium, these differences are
exaggerated and it is this that leads to significant spatial variations in
photosynthetic activity. Seasonal and spatial variations in soil moisture are
only one of the potential bioclimatic triggers for vegetation phenology. To
broaden the analysis we correlated the bioclimate measurements with SAVI
and a combination of the four image variance measures (mean local image
variance or MLIV) (Table 5).

Savanna aborizada

The savanna aborizada landscape comprises a small semi-evergreen tree
component in a matrix of grasses. The grasses dominate the seasonal
dynamics of vegetation in this ecosystem, and it is their dominance over
trees that explains the relative contributions of different landscape elements
to the spectral behaviour of images of this ecosystem.
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Table 5. Correlation coefficients of bioclimate parameters and SAVI and a composite of local
image variance measures (mean local image variance — MLIV) for the three ecosystems
studied. For the Savanna aborizada and Seasonal Semi-deciduous Forest data the correlation
coefficients are Pearson’s product moment, and for Seasonally-inundated Tropical Forest are
Spearman’s p. For each bivariate pair correlations where attempted at four time lags (+1, 0, -
1, -2 months), in each case only the most significant correlation is shown.

Savanna Seasonal Semi-decid  Seasonally-Inundated

aborizada Tropical Forest Tropical Forest

SAVI MLIV SAVI MLIV SAVI MLIV
Temp  0.76** -0.712*  0.661* 0.703* -0.401 -0.705

-1 -2 +1 0 -2 0

Precip 0.785**  -0.822 0.75** 0.782* -.0.457 -0.795*
-2 -1 +1 0 -2 -1

Rel 0.921**  -0.822*  0.879* 0.492 0.205 -0.732*

Hum 0 -1 0 +1 -1 -1

Pt -0.905**  0.778* -0.909 -0.418 -.0299 -0.663

Evap 0 -1 0 +1 -1 -1

P-E, 0.923**  -0.869** 0.883**  0.625 -.0265 -0.772*
0 -1 0 +1 -2 -1

Key to Table 5.

. Temp = monthly mean temperature

Precip (P) = monthly mean precipitation

Rel Hum = monthly mean relative humidity

Pt Evap (E,) = monthly mean potential evaporation
* = significant at 95% significance level

** = significant at 95% significance level

T S

In the wet season both the grass layer and the tree canopy green up and
vegetation cover is high. SAVI is high at this time (Table 4) and the high
rates of photosynthetic activity across the landscape mean little spatial
variation in spectral properties - image variance is low.

As soil moistures reserves are depleted during the dry season, SAVI
declines. The few actively photosynthesising green elements are some of the
trees and vegetation in topographic depressions, which have better soil
moisture availability than the interfluves. The range of landscape patches —
from those with green vegetation to those where all the vegetation has died
back - leads to high image variance. In the late dry season image variance
remains high, despite almost all patches having experienced dieback,
because burning by cattle grazers leaves spectrally-distinct burn scars in the
landscape. Shadows also make substantial contributions to the recorded
reflectance measurements under dry season conditions in savannas (Pech et
al. 1986). Spatial heterogeneity at this time is therefore a function of (i) soil
moisture availability, (ii) the size and distribution of forest islands, (iii) soil
and rock exposure; and (iv) the impacts of grazing management.
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The correlations presented in Table 5 show a wide time frame of lags
between bioclimate triggers and vegetation responses. Some responses are
rapid, for example, fire phase dieback greening up of grasses, whilst others
are slower, for example, the greening up of the tree stratum (Killeen and
Hinz 1992a,b). As a consequence of this wide (>2 month) time frame of
vegetation responses, ecosystem and landscape heterogeneity, as indicated
by MLIV, is highest during the greening up phase in September and October
when the contrasts between soil and vegetation are greatest.

Seasonal Semi-Deciduous Tropical Forest

In the seasonal semi-deciduous tropical forest seasonal water deficits lead
to an open forest canopy when the upper canopy trees shed their leaves.
However, the situation is different in the understory and ground layer. Some
plants are synchronous with the upper canopy - shedding their leaves in the
dry season - whilst others remain green. Some of these plants are succulents
and are well adapted to seasonal moisture deficits, but other plants remain
green by virtue of their spatial locations close to adequate soil moisture
reserves. Leaf shedding by upper canopy trees and some understory trees
and shrubs leads to a marked decline in SAVI during the dry season. This
decline is gentle, with the SAVI decreasing from about 0.6 at the end of the
wet season (March to April) to between 0.1 and 0.3 during the main dry
season months (July to August). Greening up is more rapid. At Lomerio dry
season SAVI values of around 0.15 had risen to a little over 0.5 in six
weeks. It has already been noted that the variance measures show the
opposite behaviour. High spatial variance in imagery of seasonal semi-
deciduous tropical forest in the dry season is mainly a function of the
relatively “transparent” upper canopy leading to (i) increased shadowing,
(ii) multiple scattering, (iii) increased contributions from the spatially
variable lower canopy, ground vegetation and substrate elements, and (iv)
differences in the number of phenological stages present in the vegetation
because the spatial heterogeneity in the edaphic conditions is maximised. In
addition, as canopy openness increases the amount of electromagnetic
radiation received at the ground increases. In response soil temperatures
increase and the diurnal water and temperature cycles are amplified. This
causes vegetation changes, for example, the ratio of dicotyledons to
monocotyledons changes, as does the ratio of pinnate to palmate plants. This
in turn can lead to changes in photosynthetic pigments and cell structures
which affect reflectance (Chazdon and Fletcher 1984a,b, Canham 1988).

Many different amplitudes and phases of phenological development of
vegetation in this forest ecosystem are present during the dry season, and
they provide a small grain matrix of vegetation patches with widely different
contributions to the overall reflectance of the pixels that represent this forest
ecosystem. Therefore, all measures of local variance are high.
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In the wet season spatial contrasts in soil moisture availability are lower.
The forest greens up, forming a dense upper canopy which intercepts much
incident radiation. Single scattering reflections are more common than in the
dry season, and the ground and understory contributions to pixel reflectance
are reduced. Spatial variations in the understory and ground vegetation are
mainly masked by the upper canopy contribution. Local variance in images
of seasonal semi-deciduous tropical forests at this time will be low when the
canopy is fully developed but, like the savanna aborizada ecosystem, MLIV
is high during the greening up phase. In common with other semi-deciduous
tropical forests, in this ecosystem the vegetation responses to bioclimate
triggers are often lagged by a month (Malaisee 1974, Hubble and Foster
1986). However, some degree of anticipatory phenology (i.e., vegetation
responding before a phenological trigger) is evident, and this has been found
in other semi-deciduous forest as a response to change relative humidity
levels in advance of rains (Alvim and Alvim 1978, Borchert 1980, Borchert
1994a). This range of responses (lagged, anticipatory and, sometimes,
opposed) during the greening-up period creates differential responses in
SAVI across the ecosystem. It is these spatial variations in phenostages that
probably contribute most to MLIV. The mosaic of phenostages varies
according to microclimatic, topographic and edaphic conditions.

Seasonally-Inundated Tropical Forest

The correlations between SAVI, MLIV, and bioclimate triggers are low.
This suggests leaf flushing and abscission combine to create an integrated
phenology and little variation in seasonal vegetation dynamics— a situation
that has been found elsewhere in Amazonia (Batistia et al. 1997). However,
seasonal patterns of local image variance can be clearly seem in imagery of
the seasonally-inundated tropical forest (Figure 2). They show the same
seasonal trends as the other two ecosystems studied — high variance during
the winter season and low variance during the summer.

In seasonal forest and savanna ecosystems such seasonal patterns can be
explained mainly in terms of the response of different vegetation elements to
spatial and seasonal variations in soil water availability. This is not the case
for inundated forest, where there is less direct influence of climate than in
the other two ecosystems. Leaf phenology at Vallé de Sajta is a function of
various of exchange mechanisms, and though there is no period of
pronounced leaflessness, there is some degree of synchronisation in
deciduousness (Medway 1972, Gordon et al. 1974, Putz 1979, Hopkins and
Graham 1989).

There are a number of possible ecological explanations for this
unexpected seasonal behaviour of local image variance in these forests. The
variation most probably results from differences in reflectance between
inundated and terrs firme forest communities within the ecosystem, both of
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which exist in a very fine grain mosaic created by terrain variations. The
area studied at the foot of the Andes is a dissected outwash plains and the
variations in discharge from mountain catchments has led to shifting
channels, differential erosion and the incision of river terraces. The
seasonally inundated forests are found in the lower topographic positions
and exhibit an evergreen behaviour in the drier winter period than the terra
firme forests on the high terraces. This is because the soils retain more
water, which lessens the impact of the winter dry period on leaf-abscission.
In the wet summer months flooding of these forests, again because of their
topographic position compared of to terra firme forests, leads to inundation
and a severe wet season leaf fall.

Both leaf fall periods lead to increases local image variance when SAVI
is relatively low, because the variations in greenness and understorey
reflectance is at a maximum when the canopy of the inundated forests are
most open.

CONCLUSIONS

In the three ecosystems studied, strong seasonal trends in vegetation
greening up and dieback lead to strong seasonal trends in three vegetation
indices — GEMI, NDVI and SAVI. However, the use of these indices to
monitor seasonal (and inter-annual) variations in vegetation dynamics needs
to acknowledge the differential responses within any particular ecosystem at
any one time. Seasonal changes in this heterogeneity can be monitored using
mean local image variance statistics.

Spatial heterogeneity in spectral responses at the landscape scale are a
function of biotic and abiotic factors. Of particular importance are the
controls on leaf flushing and abscission. The most important abiotic factors
are the edaphic and topographic controls on soil water availability; whilst
the most important biotic factors appear to be the differential responses of
different layers in the vegetation structure. An appreciation of the dynamic
nature and ecophysiology of the three-dimensional structure of the
vegetation is important to understanding the relative contributions of the
ground, understory, and upper canopy to the integrated reflectance signal
and mean local image variance.

What do these findings indicate for the robustness of remote sensing
approaches to mapping and monitoring seasonal vegetation dynamics? In
ecosystems with strong seasonality and a relatively simple of bioclimatic
triggers for vegetation phenology, the use of vegetation indices is quite
robust. Seasonal trends can easily be recognised and explained ecologically.
However, there is within-ecosystem spatial heterogeneity in these
ecosystems despite their seemingly simple vegetation responses. This needs
to be recognised because it could lead to spurious conclusions about
ecosystem degradation or recovery in inter-annual analyses. The situation
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for humid tropical forests remains unclear (Millington et al. 1995). There is
evidence of seasonal patterns in vegetation indices, but there is also a dearth
of strong correlations between leaf phenology and bioclimate triggers. The
fine scale and subtle environmental variations in rainforests (cf. Furley et al,
Chapter 10 in this book) mean that ecological explanation of these seasonal
patterns in image data remain unclear. Vegetation indices derived from
coarse spatial resolution data in humid tropical forest should only be used
with caution.
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Abstract A time-series of aerial photography and Landsat TM data were compiled
for an area of the Caribbean lowlands of northeastern Costa Rica from
1960-1996. Geo-referenced, ground-based information was collected in
1996 and 1997. Changes in land cover were mapped and landscape
fragmentation was examined using landscape pattern metrics. By 1996 the
area was characterized by a complex mosaic of forests, pastures, and crop
lands of different ages and disturbance histories. The most important
forces driving land use changes were colonization, infrastructure
development, and changes in export markets, but the spatial patterns of
land use change were determined by the physical landscape. In terms of
long-term forest health and conservation, there are three considerations:
(1) whilst forests remain an important component of the unprotected
landscape in the region, and deforestation rates have declined, the forests
are highly fragmented and the area exposed to edge effects is high; (2) the
secondary forests in the area are young and transient in nature; and (3)
never cleared forests are in good condition, but they are susceptible to
disturbance in the future.

INTRODUCTION

Land cover and land use change (LUCC) is one of the most important
global change issues (Vitousek 1992, Walker and Steffen 1996). Of major
concern are the widespread and rapid changes in the distribution and
characteristics of tropical forests as a result of human activities. Tropical
deforestation, forest degradation, and secondary forest regeneration
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represent major foci of research because tropical forests are important for
global biodiversity, biogeochemical cycles, and climate patterns. Although
much attention has been focused on quantifying forest extent and rates of
deforestation, it is clear that there are many potential trajectories of LUCC
in the tropics (Lambin 1997). Land-use histories may include forest
clearing, cryptic deforestation (e.g. high-grading and other forms of
degradation), abandonment of agricultural land uses and regeneration of
secondary forests, as well as conversion from one agricultural land use to
another. Forest regeneration patterns depend on time since abandonment, the
length of time of prior land use, and the degree, nature and duration of the
disturbance (Uhl 1982, Uhl et al. 1982, Denslow 1996). An understanding of
the history of land use provides an important context for the study of
tropical forest successional processes and their impact on local, regional and
global earth systems.

The purpose of this research was to reconstruct the land cover and land
use history of a lowland tropical forest landscape and to examine the spatial
and temporal patterns of anthropogenic disturbance and forest regrowth.
This was achieved through identification and mapping of historical and
current land cover using aerial photographs and Landsat Thematic Mapper
(TM) images to generate 1960-1996 time-series data for a site in
northeastern Costa Rica with extensive existing field data and historical
information.

LAND USE AND LAND COVER CHANGE IN THE
TROPICS

The increasing human population in the tropics, combined with changing
socio-economic conditions, changing policies, and the local impacts of
globalization, promote rapid changes in land use and land cover.
Deforestation and forest degradation remain the key elements of LUCC in
the tropics (Myers 1993, Houghton 1994, McGuffie et al. 1995, Palubinskas
et al. 1995). Data compiled by the Food and Agriculture Organization
(FAO) of the United Nations and interpreted by Whitmore (1997),
demonstrate that between 1981 and 1990 the annual loss of natural tropical
forests worldwide was 15.4 million ha, an annual rate of 0.81% of the 1980
forest extent. Almost half of this deforestation occurred in the Americas.
During the same period an additional 5.6 million ha of tropical forests
worldwide were altered through logging activities (Whitmore 1997).

Tropical forests are cleared or modified primarily by logging, cattle
ranching, shifting cultivation, and permanent agricultural activities (Singh
1986, Malingreau and Tucker 1988, Dale et al. 1993, Myers 1993). These
proximate causes of deforestation and alteration of forests vary
geographically, although shifting cultivation is widespread and has been
identified as the primary proximate cause of tropical deforestation
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worldwide (Myers 1994). Rapid conversion of forests for cattle pastures has
been associated primarily with colonization frontiers of Central America and
Amazonia (Myers 1994), whereas logging activities have affected mostly
the South American and Asian forests (2.45 and 2.15 million ha annually
from 1981 to 1990 respectively (Whitmore 1997). Often, logging activities
promote access to frontier regions contributing to subsequent deforestation
as farmers follow logging roads (Whitmore 1997).

The fates of deforested areas vary with physical, biotic, and socio-
economic conditions. Case studies of LUCC throughout the tropics
demonstrate that many different trajectories of change occur as
environmental and socio-economic conditions change (e.g. Collier et al.
1994, Skole et al. 1994, Virgo and Subba 1994, Hiraoka 1995, Dimyati et al.
1996, Sader et al. 1997, Kull 1998, Sierra and Stallings 1998). Many
tropical landscapes are characterized by a mosaic of forest and scrub in
different stages of regeneration following cessation of agricultural and
pastoral land uses.

Prior land use affects the rate and characteristics of subsequent forest
regeneration processes. Repeated burning, clearing, or grazing may compact
the soil, deplete soil organic matter and nutrients, change the composition of
the seed bank, and increase the abundance of weed seeds and propagules
(Nye and Greenland 1960, Sanchez 1976, Uhl et al. 1982, Hecht 1982,
Reiners et al. 1994, Denslow 1996). Regeneration following clearcutting is
likely to contain many primary forest species that have germinated from
shortlived seeds or sprouted from stumps. Regeneration following years of
agricultural or pasture use are often dominated by fast growing weedy
species, including grasses and other forbs, which suppress the establishment
of tree seedlings. Proximity of seed sources, soil conditions, early
dominance by grasses and forbs, and the prevalence of repeated disturbances
such as fire all affect rates of forest recovery (Denslow 1996).

STUDY SITE

The study site is in the Caribbean lowlands of northeastern Costa Rica
(Sarapiqui Canton, Heredia Province), where the foothills of the Cordillera
Volcanica Central meet the Caribbean coastal plain (Figure 1). The study
area was approximately 20 km by 30 km (60,000 ha), and included
extensive lowland forests as well as agricultural lands. Elevations range
from less than 50 m asl in the north to nearly 500 m asl in the south. Rivers
drain northward into the Rio Sarapiqui. Holdridge life zones in the study
area vary from tropical wet forest in the north to premontane wet forest in
the south (Hartshorn 1983). Soils are volcanic in origin; relatively infertile
weathered soils (ultisols and oxisols) that developed on lava flows and
lahars occur in upland sites, while younger, more fertile alluvial soils
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(inceptisols) characterize the river terraces, with the youngest occurring on
the present-day floodplains (Sollins et al. 1994).

Two major roads connect the town of Puerto Viejo at the northern edge
of the study area with San José. Several small communities exist along
these routes. La Selva Biological Station of the Organization for Tropical
Studies OTS) and the northern section of Braulio Carillo National Park lie
within the study area (Figure 1). La Selva and Braulio Carrillo National Park
together (encompass an area of 47,000 ha, 12% of which lie within the study
area, and make up part of the Cordillera Volcdnica Central Biosphere
Reserve.

Rapid human population increases with accompanying changes in land
cover and land use have taken place in the Sarapiqui region since the
agricultural frontier opened in the 1950's. The region is now a major
contributor to the nation’s agricultural export economy. Land uses include
protected and unprotected natural forests, subsistence farming, small-scale
commercial agriculture, plantation agriculture, and cattle ranching.

DEVELOPMENT OF REMOTE SENSING LAND COVER
TIME-SERIES

This research employed geographic information systems (GIS) with
remotely sensed data to generate a time-series of land cover information for
the period 1960-1996. The resulting time-series consisted of medium-scale
land cover maps (minimum mapping unit = 3 ha) suitable for analysis of
forest, pasture, and agricultural crops, for 1960, 1983, 1986, 1992 and 1996
(Tablel).

Land cover maps were created based on panchromatic aerial photographs
and Landsat Thematic Mapper (Landsat TM) data (see detailed methods
sections below). Ground-based information for driving the classifications
was collected during 1996 and the summer of 1997. Spatially-referenced
land cover characteristics, including information on specific crops and
conditions of pastures and forests, were recorded using differentially-
corrected global positioning system coordinates (yielding accuracies of +2-5
m under average conditions) with a Trimble Pathfinder unit and Community
Base Station. Historical topographic maps and literature sources were used
for interpreting and classifying the land cover maps.



Figure 1. Location of study site, Sarapiqui, Costa Rica.
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Table 1. Data sources.

Date Processing Resulting data layer
Acquired
Landsat TM
Dec 1997 Classification 1996 land cover
Nov 1996 Classification and replacement
of no-data pixels with 1997
classified pixels
Feb 1986 Classification 1986 land cover

B/W aerial photographs 1:60,000
Jan/Feb 1992 | Interpretation and digitization 1992 land cover

Jan 1983 Interpretation and digitization 1983 land cover

March 1960 | Interpretation and digitization 1960 land cover

The classification scheme adopted for the final land cover classifications
included forest, pasture, agricultural crops (including plantation agriculture),
and scrub (Table 2).

Table 2. Classification scheme.

Class Description
Pasture  Pastures used primarily for cattle. May include pastures with
some degree of tree cover (mostly scattered individual trees, or
groups of trees), although not closed canopy.

Crops Include annual and permanent crops; plantation agriculture.

Forest Closed canopy forest. May include undisturbed old growth,
selectively-logged, secondary.

Scrub Young scrubby vegetation resulting from fallowed pastures and
agricultural fields.

Other Urban (buildings, roads); barren (i.e. river beaches)

No data No data (mixed classes of clouds, cloud shadows, lakes, rivers)

Aerial Photograph Processing

Sets of panchroamtic aerial photographs at 1:60,000 scale from 1960,
1983, and 1992 were used to derive land cover maps of the site.
Approximately 20,000 ha were represented on all three sets of aerial
photographs (Figure 1), and were used as the basis for the land-cover
analyses presented here. Land cover patches, roads, and rivers were visually
interpreted from the aerial photographs, and drawn onto mylar at a scale of
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approximately 1:25,000 using a zoom transfer scope. The resulting line
maps were subsequently digitized.

Landsat TM Image Processing

Land cover maps of the site for 1986 and 1996 were generated from
Landsat TM data (28.5 by 28.5 m pixels) for an area approximately 1400 by
1200 pixels (1360 km?). Due to the lack of available recent cloud-free
Landsat TM data, the 1996 classification was derived from two images from
1996 and 1997.

The 1986, 1996, and 1997 data were georeferenced and rectified to yield
a between-date rectification accuracy of less than half a pixel. To reduce the
differential effects of haze and other external factors, the 1986 and 1996
data were normalized using a linear regression technique based on features
that were consistent in both images (old growth forest, deep lakes, rivers,
and banana plantations). The lack of strong seasonality operating in the site,
combined with the similarity in time of year of data acquisition (November
and February), minimized year-to-year differences in reflectances typical of
the selected features. Pixels affected by clouds and their shadows for the
1986, 1996 and 1997 images were masked out and excluded from further
analyses.

The three cloud-free georeferenced images were classified using an
unsupervised classification technique (ISODATA routine in IMAGINE
(ERDAS 1995)) using the six visible, near- and mid-infrared bands, in
addition to the thermal infrared band, which despite coarser spatial and
radiometric resolutions was considered to provide useful additional
information for the classification. The 1996 map was generated by
substituting ‘no data’ pixels resulting from clouds and their shadows in the
1996 image with classified pixels from the 1997 image. The final 1986 and
1996 land cover classifications were then converted from raster to vector
format to conform to the format of the aerial photograph maps.

Final Processing of the Data Layers

The aerial photograph-derived classifications (1960, 1983 and 1992)
were georeferenced and rectified to the Landsat TM classifications. A
common minimum mapping unit was set for all data layers by eliminating
land cover patches of less than 3 ha from the final vector data layers. Thus,
isolated buildings, houses with gardens, small farms of mixed agriculture,
fields and patches of scrub and forest less than 3 ha were not identifiable on
the final land-cover maps. The time-series was checked for logical
consistency, and inconsistencies in the Landsat TM classifications were
edited using the aerial photograph data as truth.
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We were not able to determine the accuracy of the historical aerial
photograph-derived land cover maps quantitatively, because we lacked
alternative detailed land cover information to serve as reference data.
Where possible the aerial photograph interpretations were visually checked
using the available satellite imagery, and field and literature information.
The overall quality of the land cover classifications from the aerial
photographs appeared good.

The Landsat TM classifications were assessed using the more detailed
aerial photograph interpretations and ground information as reference data.
This assumed that the aerial photograph interpretations were correct. The
overall accuracy for the 1986 and 1996 classifications were 85% and 89%
(Kappa statistic 0.79 and 0.83) respectively. An examination of the
contingency matrices demonstrated that the forest class was generally well
classified (1986 and 1996 User’s accuracy 88% and 93%, and Producer’s
accuracy 92% and 95%, respectively).

ANALYSES

We focus on LUCC that occurred in the area from 1960 to the early
1990s based on the land-cover maps derived from aerial photographs. A
basic assumption of these analyses is that no intermediate changes in land
cover occurred between the beginning and ending dates of each period, thus
it was important to consider the length of each period when interpreting the
results. Landscape fragmentation during this period was examined using
landscape pattern metrics calculated with FRAGSTATS spatial pattern
analysis program (McGarigal and Marks 1995). Forest patterns in 1996,
determined from the 1996 classification of Landsat TM images, were
analyzed in the context of their disturbance histories.

Landscape Patterns

The time-series land cover maps show that the study area historically has
been, and continues to be, primarily a forested environment (Figure 2). Prior
to 1950 the region was relatively isolated, and occupied by shifting
agriculturists and a few permanent subsistence farmers. Colonists began to
move into the region during the 1950s, but it was not until the early 1960s,
when intensive colonization of the area began, that forests were cleared
principally for establishment of cattle pastures. In 1960 old growth forest
was extensive; cleared areas generally were located close to major rivers and
roads (Figure 2).
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Figure 2. Land Cover: 1960-1992.

Our results show that in 1960 there was strong association between roads
and rivers; most roads, and thus clearings as well, followed river routes
(Figure 2). The first road connecting the region with San Jose, and along
which most colonists arrived, was completed in the 1950s and closely
followed the Rio Sarapiqui as far north as the town of Puerto Viejo de
Sarapiqui. By 1960 Horquetas and the town of Puerto Viejo were connected
via a road along the Rio Puerto Viejo, with a ferry crossing over the Rio
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Sarapiqui at Puerto Viejo (Butterfield 1994a). Similarly, several roads
followed the Rio Sardinal (Figure 2). The relatively rich alluvial soils and
gentle topography of the river valleys were particularly suitable for
agriculture, and the rivers provided a transportation route to the Caribbean
coast. In 1960 only the road to Magsasay, a penal colony established in the
late 1950's (Butterfield 1994a), did not closely follow a major river (Figure
2). Magsasay is located on the opposite side of the Rio Sarapiqui from the
main routes, and even today is not easily accessible (Figure 1). Little
agricultural activity had taken place along this route by 1960.

A large percentage of the landscape (36%) changed during the 22 yr
period from 1960 to 1983. Much of this change represented clearing of
forest for the establishment of cattle pastures (Figure 3). The annual rate of

Figure 3. Land cover change dynamics.

decrease inforest area during this 22-year period was 1.43% of the 1960
forest area (Table 3), with almost three-quarters (74%) of the deforested area
converted to pasture. Rapid deforestation during this period and creation of
cattle pastures coincided with a period of intensive colonization as a result
of population increase nationally, and demand for land throughout Costa
Rica (Hall 1985). At the same time there was a move toward establishment
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of large cattle ranches; during 1960-1983, the mean size of forest clearings
for pasture was 50 ha, compared to smaller 10-ha clearings created later
(1983-1992). This large scale conversion to cattle pasture was driven by the
boom in the beef export market, originally promoted by United States’
interests (Augelli 1987) and encouraged through Costa Rican government
incentives (see also, Harrison 1991, Pierce 1992, Butterfield 1994a). Costa
Rican land tenure laws served to encourage clearing of forest lands by
farmers wanting to gain or retain title to land. At the same time these laws
encouraged land speculation by squatters, which facilitated the creation of
large ranches by wealthy land owners (Schelhas 1996).

Table 3. Mean annual percentage rates of land-cover change from 1960-1992 as a percentage
of 1960 land-cover estimates

1960-1983 1983-1992
Forest -1.43 -0.14
Pasture +10.9 -1.98
Crops +25.48 +4.46
Scrub +6.33 +5.44
Total landscape change (% area) 1.6 3.7

Twenty-two percent of the total area deforested between 1960 and 1983
was scrub land in 1983. These areas had been cleared (probably for pasture)
and subsequently fallowed. Most occurred in areas marginal for farming due
to inaccessibility, poor upland soils, or steep slopes. Fallowed areas mostly
were located away from roads; many patches were abandoned in the
relatively inaccessible area between the Rio Sarapiqui and the La Selva-
Braulio corridor where upland soils are also relatively poor. West of Puerto
Viejo and north of the Puerto Viejo-Vara Blanca road two relatively large
patches of scrub lands occurred on steep slopes. Fallowed areas were also
found at the southern boundary of La Selva and within the narrow corridor
linking Braulio Carrillo National Park (BCNP) with La Selva Biological
Station. This strip of land was declared a protection zone in 1982,
prohibiting any further forest clearing (McDade and Hartshorn 1994). The
majority of these scrub lands regenerated to forest and remained as forest
through 1996.

Areas of crop lands and plantations (citrus groves and African oil palm)
were established and maintained during 1960-1983, but were not important
sources of deforestation (Figure 3), because they were established
predominantly on old pasture land. Crop lands established during this period
were located mostly near the major roads and rivers on relatively fertile
alluvial soils along the western part of the study site.

The rate of decrease in forest area slowed dramatically, as did the rate of
pasture establishment, between 1983 and 1992 (Table 3). This coincided
with a dramatic decline in beef exports in response to falling prices



80

(Lehmann 1992). The Protection Zone linking Braulio Carrillo National
Park with La Selva Biological Station was declared in 1982, and formally
added as an extension to BCNP in 1986 (McDade and Hartshorn 1994). The
inaccessibility and poor upland soils of this strip of land meant that in 1983
only 3% of deforested lands lay within the newly protected corridor where
further forest clearing and intensification of land use was prohibited. Thus,
by 1986 20% of the study site lay within the protected areas of the La Selva-
Braulio complex, and there was no longer unclaimed land available for
further frontier colonization.

Although the total amount of forest in the landscape remained
approximately constant from 1983 to 1992 (Figure 4), clearing of old
growth, selectively-logged, and secondary forests for new pastures
continued. During this period forest conversion was balanced by forest
regeneration from abandoned pastures (and scrub) (Figure 3). Many of the
areas that returned to forest cover were located between the Rio Sarapiqui
and the Rio Puerto Viejo where both access and soils are poor. However,
others were located close to roads and on alluvial soils. New pastures
created from forest clearings likewise were established throughout the site,
on both alluvial and upland soils, and in areas of varying accessibility.
Despite low financial returns from pastures, cattle ranching remains an
attractive option for both small and large farmers as a low risk activity
requiring low labor inputs (Schelhas 1996).

Between 1983 and 1992 less than 5% of the study area comprised
agricultural land. However, in line with the institution of government
incentives to diversify the export economy, there was a renewed interest in
export crops in the late 1980s (Lehmann 1992), resulting in the
establishment of large-scale plantations. Our data show banana plantations
were established on the alluvial plains of the Rio Sucio, and have continued
to expand with accompanying road and bridge improvements. At
approximately the same time, pineapple plantations were established in the
vicinity of Sardinal and San Gerardo. Most of the new crop lands
established since 1986 within the common study area were previously in
pasture. However the Landsat TM images show that betwzci, 1986 and 1996
at least 500 ha of forests were converted to banana plantations in the vicinity
of Rio Sucio, but lay outside breakup of large cattle ranches and creation of
many small holdings where subsistence farmers produced a diversity of
crops (Butterfield 1994a), the area covered by these analyses. In addition to
large-scale plantation enterprises, land redistribution since the mid-1980s
led to th changes in land use and land cover not only affected the areas of
differen cover types (Figure 4), but also led to an overall increase in habitat
fragmentation and landscape diversity (Table 4). Most forest fragmentation
occurred from 1960-1983, and thereafter remained approximately constant
between 1983 and 1992 (Figure 5). In contrast, fragmentation of pastures
occurred after 1983 with the breakup of large ranches to smaller farms.
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Figure 4. Land cover as a percentage of the landscape.

Table 4. Standard landscape indices: general trends 1960-1992.

# patches Increase
Mean patch size Decrease
Edge density (edge length/area) Increase
Total area at least 100 m from an edge (change in cover)  Decrease
Shannon’s diversity index Increase

Since 1992 the trend toward agricultural diversification and land
redistribution has continued. The 1996 Landsat TM data showed that small-
scale farming and plantation enterprises, including bananas, pineapples,
ornamental plants, and hearts-of-palm continued to expand, mostly at the
expense of pastures. Recently small scale (mostly two to five hectares)
reforestation projects have been initiated as a result of tax incentives set out
in the 1996 Costa Rican forestry law, which encourages reforestation
projects in the private sector (Diario Oficial 1996). These incentives serve to
offset the high initial costs, the long wait for financial returns, and the
medium rates of return associated with reforestation activities (Schelhas
1996). Tourism has become an important source of revenue, with visitors
attracted to various small private reserves and BCNP.
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Figure 5. Mean patch size and number of patches by cover type: 1960-1992.

The aerial photographs showed a strong relationship between land cover
and the road network from 1960 to 1992. The initial pattern of roads and
deforested land that had developed by 1960 remained evident in 1996, with
later clearings having expanded the early fields. In 1992 the road network
was more than five times as dense as the 1960 network. All agricultural
cropland lay within one kilometer of the nearest road, presumably driven by
the need for transportation to carry cash crops to market. Forests were
located primarily away from roads, in protected areas, or in locations not
favored for agriculture. Other researchers also have found a strong
relationship between the location of roads and forest clearings at both local
and national scales (e.g., Sader and Joyce 1988, Veldkamp et al. 1992, Sader
et al. 1994, Sader 1995).
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Forest Patterns

The distribution and age composition of forests in 1996 in the study area
reflect the different land-cover and land-use patterns operating since the
1950s. In 1996 forest remained an important feature, representing 61% of
the landscape (Figure 6), reduced from 88% in 1960. Very little forest
remained close to the major roads and rivers. Over a third of these forests
had been protected within the La Selva-Braulio complex, and not
subsequently affected by changing land-use patterns after 1982.

Most of the forests lying within the La Selva-Braulio complex in 1996
were mature old growth forests with no evidence of prior clearing. Poor
soils, difficult access, and availability of land elsewhere in the area all
contributed to the preservation of these forests prior to their legal protection
in 1982. The effectiveness of this protection is demonstrated by post-1982
forest regeneration on fields that had been cleared prior to the declaration of
the protection corridor; all these sites were deforested after 1960, fallowed
prior to 1992, and have remained in forest.

Outside the protected areas of the La Selva-Braulio complex human
activities continued. Half of this unprotected landscape was forested in
1996. Forests that had existed throughout the period of study and
presumably not cleared prior to 1960 represented almost a third of the
unprotected landscape, and 58% of its forests. The largest patches of
uncleared forest occurred in the relatively inaccessible upland area between
the Rio Sarapiqui and La Selva-Braulio corridor where soils are relatively
poor, and in the northern cerros (hills) of Sardinal and Arrepentidos where
steep slopes are less suitable for agriculture than are the flat river valleys
(Figure 1).

While patches of old growth forest undoubtedly remain in particularly
inaccessible portions of the landscape, it is likely that many of these patches
of previously uncleared forest had been logged selectively for large trees
(>60 cm dbh) one or more times over the study period. Such practices can
leave a substantial portion of the canopy intact, making selectively logged
forests difficult to distinguish from unlogged forest in aerial photographs or
satellite images. Nevertheless the impact on the forest is often severe
because soils are compacted and gullied by heavy machinery, drainage is
altered, and remaining trees and saplings are damaged in the felling and
extraction processes. In some cases construction of logging roads and
opening of the forest canopy are the first steps in conversion of forest to
pasture (Butterfield 1994a).

The remaining 42% of forests existing in 1996 in the unprotected area
were in secondary vegetation (forest and scrub) growing on previously
cleared land. Most of these forests (62%) were young in 1996, with 36%
recently fallowed and still in the scrub stage in 1992, and 26% only fallowed



84

Figure 6. Distribution of forests in the study area in 1996.

after 1992. Over a third of secondary forests in 1996 were 5-13 yr old, with
20% having been fallowed just prior to 1983, and 15% fallowed between
1983 and 1992. Forests older than 13 years accounted for less than 4% of
secondary forests, and existed in small fragments scattered throughout the
unprotected portion of the study area. Increasing habitat fragmentation after
1960 (Figure 5) means that by 1996 almost half of all forests outside La
Selva and Braulio Carrillo National Park were located within 100 m of a
forest edge. This has serious implications for these unprotected forests and
the biodiversity they represent, in terms of vulnerability to further
encroachment and degradation.

Our ability to detect instances of repeated clearing and regrowth was
limited by the combination of rapid regrowth of fallow vegetation and lack
of aerial photo coverage between 1960 and 1983. Our limited data suggest
that only 1% of secondary forests had histories of repeated disturbances
involving two cycles of clearing and fallow. All others had regenerated
following only a single disturbance. The majority of secondary forest
patches revealed change trajectories of forest — pasture — scrub — forest. Few
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areas converted to crop land were subsequently abandoned, but remained in
use for crop production.

CONCLUSION

In 1996 the Sarapiqui landscape was characterized by a complex mosaic
of forests, pastures, and crop lands of different ages and disturbance
histories (see also Schelhas 1996). Most secondary forests had regenerated
following abandonment of pasture lands, and tended to be young. While
colonization processes, infrastructure development, and changes in export
markets represented important forces driving land-use changes, the physical
landscape (rivers, soils, topography) was important in determining the
spatial patterns of land use and development and structure of the road
network. The long-term presence of La Selva Biological Station and the
extension of Braulio Carrillo National Park in the 1980s undoubtedly have
preserved forest cover on a substantial portion of the landscape. It seems
likely that, without protection status, the forests of Braulio Carrillo National
Park would have met fates like those on similar soils and with similar
problems of access, where now only isolated patches of older forest remain.

Our analyses suggest several implications for the long-term forest health
and conservation in Sarapiqui. Forest remains an important component of
the unprotected landscape: net rates of deforestation have decreased from
earlier highs, and forest cover has returned to large parts of the landscape
following abandonment of pasture. While there would seem to be reason for
optimism regarding the extent of the forest cover in Sarapiqui, existing
forests have been affected strongly by logging and agricultural activity.
Forests are also highly fragmented, with substantial areas of forest exposed
to edge effects, lowering their suitability for the maintenance of plant and
animal species dependent on forest interior conditions (Laurance et al.
1997).

Secondary forests are predominantly young forests. Studies of secondary
forests in the region (Finegan 1996, Guariguata et al. 1997) suggest
considerable economic and conservation potential in some stands based on
the composition of both canopy trees and sapling size classes. However, we
lack experience in management of young naturally regenerated tropical
forest stands for optimum economic and conservation values, and their
futures are uncertain. The Costa Rican timber industry historically has
depended on large-diameter logs of select species felled in the process of
land conversion to agriculture or pasture (Butterfield 1994b). Few incentives
have existed to promote the management of secondary forests or their
maintenance in the landscape. Where stands of secondary forests were
accessible, they were often heavily exploited for cattle forage or for such
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forest products as firewood and hearts-of-palm, and they were likely
candidates for pasture conversion when economic conditions warranted. The
scarcity of old secondary forests in the study area is an indication of their
transient nature. The future impacts of the 1996 forestry law (Diario Oficial
1996) on reforestation activities and secondary forests in the site remain to
be seen.

Finally, it is likely that few never-cleared forests are in good condition.
Forest exploitation rates in Sarapiqui are high and logging practices are
wasteful (Butterfield 1994b). Few sawmills own or manage timber reserves
so incentives for good forest management practices have been few.
Moreover relative rates of deforestation in Costa Rica have been some of the
highest in Central America (Leonard 1987). As the few remaining timber
reserves are exhausted, pressures on preserves and remnart ctands on private
land will likely increase. The high degree of fragmentation and percentage
of forests lying within 100 m of the forest edge make these forests more
susceptible to future disturbances. In spite of the dominance of forest in the
landscape of Sarapiqui, the fate of forests on unprotected land is uncertain
and should continue to be monitored for future changes.

The findings of this research suggest three factors which may provide
potential predictors of future LUCC sites in the region: 1) road networks,
examined within their historical context; 2) local physical environmental
factors which indicate land suitability characteristics for specific land uses;
and 3) proximity to intensive land uses and locations of recent land-use
changes. Studies investigating the spatial nature of LUCC for countries in
Central America, other than Costa Rica, are limited. More landscape scale
studies are needed to understand the processes of change in the region.
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Abstract A satellite time-series was used to assess inter- and intra-annual landscape

changes in northeast Thailand, hypothesized to have occurred as a
consequence of a number of social, biophysical, and geographical drivers
of land use and land cover change (LUCC). Such drivers of change
functioned over long- and short-term temporal scales, were locally and
regionally mediated, and internally and exogenously rooted. Deforestation
began centuries ago to support in-migration into the region and subsistence
cultivation of rain-fed rice in the lowlands. Less than 25 years ago
deforestation was being concentrated in the uplands to support the
cultivation of cassava as a cash crop for their emerging market economy.
LUCC continued to occur as evidenced by shifts in landscape composition,
spatial organization, and plant productivity set to the rthythms of
monsoonal rains at the inter-annual scale and crop phenology at the intra-
annual scale. Topography was indirectly examined relative to variations in
the composition and spatial structure of land use and land cover (LULC)
and plant biomass at both time scales. Landsat Thematic Mapper data were
used to assess the spatial and temporal variations in classified LULC types
derived through a hybrid classification approach, and plant biomass levels
were computed using the Normalized Difference Vegetation Index
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(NDVI). Site and situation and principles in landscape ecology were used
as the organizing concepts in interpreting pattern and compositional shifts
occurring at the inter- and intra-annual scales.

INTRODUCTION

Throughout northeastern Thailand, the pressure placed on the land to
yield greater agricultural returns for subsistence and market agriculture has
resulted in a rapid expansion of land under cultivation, increases in
agricultural inputs (Hirsch and Lohmann 1989), and increased land
fragmentation because of the shrinking availability of suitable land for
agriculture. Beginning in the 1960s, forested lands were cleared for
conversion to cash crop production in the upland sites, agricultural
intensification occurred in the alluvial plains and lowlands, and agricultural
extensification occurred in the lower, middle, and upper terraces (Rundel
and Boonpragop 1995). Relative to the floodplains and lower terraces,
expansion of agriculture into the middle and upper terraces was riskier
because of their poor environmental suitability and reliatice on favorable
monsoonal rains for extended and sustained cultivation (Polthanee and
Marten 1986). Therefore, LULC tended to oscillate between early-maturing
rice and drought-resistant cash crops in the middle and upper terraces
depending upon the volume and timing of rainfall. Deforestation of the
middle and high terraces has occurred as a reaction to an increasing demand
for subsistence agriculture, shrinkage of suitable land, and expanding market
opportunities for agricultural products (Fukui 1993). As a consequence, the
concepts of site suitability and sustainability are dynamic, reflecting inter-
annual variations in LULC patterns as well as variation in plant productivity
levels linked to moisture availability.

Upland sites have traditionally been considered areas of pronounced
marginality because of their limited resource endowments. Recently,
however, greater emphasis has been placed on the uplands resulting in
significant LUCC, generally transitioning from forest to agriculture.
Beginning in the 1960s, a market demand for cassava developed, fueled
through a European need for high calorie animal feed. This, coupled with a
redefinition of upland forests as sites amenable to agricultural
extensification (because of the limited moisture requirements of cassava)
and the expansiveness of uplands not dedicated to other subsistence or
commercial endeavors combined to reduce the relative marginality of the
uplands, resulting in LUCC. As a result, the landscape matrix in the uplands
has been fragmented depending upon the nature of the forest-agricultural
transition, terrain, resource endowments, and village topologies (Walsh
1999). In the lowlands, most of the forests were removed, except riparian
forests, forest maintained in and around the villages, and individual trees
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and isolated forest patches that were retained in and around rice paddies and
upland fields. Over time, the landscape matrix has cycled from a highly
homogenous landscape composed of forests, to a fragmented landscape
composed of a forest-agriculture mix, and to a moderately to homogenous
landscape dominated by rice paddies (Walsh 1999). This chapter examines
inter- and intra-annual change in LULC in this context.

Geographic site and situation are important concepts that influence
LULC patterns across the landscape. Site and situation are spatially and
temporally mediated. The spatial vagaries of terrain, hydrography, and
village locations and their interactions create an environment influenced by
a complex set of biophysical, social, and geographic factors. LUCC occurs
by people forcing change on the environment, environment influencing
human behavior, and some human induced changes resulting in feedbacks
on subsequent human behavior (Entwisle et al. 1998). This research were
framed around the interplay between population and environment, as well as
the change in LULC composition and structure across a recent decade and
between periods within a single season defined by the local water year
(April 1 to March 31).

To anticipate, the findings are (1) inter-annual (December 1989 and
December 1997) satellite change-detections indicate a decrease in vegetation
biomass over time due to deforestation and reforestation in upland sites as
well as rainfall differences between the image dates (wetter in 1997 than in
1989), whereas intra-annual (December 1989 and March 1990) change
detections indicate a decrease in vegetation biomass over time associated
with phenological shifts linked to the planting and harvesting of rice
generally during the months of June and December respectively; (2) NDVI
(Normalized Difference Vegetation Index) was examined to define
statistically significant estimates of landscape conditions through an index
sensitive to plant biomass and plant canopy structure; (3) vegetation change
(type and condition) occurred in different combinations associated with
topographic settings (i.e., lowlands, terraces, and uplands) — inter-annual
LUCC occurred in response to deforestation, reforestation, and agricultural
extensification in the uplands, a somewhat steady state condition in the
lowlands, and temporary or periodic expansion into the terraces through
favorable economic and climatic opportunities that reflected a diverse
LULC matrix of forests, upland crops, and lowland rice; and (4) pattern
analysis of LULC and NDVI-derived plant biomass levels suggested a
sorting of composition and structure by LULC type, long- to short-term
cycles (inter- and intra-annual variation), and site and situation
characteristics — the landscape has become less fragmented in the uplands
and terraces; in the lowland rice areas the landscape has become less
fragmented because the household paddies coalesce into large, rather
uninterrupted extents interdigitated by topographic changes that support
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forest or upland crops because of their general marginality for rice
cultivation.

STUDY AREA

Northeast Thailand (or Isaan) contains approximately one-third of the
country’s area, generates about one-fifth of the GNP, and has a population of
more than 18 million people. Nang Rong district, our study site, is located in
Buriram province in the southern part of Isaan (Figure 1 — on the CD-
ROM).

The district is approximately 1300 square km in size, dominated by wet
rice cultivation in the shallow depressions of the alluvial plains and
lowlands, and dry dipterocarp “monsoon” forest or drought resistant crops
(e.g., cassava, kenaf, and sugarcane) on the upland sites. Agricultural
products, the basis of the Nang Rong subsistence and market economies, are
highly dependent on rain-fed irrigation, with alternative water infrastructure
practically non-existent within the region. Monsoonal rains serve as the
primary mechanism for delivering water to the district. These monsoonal
rains are subject to a high degree of intra-annual and inter-annual variability
in both time and space. Approximately 80 percent of the total annual
precipitation within the northeast falls during a five-month period from May
to September. The rains may come in early April, or they may not arrive
until well into June or July. September may be a dry month, or it may be so
wet that extensive flooding occurs. In the period from July to September, the
middle of the rice season, there is commonly a period of drought when
rainfall may be as little as one-fourth of the seasonal average.

Reliance on a rain-fed system to support the wet rice and upland cash
crops has developed in-concert with the occurrence of droughts, floods, and
a marginal physical resource base (Kaida and Surarerks 1984). The harsh
environment has caused irregular planting schedules, low and inconsistent
agricultural yields, and the development of risk abatement strategies (e.g.,
plot distribution patterns) in an attempt to stabilize production from to year
to year (Rigg 1991). The fragmentation and consolidation of LULC types,
within and between years can be partly understood in this context.

Farm households own an average of three hectares of land (Ghassemi et
al. 1995). Per capita income in Isaan is the lowest in the country, largely
because of low and unstable agricultural production resulting from erratic
rainfall and generally poor soils (Arbhabhirama et al. 1988, Parnwell 1988,
Ghassemi et al. 1995).

Deforestation associated with agricultural expansion has been underway
in northeast Thailand for a century or more (Feeny 1988). Prior to World
War II, this expansion coincided with increased production of paddy rice.
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Since then, it has also included upland crops, particularly cassava and sugar
cane, cultivated at the expense of forests. In the recent period, agricultural
intensification occurred in the rice producing areas of the alluvial plains and
lower terraces in the form of increased labor, mechanization, fertilization,
pesticides, and herbicides to generate greater yields (as opposed to double
cropping). Agricultural extensification occurred in the middle and high
terraces and upland sites of this low relief, undulating, and marginalized
environment.

In addition to terrain, village location also influences LULC as a
consequence of the ability and propensity of people to impart LUCC
through land conversion efforts including deforestation, reforestation, and
agricultural extensification and intensification. Areas that tend to focus
population on the landscape through a spatial coalescence of villages and
their functional territories offer a greater potential for changing the
landscape through a consolidation of labor, capital, and technology.
However, since we do not have data on the entire period of human
settlement in Nang Rong, it is also important to recognize that terrain likely
influenced the pattern of village location.

DATA AND METHODS

Three Landsat TM images were chosen for this analysis: 23 December
1989, 29 March 1990, and 29 December 1997 (Figure 2 - on the CD-ROM).
The pair of December images were used to assess inter-annual changes,
while the December 1989 and March 1990 images were used to assess intra-
annual changes. Rainfall in December 1989 and 1997 was similarly and
seasonably low, whereas rainfall in March 1990 was unusually plentiful.
Overall, 1989 was a dry year, whereas 1997 was a wet year.

The December 1997 image was classified through a hybrid
unsupervised/supervised approach that incorporated the visible (primarily
influenced by plant pigmentation), near-infrared (primarily influenced by
chlorophyll content), and middle-infrared (primarily influenced by plant
water content) channels of Landsat TM (Jensen 1996). Initially, an
unsupervised classification was run using the ISODATA decision-rule to
define “naturally” occurring spectral classes that were subsequently reduced
to approximately 30 classes through the interpretation of transformed
divergence and divergence statistics. Then, a supervised classification
approach was followed using a maximum likelihood classifier to relate
study area pixels to the approximately 30 spectral classes (i.e., the training
data) defined through the unsupervised classification. The 1989 and 1990
images were combined into a single December 1989 classification to reflect
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wet and dry conditions for the same water year for class separation through
the same hybrid classification approach.

Four LULC types were used for this analysis: rice (predominantly in
lowland areas), mixed agriculture (rice and cash crops, often located in
middle and low-middle terraces), cash crops (cassava and sugar cane, often
in uplands), and forest (primarily village, upland and riparian zones). In
addition, for each of three images, the NDVI (Normalized Difference
Vegetation Index) was calculated to indicate plant biomass variation
throughout the study area for the selected time periods. The NDVI has
historically been very effective in assessing plant biomass variation in a host
of environments including northeast Thailand (Crews-Meyer 1999), and it
has been correlated with a number of vegetation characteristics (e.g., leaf
area index, biomass, NPP) (Rouse et al. 1973; Jense, 1996).

NDVI = (NIR - RED) / NIR + RED) 1)
NIR = near infrared brightness values
RED = red visible brightness values

Pattern metrics based on the processed Landsat TM images were used to
assess the spatial/temporal nature of landscape structure. Pattern metrics
quantify the structure and spatial organization of the landscape across LULC
types (class metrics) and space (patch statistics). Use of pattern metrics
recognizes that landscape properties are influenced by the surrounding
neighborhood and the regional spatial context in which local sites are
juxtaposed, and that the nature of spatial patterns and relationships is a
function of social and biophysical systems and their interactions. A set of
pattern metrics were used to represent the composition and structure of plant
biomass levels. Since pattern metrics are usually applied to thematic (non-
continuous) data, the continuous NDVI values were classed on an equal-
interval decile scheme whereby each class contained one-tenth of the
possible data range. Pattern metrics are commonly used to characterize the
structure of LULC types defined through a digital classification of remotely-
sensed spectral responses. Here, it was important to evaluate NDVI classes
associated with landscape and class categorizations so that both landscape
state (i.e., LULC) and condition (i.e., plant biomass) variation could be
examined.

Terrain impacts LULC types by focusing long-term and short-term
deforestation practices on various topographic strata to take advantage of
centuries-old cultivation of lowland rice, first for subsistence and now also
for market opportunities, and more recently, the concentration of
deforestation, reforestation, and agricultural extensification in upland sites
that has occurred to support the cultivation of cash crops. Figure 3 (on the
CD-ROM) shows LULC plotted against elevation for a profiled sample of



97

1997 landscape conditions along an east-west trending transect positioned
across the district. Figure 3 shows the general trend of LULC by elevation —
rice predominately in the lowlands with extents apparent in the low and
middle terraces; cassava and sugar cane in the uplands and high to middle
terraces; forests in the lowlands (near rivers, streams, and surrounding
village compounds), and the most extensive forest tracts at the highest
elevations within the district.

ANALYSIS

The following section describes the changes in NDVI and LULC over 8-
years (1989-1997) and over 3-months (December 1989 — March 1990) to
assess the nature of inter-annual and intra-annual variations imposed by
long-term factors (e.g., deforestation, reforestation, and agricultural
extensification) and short-term factors (e.g., phenological cycles and
precipitation patterns) on landscape dynamics. Satellite change-detections of
LULC and NDVI as well as pattern metrics are presented to examine the
nature of compositional and structural shifts in the landscape over the study
periods. Observations regarding the pattern of LULC and plant productivity
over inter- and intra-annual time periods are made relative to the
topographic settings derived from the DEM and recoded soil series data as
well as population density suggested through village locations and the
generation of overlapping village territories.

LULC and Plant Biomass

Table 1 shows the nature of LUCC between 1989 and 1997. The values
indicate that 36% of the study area (from the 300,000 randomly sampled
pixels) consistently was rice, 8% cash crops, and 10% forest. Areas devoted
to rice and cash crops were least volatile, whereas those devoted to forest or
mixed agriculture were more volatile. For example, of the 20% of sample
pixels in mixed agriculture in 1989, a major proportion (almost 90%) were
no longer in mixed agriculture in 1997. We interpret the change in terms of
expanded rice cultivation. The year 1997 was a wet year, whereas 1989 was
a dry year. The transition to more mixed agriculture in the middle and low-
middle terraces would likely occur as marginal lands would become less so
as precipitation conditions permitted the cultivation of rice in largely
unsuitable settings. Figure 4 (on the CD-ROM) shows the pattern of
classified LULC for 1989/90 (a), 1997 (b).
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Table 1. Percent LULC change during the period December 1989 and 1997.

Gained Lost Net Change Stable

Rice 22.2 12.2 +10.0 36.4
Mixed Agriculture 2.3 17.6 -15.3 32
Cash Crops 4.7 2.1 +2.6 8.3
Forest 12.8 10.1 +2.7 10.1

Table 2 shows the mean of the rescaled NDVI associated with the cross-
classification of the 4 LULC types between 1989 and 1997. Figure 5 (on the
CD-ROM) shows the spatial pattern of rescaled NDVI variation for the 1989
(a), 1990 (b), and 1997 (c) TM images.

Table 2. NDVI rescaled to range from 1-200. Mean NDVI change and standard deviation (in
parentheses) for each of the 16 possible landscape changes shown; positive values indicate an
increase in NDVI, while negative values indicate a decrease in NDVI. NDVI values for
stable LULC classes are shown in bold. * Indicates statistical significance.

LULC, 12/29/97

Mean NDVI, 12/23/89 Rice Mixed Ag. Cash Crops Forest
Rice 6.7 25 5.7 15.5*
(8.1) 7.9 (17.0) (11.3)
Mixed Agriculture 6.8 2.8 10.0 17.6*
(9.0) 7.9 (18.7) (13.1)
Cash Crops 0.1 -3.4 -4.7 13.7
(14.3) (14.6) (19.9) (16.0)
Forest 4.4 -3.4 1.6 12.7
(11.3) (14.6) (19.6) (15.1)

Most of the changes represented in the table indicate an increase in
NDVI values, except for the negative changes in NDVI values related to
upland sites. This likely reflects precipitation differences between the two
years, which appear particularly relevant to forest growth.

Table 3 shows the percent change in the rescaled NDVI values for the 4
LULC types for the December and March dates for the 1989-90 water year
allowing assessment of intra-annual change. Positive values indicate an
increase in the NDVI and negative values indicate a decrease in NDVI from
1989 to 1990. Figure 6 (on the CD-ROM) shows NDVI change for the two
time periods within the same water year. The rescaled NDVI values show a
slight increase for lowland rice and middle terrace rice and other agriculture,
little change in forest, but a pronounced decrease in NDVI values in upland
cash crops.
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This is probably because of the harvesting of those crops in the early
months of 1990. March 1990 was our unusually wet month, and in the
absence of harvest, a major decline in NDVI would be quite unexpected.
Bare soil and stubbled rice associated with a post-harvested rice landscape
captured in the March 1990 satellite image accounts for this change, as well
as the concentration of labor in upland cassava and sugar cane fields
following the more time-sensitive rice harvest that is generally completed by
December of each year.

From an ecological and land management perspective, forests may also
be in some form of transition — deforestation to accommodate new plantings
of upland crops, reforestation through government imposed land
conservation programs, reforestation through secondary plant succession of
sites where yields have substantially declined through use, and the planting
of forests representing silviculture such as orchards and eucalyptus trees
(grown for construction scaffolding and paper pulp).

Table 3. Inter-annual change from 1989 to 1990 in the rescaled NDVI by LULC type.

Rice Mixed Ag. Cash Crops Forest
Mean 2.7 2.8 -259 -0.1
St. Dev. 9.2 9.9 20.0 15.5

Table 4 shows the mean and standard deviation of the rescaled NDVI for
each of the 4 LULC types between December 1989, March 1990, and
December 1997. Figure 7 (on the CD-ROM) shows the spatial pattern of
plant biomass variation for the intra-annual comparison. A pronounced
intra-annual pattern is clearly evident for cash crops, consistent with the
interpretation of Table 3, and a pronounced inter-annual pattern is evident
for forest.

The standard deviation of the NDVI is generally greater for the March
1990 period as compared to the December 1989 period across LULC types
except for cash crops. December is the period that the rice harvest is
generally initiated. The exact timing is dependent upon a number of factors
including crop physiology, degree of surface wetness and/or inundation, and
available labor. By late December, the rice harvest has mostly been
completed. By March 1990, the landscape had dried considerably (although
March 1990 monthly precipitation totals were abnormally high), with rice
stubble predominating the lowland landscape and upland crops having
matured leading to harvest. The 1997 water year was quite wet, suggesting a
landscape of pronounced greenness and high biomass through harvest. Since
monsoonal rains have a relatively large geographic footprint, the effects of
above-average rainfall would boost NDVI values across the entire landscape
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recorded by the end of December 1997 TM image, although there was a
slight decrease in NDVI of cash crops.

Table 4. Vegetation biomass variation by LULC type; NDVI rescaled to range from 1-200.
Mean and standard deviation of rescaled NDVI (in parentheses) are shown for each LULC
type and date.

Rice Mixed Ag. Cash Crops Forest
December 1989  112.0 112.0 129.7 119.6
1.5) a.m (14.6) (12.2)
March 1990 114.6 114.8 103.8 1194
9.0) 9.2) (14.5) (14.6)
December 1997  117.7 112.1 127.0 1339
79 (7.0 17.5) (13.3)

PATTERN METRICS AND LANDSCAPE STRUCTURE

FRAGSTATS (McGarigal and Marks 1993) software was used to assess
landscape structure at the landscape-level for Nang Rong district and at the
class-level for rice, mixed agriculture, cash crops, and forest. Landscape-
level represents LULC patterns within a preset district boundary, whereas
the class-level is set by the distribution of each of the LULC classes defined
through Landsat Thematic Mapper digital classifications. The same five
pattern metrics were computed at the landscape- and class-levels: (1)
interspersion and juxtaposition index is the observed interspersion over the
maximum possible interspersion for the given number of patch types, a
measure of adjacency; (2) number of patches is the sum of the total number
of patches on the landscape, a measure of fragmentation; (3) mean patch
size is the sum of the area of all patches of the corresponding patch type
divided by the number of patches of the same patch type, a measure of
contiguity; (4) total edge is the sum of the lengths of all patch edge
segments on the landscape, a measure of connection and insularity; and (5)
shape index is the sum of the landscape boundary and all edge segments
divided by the square root of the total landscape area, a measure of
configuration (McGarigal and Marks 1993).

Table 5 shows the landscape metrics for the inter-annual comparison of
NDVI variation between 1989 and 1997. Over the 8 years between the two
TM images, the landscape has become less fragmented. By 1989, the
beginning of the observation period, substantial areas of forest have already
been converted to agriculture in the upland sites (primarily in the southwest
part of the study area), and trees have been largely removed from the rice-
producing lowlands. An above average rainfall in 1997, the endpoints of the
observation period, followed drought conditions from 1990-1994 that
combined with economic factors apparently promoted further agricultural
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expansion into the topographically transitional middle terraces for
commercial rice and cassava cultivation. Collectively, these actions tended
to homogenize the landscape -- rice in the lowlands and broad inter-
connected areas of cassava and sugar cane in the uplands. The landscape
showed (a) reduced adjacency of cover types because of this amalgamation
of LULC into large extensive monocultures, (b) decrease in the number of
patches through deforestation of outliers or forest fragments, (c)
consolidation of individual fields in larger tracts and an increase in the mean
patch size of forest and agricultural crops, (d) decrease in the total edge
through patch reductions resulting in a smoother, less varied landscape by
1997, and (e) a decrease in shape index also suggests a smoother or less
fragmented dry season landscape in 1997 as compared to 1989.

Table 5. Landscape metrics from rescaled and classed NDVI values for 1989 and 1997
Landsat TM images.

Selected Landscape Metrics 23 December 1989 29 December 1997
Interspersion/Juxtaposition Index 16.88 13.77

Number of Patches 181,500 152,498

Mean Patch Size 1.70 1.98

Total Edge (m) 64,236,720 50,704,952

Shape Index 1.42 1.37

Table 6 compares class metrics as in Table 5 for rice, mixed agriculture,
cash crops, and forests for 1989 and 1997. The table indicates (a)
consolidation of rice in the lowlands by the removal of tree clusters and
remnant forest patches from previously developed paddies, (b) expansion of
rice and cash crop cultivation in the marginalized middle terraces, (c)
expansion of cash crops in the uplands through deforestation, and (d)
general increase in the spatial complexity of forests through deforestation
and agriculture-forest fragmentation, primarily in the uplands, in the
lowlands along riparian zones, and in established paddies where trees were
previously retained for shade for people and animals.

DISCUSSION

The theoretical framework to explore population-environment
interactions in our research builds on work in the social sciences attempting
to model population and environment dynamics and work in the biophysical
sciences. The research is aimed at understanding landscape composition and
spatial patterns across space and time that reflect the effects of human
forcing factors, exogenous environmental and social contexts, and
environmental endowments. The biophysical endowments reflect what is
available in the environment upon which humans can act, as well as current
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LULC patterns. Ultimately, the influence of these factors upon LULC
depends upon the environmental gradients, geographical accessibility, and
population-environment interactions of the region.

Table 6. Pattern metrics computed at the class level for NDVI classes for 1989 and 1997
Landsat TM image dates.

Selected Class (Rice) Metrics 23 December 1989 29 December 1997
Interspersion/Juxtaposition Index 19.70 17.76
Number of Patches 42,053 22,634
Mean Patch Size 3.48 7.98

Total Edge (m) 49,835,672 44,738,672
Shape Index 1.45 1.44
Selected Class (Mixed Ag.) Metrics

Interspersion/Juxtaposition Index 13.77 11.66
Number of Patches 56,625 42,621
Mean Patch Size 1.20 0.39

Total Edge (m) 31,526,250 10,916,640
Shape Index 1.45 1.24
Selected Class (Cash Crops) Metrics

Interspersion/Juxtaposition Index 19.75 16.64
Number of Patches 21,195 C,652
Mean Patch Size 1.48 3.56

Total Edge (m) 12,693,030 9,069,930
Shape Index 1.27 1.32
Selected Class (Forest) Metrics

Interspersion/Juxtaposition Index 19.86 11.56
Number of Patches 60,893 75,656
Mean Patch Size 1.02 0.88

Total Edge (m) 34,379,700 36,645,872
Shape Index 1.44 1.43

The productivity of lands associated with villages and households is an
element of landscape discrimination and a possible indicator of household
decision-making associated with agricultural extensification and planting
options. The available labor force also is likely to have an important impact
on LULC. Competing work opportunities and migration patterns might alter
the feasibility of certain types of agricultural activities, and make it more
difficult to use marginal land. From 1989 (the beginning of the present
analysis) to the economic crisis of 1997, Nang Rong had been an area of net
out-migration particularly of young adults, which leads to a change in the
age structure of the population with a lower proportion of the population
able to engage in some of the more physically demanding aspects of
agriculture. [With social survey data being collected in spring and summer
2000 and processed in 2001 for subsequent analyses, we will be able to
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address more carefully the effects of patterns of migration, both permanent
and circular, as well as the possibility that the 1997 economic crisis changed
the flow of the migration stream]. Since cassava production tends to be more
physically demanding than rice, the effect of the changing age structure of
the population will vary by crop. Further, out-migration might lead to
reforestation through plant succession, either because land is left fallow or
because the decline in the available labor force has led to the planting of
long-term crops, such as fruit trees. Household and village decisions are
influenced by biophysical aspects of the land around them, geographical
relationships between villages and markets, and transportation and
hydrographic accessibility (Crews-Meyer 1999).

Also important are mechanisms whereby social processes constrain land
use choices made within a context of competition for resources and in
response to environmental endowments and constraints. Precipitation and
landform (terrace position) are key to understanding landscape dynamics. In
this research, 1989 was substantially drier than 1997, and March 1990 had a
substantial amount of rain (183 mm) relative to the December 1989 image
date. Topography is a key factor in sorting LULC and LULC change
because of the land suitability restrictions of uplands for rice cultivation, the
long-term conversion of lowland forests to rice paddies, and the site
suitability of upland forests to cassava and sugar cane production to address
commercial crop opportunities and agricultural extensification needs.

LULC in the district changed in some important ways between 1989 and
1997. The largest areal change occurred from mixed agriculture to lowland
rice. While both LULC categories are likely dominated by rice, they appear
spectrally dissimilar because both rice and cash crops have been partly or
mostly harvested by the 29 December 1997 image, the middle terrace rice is
populated by a greater degree of upland cover-types (i.e., forest and cassava
and sugar cane) because of its topographic transition, and the middle terrace
rice reflects a difference in the timing of the rice harvest because of the more
marginal (i.e., drier) site conditions for rice cultivation in areas other than
lowlands. Also, the December 1997 image captured cover-type information
developed over a much wetter period than did the December 1989 image,
thereby affecting plant biomass levels and harvest schedules for rice paddies
that were unduly wet or submerged. Figure 8 (on the CD-ROM) shows a
plot of precipitation variability for a single station in the center of the district
for a selected time-series (1989, 1990, 1997, and average conditions) that
substantiates the moisture availability interpretations.

The second largest observed change in LULC between 1989 and 1997
was from lowland rice to forest, primarily occurring in riparian zones along
the three main rivers. The change may be related to economic opportunities
for commercial rice cultivation near high moisture sites, or be the artifact of
a pronounced precipitation change between the two years. The third largest
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change in LULC was from forest to rice, followed by a change from forest
to cash crops. The magnitude of conversion to rice was twice that of the
conversion to cash crops indicating an extensification intu 1.ce.

The rescaled NDVI values computed for the three image dates, that
characterized seasonal and near decadal changes in plant biomass levels,
indicate that little intra-annual change in plant biomass occurred between
December 1989 and March 1990 except for the upland cash crops that
decreased significantly as a consequence of pre- and post-harvest
conditions. By December 1989 rice had been harvested in the lowlands and
by March 1990 rice stubble predominated the landscape and hence the
satellite measures of plant biomass reflected a reduced biomass magnitude
and a more restricted areal pattern of high biomass levels throughout the
district. The intra-annual assessment seeks to understand the phenology
shifts in plant conditions related to household decisions to harvest crops in
the rice paddies and the upland cassava and sugar cane fields. The timing of
the harvest varies according to local rainfall patterns, available labor, and
site conditions, which in turn is related to on-site wetness and the position of
the fields relative to household locations — further out sites are generally
harvested later than closer in sites. The 1997/98 water year was wetter than
the 1989/90 water year and hence the 1997 image had higher plant biomass
values. While precipitation-induced changes were important, deforestation,
albeit at a reduced rate, continues to alter the landscape matrix. Land
clearings are focused in the upland sites and terraces, but removal of
individual trees and small clumps of trees continues in the lowlands and
more areally significant deforestation is occurring in riparian environments.
Streams corridors offer the farmer a source of nearby water and relatively
high soil moisture potentials, but nearness to streams also introduces risk of
economic loss through flooding and/or late planting and harvest schedules
due to wetness and/or inundation. Also noteworthy is the government’s
attempt at reforestation, designation of forest conservation areas, and the
planting of fruit trees (e.g., Mango), Para-rubber, and Eucalyptus in a
plantation style that are occasionally inter-cropped with cassava or other
field crops.

The compositional and spatial organization of the landscape, defined
through the pattern metrics, suggests a population-environment interaction
that has implications for sustainability. Landscapes compositionally-
dominated by agriculture indicate a region in which extensification has
occurred and where further enhancements in crop productivity will likely
occur through intensification efforts, because “developable” lands have
already transitioned from forest to agriculture. Landscapes dominated by
forest suggest a site potential for agricultural productivity through
extensification, and landscapes of mixed landuse suggest a region that is
undergoing LULC change where inputs of labor are being focused for
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deforestation and agricultural cultivation and inputs of chemicals and
technology are likely supporting agricultural sustainability of sites to
counteract site degradation through declining soil fertility through use and
soil loss through erosion. Landscape organization suggests that pattern and
use are interconnected in some complex arrangement in which factors such
as (a) field size, (b) nearness to water-bodies and perennial rivers and
streams, (c) site location relative to other agricultural sites, roads, and site
suitabilities, and (d) village to village, and village to land, and land to land
topologies are interwoven into the decision-making process of household
members electing to migrate or cuitivate in various patterns and through
various strategies. For example, Rindfuss et al. (1996) found that village
territories that were highly fragmented experienced significant out-migration
of young adults suggesting that human behavior and landscape pattern are
related through a feedback mechanism that may be bound to certain
thresholds of fragmentation.

Villages are generally organized along the north flowing rivers that occur
within the district. Because of the reliance on rain-fed rice cultivation, the
juxtaposition of nuclear village settlements and perennial rivers and streams
is to be expected. As a consequence of their close proximity to water and
hence to other villages, some lands are worked by a number of villagers
from a number of different villages, thereby increasing the density of people
on the landscape at those overlapping village territories and making the
competition for land and corresponding resources necessary for the
cultivation of crops to be more competitive.

Villages having high populations and large numbers of households,
populations dominated by young adults, and a population having a high
male-female sex ratio suggest a population that is associated with greater
potential to alter the landscape (Walsh et al. 1999). In addition, villages with
larger populations tend to influence LULC over a broader geographic extent
through greater land holdings, and villages that are linked to other villages
through geographic proximity and/or kinship ties tend to expand their areal
extents of influence or their geographic reach on the landscape as a
consequence of scalar relationships involving multiple villages (Walsh et
al.1999; Walsh 1999).

CONCLUSIONS

The application of a satellite time-series to examine long- and short-term
changes in both LULC (e.g., composition and spatial structure) and plant
biomass variability across a landscape and for mapped cover-types offers
the ability to track change on a x, y, and z perspective where terrain and
population potentials exert interactive forces on the landscape and are
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influenced by exogenous forces such as crop prices and climatic variability.
While not explored here, time lags in crop prices, precipitation patterns, and
subsequent household decisions about LULC change and plant and
harvesting schedules are important and have impact on labor and migration
patterns — either to participate in agricultural endeavors through return
migration or to subsidize the household through non-farm employment and
out-migration.

Pattern metrics are a useful set of description algorithms that quantify the
composition and spatial organization of the landscape at multiple levels or
scales. They reflect the importance of landscape structure and landscape
function. In Nang Rong district, the landscape has been in the process of
pattern cycling in which forest was replaced by lands under cultivation as
the areally dominant cover-type. Reforestation through government
programs and secondary plant succession are the countzr-balances to
agricultural extensification through deforestation, but have yet to
significantly impact the landscape.

The examination of terrain and village point locations within a GIS was
useful to link LULC and NDVI variation to specific landscape strata, 3-D
for topography and 2-D for village territories. Terrain data were used here to
imply the relationship of LULC and elevation through a graphic that profiles
their co-variation across a random swath across the district, whereas village
locations and territory delineation’s were used to assess the density of the
Nang Rong population on the consolidation of labor and resource use to
support agricultural cultivation and the antecedent LULC change through
deforestation and agricultural extensification. The research illustrates the
value of an integrated GISc (Geographic Information Science) approach that
combines data from satellite imagery, social surveys, and analog maps
representing biophysical, social, and geographic domains for assessing the
inherently complex interactions between humans and the environment.
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Chapter 7

BARRIERS AND SPECIES PERSISTENCE IN A
SIMULATED GRASSLAND COMMUNITY
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Abstract The fragmentation of landscapes that results from habitat destruction can
produce barriers to species interactions across a landscape. In this study, a
stochastic cellular automata model was used to investigate the effects of
barriers on the persistence of five grassland species. By varying the
number and pattern of barriers on the landscape, it was determined that
regardless of the initial arrangement of species, the placement of barriers
on the landscape slows the loss of species due to invasion by superior
competitors. The pattern of barriers (as measured by their fractal
dimension) was more important when the barriers accounted for smaller
portions of the landscape.

INTRODUCTION

The diversity of many biological systems is maintained as a shifting
mosaic of species or seral stages within a landscape over time and space.
Although underlying environmental heterogeneity may foster diversity, high
diversity communities can occur in relatively homogeneous environments
(Hastings 1980, Tilman 1994). The maintenance of diversity in these
homogeneous environments has been addressed both within the framework
of metapopulation dynamics (Gilpin and Hanski 1991, Tilman 1994) and
with the use of cellular automata models (Silvertown et al. 1992).

Human activities often result in habitat fragmentation that can lead to a
reduction in biodiversity by decreasing available habitat and increasing
insularization (cf. MacArthur and Wilson 1967, Andren 1994). Analytical
studies that do not consider habitat destruction indicate that there is no limit
to the number of species that can coexist in a spatially subdivided habitat, if
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they have the correct balance of competitive ability, dispersal and longevity
characteristics (Tilman 1994). However, when fragmentation occurs as
habitat destruction, diversity is lost in a predictable manner (Tilman et al.
1994, 1997). The amount and pattern of fragmentation are known to affect
species persistence in communities where there is an inverse relation
between competitive ability and dispersal (e.g., Dytham 1995).

In some cases, however, landscape fragmentation can lead to either
retaining the status quo of diversity or may even increase biodiversity in an
area. At the species and community levels, it is commonly known that forest
fragmentation increases the relative amount of edge habitat. The destruction
of interior habitat and its replacement with edge habitat can, at least
temporarily, increase the (3 diversity of an area (Noss 1983). The increase in
diversity does, however, come at the expense of losing some interior
species, and few would argue that we should fragment the landscape, further
to increase the number of edge species on the landscape since the interior
species are those that are most often in need of conservation.

Landscapes are not only structured by the presence of competing species.
Non-living portions of the landscape are not resource competitors, but
instead shape the environment in which competition occurs by structuring
the movement of species and their interaction across the landscape. At
coarse spatial scales, barriers have been hypothesized to delay the arrival of
potential competitors into some environments subsequent to climate change.
For example, based on pollen data, Davis et al. (1986) hypothesized that the
late arrival of beech (Fagus) into the Upper Great Lakes region, USA after
the last glacial maximum was due to the dispersal barrier posed by the Great
Lakes. At a finer spatial scale, Malanson and Cairns (1997), using a spatially
explicit forest gap model, found that increases in the number of barriers on a
landscape decreased the migration rates of tree species. They found little
difference in the magnitude of migration rates between structured
landscapes (i.e., those with regular patterns of fragmentation) and
landscapes that were randomly fragmented. Also, in the Grand Canyon,
USA barriers to dispersal allowed some species to survive on benches on the
canyon walls long after they had been competitively excluded from other
more easily accessible locations (Cole 1985).

Here, the objective was to examine how the number of barriers and their
spatial pattern influence species richness in a simulated grassland landscape
using a stochastic cellular model. If the extinction debt cc.icept holds true
under the conditions simulated here, a loss of diversity was expected with
increasing amounts of uninhabitable area on the grid.
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METHODOLOGY

The Model

For this research, the model developed by Silvertown et al. (1992) was
used. The simulated landscape was composed of a 40 x 40 lattice of square
cells with edges that act as absorbing barriers. Each cell was inhabited by
only one of five species that differ in their ability to invade and be invaded
by their neighbors. At each iteration, the status of each cell was determined
by the species that currently inhabits the cell and the species in the four
directly adjacent cells (i.e., horizontal and vertical). Replacement rates
(Table 1) are the same as those used by Silvertown et al. (1992) for a
grassland community and are based on empirical studies (Thérhallsdéttir
1990). Although the model was developed to represent a grassland
community, the model is non-mechanistic and therefore can represent any
type of vegetation community with a similar set of replacement rates. In
Table 1, the replacement rates are weighted by the number and species
present in the neighboring cells to determine transition probabilities (Figure
1). The status of the cell is then determined as a function of the transition
probabilities and a randomly generated number between O and 1. By
restricting the interaction of cells to only the four closest neighbors, local
dispersal was assumed more important than global dispersal. This model
formulation differs from metapopulation models in which global dispersal
were assumed. Because a stochastic component was included in the model,
it was not considered a strict cellular automata model, but rather a stochastic
cellular model.

Experiments

To test the hypotheses, a set of simulation runs or experiments were
conducted in which the initial pattern of species on the landscape, the
proportion of the landscape occupied by barriers, and the fractal dimension
of the barriers on the landscape were varied.

Species Pattern

Two very simple patterns of initial species arrangement were evaluated
in this research. First, a random pattern was used as a control in which each
species occupied 20% of the landscape and every cell in the landscape had
an equal probability of being assigned any species (Figure 2a). Second, an
aggregated pattern was created such that the landscape consisted of 5
monospecific bands each comprised of 20% of the landscape (Figure 2b).
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Table 1. Pairwise invasion rates for the five species used in the stochastic cellular model.
Calculation of the transition probabilities was based on these values and was described in
Figure 1. Data from Silvertown et al. (1992).

Invader Native species

Species 1 Species2  Species3  Species4  Species 5
Species 1 - 0.09 0.23 0.37 0.32
Species 2 0.08 - 0.06 0.09 0.16
Species 3 0.02 0.06 - 0.03 0.05
Species 4 0.02 0.03 0.03 - 0.05
Species 5 0.06 0.06 0.44 0.11 -

Figure 1. Calculation of transition probabilities based on the replacement rates reported in
Silvertown et al. (1992). Transition probabilities were only calculated using the four
horizontally and vertically adjacent cells. In this case, the cell of interest was in the center.
The cell was occupied by Species 4 and had two neighboring cells occupied by Species 1,
and one cell each of Species 2 and Species 3. The probability that the cell would be invaded
by Species 1 was (2/4 x 0.37) = 0.185. The probability of being invaded by Species 2 was 1/4
x 0.09, and by Species 3 was 1/4 x 0.03. There was no probability that Species 5 would
invade the cell since no adjacent cell was occupied by that species. The probability that the
cell remained occupied by Species 4 was 0.785.
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Number of Barriers

In the model, barriers were cells that could not support any species
growth and were essentially dead spaces on the grid. The number of barriers
varied between no barriers present on the landscape and 65% of the
landscape consisting of barriers. Simulations at 5% intervals of
fragmentation between 0 and 65% were completed (i.e., no barriers, 5%,
10%, etc.).

Figure 2. Initial species arrangements. Each shade of gray represents a different one of the 5
possible species in the simulation: A) random arrangement of species on the landscape, B)
aggregated arrangement of species on the landscape.

Pattern of Barriers

The landscape pattern was varied by constraining the fractal dimension
of the barrier portion of the landscape to certain values. Fragmented
landscapes were created with fractal dimensions ranging from 2.1 to 2.9 at
0.1 intervals (Figure 3). A random barrier pattern was also simulated to
allow for comparison. Fractal landscapes were created using the random
midpoint displacement method (Saupe 1988).

Realizations

For each combination of initial species pattern, barrier pattern and barrier
proportion, 30 realizations of the model were run. Each realization ran for
600 iterations. For the sake of simplicity, each iteration was referred to as a
year. During each year, every “live” cell on the grid (i.e., not a barrier) was
tested to see if it would remain the same species or be converted to an
invading species. The 30 realizations for each combination of treatments
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were required because this model was stochastic and any single realization
was not likely to represent the true performance of the model. Therefore, all
results presented were the average results over the 30 realizations performed
for each combination of species pattern, barrier pattern, and barrier amount.
A total of 8,400 model realizations were performed

Figure 3. Fractal barrier patterns. In each landscape 30% of the landscape was occupied by
barriers (black). The fractal dimension varied among the landscapes. Fractal dimensions 2.1,
2.2,2.3, 2.6, 2.8 and 2.9 are shown. Increases in fractal dimension resulted in more smaller
barriers than larger ones and a much more fragmented landscape.

RESULTS AND DISCUSSION

Initial Pattern of Species

The importance of initial species pattern on the performance of the model
in the absence of barriers has been published previously (Silvertown et al.
1992). The results obtained here are qualitatively and quantitatively similar
to those of Silvertown et al. (1992). In the random control pattern, the most
competitive species quickly eliminated the lesser competitors and by year
150 only two species were left on the landscape. The best competitor
completely excluded all other species by the end of the 600-year simulation.
When the species were aggregated into monospecific bands, the same
process occurred, but much more slowly. Typically by the end of the
simulation only the two weakest competitors were entirely eliminated. The
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changes in abundances of the species over time were strongly non-linear in
the aggregated initial pattern simulations, when no barriers were on the
landscape (see Silvertown et al. 1992).

The results of t-tests comparing the final richness (i.e., number of species
remaining on the landscape at the end of the simulations) for the random and
aggregated patterns indicated that the two patterns were significantly
different (t=2.843, df = 838, p < 0.005). Similarly for the date of first
species loss, the first species were lost significantly earlier (one-tailed t-test)
in the random species arrangement versus the aggregated one (t= 32.507,
df=329, p < 0.001).

NUMBER OF BARRIERS

Effects on Final Richness

The proportion of the landscape that was occupied by barriers had a
significant effect on the species richness at the end of the simulation. Mean
species richness at the end of the simulation increased with fragmentation,
and when barriers occupied more than 30% of the landscape, all five species
persisted (Figure 4a). The pattern of species loss relative to the percent of
the landscape occupied by barriers was qualitatively similar for both the
aggregated and random initial species arrangements. The species richness in
year 600 was significantly greater (0=0.05) for the aggregated pattern at
fragmentation levels where 0, 5, 10 and 20 percent of the landscape was
occupied by barriers. When 20% or more of the landscape was comprised of
barriers, there was no difference in the final species richness of the
simulations.

Effects on Date of First Loss

The speed at which the weakest competitor was lost from the simulation
was evaluated by looking at the mean year of first species loss (Figure 4b).
Since no species were lost from the initial pool when over 30% of the
landscape was occupied by barriers, date of first loss information was only
relevant for the cases where between 0 and 30% of the landscape was
occupied by barriers. The date of first species loss increased with the
number of barriers on the landscape for both the random and aggregated
initial patterns. This indicated that placing barriers on the landscape not only
increased the ultimate biodiversity, but also slowed the loss of diversity. The
aggregated and random initial species patterns were significantly different
(0=0.05) with regard to the date of first species loss for all tested levels of
fragmentation.
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Combined Effects on Final Richness and Date of First Species Loss

By plotting species richness against both the percent of landscape
occupied by barriers and the number of years, temporal patterns in richness
over the extent of the model realizations were illustrate (Figure 5). In both
the case of random and aggregated initial species arrangements, it was clear
that the placement of barriers on the landscape slowed the speed with which
species were lost and also increased the species richness in the final year of
the simulation. The random pattern of species on the landscape resulted in a
loss of species considerably more quickly than the aggregated condition.

Pathways

The pathways that the species took toward their final abundances on the
landscape were strongly non-linear when no fragmentation of the landscape
was included. This has been discussed previously by Silvertown et al.
(1992). The non-linearity of species response over fiuc resulted from
changes in the species composition of the landscape. For example, if two
strong competitors were separated by a weak competitor, the two
competitively dominant species would consume the space occupied by the
weak competitor, both increasing their abundance on the landscape.
However, when the weak competitor was eliminated from the simulation,
the two strong competitors were in contact with each other and the stronger
of the two would continued to increase in abundance, while the weaker
declined in abundance (Figure 6). The non-linearity of species abundance
over time was dampened by the placement of barriers on the landscape. The
change in response from non-linear to linear was not present in the random
species arrangement. For the random initial species pattern, the paths that
the different species took toward their final abundance was not qualitatively
different among the fragmentation amounts (Figure 6a). In contrast, for the
aggregated initial species arrangement, there was a switch from a strongly
non-linear to more linear paths toward the final abundance of species
(Figure 6b). With increasing fragmentation, there was less chance that all of
a weaker competitor would be removed from the landscape. Therefore, the
best competitors were more likely to remain separated from each other, and
not competitively eliminate the other.
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Figure 4. The effects of increasing the percent of the landscape occupied by barriers on A)
the number of species present at the end of the simulation, and B) the year of first species loss
from the simulation. Error bars represent the 95 % confidence level for the mean values
presented in the graphs. The closed circles represent the mean values for the random initial
species arrangement; the open boxes are the values for the aggregated initial species
arrangements.
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Figure 5. Response surfaces illustrating the effects of time (years in the simulation) and the
percent of the landscape occupied by barriers on species richness for A) random, and B)
aggregated initial species arrangements on the simulated landscapes.
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random, and B) aggregated initial species arrangements on the simulated landscapes. Results
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Pattern of Barriers

The effects of barrier pattern on the landscape was evaluated by varying
the fractal dimension of simulated landscapes and investigating the ultimate

E
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species diversity, and the date of first loss of a species from the simulation.
Increasingly complex patterns of barriers (i.e., higher fractal dimensions)
increase the species richness at the end of the 600-year runs of the model for
both initial patterns of species on the simulated landscape.

The effect of an increasingly complex pattern of barriers on the landscape
was not dramatic. Higher fractal dimensions increased the number of species
present at the end of a simulation more for cases where less of the landscape
was occupied by barriers than in those cases where barriers occupied a
greater proportion of the landscape (Figure 7). For example, there was no
statistically significant difference (o0 = 0.05) between any of the fractal
dimensions for the aggregated species pattern when 40% of the landscape
was occupied by barriers, whereas at 10% barriers, fractal dimensions less
than or equal to 2.3, were significantly different than those greater than 2.3
(Figure 7). Similar results were obtained for the random arrangement of
species (Figure 6). This indicated that pattern of barriers was more
important when it occupied less of the landscape.

The results presented here are qualitatively similar to those achieved for
other fractal landscapes (Palmer 1992). Although Palmer (1992) did not
consider barriers in the same way, he did find that for landscapes comprised
of as many as 10 species, landscape diversity (i.e., the number of species
present at the end of a simulation) increased with fractal dimension.
Although at the very highest fractal dimensions (> 2.75), the species
richness decreased. Palmer (1992) attributed this pattern, in part, to the
effects of habitat area. At low fractal dimensions, the landscape was more
interconnected and the better competitors were able to invade more easily
thereby reducing diversity. The same processes operated on the landscapes
simulated here.

Although there was an observable increase in species richness with
increasingly complicated fractal patterns, the same effect was not apparent
for the year of first species toss. In nearly all cases for both initial species
patterns there was no statistically significant difference among the different
fractal dimensions for the different amounts of barriers on the landscape
(Figure 8). This underscored the lesser importance of pattern of barriers (as
measured by fractal dimension) relative to the absolute number of barriers
on the landscape.

CONCLUSIONS

The results presented here provide some interesting conclusions that may
at first be counter-intuitive. First, by placing barriers on the landscape
biodiversity was actually augmented rather than reduced. This was the result
of the barriers releasing species from competitive pressures that ultimately
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could result in their elimination from the landscape. The findings presented
here differ from those of Tilman et al. (1994), because there was no inverse
relationship in the model between the ability of a species to compete once
established and disperse. It has yet to be conclusively proven that there is an
inverse relationship between competitive ability and dispersability (Kareiva
and Wennergren 1995), therefore, these results are simply different from
previous models (e.g., Tilman et al. 1994, Dytham 1995); they are not
necessarily more or less representative of reality. The results must be
viewed with caution when applied to a conservation question, because the
model assumed that the smallest simulated area (a single cell) contained a
genetically viable population. This assumption may not hold in many
ecological scenarios.
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Figure 8. Mean date of first species loss (n=30) for each fractal dimension tested (2.1 - 2.9).
Error bars represent the 95 % confidence interval for the mean values. Results for 5 %, 10 %,
20% and 40% of the landscape are presented for both A) random, and B) aggregated initial
species arrangements on the landscapes.

This study has shown the utility of using a fairly simple model to study
the complex pathways and patterns that may be present in ecological
systems. Additional research is necessary to determine if effects of pattern
measurable in ways other than fractal dimension are important in
maintaining species diversity or in reducing the speed with which diversity
is lost.
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Abstract The pattern of ecotones relative to gradients in the abiotic environment
may be affected by spatial biotic positive feedback, i.e., where trees
improve the conditions for other trees in their neighborhood. Computer
simulation models were used to investigate the consequences of degrees of
positive feedback. A hybrid model combining FOREST-BGC, ATE-BGC,
and FORSKA was used. The BGC models created a surface of potential
growing conditions at the alpine treeline. FORSKA was then used to
compute the leaf area that was produced with varying levels of feedback
strength. Feedback must be strong relative to the abiotic environment for
growth to occur. Such feedback created an abrupt boundary on a smooth
abiotic gradient and was higher than needed to generate more complex
patterns. These results have implications for some of the major hypotheses
about treeline and for studies combining modeling and field
parameterization.

INTRODUCTION

The pattern of ecotones (transitional areas between adjacent ecological
systems; Risser 1995) and their relation to the abiotic environment
(primarily temperature, moisture, and substrate) may be mediated by biotic
processes. Differentiating between ecotones and more gradual ecoclines,
van der Maarel (1990) emphasized differences in the steepness of the
gradient, i.e., the rate of change in the environment over distance, that led to
different relative importance of processes such as competition. Wilson and
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Agnew (1992) detailed the possibility that positive feedback, where plants
improve the conditions for conspecifics, in the biological processes within
the plant communities on either side of an ecotone could account for an
abrupt ecotone. In these cases the plants modify the environment that they
experience, so that what was a continuous abiotic gradient becomes
discontinuous in terms of the potential carbon balance; e.g., Armand (1992)
attributed alpine treeline ecotone patterns to species interactions. Timoney et
al. (1993) hypothesized that a sigmoid wave model might be used to explain
the spatial transitions of vegetation at the Arctic treeline and, more
generally, at undisturbed biome transitions. The observed sigmoid wave
patterns might be linked directly to positive feedback mechanisms.
Malanson (1997) examined the one-dimensional pattern at a treeline as it
responds to differences in the strength of positive feedback and in seed rain.
Ecotones have recently been analyzed as phase changes, analogous to the
physics of condensed matter (Milne et al. 1996, Loehle et al. 1996). In these
studies, nonlinear relations of pattern and process have been demonstrated
for tree/grassland ecotones. We will expand this concept by using a more
biologically mechanistic model.

The objective of this research was to assess biological spatial processes
as explanations of ecotone pattern. These processes could include
competition, mediated herbivory, parasitism and disease, and negative or
positive feedback. Here, we present an analysis of the feedback strength
needed to maintain krummholz vegetation in a hybrid simulation that joins a
physiologically mechanistic model with a mechanistic tree growth model.

This work is also germane to the idea of ecotones as indicators of the
impacts of climatic change (Hansen et al. 1988). Because species are at the
limit of their realized niche at an ecotone, changes in the abiotic
environment might either expand or contract the spatial realization of the
niche. The degree to which alpine ecotones can be indicators depends,
however, on their rates of response and the multiplicity of important niche
dimensions (Kupfer and Cairns 1996).

Observations of Pattern

A variety of patterns have been observed in the alpine treeline ecotone
(Walsh et al. 1994a). Brown (1992, 1993, 1994b) performed an analysis of
the spatial distribution of structurally defined vegetation types in Glacier
National Park, Montana, USA using Landsat Thematic Mapper (TM).
Working at a spatial resolution of 30 m, he was able to identify, and validate
through field sampling, four major types of vegetation that straddled the
treeline ecotone. The types were based primarily on the density and
structure of the canopy vegetation. They were, in order of decreasing canopy
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density and dominance of tree species: closed-canopy forest, open-canopy
forest, meadow/tundra, and unvegetated. The extent to which studies make a
link between treeline pattern and process is that they show how site
conditions vary among different treeline pattern types (Baker and Weisberg
1995, Baker et al. 1995; Allen and Walsh 1996). Allen and Walsh (1996)
quantified spatial patterns on about 1,100 slopes; patterns were related to
topographic types. Four types of spatial pattern tended to be dominant: a
gradual change from tall trees, to short trees, to krummholz, to tundra (a
textbook gradient); an abrupt change from trees to tundra; a gradient of trees
to krummholz fingering upslope into tundra; and patches of krummholz
scattered upslope of the trees into tundra (Figure 1).

Explanations of Pattern

Abrupt ecotones at a local scale have been observed where trees border
wetlands, grasslands, and tundra. Stevens and Fox (1991) concluded that
treeline was largely a phenomenon expressing the carbon balance of trees,
so that trees ended where their carbon balance was zero (the carbon balance
hypothesis). Explanations of abrupt treelines fall on a gradient from abiotic
control, i.e. abrupt differences in resources/climate, to biotic interactions
such as competition (e.g., Armand 1992). '

Stevens and Fox (1991) proposed a theory to account for the locations of
ecotones between species of different physiognomic types such as the
forest-steppe and alpine treeline ecotones. They proposed that the boundary
represents differences in nutrient availability. This hypothesis is based on
the concept of nutrient averaging: in an environment that on average is
nutrient poor, small patches that are nutrient rich exist, and small plants with
their less expansive root systems are able to take advantage of these nutrient
rich pockets. Larger growth forms, such as trees with larger root systems,
must average nutrients over a larger area. Therefore, a tree seedling may
establish in a nutrient rich pocket, but it quickly outgrows the pocket and
encounters a nutrient poor environment. Consequently, the smaller plants
out-compete the trees and become the dominant physiognomic type. The
heterogeneity of the abiotic resource leads to spatial patterns in the
vegetation.

While soil fertility may be a factor influencing the alpine treeline ecotone
(cf. Bamberg and Major 1968, Holtmeier and Broll 1992), other abiotic
factors potentially affecting the ecotone pattern include slope, dominant
geomorphic processes, and late-lying snowpatches. In a way similar to the
nutrient averaging hypothesis, krummholz and trees may also suffer more
from periglacial disturbance of the substrate because of their more extensive
roots. Slopes of lower angle may have had solifluction processes active in
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the ecotone during the Holocene. Active solifluction would probably
prevent tree establishment (Hansen-Bristow and Ives, 1985). Another
spatially variable resource could be snow (Kullman 1990, Scott et al. 1993,
Walsh et al. 1994b). Broad changes in aspect probably affect treeline
elevation but not pattern.

Abiotic control of carbon balance alone may not, however, explain an
abrupt treeline on a gradual abiotic gradient; perhaps trees modify their
environment, making the establishment of additional trees more likely (Gosz
and Sharpe 1989, Armand 1992, Timoney et al. 1993a). Wilson and Agnew
(1992) detailed the possibility that positive feedback in the biological
processes within the plant communities could account for an abrupt ecotone.
In these cases the plants modify the environment that they experience, so
that what was a continuous abiotic gradient becomes discontinuous in terms
of the potential carbon balance. The processes that might lead to a positive
feedback include microclimate, i.e. albedo and temperature in canopy and
soil (e.g. Bonan 1992, Chalita and Le Treut 1994) to physical effects such as
resistance to erosion (Zonneveld 1995). These feedbacks compound the
effects of competition (Armand 1992). Although the possibility of a positive
feedback, in which the plants modify the abiotic environment so that
establishment and growth are increased, is obvious, the pattern that might be
produced for a feedback of a given strength has not been investigated

Korner (1998) has proposed an alternative hypothesis for the general
elevation of treeline. He suggested that cooler temperatures in the canopy,
due to its stature, and in the soil, due to shading, would limit growth per se,
rather than reducing carbon production. This is a negative feedback
hypothesis.

Tree Growth Modeling

Noble (1993) modeled the response of a treeline to climatic change,
where the climatic change was hypothesized to act as response to
disturbance. In the primary model the advance is only by contagion. A
positive feedback was included at a landscape scale; the treeline becomes
smoother when this feedback was strengthened. Feedback from ecotone
shape smoothed the boundary and reduced the variability of response to
simulated climatic change. In a modification, Noble (1993) included the
possibility that individual trees could establish by dispersal rather than direct
contagion with extant trees. Dispersal increased the rate of advancement, but
also increased the variability of the treeline so that the noise was greater
than the potential signal of response to climatic change. Noble (1993) did
not discuss other implications of dispersal, and he only examined the
binomial occupancy of sites without regard for abundance.
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Using a spatially explicit version of a JABOWA-FORET model,
Malanson (1997) studied an ecotone as might occur at a mountain treeline.
Seed rain and seedling survival modified the dominant patterns determined
by the strength of feedback and the steepness of the abiotic gradient. The
feedbacks were spatially autocorrelated and so created waves of mortality
and regeneration as have been observed on mountain slopes. These
dynamics mean that the pattern at the ecotone at any point. in time were
ephemeral and may respond differently to environmental change. In a major
revision of this type of model, Leemans (1989) developed improved, more
mechanistic growth functions in a model called FORSKA.

Cairns and Malanson (1997) used a modified version of FOREST-BGC
that incorporated treeline-specific hydrological and physiological processes
(ATE-BGC; Cairns 1994, 1995) to test the carbon balance hypothesis at the
alpine treeline ecotone (ATE). They found that carbon balance was in
dynamic equilibrium with climate, but the ATE was not. They concluded
that the carbon balance hypothesis was useful for predicting the potential,
but not actual location of the ATE. Cairns and Malanson (1998) examined
the effects of several environmental variables on the carbon balance of
krummholz. They concluded that temperature was the most important factor
in determining the potential location of the ecotone, but the complex
patterns of the treeline were determined primarily by moisture related
variables, including soil depth. Cairns (1998) concluded that disturbance
plays a small role in determining the pattern of the ecotone, except in areas
with particularly steep slopes, where geomorphic activity was most likely.
In developing the model ATE-BGC for use at the ATE, Cairns (1994, 1995)
found that factors related to feedbacks were potentially important. Brown et
al. (1994) suggested that a combination of empirical and physical models
was needed to properly describe vegetation patterns at the treeline ecotone
because of the multi-scale influences on the patterns.

METHODS

We examined the levels of feedback needed to maintain krummholz
vegetation at the alpine treeline ecotone by using two simulation models.
For a treeline site in Glacier National Park, Montana (GNP), we simulated a
surface of potential carbon balance using ATE-BGC. We then relativized
this surface to the carbon balance simulated by FOREST-BGC for a
productive site. The relative surface was then used as the site quality in a
multi-cell implementation of FORSKA. FORSKA then computed a surface
of leaf area. We compared the amount of feedback strength needed here to
that used by Malanson (1997) and to the amount needed to produce realistic
patterns in a cellular automaton. Although the model components were
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similar, the integration differed from that of Friend et al. (1993).Carbon
balance values for a treeline site were predicted using ATR-BGC (Cairns

Figure 1A-B. Common patterns at the alpine treeline ecotone: (A) gradual gradient from trees
to tundra, (B) abrupt transition from trees to tundra.
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Figure 1C-D. Common patterns at the alpine treeline ecotone: (C)patches of krummholz, (D)
fingers of trees and/or krummholz.
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and Malanson 1997). ATE-BGC is a version of FOREST-BGC (Running
and Coughlan 1988) that were modified to include physiological processes
important at treeline locations. The model predicts carbon balance as the
sum of photosynthetic inputs to the vegetation system balanced by carbon
outflows due to respiration and tissue loss (senescence and injury). A full
description of the model is presented elsewhere (Cairns and Malanson 1997,
1998); it is important to note that ATE-BGC explicitly considers the effects
of winter injury (frost drought) and the effects of extreme low temperatures
on the photosynthetic mechanism.

We simulated pattern for a single site in Glacier National Park; it is site
20 in Cairns (1995). The site is comprised of 400 points evenly spaced 30 m
apart. For each point, we used ATE-BGC to predict the average carbon
balance for 1981-1991. ATE-BGC requires information describing the site
and vegetation characteristics at every point to predict carbon balance values
(Table 1). All parameters in Table 1 varied from point to point with the
exception of soil depth, leaf area index, and woody biomass. The vegetation
parameters used here correspond to the average conditions found at sparse
krummholz locations (moderate leaf area and low woody biomass). Soil
depth was set to the average measured soil depth for 27 treeline sites in
Glacier National Park (Cairns 1995). Site-specific parameters were
calculated using a digital elevation model in a GIS.

Table 1. Sample parameters used in ATE-BGC carbon balance simulations for treeline and
valley simulations.

Latitude (*) 48.722 48.699

Elevation (m) 2217 1524
Slope (*) 19.93 8.20
Meteorological Base Station Many Glacier Many Glacier
East horizon angle () 18.77 1.25
West horizon angle (°) 17.57 14.15
Site average precipitation (mm) 1774 783
Snow potential index 0.001 0.037
Soil Type Babb Association  Loberg Association
Soil Depth (cm) 8.5 100
Total leaf area index 11.07 6.8
woody biomass (kg) 253.59 10260

The simulation of a non-treeline site was calculated in the same manner
as above, but was based on the average values for 10 randomly located low
elevation sites within the St. Mary River catchment of GNP. These sites are
representative of full-sized sub-alpine forest in GNP. For the low elevation
runs, the treeline specific processes in ATE-BGC (photosynthetic
maturation and winter injury) were disabled. In this configuration there was
no difference between ATE-BGC and FOREST-BGC.
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The relative performance of treeline sites in comparison to low elevation
mature forest sites was calculated as the ratio of site-specific carbon balance
predictions and the average low elevation carbon balance prediction.

FORSKA. The fundamentals of how individual tree growth is simulated
have been explained in detail elsewhere (Leemans 1989). The fundamental
growth equation is:

d/dt(D’H) = (1-W /W) 8" SLOYP,-02)dz 4 flenvironment) 1)

where D is dbh, H is tree height, W is biomass (total and maximum), B is
bole height, S, is the vertical density of leaf area, Pz is the proportion of
maximum possible annual assimilation achieved by leaves at depth z in the
canopy, Y is the species-specific growth-scaling factor, and d is a species-
specific factor for maintaining the tree’s actual size. Instead of the
Aenvironment) based on input data, we used the relativized surface
produced by ATE-BGC. All simulations were run with a cell size of 30 m.

Positive Feedback

The site quality of a given cell was increased if a neighboring cell was
occupied. We increased site quality as a function of neighbor basal area:

Q = d=S*B/60 2)

where S is feedback strength, B is basal area in cm?2, and d is 1 for cells
sharing a side or .707 (difference in center to center distance) for cells
sharing only a corner. We used feedback strength levels of 0, 0.25, 0.5, 1.0,
2.0, and 4.0. At levels >0, a cell neighboring at least one occupied cell could
possibly have its site quality increased by 0.18, up to a maximum of 1.0.
Twenty simulations were run for 500 years for each feedback level. Seed
rain was held constant in these simulations.

RESULTS

Relativized carbon balance (site quality) values from ATE-BGC varied
gradually across the site (Figure 2). Overall relative potential carbon balance
was very low. When FORSKA was run using the relative carbon balance
figures from Figure 2 as input, the results varied with feedback strength.
Mean LAI values produced by FORSKA increased abruptly between no
feedback and low feedback, then more gradually with higher feedback levels
(Table 2). There was an increase in both the minimum number of cells with
trees, and leaf area index (LAI) per cell. Notably, it was necessary to
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increase feedback strength by an order of magnitude to get much vegetation
on the site. Actual LAI for krummbholz patches on the site was 13.35, but the
patches occupied less than 25% of any 30 m pixel area. Tree growth was
restricted to cells with the highest site quality values, even at the highest
feedback level (Figure 3).

DISCUSSION

To produce leaf area in the ranges observed at alpine treeline, it was
necessary to use high feedback strength. The feedback strength needed
produced very abrupt boundaries in the simulations on smooth
unidimensiona gradients simulated by Malanson (1997) (Figure 4). This
contrast indicated that the patterns at treeline, other than the most abrupt
transition from trees to tundra, resulted from a combination of pattern in the
abiotic environment, such as soil depth, and feedback. Another way in
which some patterns can be generated, however, is through directional
feedback. Directional feedbacks can produce patterns without abrupt.

Figure 2. Pattern of relativized carbon balance (site quality) values.
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transitions even at relatively high feedback strength. For a simple stochastic
cellular model, the surrounding trees increased in probability of a cell being
occupied by trees. Occupancy in one direction (e.g., upwind) can have a
stronger effect. This model produced an advancing treeline on a smooth
gradient that had some of the elements of pattern observed (Figure 5).

Table 2. Leaf area index (LAI) projected for a site for varying levels of feedback strength.

Feedback  Result Mean Variance  Min Max
0 icells>0 11.1 5.253 6 15
LAI, cells>0 0.001  0.000 0.001  0.005
LA all cells 0.000  0.000 0.000 0.005
0.25 #cells>0 17.6 1.516 14 18
LAI cells>0 0.494  0.090 0.001 1.047
LAL all cells 0.022 0.015 0.000 1.047
0.5 #cells>0 1795 0.050 17 18
LAL cells>0 0594 0.052 0.001 1.236
LALallcells  0.027 0.018 0.000 1.236
1.0 #cells>0 1795 0.050 17 18
LAJ, cells>0 0.594 0.046 0.001  1.203
LAlLallcells  0.027 0.018 0.000 1.203
2.0 #cells>0 19.5 3.737 18 22
LAJ, cells>0 0.606  0.035 0.001 1.182
LALallcells 0.029 0.019 0.000 1.182
4.0 #cells>0 20.7 3.484 18 22
LAL cells>0 0591  0.033 0.003 1.245
LAL, all cells 0.031 0.019 0.000 1.245

These results raise questions, which can be considered as new
hypotheses, for the major hypotheses about ecotone pattern. The questions
are: Can the resource averaging hypothesis account for the variations in
spatial pattern at treelines? Can positive feedback alone produce
complicated spatial patterns on a smooth environmental gradient? How
strong is the negative feedback of cooler soils relative to positive feedbacks?
The new hypotheses are:
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Figure 3. Pattern of leaf area generated on the site quality values of Figure 2 using the
highest feedback strength (lightest gray is zero).

» Resource averaging hypothesis: patterns at treeline can be generated
by varying distribution of soil resources only if the gradient is
irregular and if positive feedback exists. Resource averaging alone,
without feedback effects, cannot produce the patterns seen at fine
resolution.

» Positive feedback: while positive feedback is necessary, it does not
produce the detailed patterns observed unless, perhaps, it has unusual
spatial dimensions. Variation in the spatial distribution of the
resources or stresses is necessary.

» Growth limitation: the negative feedback of cooler soil and canopy
limits on growth may not outweigh positive feedbacks, but a more
thorough evaluation needs to incorporate this effect in the
mechanistic models, guided by accurate data.
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Figure 4. Pattern of abundance for high feedback from Malanson (1997).
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Figure 5. Neighborhood contributions to site quality and pattern produced in a simple
stochastic cellular model.

The most fruitful path for future modeling of the spatial patterns at the
alpine treeline ecotone would seem to be to incorporate elements from the
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above hypotheses to determine the processes that are both necessary and
sufficient to produce the observed patterns. First, the growth limitation
hypothesis is based on specific mechanistic response to temperature. The
degree to which leaf area alters temperature can be determined and the
effects of temperature on growth processes modeled. This step could be
included in the FORSKA portion of our model. Second, the spatial aspects
of positive feedbacks need to be quantified and modeled: it is the pattern
that determines the feedback that produces the pattern. The direction of
wind and slope need to be included and can be on a grid model. Whether or
not the simple moving window approach with additive process is adequate
needs to be addressed; we suggest that using genetic algorithms for rule
discovery may be appropriate. A finer resolution model, perhaps at 1 m,
might be more appropriate. Third, the variation in the underlying resource
gradient needs to be explored systematically. How variance in the gradient
interacts with spatial feedbacks will produce a vast number of potential
patterns. Because the resource gradient in field situations has already been
affected by feedbacks, it may be necessary to design more careful field
campaigns before we can understand what models tell us
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Abstract We examined the effect of spatial scale on the distribution and probable
dynamics of an annual woodland plant. The natural distribution of
Melampyrum pratense was mapped within woods in Birmingham, UK. Its
distribution was recorded within five defined habitat types (Holly, Heath,
Birch, Glade and Bracken), and experimental transplants into each of these
habitat types were monitored over two growing seasons. Populations were
observed to persist naturally in habitat types where experimental sowings
were incapable of sustained population replacement (i.e. “sinks”). These
populations were all within close range (< 16 m) of natural populations in
‘ide~l’ woodland glade habitat, and appeared to be maintained, in the long
term, by immigration from these ‘source’ patches. Deduced
metapopulation dynamics, involving local colonisations and extinctions in
woodland glades, appeared to be occurring at medium “source-sink”
dynamics mentioned above were restricted to a range of 0 to 16m. Natural
dispersal events to separate woodland units (300 ~ 1600 m away), where
M. pratense was absent from habitat proved to be favourable by the
success of transplants, would appear to be rare. As a result, colonisation or
re-colonisation of other suitable woods some kilometres away was
probably an extremely rare occurrence.

Melampyrum pratense was dependent on the characteristic spatio-
temporal dynamics of mature woodland, or of managed coppice woodland,
and its presence within any wood was indicative of past, as well as present,
conditions within a wood. Declining rates of dispersal with increasing
distance mean that source-sink dynamics, metapopulation dynamics and
community history assume differing importance at different spatial scales.
Thus, conclusions about the relative roles of habitat and dispersal in
species distributions are critically dependent on the spatial scale of study.
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The capacity of GIS to integrate mapped data from a variety of sources can
make analysis of plant and animal population patterns across a variety of
scales more manageable. Therefore, GIS tools are likely to be extremely
valuable in such multi-scale analyses, and in identifying the dominant
influences on species distributions at each spatial scale.

INTRODUCTION

The spatial resolution at which the distribution of a particular plant or
animal is mapped may fundamentally affect the biological interpretation of
which factors determine that distribution (e.g. Wiens 1989 1997, Thomas
and Kunin 1999) and the conservation priorities attributed to different
species (e.g., Kunin 1998, Cowley et al. 1999). GIS can provide the tools to
examine species distributions easily at multiple scales. We provide a case
study of how the spatial resolution of analysis affects the interpretation of
biological processes in the plant Melampyrum pratense (common cow-
wheat). This species is a hemiparasitic annual herb associated particularly
with clearings and banks in ancient woodland.

Most animal and plant species have patchy distributions, both naturally
and as a result of habitat fragmentation (Gilpin and Hanski 1991). There are
two major causes of patchiness: a) limiting habitat requirements (including
competition, microhabitat requirements, and the presence of associated
species); and b) failure to colonise suitable habitats, usually because
propagules are not reaching these habitats at all, or in sufficient numbers.
However, a species may sometimes also be found in fundamentally
unsuitable habitats, where it is maintained by the dispersal of propagules
into “‘sink” habitat.

In general, places without a particular species may either be unsuitable
non-habitat, or potential habitat waiting to be colonised (reviewed by
Thomas and Kunin 1999). Identifying the difference is a key element in any
study of spatial dynamics. However, places which currently support a
species, and thus appear to be suitable as habitat, may not all be
fundamentally suitable for local reproduction and population maintenance.
Some locations (sinks) may be populated only because of the flow of
individuals/propagules into them from population sources elsewhere.
Therefore, one could possibly observe source-sink-type population
dynamics at one spatial scale (involving frequent, small-scale movements of
individuals or propagules) and metapopulation dynamics at another
(involving colonisations which are mediated by infrequent, larger-scale
movements between suitable breeding areas). It is crucial to the
development of conservation programmes, to understand which processes
are most important at different spatial scales.
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This study attempted to distinguish between the effects of habitat
suitability and seed dispersal on the distribution of a woodland annual plant,
Melampyrum pratense, by considering its habitat mosaic at various
resolutions of analysis. The major hypothesis tested within this study was
that dispersal limits the species’ distribution across large (regional)
distances, but is still high enough to generate sink populations over shorter
distances.

Melampyrum Pratense and its Distribution in Birmingham

Melampyrum  pratense is a hemiparasitic member of the
Scrophulariaceae, with spikes of tubular yellow flowers and characteristic
“beake” seed pods. The plant has a maximum of four seeds per pod, and
their large weight (ca. 20 mg) is thought to be an adaptation to
hemiparasitism in a leaf-litter environment, where there may be some
distance between the germinating seed and the host roots to which it must
attach (ter Borg 1985).

Within the study area, the species occurred only in or around woodland
older than 300 years, often growing at locally high densities between May
and September. Melampyrum pratense is usually found in areas of relatively
open ground (e.g., woodland glades and banks, rides, wood margins) on acid
ground (Streeter and Garrard 1983). The species is also recorded from more
open heathy habitats, where it is commonly associated with Calluna
vulgaris, Vaccinium myrtillus and the grasses Deschampsia flexuosa and
Agrostis tenuis. A mix of C. vulgaris and M. pratense may indicate
previously burnt ground, and characterise a transitional community
(Ingrouille 1995).

Melampyrum pratense extracts water, minerals and organic compounds
from the roots of its hosts through haustoria which form xylem-to-xylem
connections. All Melampyrum species require a host to complete the life
cycle (ter Borg 1985), and M. pratense appears to be able to utilise a variety
of hosts, but to “prefer” some over others. The Scrophulariaceae as a whole
are noted as parasites of grasses and grain crops, and many flora state that
M. pratense parasitises grasses. However, Lars Ericson (pers. comm.)
believes that M. pratense is reliant on the roots of birch and pine in Sweden.
Other authors believe that M. pratense parasitises woody plants, including
Betula, Pinus and Ericaceae (Bitz 1970), Picea abies (Barsukova and
Pyatkovskaya 1977), Quercus robur, and Corylus avellana (Smith 1963),
and that the apparent association with grasses arises because seeds in dense
grass are better protected from small mammal predators (Masselink 1980,
cited in ter Borg 1985).



142

The other requirements of M. pratense appear to be coincident with the
stable conditions of older woodland; it does not survive any great degree of
trampling, it thrives in the transient stronger light conditions produced by
fallen trees and branches, and it can form carpets in the first year or two of
new glades formed by coppicing (cutting). In Sutton Park, dense patches of
M. pratense are typically seen around trees or large branches that fell three
or four years before. Subsequently, these patches apparently become
overgrown by bracken and taller brambles, but individual plants of M.
pratense persist in reduced numbers underneath this shade.

Seeds produced by selfing in M. pratense are often large and may lack
dormancy, in contrast to the smaller products of cross-fertilisation (Lars
Ericson, pers. comm.). Ericson also indicates that selfing is relatively
frequent. Melampyrum pratense has a substantial, persistent seed bank
(Masselink 1980, ter Borg 1985) and around 50% of seeds have the capacity
for dormancy (L. Ericson, pers. comm). Seed dispersal is largely reliant on
ants (the seeds have an attractive oil gland), but seeds may be carried longer
distances by voles, whose seed caches may be important in the plant’s
colonisation of new glades formed by fresh tree-falls.

Melampyrum pratense is characteristic of ancient woodland with mixed
age structure, mostly on acid soils. As a poor coloniser (Tasker 1990), M.
pratense’s spatial dynamics are likely to be highly dependent on the spatial
and temporal dynamics of its habitat, and its presence or absence might
therefore be a useful indicator of the history of the woodland in which the
species occurs. In this paper, we investigated the extents to which M.
pratense’s spatial dynamics were determined by the nature of its habitat, and
by its own colonisation abilities.

Within the UK, M. pratense occurs widely from north to south, having
been recorded in over half of the UK’s 10 km grid squares (Figure 1a). At a
regional scale, the species is currently present in only a few locations in and
around Birmingham (Figure 1b), all of which consist at least partly of
ancient woodland with some oak (Quercus spp.) (Amphlett and Rea 1909,
Lee 1867, Readett 1971a, Readett et al. 1971b, Edee 1972). It is probable
that it was also present, but unrecorded, in a wider range of woodlands in
the past. Within the Birmingham boundary, M. pratense was present only
within Sutton Park, and the species was recorded in only two of the Park’s
ten woods (Figure 1c), and not in the open heathland which makes up the
majority of the park. The species’ distribution within woods is very patchy,
restricted primarily to relatively open glades between dense, mature holly
trees (Figure 1d). Within the glades where they are present, individual plants
tend to be more evenly spread (Figure le)

Melampyrum pratense has a seed bank (L. Ericson, pers. comm.), but can
be expected to go through a number of generations within the study period
(3 years). Populations in patches were observed to be increasing in some



143

areas, declining in others (Table 1) and empty patches could well have been
colonised within the time-scale of the project. These fast spatial dynamics
mean that M. pratense is a plant species to which metapopulation dynamics
might be expected to apply on timescales relevant to conservation
management (i.e., decades).

Patch ID (ussigned  Canopy type Number Number
when mapped) (7/8/93) (7/8/96)
15a Clearing - birch / oak 634 489

7 Clearing - fallen oak 435 357

4 Old birch / oak 212 201

3 Bracken 46 37

12 Oak 207 197

8 Rowan / oak 415 429

10 Oak 346 385

14 Oak (tree fall in 1994) 125 286

Table 1. Numbers of individuals in each of 8 mapped natural patches within a single
woodland, counted in early August 1993 and in early August 1996.

Hypotheses on dispersal and habitat suitability were tested by artificial
distribution of seed into “empt” habitat of various types. This paper
investigated the role of dispersal versus habitat in limiting the distribution at
the two intermediate scales (Figures 1c and 1d); woods within Sutton Park,
and glades and alternative habitats within one wood.

The Study Site

Sutton Park, (UK National Grid coordinates SP 100 970, or 410000,
297000), consists of a complex of habitat types: heath, bracken, acid
grassland, older woodland of predominantly oak (Quercus robur / petraea),
rowan, (Sorbus aucuparia) and holly (llex aquifolium), and younger stands
of regenerating birch (Betula spp.), in previously open areas that were
maintained by rabbits (pre-myxomatosis) and occasional fires. The park is
around 859 ha, of which about 180 ha is mature, deciduous woodland
(Figure 2). Pollen cores indicate that woods 1, 3, 4, 5, 6, and 7 (Figure 2)
have been wooded areas since at least the 16" century (Barlow, 1988).
Wood 8 is also ancient (Cobham Resource Consultants, 1991). Wood 2 is a
deciduous plantation, 80 years old. Woods 9 and 10 date from around 1850,
and are predominantly oak. Substantial plantings of oak were made at this
time in the six older woods (Peterken 1970), which means that all the older
woods now have a broadly similar species composition. A mix of oak, holly
and rowan characterises all of the woods older than 200 years, with some
mature birch also present. The areas of young birch have regenerating oak
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and rowan in the understorey, and could be expected to mature into high oak
forest very similar to the older woods, although this process would take
decades or centuries (Pike 1975).

Wood 7 (Figures 1, 2) is a diverse, patchy complex of mature oak and
holly, bracken, heath, young and mature birch, and rowan. It contains M.
pratense. This wood was the subject of intensive mapping (Figures Ilc, 1d);
experimental sowings were made within and near it in 1994. Woods 5 and 6
(treated as one unit), wood 9 and wood 1 were also used for experimental
sowings, and are referred to as unoccupied woods 1-3 (UNO/C 1-3, Figure
2). Although these woods contain some areas that are too shady for M.
pratense, they do also contain apparently suitable glades and banks with a
more open canopy and a ground flora of grasses and bilberry (Vaccinium
myrtillus).

METHODS
Mapping

At the outset of this work, the occurrence of M. pratense was mapped
within a small area of woodland, using a N-S gridding system of tent pegs at
10m intervals. Unoccupied and occupied glades between the stands of dense
holly were measured and mapped (see Figure 1d). To supplement this initial
work, individual plants were mapped and counted within a single glade,
using a fine grid of 50 cm (Figure le).

Experimental Sowings

Sowings of M. pratense were made in 1994 and 1995 (Table 3), to test
whether the absence of the species from particular glades, woods and other
habitat types was due to dispersal failure or to inadequate habitat. Host
availiability was also an important consideration, but in the study area it
appeared unlikely that M. pratense was restricted to a single host. Above
ground it was associated with oak, birch, bilberry, the grasses Deschampsia
flexuosa and Agrostis tenuis, and holly.

Melampyrum pratense was only found in two, ancient woods within
Sutton Park (Figure 1b). Initial observations suggested that (1) other woods
in the Park also contained potentially suitable habitats, and (2) other
locations within the woods that did support M. pratense might also be
suitable for the plant, even though at the time of survey it was absent from
these locations. Table 2 shows the areas where these different sowings were
made, as well as listing the ages, areas and tree-species composition of all
woods in Sutton Park.
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Figure 1. (a) UK distribution of M. pratense (taken from Perring and Walters, 1976). Black
dots indicate 10 km grid squares in which the species had been recorded at this time. On each
of these figures, a rectangle shows the approximate extent covered by the subsequent figure.

Two woods nearby contained areas which seemed ideally suited to M.
pratense, but the species was absent. (This apparently suitable habitat type is
referred to from here on as GLADE). Artificial sowings were made in these
woods in 1994, to test whether the habitat was as suitable as it appeared. If
the species succeeded in these plots, it implies that the reason for its absence
was an inability to reach these other areas of woodland, 325 m (UNOCC1)
and 1400 m (UNOCC2) from the nearest natural patches of M. pratense. In
1995, a further thirty-two sowings were made in a wood (UNOCC3), 1600
m from the closest occurrences of M. pratense.
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b) Occurrences of M. pratense in and c¢) Occupied and unoccupied woods
around Birmingham district boundary. within the boundary of Sutton Park.
Shaded sites are currently occupied. & Narrow belts of suitable woodland
symbol indicates a site where the species which stretich between the separate
is now absent, but was recorded in woods are indicated on the map by
Bagnall’s flora of 1891. Sutton Park is the dotted lines.

most northerly site shown.

d) Occupied and unoccupied glades within  €) Distribution of individual plants of M.
a section of oak/holly woodland. pratense within a single glade.
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A number of sowings were made in unoccupied glades within wood 7,
where M. pratense was already present in other glades. Again, the habitat
appeared ideal, but M. pratense could have been absent from these patches
either because they were actually unsuitable (e.g. because of competition,
microhabitat or other factors), or because the distances were too far for seed
dispersal and colonisation, (even though all these sowings were within 2.5 to
40 m from existing patches of M. pratense). For analysis, the sown plots
were divided into two separate groups of 16 plots each; one group was less
than 10 m from existing patches of M. pratense (SWCLOSE); the other
more than 12 m away (SWFAR). In fact, the only successful plots in the
SWFAR group wcre >= 17.5 m from existing populations, increasing the
disparity between the two groups of plots.

Table 2. The main woods of Sutton Park (shown in Figure 2).

N Name Area Age Tree-species composition

0. (ha)  (years)

1 Holly Hurst 362 140  Holly/ planted pines / little Oak

2 Hill Hurst 4.8 80  Deciduous mixed plantation

3  UpperNutHurst 165 >250 Old hollies plus deciduous plantings
from
around 1850

4 Lower Nut Hurst 220 >250 Old hollies plus deciduous plantings
from
around 1850

5 Pool Hollies 22.1 250 Mixed deciduous plus planted conifers.

6  Darnel Hurst 14.7 250  Mixed deciduous - natural and planted.

7  Streetley Wood 146 >250 Oak/Holly,
Qak / Rowan / Birch, Birch.

8  Gum Slade 240 >300 Oak/ Holly - old wood pasture
9 Westwood 16.5 140  Oak/ Holly

Coppice
1  Wardens Belt 89 100  Mixed conifer / deciduous
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0 500 1000 m

Figure 2. The main woods of Sutton Park. Shaded segments indicate areas of young birch.
“UNOCCI1”, “UNOCC2” and “UNOCC3” are woods where the species is absent, and where

introductions were carried out (see section 2.2).

Table 3. The plots of M. pratense planted out in 1994 and 1995.

Habitat type Code Number of plots
1994 1995

Glade habitat in woods UNOCC1 16 -

where M. pratense is UNOCC2 16 -

absent UNOCC3 - 32

Unoccupied glade habitat in wood 7, where SWFAR 16 -

M. pratense is present SWCLOSE 16 -
Other habitats in or- Young birch BIRCH 16 -
adjacent to wood 7 - Bracken BRACKEN 16 -

- Dense holly HOLLY 16 -
- Open heath HEATH 16 -
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Sowings were also made in four other habitats in and around wood 7, as
follows:

» BIRCH. Birch woodland contains the same two species of grass, D.
flexuosa and A. tenuis, with which M. pratense is associated in the older
woods, and birch trees themselves may also be hosts for M. pratense
(see above). Few naturally-growing individuals of M. pratense are
found in these areas, which may be a result of the young age of the
woods (1.e., a lack of colonisation), unsuitable habitat in some way (e.g.,
no oak), or the more open canopy structure. The successional birch
woods were between 30 and 60 years old. The experimental area was
immediately adjacent to wood 7, where M. pratense is present (Figure
2). Birch woodland also occurs elsewhere in Sutton Park (Figure 2).

» HEATH. Open heath contains patches of grass and bilberry, which
could possibly form suitable habitat for M. pratense, and this plant does
sometimes grow in scrub and heath adjacent to wood 7. The heath
patches to which the species were introduced were all over 18 metres
from woodland edges, and they all contained some bilberry and fine
grasses, as well as C. vulgaris.

» HOLLY. Melampyrum pratense is sometimes found in dense shade
under holly, but usually at low density. Grasses and bilberry are usually
absent. It was unknown whether this habitat could sustain persistent
populations.

» BRACKEN. Sowings were also made in areas of dense bracken, to
examine the ability of M. pratense to persist under its shade, since
bracken tends to invade the woodland clearings where M. pratense
initially thrives.

In experimental sowings, the propagules consisted of twenty fresh, ripe
pods of M. pratense, wired together and fixed to a tent peg which was sunk
at each site. Based on observed average seed count per pod, each plot had an
estimated 64 seeds (mean seed number per pod = 3.2, standard deviation =
0.8, n = 1168 pods). 128 plots were planted out by this method in the
autumn of 1994, and a further 32 in autumn 1995. The sowings were timed
in order that the seed could germinate in situ in late autumn. These plots are
listed in Table 3. The permission of English Nature and the site warden was
obtained before this and other experimental work was carried out.

Monitoring Plots and Natural Patches

For each of the above major habitat types (i.e., heath, woodland glade,
young birch woodland, holly shade and bracken), naturally-occurring
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densities of M. pratense were measured in twenty random quadrats of 1 m’
each (Table 4).

Table 4. Occupancy of random quadrats (n=20, for each habitat type) by M. pratense, in and
around woodland 7.

Habitat Average density of M. Proportion  Maximum distance of

Type pratense (+ 5.d) in occupied ©f Quadrats M. pratense from
quadrats (plants m?). occupied vrf/l:)’:;ﬁand_ deciduous

GLADE 1853 + 1038 055 wa

HOLLY 360 T 156 0.10 4 metres

HEATH 783 + 279 0.20 15 metres

BIRCH 820 * 1396 0.15 6.5 metres

BRACKEN ¢78 + 9297 0.30 8 me*re,

The progress of all sown plots was followed in 1995 and 1996, and for
each, the following were recorded: (1) number of plants, (2) mean number
of seed pods per plant, and total number per plot, (3) estimated number of
seeds per original seed (i.e., level of replacement or recruitment), and (4)
survivorship of seedlings to maturity.

Pod numbers were monitored by counting the number of ripe pods (with
visible seed swellings) on each occasion, and ignoring dehisced or unripe
pods. Based on field observations, it was assumed that pods which were ripe
on one occasion would probably discharge their seed before the next twenty-
day census, so that the total number of observed pods in each plot over one
year would give a good estimate of the total pod number produced in that
plot for that year. This assumption was checked by counting the number of
empty seed pods on a visit, and comparing it to the number of pods last
recorded for that plot, and the two were closely correlated.

In 1995 and 1996, the plots were surveyed at approximately twenty-day
intervals starting from late May. The dates of survey are referred to as
follows throughout the text; (1) “late May”: 30™ May - 1% June, (2) “mid
June”: 19™ June - 21* June, (3) “early July”: 10" July - 12" July, (4) “late
July”: 31% July - 2™ August, (5) “mid August’: 19" August - 21 August and
(6) “early September”: 11" September - 15" September.

On each of these occasions, in 1996, data from forty random plants in
natural populations were also recorded.
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RESULTS

Mapping

Mapping across a number of glades (Figure 1d) demonstrated the
presence of unoccupied glades with apparently suitable habitat within woods
where the species was present. This phenomenon formed the basis of much
of the experimental work here described. Within glades, distribution was
more even (Figure le). The clustering and aggregation which does exist at
this scale may be generated by localised seed production, balanced against
intraspecific competition.

Comparison of Natural Occurrences in the Different Habitat
Types

Melampyrum pratense was found naturally in holly, heath, young birch
and bracken habitats, but at lower densities than in the mature mixed
woodland (Table 4). The proportion of occupied quadrats shows a similar
pattern. One-way ANOVA revealed significant differences between the
densities of M. pratense in the different habitat types (F = 8.88, p < 0.0001,
4 and 95 d.f.). Plants were significantly more abundant in glade habitat than
in heath (F = 9.299, p = 0.004, 1 and 38 d.f.), holly (F = 13.127, p = 0.0008,
1 and 38 d.f.), bracken (F = 8.404, p = 0.0062, 1 and 38 d.f.) and birch (F =
10.26, p = 0.0027, 1 and 38 d.f.). All remain significant at p<0.05 with
Bonferroni correction. Chi-squared tests (with Yates’ correction) on quadrat
occupancy showed significantly more occurrences of M. pratense in glade

quadrats than in birch (x2 = 11.36, p = 0.005, 1 d.f.), holly (x2 = 14.59, p =

0.005, 1 d.f.), bracken (x2 = 4.09, p = 0.05, 1 d.f.) and heath (x2 = 8.53, p =
0.005, 1 d.f.). All except glade versus bracken remain significant at p<0.05
with Bonferroni correction.

All the quadrats from holly, heath, birch and bracken habitats were
grouped together, and their distance from oak/holly canopy was found to
have a marked effect on their occupancy by M. pratense (Figure 3a) and on
the mean density of M. pratense found across occupied and unoccupied
quadrats (Figure 3b). When only those quadrats from all habitats, which had
M. pratense present were considered, a linear regression of quadrat density
against their distance from oak/holly woods showed a negative slope.
However it was not significant. Nonetheless, the occurrence of any M.
pratense in quadrats significantly declined with increasing distance (logistic
regression, slope = -0.199, intercept = 0.3645, p = 0.0043, n = 80).
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Furthermore, heathland quadrats where M. pratense was found were
qualitatively different from the majority of the open heath in the area. These
quadrats contained many young birch and oak trees, as well as tall bilberry,
and could be described as scrubby or “successional” heath, as opposed to the
low-growing mix of heather and grasses in most other areas of the park.

Regeneration from Dormant Seed

Pollination-bag experiments in the summer of 1993 indicated that M.
pratense was successfully selfing. Because outcrossed seeds often have the
capacity for dormancy (see above) it was necessary to investigate the
species’ seed bank.

In order to identify any dormant seed bank, all M. pratense plants were
removed from an abundant natural patch before seed set in 1993, being
pulled up by the roots. This procedure was repeated in 1994, 1995 and 1996.
The implication is that any individuals found in 1994-6 were the products of
dormant seed in the soil, rather than seed produced in 1993, although low
levels of immigration are possible. In 1994, 232 plants were removed from
the patch, and in 1995, 55 plants were found and removed. In 1996, a further
29 plants were removed.

OO0 00O
N WA
| SRS S

Proportion of quadrats
occupied

0.1

Mo

135 7 9111315171921 23 252729 31 33 35 37 39 41

Distance from oak/holly woodland

Figure 3a. Proportions of random quadrats occupied by M. pratense, at various distances
from occupied woodland.
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Figure 3b. Mean densities (+ s.e.) of M. pratense in random quadrats (see Table 4).

These numbers indicate that some seeds of M. pratense remain dormant
for three years or more. However, calculating dormancy proportions from
these results would be complex, since, for example, the plants in 1994 arise
from seed set in 1992, 1991, 1990 and possibly earlier, when local densities
of M. pratense were unknown.

Experimental Sowings

The initial success of sown plots in early 1995 was good, but extremely
hot and dry weather over the summer meant that even in well-established,
shady plots, many plants died before seed set. However, there was survival
of plants to maturity in a number of the artificial plots, and some seed was
produced (Table §). Occupancy of the planted plots was similar in 1996 to
plot occupancy at the end of the 1995 season, and seedlings appeared
(though they did not survive long enough to seed themselves) in two plots
which had been unoccupied in 1995, demonstrating that a proportion of M.
pratense seeds remain dormant at least until the second year.

There was variation in success within and between habitat types (Table
5). Habitat averages may be misleading because some of the sowings may
have been in unsuitable microhabitats within generally suitable habitat types
(M. pratense is locally distributed even within single woods; Figure 1d). So,
it is instructive to consider the fate of individual experimental plots (Table
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5). Of the surviving plots, some were highly productive, while others in the
same habitat type might produce only a few pods in both years. The general
decline in the drought year (r<0) was followed by a general increase (r>0) in
woodland habitats, little change in bracken, and further declines in holly and
heath.

Once unsuccessful plots had been selected out in the first, drought year,
there was an overall tendency towards population increase in the unoccupied
woods, the occupied wood and the young birch woods (i.e., positive values
are seen in the “r96/95” column in 24/31 plots, or 77%).

Even considering the severe drought year, half (16/31) of the plots
showed an increase from the beginning of the sowing (96/94 column). Only
in bracken and holly habitat was a general population decline observed in
this second year.

The experimental plots were visited again four years after sowing (July
27" 1998), to check for persisting populations (Table 5). At this date, three
populations survived in wood UNOCC1, four in wood UNOCC2, and three
in SWFAR, while all plots in SWCLOSE, bracken, birch, holly and heath
habitat had disappeared. In addition, populations survived in four plots in
wood UNOCC3 in 1998, three years after sowing. However, as can be seen
from Table 5, surviving populations were mostly in locations where initial
population increase had been observed (r > 0 for 96/94) while other sowings
in the same woods had failed (generally where r < 0 for 96/94). It appears
that the early population increase seen in young birch woods was
insufficient to maintain any populations over the four year period. Numbers
of individuals in surviving populations ranged from 1 to 34, and most
populations contained healthy flowering plants at this date.

The implication of these results is that there are a number of glade sites
within Sutton Park, within which M. pratense could survive and increase,
and from which the species is currently absent. The artificial introductions
allowed us to calculate r in the absence of immigration, with a known
propagule size. Emigration from plots was also negligible; the areas around
the sowings were searched for individuals of M. pratense which had
colonised from these seed sources, but the maximum distance spread over
both years was small (112 cm). Even after four years, the maximum distance
spread was 181 cm (Table 5).

DISCUSSION

The spatial extent and resolution of analysis strongly influenced our
interpretation of the relative importance of different factors in the
distribution of M. pratense. At a national scale (Figure 1a), climate, land use
and soil series are major determinants of the distribution. At a regional scale
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(Figure 1b), woodland area and soil series were most important. At the scale
of woods in one large park (Figure lc), woodland history was the key
determinant of the distribution. At the scale of glades within a single wood
(Figure 1d), metapopulation dynamics of colonisation and extinction, and
habitat quality became the most important influences. At the finest study
scale of a few metres, rates of local birth and death combined with dispersal
to generate source-sink dynamics. Thus, the resolution of analysis is crucial
in population biology. GIS tools have a particularly valuable contribution to
make to multi-scale analysis of species distributions, because of their
capacity to handle and combine point and polygon records at a variety of
scales, and to record the effects when areal units are modified.

Metapopulation Dynamics within Woods

Glades and other open habitats within oak/rowan/holly woodland appear
to be ideal for M. pratense. Many of these habitats are temporary, becoming
shaded by canopy, and dominated by bracken and brambles, some 5-15
years after the initial disturbance. These conditions are found in mature
woodlands, where branch- and tree-falls are regular occurrences (as in wood
7 in this study). Given the maximum observed spread of 112 cm in two
years, and 181 cm in four years, it is reasonable to regard each glade as
containing a separate local population with respect to seed production (gene
flow by pollen transfer may be another matter). Thus, each local population
in a single glade has some likelihood of becoming extinct, as succession
takes place. Persistence in such woods occurs through dispersal; in time,
through a seed bank (which may be relatively short-lived), and in space, via
seed dispersal. The occurrence of unoccupied glade habitats within wood 7
(Figure 1d), where M. pratense occurs naturally, combined with successful
experimental seeding into these glades and very low rates of dispersal away
from points of introduction, suggests that dispersal between patches is slow.
Thus, any reduction in the rate at which new clearings were formed could
threaten metapopulation persistence.

Table 5. Numbers of pods for 1995 and 1996, and r-values for 1994-1996 and 1995-1996, in
each of the plots which survived to 1996. Between 1994 and 1995, all plots declined, giving
negative r-values. ‘Y’ in the 1998 column denotes that this population survived at June 27"
1998, and the final column shows the spread by the time of the 1998 survey.

Patch pods 95 pods96 r96/95 r 96/94 1998 98 spread (cm)
UNOCC1.1 15 133 2.18 1.89 Y 38
UNOCC1.3 29 33 0.13 0.50 Y 181

UNOCC14 2 20 2.30 0.00 Y 32
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UNOCC1.6 1 5 1.61 -1.39
UNOCC1.8 13 8 -0.49 -0.92
UNOCC1.13 1 2.08 -0.92
UNOCC1.15 1 12 2.48 -0.51
UNOCC2.1 4 28 1.95 0.34
UNOCC2.2 89 127 0.36 1.85
UNOCC24 39 29 -0.30 0.37 Y 49
UNOCC2.6 2 18 2.20 -0.11
UNOCC2.8 2 33 2.80 0.50 Y 30
UNOCC29 27 16 -0.52 -0.22 Y 50
UNOCC2.10 1 6 1.79 -1.20
UNOCC2.14 5 1 -1.61 -3.00
UNOCC2.15 26 30 0.14 0.41 Y 18
SWFAR.10 2 5 0.92 -1.39
SWFAR.14 8 1 -2.08 -3.00
SWFAR.17 7 1 -1.95 -3.00
SWFAR27 4 21 1.66 0.05 Y 55
SWFAR.28 23 47 0.71 0.85 Y 52
SWFAR.23 29 177 1.81 2.18 Y 74
SWCLOSE.6 9 37 1.41 0.62
SWCLOSE.8 9 41 1.52 0.72
SWCLOSE.1 5 11 0.79 -0.60
1931RCH.2 1 5 1.61 -1.39
BIRCH.4 3 17 1.73 -0.16
BIRCH.5 7 57 2.10 1.05
BIRCH.12 6 28 1.54 0.34
BIRCH.15 4 30 2.01 0.41
BIRCH.16 1 0 -3.00 -3.00
BRACKEN.S 6 5 -0.18 -1.39
BRACKEN.6 9 8 -0.12 -0.92
BRACKEN.7 8 7 -0.13 -1.05
BRACKEN.8 15 14 -0.07 -0.36
BRACKEN.1 5 8 0.47 -0.92
IS-lOLLY.7 0 0 -3.00 -3.00
HOLLY.10 0 0 -3.00 -3.00
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Source-Sink Dynamics

In and around wood 7, Melampyrum pratense occurred at highest density
within glades, and could be successfully introduced to empty habitats. It
occurred at lower frequency in heathland, holly and bracken, and sowings
into these habitat types had low success (bracken) or failed (heath, holly);
(i.e. r <= 0). In these habitats, frequency of natural occurrences declined
with increasing distance from prime M. pratense habitat (Figure 3a),
suggesting that immigration may be responsible for establishing low-density
“sink” populations near to these population sources. Thus M. pratense
occurs in relatively poor habitats close to population sources, but fails to
colonise more suitable, but distant habitats, where successful introductions
were made and where positive rates of population increase were seen.

Dispersal appears to be a major determinant of this species’ distribution.
We deduce that one wood with productive ‘source’ populations supplies
seed to “sink” habitat, such as holly edges and heath, a few metres away, but
seed dispersal is not always sufficient for good quality habitat to be
colonised 17.5 to 40 m away. “Good” habitat above a certain distance from
the natural populations is unoccupied, while small populations can be found
in “poor” habitat such as holly shade and bracken, provided that it is close to
existing seed sources. Therefore, source-sink dynamics appear to occur at
roughly one tenth of the linear scale of the regular metapopulation dynamics
(appearance and disappearance of glade populations). Thus, the limited
dispersal ability of M. pratense is a very strong determinant of its current
distribution within Sutton Park.

More Isolated Habitats

While much unsuitable heathland and grassland habitat lies between the
different woods of Sutton Park, belts of suitable habitat do in fact exist
between existing patches and the woods in which 1995 sowings were made
(Figure 1c). It is possible to walk from natural patches of M. pratense to
both Woods 9 and 5 without having to move out of the mature
oak/holly/birch woodland in which the species survives, and there are a
number of banks with suitable grasses and bilberry at small intervals along
the way. However, these strips of habitat are narrow (usually between 1 and
13 m), and the distance to travel from existing patches of M. pratense is
over 325 m to one wood, and 1400 m to the other.

Successful sowings (in the short term) of M. pratense into 30-60 year-old
birch woodland, immediately adjacent to the oak / rowan / holly wood
where substantial natural populations were present, emphasise the low rates
of colonisation, as do the successful sowings into unpopulated glades in
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wood 7; spread at a median rate of about 0.5m in three years. Therefore,
“normal” dispersal is very unlikely to result in the arrival of M. pratense
seeds in the unoccupied woods of Sutton Park, 300 to 1400 m away, where
suitable habitat patches do exist (Table 5). Of course, occasional seeds
might be transferred further, in mud attached to large vertebrates (mainly
humans, dogs, foxes and cattle), but the absence of M. pratense from nearby
oak woods is testament to the rarity of such events. They may be very
important on a glacial time scale, accounting for large changes in the
species’ distribution, but insignificant relative to the time scale of recent
habitat fragmentation and land management.

Conservation of an Indicator Species

Melampyrum pratense is often used as an indicator of ancient woodlands
on acid soils. Its spatial dynamics reveal why it is so restricted, and illustrate
the importance of woodland dynamics to the persistence of this focal
species. Melampyrum pratense requires intermediate levels of shading or
open conditions in forested areas. Such conditions are characteristically
temporary within the woodlands it inhabits. Furthermore, M. pratense is
very poor at colonising new habitats across space, and probably does not
have a very persistent seed bank (Lars Ericson, pers. comm.). Therefore, it
survives under two sets of conditions within the study region. In natural,
ancient woods, tree and branch falls are frequent, generating small areas of
increased light on the forest floor, suitable for M. pratense. Although these
habitats are temporary, clearings are close together, and the species can
persist by colonising across space. The second set of conditions occurs in
traditionally coppiced woodlands, where regular clearing on a 5-20 year
cycle creates a shifting patchwork of openings, enabling the plant to
colonise new habitats, through time, via its seed bank.

Since coppicing is now uneconomic, M. pratense has begun to decline in
this class of woodlands. A case in point is Rough Hill Wood, near Redditch
(30 km to the South of this study site). Melampyrum pratense was recorded
in this woodland, and in others around it, in Bagnall’s flora of 1891 (Figure
1b). However, the species is now absent, and this is almost certainly due to
the cessation of coppicing over the past 40 or 50 years; 20-40 years after
coppicing has ceased, the woodland floor is much darker than in an ancient
wood with regular treefalls. The ground flora is now dominated by bracken
and brambles, although some areas of bilberry and heather also survive.
Melampyrum pratense appears to have become extinct during a period when
open habitats were not available.

The dynamics of this species are such that its presence indicates moving
mosaics of partially-open conditions, persisting over long periods on the
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forest floor of mature woodlands. Thus, the presence of M. pratense can be
used to infer the presence not only of static parameters, such as suitable soil
type, but also of the habitat patterns, over time and space, which indicate
ancient woodland, usually regarded as being of high conservation value.

CONCLUSIONS

The spatial population dynamics of animals and plants are often
characterised as belonging to one or another theoretical population type,
such as metapopulations or source-sink populations (Hanski and Gilpin
1997). The patterns described here, and the results of experimental sowings,
indicate that interpretation of population structure for M. pratense is scale
dependent (Thomas and Kunin 1999). Over very small distances, (<1 m)
within habitat patches, normal birth and death processes dominate. This was
seen in the experimentally sown plots, which were isolated from other seed
sources. Within established populations in the middles of glades, rates of
immigration and emigration of seeds will be low, but probably with a slight
excess of emigration (because more seed is produced within the glade). At a
slightly larger scale (0-16 m), Melampyrum pratense is found at reduced
densities and frequencies in sub-optimal habitats, which appear not to
sustain persistent populations, and which are maintained by immigration
from ideal glade habitats: source-sink dynamics take place at this scale.
Within woods, populations in temporary light conditions in glades are likely
to decline and eventually become extinct as the habitat becomes too shady.
Thus persistence depends on the occasional colonisation of new empty
glades, up to 40 m away. At this scale, metapopulation dynamics
(colonisation and extinction) are predominant. Finally, suitable habitats exist
300 to 1600 m away, in areas where new habitats have been created, or
where the plant may have been eliminated when conditions were
temporarily unsuitable. At this scale, vegetation history is the key issue.

The actual spatial ranges over which which these processes dominate are
species or system dependent, but their order of importance with increasing
spatial scale is likely to be very general. Source-sink dynamics are likely to
take place across relatively small distances, where the flow of individuals
can maintain populations in fundamentally unsuitable habitats.
Metapopulations may exist across larger areas, and then historical factors
determining distributions will become influential at broader scales still. This
means that population ecologists and conservation biologists must be very
careful about scales of study when interpreting spatial patterns and
implementing conservation management.



160
ACKNOWLEDGEMENTS

This work was supported by a Departmental Studentship to Lucy Bastin
from the University of Birmingham. Thanks to Lars Ericson for valuable
information about the biology of M. pratense, and to Jeff Bale, who co-
supervised this work.

REFERENCES

Amphlett J, Rea C. The Botany of Worcestershire. Birmingham, UK: Cornish Bros (for
Birmingham University), 1909.

Bagnall JE. The flora of Warwickshire: the flowering plants, ferns, mosses and lichens.
Birmingham, UK: Cornish Bros, 1891.

Barlow SH. Sutton Park - A history of its landuse. Unpublished BSc. dissertation, Combined
Studies, Worcester College of Higher Education.
Cobham Resource Consultants. A management plan for Sutton Park, (prepared for
Birmingham City Council Department of Recreation and Community Services), 1990.
Cowley MIR, Thomas CD, Thomas J, Warren MS. Flight areas of British butterflies:
assessing species status and decline. Proceedings of the Royal Society B, 1999; 266:
1587-1592.

Edees ES. Flora of Staffordshire: flowering plants and ferns. Newton Abbot, Devon: David
& Charles, 1972.

Gilpin ME, Hanski IA. “Metapopulation dynamics: brief history and conceptual domain.” In
Metapopulation dynamics: empirical and theoretical investigations, Gilpin ME, Hanski,
IA eds. London: Academic Press, 1991.

Hanski IA, Gilpin ME. Metapopulation Biology: Ecology, Genetics and Evolution. San
Diego: Academic Press, 1997.

Ingrouille M. Historical ecology of the British flora. London: Chapman & Hall, 1995.

Kunin WE. Extrapolating species abundance across spatial scales. Science 1988; 281: 1513-
1515.

Lees E. The Botany of Worcestershire. Worcestershire Naturalists’ Club, 1867.

Nature Conservancy Council. Sutton Park - a woodland management review. Arlington,
Virginia: The Nature Conservancy Council, 1980.

Peterken G. Sutton Park, Warwickshire: Recommendations for the future management of
woodlands. Monks Wood, Cambs: Institute of Terrestrial Ecology, 1970.

Pike GV. Abandoned cultivated land of Sutton Park. Unpublished B.A. dissertation,
Department of Geography, University of Birmingham, 1975.

Readett RC. A flora of Sutton Park, Warwickshire. Birmingham UK: Birmingham Natural
History Society, 1971.

Readett RC, Cadbury DA, Hawkes JG. A computer-mapped flora: A study of the county of
Warwickshire. Birmingham UK: Birmingham Natural History Society, 1971.

Smith AJE. Variation in Melampyrum pratense L. Watsonia 1963; 5: 336-367.

Streeter D, Garrard 1. The Wild Flowers of the British Isles. London: Macmillan, 1983.

Tasker A. ed. The nature of Warwickshire. Buckingham: Barracuda Press, Buckingham,
Report for the Warwickshire Nature Conservation Trust & Royal Society for Nature
Conservation, 1990.

Thomas CD, Kunin WE. The spatial structure of populations. Journal of Animal Ecology
1999; 68: 647-657.



161

ter Borg SJ. “Population biology and habitat relations of some hemiparasitic
Scrophulariaceae.” In The Population Structure of Vegetation, White J. ed., Lancaster
UK: Dr W. Junk Publishers, 1985.

Wiens JA. Spatial scaling in ecology. Functional Ecology 1989; 3: 385-397.

Wiens JA. “Metapopulation dynamics and landscape ecology.” In Metapopulation Biology:

Ecology, Genetics and Evolution, Hanski IA and Gilpin ME. eds. San Diego: Academic
Press, 1997.



Chapter 10

SPATIAL ANALYSIS OF MICRO-
ENVIRONMENTAL CHANGE AND FOREST
COMPOSITION IN BELIZE

Peter A. Furley', Malcolm Penn?, Neil M. Bird® and Malcolm R. Murray'
(with a contribution from Doug R. Lewis*)

!Department of Geography, The University of Edinburgh, Drummond Street, Edinburgh,
EH8 9XP, UK. paf@geo.ed.ac.uk, mm@geo.ed.ac.uk

’Natural History Museum, Cromwell Road, London SW7 SWD, UK. mp@nhm.ac.uk
3Natural Resources Institute, Medway University Campus, Central Avenue, Chatham Marine,

Kent, UK. ME4 4TB
4Scottish Agricultural College, West Mains Road, Edinburgh, EH9 3JG, UK.

d.lewis@ed.sac.ac.uk

Keywords:

Abstract

forest composition, micro-environments, scale, geostatistics, soil
properties, GIS, Belize.

The results are presented for a pilot study of micro-environmental
variation and plant distribution in a semi-deciduous rain forest at Las
Cuevas in the Chiquibul Forest Reserve, Maya Mountains. The aim was to
produce data at various micro-scales to understand the spatial distribution
of commercially important tree species and to contribute to an
understanding of forest dynamics. The project utilised the detailed tree
surveys of the Belize Forest Department and projected the plant species,
topographic survey data, soil physical and chemical properties and
observations on ecological variation onto a common geo-referenced grid.
The initial survey compared the distributions in a control (unlogged) plot
with an adjacent selectively logged plot. The project considered
environmental variation at a number of scales from 10 cm to 1 ha, to
account for the dynamic processes which occur within the forest at each of
these levels. The results show that the two plots are distinct, despite their
initial selection on the assumption of a uniform vegetation class. The
principal control appears to be topography, which was shown to be closely
related to a number of physical and chemical soil properties. Significant
differences occur between and within plots and these can be related to tree
distribution.
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INTRODUCTION

In recent years, the conservation of tropical forests has received
worldwide publicity whereas effective forest management, particularly for
timber extraction, has attracted little attention and gained some notoriety.
The overall aim of the present paper was to examine how environmental
micro-variation in the Chiquibul Forest Reserve of Belize can influence
species distribution and thereby inform management strategy. The paper
deals first with the background to forest management in Belize, then
considers the methodology used in the present study and fin~ily assesses the
preliminary results.

The specific objectives are: (1) to assess the effects of changing scale on
the variability of selected individual soil properties in forest plots within the
same vegetation class; and (2) to examine the variation in soil properties and
tree species distribution, and to integrate environmental and ecological data
over a range of scales.

BACKGROUND

Whereas the global and regional distribution of tropical forests is broadly
governed by climatic and altitudinal variation, individual forest tracts need
to consider a range of other, locally important factors to explain species
distribution and change. With very high species diversity, tropical forests
present a major challenge in the attempt to unravel controlling factors in
distribution and growth (Swaine et al. 1987). Research that attempts to
explain diversity has looked at species distribution according to a range of
factors, with a general recognition that soil fertility plays a significant if ill-
defined role (Swaine 1996). These approaches have tended to ignore micro-
environmental influences and most notably variations in soil properties
although, recently, the possibility that meso-and micro-scale soil variation is
important has been emphasised. For example, Clark et al. (1998) studied the
effect of soil variation over short environmental gradients in upland tropical
rain forest in Costa Rica. This meso-scale approach discovered a highly
significant relationship between tree growth and soil type related mainly to
parent material, slope angle and slope position. They concluded that
relatively short edaphic gradients play an important role in the structure of
tropical forest, a feature illustrated by earlier work (e.g. Furley and Newey
1979, Baillie and Ashton 1983, Johnston 1992). Nutrient-rich patches have
also been shown to affect plant growth response through root proliferation
and/or increased rates of nutrient ion uptake (Farley and Fitter 1999, Furley
1996, Ratter et al. 1978). Luizao et al. (1998) examined the effect of
artificial gap size upon soil and litter processes in Brazil, but conclude that
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there was no consistent relationship at the scales considered (40 m” to 2500
m?). Clark et al. (1995) also highlight the importance of past anthropogenic
disturbances but comment that soils may be responsible for perpetuating
such effects. Research on canopy and sub-canopy palms (Clark et al. 1995)
reflected similar patterns and influences (see also Furley (1975) on human
disturbance and impact on the cohune palm in Belize; Svenning (1999) on
palm clustering in Amazonian Ecuador; or Whitmore (1982) on patterns and
processes). The dynamic nature of tropical forests has also been explored
(e.g., Newbery et al. 1998) and this brief overview highlights both the
spatial and temporal character of tropical forests.

The present research focuses explicitly on plant-soil relationships at a
range of scales from 10 cm to 1 ha plots. Micro-scale is defined in this work
as all scales below 1 ha. Individual plant species differ in their tolerances,
requirements, germination, and dispersal mechanisms. Local soil conditions
may impact upon these factors both directly and indirectly. Differences in
soil properties act to limit or encourage the pool of potential species able to
inhabit any given site and thus contribute to forest diversity. The distribution
of plants is the result of a range of processes that are likely to operate at
different scales (Levin 1992) as well as over different periods of time. For
example, reproduction and the short-term survival of seedlings may be
dependent on very small-scale processes (for example, symbiotic or
parasitic relationships with fungal mycelium, the transport of seeds by
insects). As trees grow, larger scale processes become important, for
example, where adventitious roots seek out more distant supplies of water
and nutrients. Herbaceous plants exploit a different root volume from that of
trees and this is also likely to change over the life cycle of plants at a given
location. Local topography and position relative to the other plants affects
light levels and wind damage. We argue that a range of multi-scale factors
need to be considered if we are to understand the process which contribute
to an individual tree’s chance of long-term success.

Several authors have commented on the lack of knowledge concerning
spatial and temporal variation, particularly at scales applicable to the root
systems of individual plants. They point to the importance of micro-habitats
in future research (viz. Svenning 1999, Farley and Fitter 1999). Such work
often remains problematic because the spatial distribution of the roots is, to
a large extent, unknown.

FOREST MANAGEMENT IN BELIZE

Timber harvesting in Belize has been largely uncontrolled and
characterised by short-term timber licences (Mitchell 1997). Timber
production was dependent on natural forests with negligible supplies from
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plantations and with little enrichment planting. Illicit logging has also been a
problem, notably for mahogany, and there have been periodic disastrous
fires and hurricanes (Friesner 1993). The Tropical Forest Action Plan (ODA
1989) recommended major changes in forest management. As a
consequence, the Forest Management and Planning Project (FPMP) was
initiated in 1992, with the remit of designing fresh forest management
systems.

Very little information existed on the dynamic processes affecting tree
growth and mortality in natural broadleaf forest. Therefore, the FPMP
instituted 30 permanent sampling plots across a range of forest types
throughout the country, thus establishing a comprehensive data set on tree
diversity and forest structure. The present project (Penn and Furley 1998)
builds on the plots set up in the Chiquibul Forest in the Maya Mountains (a
location map is given in Figure 1 — on the CD-ROM). They are situated
within a semi-deciduous forest according to the classic surveys of Wright et
al. (1959) and cover sharply accentuated, karstic limestone relief (Bateson
and Hall 1977). Although a productive forest reserve today with light
selective logging and located in a relatively inaccessible part of the country,
the area was once heavily utilised by the Maya. The general nature of their
impact has become increasingly understood since the pioneering work of
Lundell (1937), Furley (1998), and Brokaw (in press). Despite surveys in
the 1970s (Johnson and Chaffey 1973, Johnson 1975), lttle quantitative
research had been conducted prior to the FPMP plot experiments (Bird
1994). A framework was established for collecting, integrating and
analysing the data over a hierarchy of scales using geostatistical,
geographical information systems and remote sensing techniques.

METHODOLOGY AND SAMPLING

The approach adopted in this research is summarised diagrammatically in
Figure 2 (on the CD-ROM).

Remote Sensing and Spatial Analysis

The research employed remote sensing and GIS techniques. Remote
sensing imagery was used as an exploratory tool and enabled a visual
representation of the Maya Mountain forests to be assembled with a digital
terrain model of specific project areas (for example the Raspaculo
catchment, Sutton and Penn, (pers. comm., Natural History Museum,
London)). For the purposes of the present pilot study, the authors used
ArcView 3.1 GIS and the S+ 2000 spatial statistical package. All data were
geo-referenced and interpolated into spatial layers. This was intended to
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enable direct visual and statistical comparisons between environmental
variables in a common format.

All data layers (including tree species, soil chemical and physical
properties, and topographic data) were transformed into Universal
Transverse Mercator (UTM: WGS84) co-ordinates and re-projected to the
local North American Datum: NAD 27. This permitted direct spatial
comparison with previously published vegetation maps and remotely sensed
satellite images.

To help with the visualisation of the raw data sets it was necessary to
transform and interpolate the data within the GIS. Topography and soil
depth data have been interpolated using kriging techniques, following
detailed statistical analysis. For other soil properties, a preliminary picture
has been obtained using the inverse distance weighting interpolator (IDW).
This interpolator is based on a moving window technique, which estimates
non-sampled points by summarising sample points within the area of the
window (Berry 1995). The average or summary is weighted so that the
immediately surrounding values have a higher influence on the non-sampled
data point than data further away. One drawback of this method compared
with kriging, is that it is impossible for interpolated data points to have
higher or lower values than the input data range (Burrough and Donnell
1998).

The first step was to compare plots. Basic statistical measures were used
to assess the normality of the data and t-tests were undertaken to determine
whether there was a significant difference between the samples sets.

The topographic data from the field survey were collected using a Leica
“total station” instrument. These were integrated into the GIS to produce
elevation and contour data for all the forest plots. The resulting digital
elevation models are shown in Figure 3 (on the CD-ROM)

The Plot System

The Las Cuevas plots analysed in this paper form part of a network of
four forest experimental sites established by the Belize Forest Department
within the Chiquibul Forest Reserve. Each site consists of a pair of plots that
extends over 18 ha, i.e. 300 x 600 m (Figure 4a — on the CD-ROM). Each
pair is further subdivided into (a) two 9 ha (300 x 300 m) treatment areas:
one selectively logged in 1995, the other left as a control; and (b) a central
I-hectare zone within each 9 ha area, acting as the permanent plots and the
main focus for tree species sampling. In this central core zone, all trees
above 10 cm dbh were identified, measured, tagged and spatially located.
The surrounding 4 ha forms an internal buffer, where vegetation sampling is
more limited with only trees above 40 cm dbh being measured and located.
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The remaining outer 4 ha zone is unmeasured, acting as an external buffer
zone. In addition, an extra 100 m wide zone has been created outside the
unlogged sub-plot where timber extraction is not permitted. Figure 4a shows
this nested arrangement for the Las Cuevas plots. The selective logging
procedures and sampling protocols for this procedure have been detailed
elsewhere (Bird 1994).

In addition, an ecological assessment of each 10 x10 m zone was
undertaken using a derivative of Holdridge et al.’s (1971) classification.
UTM co-ordinates were added to the database, locating the plots, sampling
points and individual trees. In parallel with this work, two separate surveys
of saplings (Brokaw pers. comm.) and seedlings (Lyle pers. comm.) were
also underway. Together with the forest incremental program, scheduled to
run for 40 years (the period of time between successive timber harvests), the
data should provide an invaluable source for time series analysis. Finally,
bulk density and soil moisture assessments were made at selected zones
within the plots. Preliminary observations are made on soil water content
and hydraulic properties.

Each central 1 ha plot was demarcated into 20 m squares in the original
tree inventory. Subsequently, each 20 x 20 m zone was further subdivided
into 10 x 10 m blocks. Within the central 60 x 60 m zone, thirty-six 10 x 10
m squares were marked out for detailed study. A further 20 x 5 m zone was
selected for micro sampling at a 1 x 1 m scale. This left a 20 m perimeter
zone within each permanent plot which was not sampled and acted as an
internal buffer zone. This further site demarcation is shown in Figure 4b (on
the CD-ROM).

Soil Sampling and Scale Variation

Soil properties were analysed at two depths (0-10 cm and 10-20 cm) in
the centres of each 10x10 m plots, at the centre of each 1 m square in the
“micro” plot, and from the soil profiles surrounding all the logged and
control plots. At each site, any cover of litter was removed before sampling
and stored for separate analysis. At each location, tne following soil
properties were determined: % moisture loss; % weight loss on ignition; pH
(in H,0); pH (in CaCl,); % CaCO;; exchangeable calcium, magnesium,
potassium and sodium; total exchangeable bases (TEB); the cation exchange
capacity (CEC); readily available phosphorus; % total nitrogen; % organic
carbon and texture.

Soil depth (measured by percussion drilling to bedrock) was surveyed at
the centre of each 10 m square within the 60 x 60 m core area, and the
centre of each 1 m square in the “micro” plot. Further detailed soil depth
measurements were taken in the pits formed from logging the soil profiles,
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here sampling every 10 cm. Full details of this work are given in Murray
(1999). The soil pits were located outside the 1 ha perimeter to minimise
physical disturbance to the standing vegetation in the plots. For the purposes
of the depth study, it would have been better if these profiles were within the
60x60 m area, maintaining the integrity of the nested sampling strategy. The
variogram analysis considered later shows that soil depth displays spatial
continuity over a distance of 40 to 50 m. Thus the profiles are sufficiently
near to the measurement points in the main plots to make combining these
data valid. Soil depth was studied in greater detail in order to validate the
sampling methodology.

The studies of the spatial variability of soil moisture required methods
which are relatively non-destructive and rapidly implemented. The
equipment consisted of:

» A Guelph permeameter — this measures saturated hydraulic conductivity
at a variety of depths.

> A tension infiltrometer — this measures surface hydraulic conductivity at
a variety of soil water tensions.

» A Delta-T thetaprobe — this measures volumetric water content.

> Bulk density — which was measured using standard steel cups.

Meteorological data is available from the Global Historic Climate
Network. This consists of daily measures of past rainfall, air temperature,
dew point temperature and wind speed. Currently, data are only available for
four sites in Belize: Belize International Airport, Belize/Landivar, Half
Moon Cay and Hunting Cay. These sites are marked on Figure 1. Some are
significant distances from the study area (the furthest, Half Moon Cay is
approximately 150 km away). At the Las Cuevas site today, a new regime of
sub-daily measurements of air temperature, relative humidity, wind speed
and rainfall has been implemented, although as yet, the record remains
incomplete.

PRELIMINARY RESULTS

Geostatistical Analysis

In addition to simple comparative statistics, emphasis was placed on
variogram modelling to give a more accurate idea of changing patterns with
scale. Soil depth is used as an example, in view of its suspected importance
in tree root strategies. Variogram modelling can be used to explain the
degree of spatial autocorrelation amongst the data (Isaaks and Strivistava
1994). It allows a visual separation of the regional, local and random
contributions of variation in the data (Matheron 1971). Geostatistical
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methods have been successfully applied to the estimation of soil properties
(e.g,- Webster and Oliver 1990, Burrough, 1995).

The process of creating a continuous surface of properties from the
sample measurements will be considered using two contrasting examples:
elevation and soil depth. The elevation data are scattered irregularly over the
site, following features such as small ridges and hollows. It is reasonably
likely that these measurements include the extremes — the highest and lowest
points of the site. This is because elevation to a large extent can be measured
directly. The resulting digital elevation model can be compared visually
with the site, enabling any significant errors to be detected and corrected. In
contrast, the soil depth measurements are from a series of nested regular
grids. These use different sampling intervals. Because the soil cover is
continuous across the site, the pattern of variation is hidden. It is likely that
there are areas of soil cover both deeper and more shallow than those
sampled despite the intensity of the sampling network.

Results from the Topographic Survey

Variograms were calculated following the procedure outlined in Isaaks
and Strivistava (1994) and Pannatier (1996). Shown in Figure 5 (on the CD-
ROM), they all reveal a generally linear relationship. This indicates that the
samples nearby are most similar, with dissimilarity increasing uniformly
with distance (at least up to 50 m away). Superimposed upon this pattern is a
degree of directionality (anisotropy). Spatial continuity is greater along
certain “preferred” directions. In the present case, this can be explained by
the presence of a small hill at the eastern edge of the site. Incorporating this
directionality in the model (by using several directional, rather than one
omnidirectional variogram model) improves the accuracy of the estimates
obtained (Cressie 1991).

Using linear variograms, a topographic surface was interpolated, using a
search radius limited to 50 m. The results, presented as a digital elevation
model are given in Figure 3 (on the CD-ROM). In the case of site elevation
(topography), where the data are readily measured, the choice of
interpolation algorithm is not usually critical. Estimates of topography
produced using other approaches (cubic splining and binomial interpolation)
produced very similar models.

Analysis of Soil Depth

Unlike the topographic survey, the soil depth sampling was carried out in
three phases. Thirty six depth measurements were taken in the centre of the
10 m sample squares, to provide a general picture of depth variation across
the logged and control plots. Secondly, 100 depth measurements were taken
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every metre in the “micro” plots, providing information about more local
change. Finally, 268 samples 10 cm apart were taken from three exposed
soil pits (located just off-site). These provide a picture of very small scale
changes.

Variograms (shown in Figure 6a — on the CD-ROM) were plotted both
for the complete dataset (374 measurements) and the individual phases. The
first three models show slight differences in the pattern of spatial
dependence. These differences are best combined by building a fourth
variogram model which incorporates both the very fine scale variation from
the soil pits, and the larger 1 m and 10 m variation. The interpolation is
again performed using kriging. This time, the choice of interpolator is more
critical. Kriging allows point estimates of soil depth to be produced which
are larger or smaller than any actual measurement. This is a function of the
incorporation of the variogram in the estimation process (Isaaks and
Strivastava 1989). Other interpolation methods are likely to strongly
underestimate the degree of variation in soil depth, producing a falsely
smoothed model.

Draping this surface over a digital elevation model allows an exploration
of the underlying processes. Figure 6b (on the CD-ROM) shows that there is
a degree of correspondence between the depth of soil and the shape of the
land; not surprisingly deeper soils seem more common on the lowest slopes.
This is confirmed by a simple aspatial correlation. There is a weak (but
statistically significant) negative correlation between soil depth and
elevation. This is important in a geostatistical sense, as the existence of a
measurable relationship between soil depth and topography means that using
a co-kriging approach might improve future estimates of soil depth. Soil
depth appears to be an important feature in understanding the patterns of
tree growth and species clustering.

Future analyses will produce interpolated surfaces for the remaining
chemical and physical soil parameters and compare the control with the
logged plots at Las Cuevas and at the neighbouring San Pastor plots. The
use of a spatial model of variation in the interpolations means that the gaps
are filled in an intelligent manner, recognising that the pattern of change
may be neither linear or uniform. As such, these surfaces provide the best
estimates for use in the final ordination phase. Because some of the
variograms produced differ according to the sample interval used, this
shows that separate, scale-specific interpolations may be needed for later
ordination analyses at different scales.
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Spatial Variation of Soil Properties and Tree Species

Soil Patterns

At this preliminary stage, only the micro-scale chemical properties of the
soil have been compared across plots and between depths. The soil data
appear to be normally distributed, hence the more powerful parametric t-
tests were used to analyse differences between the sample populations.

With reference to Table 1, it is clear that there is a significant variation of
data between plots and within plots. The levels of total nitrogen and organic
carbon vary across both the control and logged plots. More predictably, they
also vary within each plot at different depths. Exchangeable potassium
shows a similar set of t-values. Hence it is justified to suggest that at least
statistically, the soil chemical variables shown vary considerably across
what were originally considered to be quite uniform plots, both of which
were allocated the same vegetation class by Wright et al. (1959).

Table 1. A summary of the differences between soil properties at the Las Cuevas logged plot
and control plot, at different depths.

Variable Control plot Logged plot
0-10cm 10-20cm 0-10cm 10-20 cm

% CaCO0s 297 3.76

Exch. Ca 3.50 542
Exch. Mg 8.50 7.44
Exch. K 3.10 4.60 10.20 12.96
Exch. Na 4.52 3.91 7.66
CEC 5.7 7.94
% Total N 3.90 5.14 791 12.29
% Organic C 2.90 5.10 8.85 9.64

Notes to Table 1.

Exchangeable cations and CEC values are expressed in cmol, kg-1.

All variables with differences greater than 2.1 show a difference in the class
means considered significant at a 5% level.

Figure 7a (on the CD-ROM) shows the topography of the Las Cuevas
logged and control plots, covered by drapes mapping the patterns of
exchangeable sodium and potassium, measured at depths of 0-10 cm. There
is visual overlap in data values for these exchangeable cations but also, and
more significantly, the data ranges are different supporting the t-test results.
As well as cross-plot variation, within-plot variation is also highlighted by
the t-test results. Figure 7b (on the CD-ROM) illustrates the variation in
organic carbon levels at two different depths for the control plot, confirming
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field observations that surface organic horizons are clearly distinct from
sub-surface ones in these limestone soils.

Variations in the soil water content and hydraulic conductivity are
illustrated for the control plot. Figure 8a (on the CD-ROM) shows the
results of measurements taken on the 11" September 1999 using the Delta-T
thetaprobe. Prior to this date there was a three day period of relatively little
rainfall, which resulted in the relatively dry surface soils seen on the hill top.
This spherical distribution is also evident in Figure 8b (on the CD-ROM).
This shows measures of saturated hydraulic conductivity made using the
Guelph permeameter.

Soil-water relationships have been measured which allows the modelling
of water resources at the plot scale. To complete this process, realistic water
fluxes between the land surface and the atmosphere need to be ascertained.
A water SVAT (Soil Vegetation Atmosphere Transfer) scheme is used to
represent these fluxes. This predicts the effects of changes in vegetation or
climate upon the water resource. The physically based model SOIL has been
designed to provide estimates of daily evapotranspiration and soil moisture
deficit for forest soils, using averaged soil parameters and daily synoptic
weather data as input. Figure 8c (on the CD-ROM) shows the model’s
results. Patterns in soil moisture can be ascertained throughout the year.
Low values indicate periods of potential plant stress. The extent of plant
stress can be related in particular to sapling mortality rates, and these have
been measured by staff from the Natural History Museum in both plots.
These results reinforce the trends identified in the soil chemistry data and
highlight the powerful influence of slope on soil moisture characteristics.

Tree Species Distribution

The influence of a variety of active and passive factors affect species
abundance and the spatial distribution of individual plant species. They are
extremely difficulty to quantify. What can be inferred at this pilot stage, is
the spatial variatiean of individual tree species across the plots. These
distributions are presented in Figures 9 a and b (on the CD-ROM) for two
species abundant in the semi-deciduous vegetation class of Wright et al.
(1959). These are Dialium guianense (Ironwood) and Sebastiana
tuerckheimiana (White Poisonwood). The clustering of tree species is well
illustrated for the logged plot at Las Cuevas. (Figure 9c — on the CD-ROM).

The first significant difference of note is that the distributions and
number of individuals differ significantly between the plots. S.
tuerckheimiana is abundant in the logged plot but has few individuals in the
control plot. The reverse distribution occurs for D. guianense which has
higher abundance in the control plot than the logged plot. This relationship
of similar species occurrence, but with different numbers of individuals
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appears to be the norm for most of the tree species present at Las Cuevas. It
raises the question as to why a single vegetation class should show such a
significant variation in tree composition. He et al. (1996) suggest that
unidentified causes were responsible for small scale changes in tree species
composition/numbers in what was perceived to be a uniform vegetation
class in Malaysia. The initial pilot study here seems to point to the
"unidentified causes" as being changes in the chemistry and soil moisture
levels of the soil coupled with local topographic effects though, as Newbery
et al. (1998) indicate, a number of other factors and dynamic processes may
operate locally.

SUMMARY AND CONCLUSIONS

The paper details the methodology and preliminary results from a pilot
study of micro-environmental change and species distribution in a semi-
deciduous tropical forest overlying limestone soils. The geo-referencing of
topographic data, soil properties and tree species identifications has
permitted the first stage in an analysis of the causes of species distribution.
These findings will eventually be applied to models of forest growth.

The results suggest a number of characteristics associated with the Las
Cuevas plots:

» The 36 10 x 10 m subplots, which comprise the 60 m x 60 m sample
area, provide an appropriate scale to pick up changes resulting from
local changes in the topography (e.g. topslope vs. backslope) and at the
level of individual trees (e.g. differences in rooting depth, nutrient and
moisture-rich patches).

» Geostatistical analysis shows the existence of different soil patterns at
different scales. From this it can be inferred that the dynamic processes
affecting plant growth may also vary similarly.

» Topographic variation over each plot is shown to be influential in
determining soil depth and a range of soil properties including those
relating to soil moisture content and hydraulic conductivity.

» A physically based model (SOIL) has been designed to provide
estimates of daily evapotranspiration and soil moisture deficit. The
model identifies periods of potential plant stress.

> Significant differences in soil chemical characteristics occur both
between plots, and within plots. '

» Tree species distribution varies between the logged and unlogged plots,
but the total pattern of species distribution and the pattern of individual
species show distinct spatial identities.
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During the design stage of this study, replicates were located to minimise
within-plot variance, recognising the fact that a major constraint of field
research in the tropics is the heterogeneity of large plots (van der Hout
1999). Despite this planning, soil sampling has shown that significant, large,
within-plot variance still remains. This confirms the view that the inclusion
of all soil sampling points within a single vegetation class may result in
gross over-simplification. It strengthens the need for detailed studies of
micro-variation, together with the analysis of the causes of spatial variation

and plant growth.
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The geographical distribution of the radiate morph of Groundsel (Senecio
vulgaris), Senecio vulgaris var. hibernicus was examined in the county of
Sussex in southeast England using records from 1980 and 2000. In
addition the geographical distribution of Oxford Ragwort (Senecio
squalidus) was also investigated for the same area. The spatial distribution
of S. squalidus was strongly correlated with the past and present railway
network, as is that of S. vulgaris var. hibernicus.

The number of 2 x 2 km squares containing the radiate morph of §.
vulgaris have declined since 1980, though those with S. Squalidus have
remained more or less the same.

The spatial evidence presented supports the hypothesis that the radiate
morph of S. vulgaris occurs because of hydridisation and introgression
betweeb the native non-radiate form of S. vulgaris and S. squalidus.

INTRODUCTION

Senecio vulgaris L. (Groundsel) is a common native annual species of
cultivated ground, disturbed and wasteland sites. It is abundant throughout
the UK, reaching an altitude of 530 m in Scotland. Senecio vulgaris
produces large numbers of small seeds, which possess a pappus and are
readily wind dispersed (Clapham et al. 1987, Hodgson et al. 1995, Stace
1997). 1t is able to spread rapidly, colonising disturbed sites on a wide range
of soil types. Harper (1977) describes S. vulgaris as a ‘precociously
reproducing annual’ which may be found flowering during all months of the
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year in Britain. The flowers of S. vulgaris are polymorphic for capitulum
type. Two principal morphs occur: the common non-radiate flower morph,
where the capitula consist solely of hermaphroditic disc florets; and a rarer
radiate morph that bears an additional outer ring of approximately 8
pistillate ray florets (Abbott 1986). Two forms of the rarer radiate morph
have been described. One, S. vulgaris var. denticulatus (Mueller, Sell), is
readily distinguishable from the normal form of S. vulgaris, being typically
unbranched or weakly branched, having less deeply lobed leaves, producing
fewer flowers and being densely pubescent (Trow 1912, Allen 1967).
Senecio vulgaris var. denticulatus is confined to sea cliffs and sand-dunes,
occurring locally in the Channel Isles and along the southwest and west
coasts of Britain as far north as the Isle of Man (Allen 1967, Clapham et al.
1987). The second radiate form, S. vulgaris var. hibernicus, which apart
from the production of rayed flowers is indistinguishable from the normal
non-radiate form of S. vulgaris, occurs more widely. S. vulgaris var.
hibernicus was first described in the British Isles in 1866 and has since
spread extensively throughout Britain (Stace 1977). The application of GIS
as an aid to establishing the possible origin and spread of this rayed morph
of S. vulgaris throughout Sussex forms the subject of the present study.

S. vulgaris var. hibernicus occurs throughout southern and central
England, Wales and northwards to Durham, occurring locally in Scotland,
especially near Edinburgh (Stace 1977, Clapham et al. 1987). It has been
present in the British Isles from at least 1866, when it was recorded in Cork,
Eire (Syme 1875). The form may have occurred in Britain before this date.
Crisp (1972) identified the same variant in the herbarium at Liverpool
University. The specimen was recorded as having been collected from
Oxford in 1832. Trow (1912) reports observing the form near Cardiff and
Penarth around 1890, and states that it had recently spread widely in the
counties of Glamorgan and Monmouth, and was also known to occur at sites
near Swindon, Cork, Cambridge, Northwick in Cheshire, Freshfield in
Lancashire and Bigbury in South Devon. By the 1930s the new morph had
become considerably more widespread, reaching its current distribution by
the 1950s (Stace 1977).

THE PATTERNS OF INHERITANCE OF THE RAYED
FORM OF S. VULGARIS.

Using seeds and plants of the normal non-radiate morph of S. vulgaris
and the radiate morph (S. vulgaris var. hibernicus) collected around Cardiff,
Trow (1912, 1916) conducted a large number of garden and greenhouse
breeding experiments. He was able to demonstrate that radiate florets are
inherited as a single incompletely dominant gene (R). The rayed plants of S.
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vulgaris var. hibernicus were homozygous for the gene RR, while the non-
rayed form were homozygous for the non-radiate allele r. The flowers of the
heterozygotes, Rr, were very variable, but always had much smaller and
often fewer ray-florets than the homozygotes RR. Although uncommon, the
heterozygote Rr form has been observed in both natural and experimental
populations of S. vulgaris growing among plants of the other two forms
(Trow 1912, Hull 1974, Oxford and Andrews 1977, Marshall and Abbott
1982, 1984). Trow (1912) recognised five distinct morphological varieties
of S. vulgaris. By crossing these varieties with S. vulgaris var. hibernicus
and breeding from the progeny, Trow was able to produce fully rayed forms
(RR) of each variety. In these crosses the observed frequency of plants
showing the heterozygous (Rr) and homozygous (RR) rayed phenotypes was
consistently less than expected. Trow noted that there was a ‘constant
tendency for a slight excess’ of the typical non-rayed form of S. vulgaris.
Under normal circumstances both forms of the species are predominantly
self-pollinating (Clapham et al. 1987, Warren 1988, Stace 1997). Trow
estimated that among his populations, the frequency of out-crossing was
approximately 1%. Hull (1974) also obtained similar levels of out-crossing
for populations of the two forms from central Scotland and was able to
confirm the pattern of Mendelian inheritance described by Trow.

POSSIBLE EVOLUTIONARY ORIGINS OF THE
RADIATE MORPH

The simple Mendelian pattern of inheritance provides a mechanism
accounting for the origin of the radiate morph. It has been suggested that the
appearance of S. vulgaris var. hibernicus may result from a rare ‘back
mutation’ from the normal non-radiate to the radiate form. Ancestral forms
of the species would have been radiate. Among all species closely related to
S. vulgaris, the radiate form is the common typical morph (Stace 1977). An
alternative, and now generally accepted hypothesis (Abbot 1992), is that S.
vulgaris var. hibernicus (2n=40) has arisen from the inter-hybridisation of
the native S. vulgaris (2n=40) with the introduced Senecio squalidus L.
(Oxford Ragwort, 2n=20). Subsequent back-crossing of the initial hybrid is
thought to have resulted in the introgression of a radiate allele (R) into
populations of S. vulgaris giving rise to the radiate form S. vulgaris var.
hibernicus (2n=40). Regardless of the origin of the radiate allele, once
established the generally low levels of out- and intra-morph crossing will
help to maintain locally evolved forms of the species.

The evidence ius both of these hypotheses has been summarised by Stace
(1977). Stace points out that evidence for the hybridisation and introgression
of S. vulgaris with S. squalidus was initially largely circumstantial, based on
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an apparent correlation between the spread of the introduced species and the
subsequent appearance of the radiate morph of S. vulgaris. Although
subsequent work summarised by Abbott (1992) strongly supports the
introgression hypothesis, all of this work including studies of the genetic
diversity of populations of S. vulgaris, S. vulgaris var. hibernicus and S.
squalidus (Abbott et al 1992a, 1992b) has been conducted on populations
from Central and Northern England, Wales and Central Scotland. Despite
Ingram et al. (1980) stressing the need to establish the frequency of the
radiate morph among the mixed populations S. squalidus and S. vulgaris in
the south-east of England, these populations have not been studied.

It should be possible to distinguish between the two alternative
hypotheses on the basis of the expected distribution and morphology of the
radiate and non-radiate forms of S. vulgaris. If the first hypothesis is correct
(that the radiate morph is the result of a rare back mutation from non-radiate
to radiate) then the two morphs of S. vulgaris should be morphologically
and ecologically very similar and the distribution of the radiate morph
should be independent of S. squalidus. In contrast, if the second hypothesis
is correct (that the rayed morph is the result of hybridisation and
introgression between S. vulgaris and S. squalidus) then S. vulgaris var.
hibernicus should have phenotypic and ecological characteristics in
common with both S. squalidus and the non-radiate form of S. vulgaris. In
addition, the appearance and distribution of S. vulgaris var. hibernicus
should show a close spatial and temporal correlation with the distribution
and spread of the non-native S. squalidus.

APPLICATION OF GEOGRAPHICAL INFORMATION
SYSTEMS (GIS)

The study established a Geographical Information Sysicin (GIS) database
of the County of Sussex. The GIS and cadastral database used secondary
data sources and focused upon the county as a whole. The GIS database
contained information on the distribution of S. vulgaris var. hibernicus and
S. squalidus derived from the 1980 and 2000 Sussex Plant Surveys (Hall
1980, Harmes, pers. comm.). Plant species information was mapped on a 2
km® tetrad basis georeferenced to the National Grid. The analysis
incorporated tetrad data from 1,022 individual tetrads in Sussex (Hall 1980).
Environmental variables relating to the county boundaries and rail
transportation network were also included from 1902 to present (Griffiths
1983). Using a cadastral system and overlaying plant species point/grid data
and rail network line data the county was examined for correlations and
similarities between all species distributions and environmental factors. The
GIS package used was Maplnfo 4.5.
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The presence of associations between factors recorded in tetrads was
tested for using the chi-square procedure. Where appropriate Yates
correction factor was applied. When testing for the presence of an
association Grieg-Smith (1983) has shown that chi-square procedures may
be applied to non-random samples. Statistical analysis was performed using
Minitab 12.1.

The Spread and Distribution of Senecio squalidus

The Oxford ragwort, S. squalidus, a native of southern Europe, is an
introduced annual, occasionally perennial plant that has naturalised widely
on wastelands, walls, waysides and disturbed ground. At some date before
the 1770s S. squalidus had been introduced into the Oxford University
Botanical Gardens, reputedly from material collected from the volcanic
rocks and cinders of Mount Etna, Sicily, where it is native. In 1794, S.
squalidus was recorded as established on several old walls in Oxford and
was by 1810 widespread throughout the city on walls and waste ground
(Druce 1886, Mabey 1996). By 1830, it was reported to be common about
Oxford Railway Station and to be spreading along the line, colonising the
granite-chippings, clinker and piles of cinders by the side of the railway line
which provide conditions similar to those found in its native habitats (Kent
1964). In 1866, Druce noted it as being present ‘at various places along the
line’, and having spread along the line to Littlemore and Reading. Around
1900, S. squalidus had reached London and was abundant there by 1940,
becoming common elsewhere in the south east by 1950, approaching its
present distribution in other parts of the country by the 1960s (Stace 1977).
Typically found on stony, well-drained soils, the species is still extending its
range and is now common in England, Wales and locally abundant in
Scotland (Claphan: et al. 1987, Stace 1997).

In Sussex, S. squalidus was first recorded on walls in Chichester in 1907
and later in 1931, on a rubbish tip in Hove (Wolley-Dod 1937). This last
record is particularly important as it provides an approximate date from
which both species, S. vulgaris and S. squalidus may have coexisted in
Sussex, the native species S. vulgaris being ubiquitous. Based on data from
the Sussex Plant Atlas (Hall 1980) the distribution of S. squalidus, circa
1980 is shown in Figure 1a (on the CD-ROM). The species is widespread
throughout Sussex. No obvious spatial patterns are evident, although there
does appear to be a concentration of sites towards the coast. If the current
railway network system is overlaid (Figure 1b — on the CD-ROM), a clear
association between the railway system and the distribution of S. squalidus
becomes apparent. The association is statistically significant (x* = 163.6,
p<0.001, df = 1), 58% of the tetrads containing S. squalidus are either
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traversed by railway lines or are immediately adjacent to tetrads that contain
railway lines. The strength of the association is even stronger when the
distribution of S. squalidus is compared to that of the railway system present
in 1902 (Figure 1c — on the CD-ROM). Again the relationship is highly
significant ()* = 238.9, p<0.001, d.f. = 1), with 78% of all tetrads containing
S. squalidus also containing railway lines or adjacent to tetrads traversed by
railway lines. The railway system present in 1902 depicts the original routes
of colonisation available to S. squalidus during the first half of the 20" C. as
its range expanded (Griffiths 1983). The persistence of a relationship
between the distribution of S. squalidus and past and present rail routes
suggests that although S. squalidus has managed to spread widely
throughout the county, it is still largely confined to sites and habitats close
to those originally colonised along railway routes. Similar findings have
been reported elsewhere in Britain. For example, Mabey (1996) reports that
S. squalidus is abundant and the dominant ragwort present on waste ground
within a quarter of a mile of the mainline railway from Abergavenny to
Hertford. Further away from the line, S. squalidus becomes scarce and the
common ragwort S. jacobaea is the dominant ragwort species present. The
apparent coastal concentration of Sussex records for S. squalidus (Figure 1c
— on the CD-ROM) probably reflects the geographical distribution of the
major railway terminals such as Hastings, Eastbourne, Newhaven,
Kemptown (no longer present), Brighton, Hove and the east-west coastal
railway which provides an effective dispersal route linking the railways
radiating from London (Figure 1b, ¢ — on the CD-ROM).

The Spread and Distribution of the Radiate S. vulgaris var.
hibernicus.

Following the first probable record of S. vulgaris var. hibernicus at
Oxford in 1832 (Crisp 1972), Druce (1886) recorded the rayed form of S.
vulgaris as occurring with the non-radiate form and S. squalidus on waste
ground about Oxford. By the 1930s, it had become widespread and frequent,
its range extending rapidly between 1950 and 1970. In many areas the
spread of the radiate form of S. vulgaris is said to closely follow, in time and
space, the spread of S. squalidus (Crisp and Jones 1970, Crisp 1972, Hull
1974, 1975, Richards 1975). However, Stace (1977) pointed out that despite
S. squalidus being well established in London by 1940, only six records for
the radiate form had been recorded by 1952, and although S. squalidus has
been widespread throughout southern England since 1950s the radiate form
of S. vulgaris remains rare. No radiate forms of S. vulgari< vere recorded in
the 1937 edition of the Flora of Sussex (Wolley-Dod 1937). By 1978 radiate
forms were recorded from 23 tetrads in Sussex (Hall 1980). Between 1980
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and 1998 the total number of tetrads containing records had declined to 7
(Harmes pers. comm.). The distribution of the radiate form in Sussex circa
1980 was centred on the coast around Newhaven, Brighton, Hove and
Shoreham, all of which remain, or have in the recent past been major
railway stations and junctions (Figure 2a — on the CD-ROM). When the
distribution of the rayed form of S. vulgaris is compared with that of the
1902 railway network and the distribution of S. squalidus, all except two of
the 23 tetrads containing the radiate form of S. vulgaris also contain or are
adjacent to tetrads that contain sections of railways lines and S. squalidus
(Figure 2b — on the CD-ROM). Within the lower central section of the map
that encloses the area in which S. vulgaris var. hibernicus occurs (188
tetrads), both the association between the rayed morph and the presence of
S. squalidus and the occurrence of railway lines are significant (x> = 41.42
and 161.09, respectively, p<0.001, d.f. = 1). Under the null hypothesis, if the
distributions of the radiate form of S. vulgaris, S. squalidus and the
occurrence of the railway are independent of each other, the expected
number of tetrads where all three occur together is approximately two. The
difference between, this expected number, and the observed number of 22
tetrads suggests thai the association between the three factors is very strong.

The distribution of the radiate form of S. vulgaris in Sussex has
contracted considerably over the last twenty years (Figure 3a, b — on the
CD-ROM). During this period, there is no evidence of a decrease in the
distribution of S. squalidus. Unfortunately, data for the new edition of the
Sussex County Plant Atlas has only been mapped at a scale of 10 km
squares. Unless isolated single records occur it is not possible to resolve the
location of the record below this scale. Thus, from Figure 3a it is not
possible to comment on changes in the distribution and frequency of S.
vulgaris var. hibernicus along the coast around Brighton and Hove.
However, it is clear that with the exception of the record at Lewes, inland
records north of Brighton and Hove present circa 1980 have all been lost.
Two new inland records of S. vulgaris var. hibernicus have been made
(Figure 3a — on the CD-ROM). One, on the approaches to Pulborough
railway station, occurs in an area where S. squalidus is known to occur, and
is clearly associated with the railway. The other, recorded on a sandstone
cliff at Stedham, is neither associated with railway routes or with the
presence of S. squalidus (Figure 3b — on the CD-ROM).
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MORPHOLOGICAL AND ECOLOGICAL
DIFFERENCES BETWEEN THE RADIATE AND NON-
RADIATE S. VULGARIS.

Numerous studies have compared the various phenotypic and
morphological characteristics of the radiate and non-radiate forms of S.
vulgaris. While evidence for the greater phenotypic resemblance of the
radiate S. vulgaris var. hibernicus to S. squalidus rather than to the normal
non-radiate form of S. vulgaris is often equivocal (Stace 1977), numerous
studies have shown that the two forms of S. vulgaris differ substantially
from one another in many characteristics. For example, Abbot et al. (1988)
confirmed earlier work by Richards (1975), who found that seed of the
normal non-radiate morph germinate more rapidly and achieve higher levels
of germination than seed from the radiate morph. Other workers have
reported that the two forms differ in terms of their growth rates, the number
of seed per capitula, number of capitula per plant, seed size, seed weight,
degree of leaf dissection and, at the biochemical level, the allozymes of
esterases and aspartate aminotransferase present (Richards 1975, Oxford and
Andrews 1977, Kadereit and Briggs 1985, Abbott 1986, Marshall and
Abbott 1987, Abbott et al. 1988, 1992a,b). The direction of many of these
differences is not consistent between studies or populations (Oxford et al.
1995). However, consistent differences between the two forms have been
found for seed germination, growth rates and the levels of outcrossing.
Under a wide range of experimental conditions, germination and seedling
growth rates for the normal non-radiate morph of S. vulgaris exceed those
obtained for the radiate morph. The level of out-crossing differs between the
two forms. The radiate form is more attractive to pollinators (syrphid flies),
and generally cross-pollinates more frequently than the non-radiate morph.
The level of cross-pollination for the radiate morph can approach 30%,
while levels of around 10% out-crossing may be achieved by the non-radiate
form (Campbell and Abbott 1976, Abbott and Irwin 1988, Warren 1988,
Warren et al. 1988). Given these levels of out-crossing, the shorted-rayed
heterozygote (Rr) might be expected to occur more frequently in the wild.
Their apparent scarcity in natural mixed populations of S. vulgaris (Trow
1912, Hull 1974, Oxford and Andrews 1977) may indicate that natural
levels of inter-morph out-crossing are lower than those obtained for
experimental populations. Alternatively selection may reduce the abundance
of the heterozygous form. Both mechanisms would favour the maintenance
of the rayed polymorphism in populations.

Laboratory and greenhouse experiments conducted on radiate and non-
radiate forms of S. vulgaris collected from the edge of a footpath in
Brighton (TQ532106) confirm these results. The population sampled
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contained plants of the radiate and non-radiate morph growing alongside
plants of intermediate character (presumed to represent the heterozygotes
Rr). Measurements and seeds were only taken from fully radiate morphs and
normal non-radiate plants. It is apparent that the two morphs differ
substantially for a number of important morphological and ecological
characters (Table 1). The differences between the radiate and non-radiate
forms within the Brighton population conform to those previously reported.
Higher seed viability and germination of the normal non-radiate seed was
recorded (Abbott et al. 1988), along with greater growth rate and flower
numbers within the non-radiate morph (Oxford et al. 1996).

Among selected members of the Asteraceae, Sheldon and Burrows
(1973) showed that terminal velocity of seed falling in still air was closely
related to the ratio of pappus to achene diameter. Their results show that S.
vulgaris has a higher pappus diameter to achene diameter than S. squalidus
and therefore has considerably greater dispersal potential. A crude
relationship was also found to exist between seed terminal velocity and the
ratio of achene to pappus weight. The increased ratio of seed (achene)
weight to pappus weight for the radiate morph (Table 1) is likely to decrease
dispersal ability of the radiate morph relative to that of the non-radiate
morph.

DISCUSSION AND CONCLUSIONS

The results of the study support the hypothesis that in Sussex the radiate
morph of S. vulgaris has arisen from the hybridisation and introgression of
the native non-radiate form of S. vulgaris and the introduced species S.
squalidus. The spatial and temporal distribution of S. squalidus and S.
vulgaris var. hibernicus (Figures 1, 2, 3 — on the CD-ROM) are consistent
with this hypothesis as are extent of phenotypic and ecological differences
shown by the Brighton populations of the two forms of S. vulgaris (Table 1).
Once established in Sussex the failure of S. vulgaris var. hibernicus to
expand its distribution throughout the county has parallels with S. squalidus,
and contrasts dramatically with the ubiquitous distribution of the normal
non-radiate form of S. vulgaris. Unless the presence of rayed flowers
increases the levels of out-crossing sufficiently to disrupt locally evolved
gene combinations rapidly, it is difficult to accept that the morphological
and ecological differences between the two forms can be explained by the
presence of a single gene. Although the radiate form is more attractive to
potential pollinators and relatively high rates of out-crossing have been
demonstrated (e.g. Marshall and Abbott, 1984), among natural populations
levels of inter-morph crosses appear to be very low. Oxford et al. (1996)
concluded that gene exchange between the morphs may be very small, so
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that each acts as a semi-isolated gene pool. Oxford et al. (1996) suggest that
the variation in characteristics observed between the two morphs may result
from one of three causes: (1) that they result from the linkage between
characters on the portion of introgressed chromosome from S. squalidus that
carries the radiate gene, (2) that they are the result of founding effects which
are maintained by the low levels of outcrossing between the two morphs, (3)
that they are the result of selection and represent a co-adapted suite of
characters. Oxford et al. (1996) found evidence to support the first two
mechanisms, and while not able to completely reject the third, suggest that it
is extremely unlikely to account for the diversity of traits that have been
found to be associated with the radiate allele. Because S. vulgaris is an
ephemeral weedy species and an early coloniser of open disturbed sites, it is
likely that many populations will have been founded by very small numbers
of propagules. This combined with the generally low levels of out-crossing
shown by S. vulgaris, means that local populations are likely to differ
considerably from each other. Because of this, the characters associated with
the radiate morph are unlikely to be consistent, but will reflect the
characteristics of the founding populations during hybridisation and
introgression (Oxford et al. 1996).

The distribution of S. vulgaris var. hibernicus will depend on the
frequency of successful formation events e.g., production of fertile hybrid
seed, the dispersal ability of the rayed morph once formed and its fitness
relative to the typical non-radiate morph. Although not impossible, the
temporal and spatial distribution of the rayed morph in Sussex is
inconsistent with its gradual spread and establishment along the major rail
routes from London (Figure 2a, b — on the CD-ROM). The pattern of
distribution is more easily explained if the morph has arisen, possibly
several times, at a southern major railway station(s) and then spread slowly
outward from the sites of origin. Larger railway stations, such as Brighton,
support very extensive populations of S. squalidus and S. vulgaris associated
with rail track ballast and marshalling areas. The population densities at
such sites are considerably higher than those observed among populations
scattered along the tracksides between major stations. It seems plausible
that the initial hybridisation and the formation of the radiate morph may
have been, and continues to be, more likely to occur at such sites where
substantial populations of both S. squalidus and S. vulgaris are maintained.
The concentration of S. vulgaris var. hibernicus records (circa 1980) along
the coast either side of Brighton and northward along the principal railway
corridor are consistent with the morph having arisen around the Brighton-
Hove area, subsequently colonising suitable sites along the major rail routes.
This speculation is supported by the early record in the county for S.
squalidus at Hove in 1931 (Wolley-Dod 1937), suggesting that this is where
the two species, S. squalidus and S. vulgaris, have coexisted for longest.
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Table 1. Differences between the radiate and non-radiate plants of Senecio vulgaris
(Groundsel) collected from Brighton, Sussex. Mean percentage germination values were
obtained from four separate experiments, where the germination of seeds from the radiate and
non-radiate morphs was tested under the same conditions on a range of soil types. In each
case, the germination of the non-radiate form exceeded that of the radiate form. Viability
testing was conducted on fresh seeds collected from the field. Other measurements were
obtained from populations grown in an unheated polythene tunnel. All plants were grown
during 1996, under the same conditions, for the same length of time (1-2 months).

Variables Senecio vulgaris Senecio vulgaris
var. hibernicus var. vulgaris

Mean % Germination 52.4 £0.092 84.410.079

% Seed Viability (Triphenyltetrazolium) [401+0.97 7610.85

% Seed Viability (Indigocarmine) 56+1.02 7610.85

No. of seeds/Flowerhead 36.6+1.17 44.95%1.15

No. Flowerheads 9.8810.511 13.88140.621

Flowerhead wgt (g) 0.00829+0.00047 0.0058310.00060

Petal wgt (g)/flowerhead 0.0033740.00039 O

Root wgt (g) |0.070740.0104  0.0892+0.0087

Leaf and Stem matenal wgt (g) 0.229710.0683 0.341310.0758

Seed wgt (g)/Flowerhead 0.005810.0683 0.00561+0.00122

Pappus wgt (g)/Flowerhead 0.00289+0.00061 0.00376+0.000963

Total Plant wgt (g) 0.502+0.0786 0.641+0.0850

The reasons for the reduction in the distribution of S. vulgaris var.
hibernicus in recent years are unknown. Drawing an analogy with the
appearance of a radiate morph of Aster tripolium L. (Sea Aster), another
member of the Asteraceae which increased greatly in frequency along the
east coast of Britain from the 1930s but subsequently declined during the
late 1960s, Stace (1977) suggests that the abundance of S. vulgaris var.
hibernicus might be expected to decrease as a balanced polymorphism
becomes established. Further work on this is required. To date, most growth
studies have simply formed part of breeding and crossing experiments
designed to establish the possible mechanisms of origin. In order to
understand the factors determining the abundance of the two morphs in the
field, there is a need to establish the relative competitive ability of S.
vulgaris var. hibernicus, the non-radiate morph of S. vulgaris and S.
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squalidus under a range of ecologically relevant conditions. Seneciovulgaris
is able to establish a large and persistent soil seed bank (Roberts 1974,
Thompson et al. 1997). The role of the seed bank in maintaining the radiated
morph is unknown. Where the radiate allele (R) has been lost from the
above ground population it may still persist within the seed banks.
Recruitment from the seed bank may subsequently re-establish the morph
above ground. Vavrek et al. (1991) have shown that seed banks can preserve
genetic diversity and re-introduce maladapted genes into the above ground
population.

While the introgression and hybridisation hypothesis provides an
acceptable explanation for the majority of Sussex records, it is difficult to
see how it can account for the recent record of S. vulgaris var. hibernicus on
a sandstone cliff at Stedham, which is neither associated with railway routes
or the presence of S. squalidus (Figure 3b — on the CD-ROM). There seems
no a priori reason to believe that only one mechanism explains all
appearances of the rayed form. Although early workers such as Druce
(1886) and Trow (1912) report that the radiate form often occurs in
association with S. squalidus, Stace (1977) points out that neither suggested
there was a close association between the two species and Trow (1912)
stated that the radiate form of S. vulgaris “flourishes in localities where S.
squalidus does not occur.” Thus, it is possible that the recent appearance of
the radiate morph inland at Stedham is the result of a rare back mutation
from the normal non-radiate to radiate form.
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Abstract A GISc analysis of E. ephippiger presents an alternative methodology for
the investigation of intraspecific variation. The analyses identified
potential patterns to the population structure that were expected in the
organism. The population groups detected by the analysis of interpolated
trait surfaces produce clear predictions. Hierarchical Fst analysis with
populations nested within the putative refugial groups was confirmed if
most of the variation in genetic variation reflected these patterns. Mantel
tests comparing genetic variation with geographic distance, morphological
or behavioural variation, or the presumed refugial origins of forms
provided an alternative approach.

INTRODUCTION

Commercial off-the-shelf geographical information systems (GIS) do not
provide solutions to all geographical problems. Hence, Goodchild (1992)
suggested the use of Geographical Information Science (GISc) as a wider
definition of geographical information technology which employs stand-
alone or coupled specialist software, e.g., spatial databases, statistics
packages, scientific data visualisation, remote sensing, modeling, web
servers and data browsers, as well as GIS.

The potential of GIS for the analysis of intraspecific geographic
variation, and its potential use in distinguishing the effects of selection, drift
and population history was recognised by Young (1995). However, there
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have been few published GIS applications in this area. These few
demonstrate a variety of techniques that aid in unravelling complex trait
patterns and evolutionary processes (Cavalli-Sforza 1994, Cesaroni et al.
1997, Kidd and Ritchie 2000). This chapter describes our GISc approach
that uses a combination of GIS, statistics packages, and custom spatial
techniques to investigate spatial trait variation in E. ephippiger (Saddle-
backed Bushcricket). Topics discussed include trait and environmental data
capture, surface interpolation, covariate and multivariate pattern analysis,
and significance testing of evolutionary hypothesis. In addition, future
system enhancements and research avenues are discussed. System
enhancements include the addition of data at the individual as well as
population level, data on other species exhibiting variation in the same
geographical area, and palaco-environmental data to further examine
evolutionary and migratory hypotheses. Future research will investigate
linking the GISc results with more established geographical population
genetics analysis techniques such as hierarchical Fst analysis and Mantel
tests.

BACKGROUND

E. ephippiger is a large, flightless tettigoniid which has a fairly
widespread but patchy distribution in Europe, occurring from the Low
Countries, France and Northern Spain eastwards across Central Europe and
Northern Italy to the Balkans, although in recent decades it has disappeared
from the northern part of this range. The species is highly geographically
variable for a number of traits including morphology (Oudman et al. 1990,
Hartley and Bugren 1986, Hartley and Warne 1984, Grandcolas 1987), male
calling song and mating preferences (Duijm 1990, Ritchie 1996), allozymes
(Oudman et al. 1989, 1990) and various DNA markers (Ritchie et al. 1997,
Hockham 1999). Variation is especially high in Southeast France between
the Pyrenees and the Alps. This variability has contributed to the variety of
taxonomic classifications and evolutionary interpretations of the history of
the species which have been proposed.

Oudman et al. (1990), using traditional cartographic and non-spatial
statistical techniques, observed that patterns were generally non-coincident
and inter-population genetic distances (based on allozyme variation) low.
From this information they concluded that local forms were mostly of
primary origin (i.e. a response to geographically variable contemporary
selection or drift). More recently, Kidd and Ritchie (2000) captured trait
data from a number of published and unpublished sources within a GIS.
Subsequent analysis looked for univariate and multivariate trait clines and
related them to present topography and climate. In contrast to Oudman et al.
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(1990), they suggested that patterns in individual and groups of traits are of
both primary and secondary origin. They suggested variation in body size
was mostly the consequence of primary selection due to modern climate,
whereas a multi-trait cline extending from the Mediterranean coast near
Narbonne and Béziers to Andorra in the Pyrenees was more likely to be of
secondary origin, reflecting expansion from glacial refugia (Hewitt 1996). In
addition, they identified other patterns along the coast, and suggested a
number of potential explanations for these.

ORGANISM DATA

An essential function of GIS is the storage of georeferenced data. Species
are hierarchical entities that are composed of individuals grouped into local
populations that in turn can be grouped into linked metapopulations. The
ideal situation would be to have accurate spatial and attribute data for
individuals. A more common situation, especially when collating data from
published documents, is to have attribute data on individuals assigned to a
nominal population or simply to have population statistics alone.

The Ephippiger trait data originates from a number of published and
unpublished sources (Oudman et al. 1990, Duijm 1990, Ritchie et al. 1996,
Ritchie unpublished). The majority of the data is population statistics;
however, individual morphological measurements are available for some
populations. As no information is available on the spatial extent of
populations, they are georeferenced as point entities in the GIS with
latitude-longitude coordinates. Trait data is stored in an MS Access
database, which also stores metadata on data origin and the data capture
process (Figure 1).

Figure 1. Microsoft Access database for E. ephippiger (only one trait table shown).
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Traits sampled at a common set of locations are stored in a single trait
class table (Figure 1 shows only the table for the body size class, LB —
length of body, LP - length of pronotum, LF - length of hindfemur, LT —
length of foretibia). Additional trait class tables include body weight,
genitalic traits such as cercal and epiproct dimensions, and titillator size and
form, mating song, allozyme frequency, and RFLPs. The “source,” “source
description,” “location type,” and “map series” tables store the associated
metadata. The database now contains trait data for 125 locations (Figure 2).

Figure 2. Distribution of sample locations.

ENVIRONMENTAL DATA

Hypotheses suggested for the origin of variation patterns in E. ephippger
include primary contemporary selection or drift (Oudman et al. 1990, Kidd
and Ritchie 2000) and secondary contact of differentiated populations (Kidd
and Ritchie 2000). In addition, Kidd and Ritchie suggest three possible
historical scenarios that could apply to the ambiguous coastal populations.
Study of primary hypotheses was limited to contemporary or very recent
populations, i.e., those in the majority of France, Northern Iberia and the
Low Countries (Figure 2). In contrast, investigation of secondary contact
hypotheses requires consideration of all areas the organism has occupied
since the last glacial maximum. The area of interest for historical (palaeo-)
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data is thus determined by the location of all potential refugia. For E.
ephippiger there was almost certainly one or more refugia in southern
Iberia. In contrast, the locations of eastern refugia are very speculative and
thus the area of interest should perhaps extend as far east as the Black Sea
(Cooper et al. 1995). The different requirements for modern and palaeo-data
mean modern data is required at a regional scale, whereas the palaeo-data is
required at the continental scale. The differences in scale, coverage and data
quality will have implications if modern and palaeo-data are compared.

A variety of contemporary regional and continental scale environmental
data are now available in digital format from organisations such as the
United Nations Environment Program (UNEP), United States Geological
Survey (USGS), National Oceanic and Atmospheric Administration
(NOAA), and European Union (EU). A range of modern environmental data
sets from these and other sources have been, or are being, collated (Table 1).

GEOGRAPHICAL ANALYSIS

With the trait and environmental data sets integrated within the database,
we can begin to interrelate them via the GISc techniques of visualisation,
statistical analysis and modeling to identify patterns and examine
evolutionary hypotheses. Here we discuss a number of techniques that
would have been impossible to implement outside of the GISc framework.
Techniques discussed include the interpolation of trait surfaces with real
barriers, the use of surface scatter plots to identify local covariation
relationships, and principal component analysis to identify multivariate trait
patterns.

Trait Interpolation with Real Barriers

The usual situation in self-contained studies is to have one or more traits
sampled at a number of locations enabling direct statistical comparison
between sites (e.g. Thorpe and Baez 1987, Oudman et al. 1990, Brown and
Thorpe 1991a,b). However, with the collated E. ephippiger data the
exclusion of sites without all traits sampled would reduce the number of
locations available for analysis drastically. Hence, to use all available data
we must use surface interpolation to estimate trait values at unsampled
locations.

Interpolation is “half-art-half-science” in that the operator decides which
surface generation algorithm to use and sets algorithm parameters on the
basis of their understanding of the processes involved in creating the real-
world patterns and the mathematics of the chosen algorithm. In addition,
there may be a need to preprocess data into a suitable format before
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interpolation, for example, where there are multiple samples at a location
but the algorithm only accepts a single value per location. The Ephippiger
data has multiple samples of the same trait at some locations, varying
sample sizes for all traits at all locations, and known barriers to dispersal.
Kidd and Ritchie (2000) generated trait surfaces with an inverse-distance
weight (IDW) function; a location average weighted by sample size was
calculated when there were multiple samples. This method does not take
account of variation in sample size between locations or the known barriers
to dispersal.

Variation in sample size individual averages towards the average of
population averages; the magnitude of the shrinking factor depending on
sample size (Equation 1). Sets of access queries were written to calculate
JSz for the morphological traits.

Barriers are clearly of great potential importance in shaping patterns of
geographic variation in organisms, yet most analyses (of phenotypes or
genotypes) incorp ‘orate them poorly, if at all. Both modeling and empirical
studies suggest barriers can create patterns by reducing gene flow across
them, or act as ‘traps’ where differences accumulated during allopatric
divergence come to lie (Barton 1979, Nichols 1988). Barriers can be defined
from obvious geographic features such as mountain ranges or major rivers,
or simply from unoccupied patches (where accurate distribution data are
available). The Mediterranean Sea and mountainous areas above ~2050 m
are barriers to the dispersal of Ephippiger.

The James-Stein estimator: 1)

(a) The estimator
ISz=y+c(y-y)

Where y is the average of population averages,
c is the ‘shrinking factor’, and

y is the average of a single population.

(b) Individual population shrinking factor.

. k- 3)0’2

Cc=

-2

Where, k is the number of populations,
o2 is the square of the standard deviation of the sample, and

Y(y- ; )2 is the sum of the squared deviations of the individual averages from the

grand average ; .



Table 1. Modern environmental data sets.

Data Set Source Scale/ . Source Coverage
resolution
Base mapping Environmental 1:1,000,000 Global
(rivers, coasts, Systems Research
populated places, Institute (1993)
etc)
Digital Terrain USGS (1996) 30 arc second  Global
Model
Digital Terrain NOAA, National 5 arc minute Global
Model Geophysical Data
Center (1988)
Natural vegetation  Council of Europe 1:3,000,000 EC countries
and Commission of
the European
Communities
(1987)
Soil Commission of the 1:1,000,000 EC countries and
European the Adriatic coast
Communities only of the former
(1985) Yugoslavia and
Albania
Solar irradiation Commission of the ~ ~1:2,500,000  EC countries!
April — August European
Communities
(1979)
Annual Ministére des ~1:5,000,000  France!
precipitation Transportes (1980)
30yr monthly NOAA (1995) - Global?
temperature
statistics
30yr monthly NOAA (1995) - Global?
precipitation
statistics
River attributes Not Captured - -

199

Notes. Coverage limited to 0°-7°E, 42°-45°N; 2. Local climate models under development.
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A survey of over twenty interpolation algorithms revealed that only one,
ARC Triangular Irregular Network (TIN, ESRI 1997), supports the
inclusion of true barriers. The TIN surface model is the preferred technique
to create elevation surfaces from topographic surveys (see Lane et al. 1998),
although other techniques have been investigated (e.g., Hutchinson 1996a).
In contrast, biologists, soil scientists, sociologists and climatologists have
tended to use other techniques, including moving averages (IDW - Kidd and
Ritchie 2000, a custom method based on Shepard’s algorithm - Cavalli-
Sforza et al. 1994), splines (Hutchinson 1996b, Kesteven and Hutchinson
1996), and kriging (Maurer 1994, Cessaroni et al. 1997). From herein we
collectively refer to these non-TIN models as “field interpolators.”

The rational for using the TIN model for topography is that the model
maintains the geometry of the Earth’s surface, which the field models do not
(Dixon et al. 1998). In contrast, the phenomena under investigation by the
other disciplines are seen as statistical rather than geometric entities. As an
example, the TIN model uses only the values of the three triangle nodes (or
two if the location to be interpolated lies on a triangle vertex) determined by
the TIN algorithm (usually the Delauney algorithm) to interpolate values at
unknown locations within the TIN facet. Other points that are in fact closer
to the unknown location are ignored (Figure 3). For field-like phenomena,
such as organism variation patterns, the limited use of local points by the
TIN model is an arbitrary product of sample distribution and the
triangulation algorithm, rather than being representative of true surface
pattern.

A “hybrid” interpolation technique NetSURF, was developed which can
incorporate both absolute and partial barriers within a distance-based (i.e.
field-type) interpolation procedure. NetSURF is implemented via a
combination of ARC/INFO commands and a custom IDL program
(Research Systems Inc. 1999).

C

Figure 3. Limited use of node points in TIN interpolation. The interpolation of surface value
at X depends on the values at B, C and D despite A being closer to X then D.
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The NetSURF technique employs a user-designed network to calculate
values at network nodes on the basis of network distance to the nearest x
sampled locations. The E. ephippiger network was constructed from three
data sets: the sample locations, mountain and sea barriers, and a set of
‘space-filling’ point which function both to increase network connectivity
(making distance calculations more accurate) and subsequently as mass
points when generating the final TIN surface. A TIN was generated from
these data sets, which was subsequently converted to a line network (Figure
4). Subsequently network lines crossing the mountain or the sea barriers
were deleted as these features are absolute barriers to Ephippiger; if they
had been partial barriers the network lines would have been assigned a
resistance cost relative to non-barrier lines instead of being deleted (Figure

5).

1. Sample (
1. Create TIN
2. Barriers NN,
Elevation > 2050m and sea 2. Convert TIN
N to lines
3. Space-illing
55.5°N < 3. Delete lines N
025 grid crossing
barriers
455°N
0.25° grid 4. Create
25N Network
25'W 1°E 7.5°E K /

Input Data Sets =——————-7_ Create Network = Output Network

Figure 4. User-designed network for real-barrier interpolation of Ephippiger traits.

The ARC network tracing functions are used to calculate least-cost
distances, around absolute and through partial barriers, between all pairs of
sample locations and network nodes around absolute, and through partial
barrier nodes. The IDL program is then used to calculate the estimated value
at each network node based on a function of the nearest x sample locations
weighted by network cost; for Ephippiger the six nearest sites were used
weighted inversely by network distance. With values estimated at all
network nodes a TIN surface is generated using the network node values as
mass points. Comparison of equivalent NetSURF and normal distance
weight surfaces shows the effects of barrier inclusion (Figure 6). The
Pyrenean barrier has a considerable effect on the interpolated values south
of the Pyrenees, whereas in contrast, including the maritime barrier appears
to have little effect. One extremely useful by-product of NetSUREF is the
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matrix of inter-sample site distances around barriers that can be used to test
isolation-by-distance hypotheses via Mantel tests.

Figure 5. Detail of Ephippiger network in Eastern Pyrenees showing barrier holes.

Figure 6. Average male calling song syllable number interpolated with the six nearest
locations weighted inversely with distance, (a) ArcView IDW without barriers, (b) NetSurf
with barriers.
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Pattern Analysis

Identifying evolutionary processes from observed patterns is a difficult
task that relies on inferring the most likely scenario from a number of
possible candidates. The most important spatial pattern forming processes
are environmental selection and genetic drift in isolated or semi-isolated
populations. These two processes occur within the context of historical
environmental change, which acts at a multitude of spatial and temporal
scales from local microclimates to ice ages and the effects of continental
drift. Location trait values are the result of one or both processes
superimposed on historical patterning.

The identification of causal evolutionary processes relies on the
identification of covariance relationships between traits and the environment
and between multiple traits. Partial correlation and Mantel tests have been
suggested as suitable techniques for testing the significance of evolutionary
hypotheses and covariation relationships (Smouse et al. 1986, Brown and
Thorpe 1991a,b, Cessaroni et al. 1997). However, these statistics have been
employed on entire sample sets (i.e., on the whole map) without
consideration of spatial variation in the covariation relationships or barriers.
Despite the complexity of identifying spatial congruence between traits, and
traits and the environment, examination of modern variation patterns
remains an important approach to identifying causal evolutionary processes.

Local Covariance

Surface scatter plots provide a simple visual means to identify at least
some forms of spatial variation in covariation relationships (Kidd 1998). A
surface scatter plot is a scatter plot with sampled locations displayed over
the (interpolated) surfaces. Clusters in the surface scatter allow visual
grouping of sample points; mapping the groups shows if they are spatially
contiguous (Figure 7). The same technique can be employed to examine
covariation relationships between traits and environmental variables. An
extension of the technique is to use a 3D plot to show relationships between

three parameters (Figure 8).

Multivariate Patterns

Covariance between trait patterns can arise from a variety of causes
including sharing a common phylogenetic history, pleiotropy, gene linkage



204

and selection. If selection is the dominant process we expect traits under
direct selection and those linked to them to covary with the controlling
environmental variable(s). Determining if a set of spatially covarying traits
is likely to be subject to selection by the same environmental variable can
only come from a thorough understanding of trait function. In contrast, if the
dominant process were the consequence of historical population movements
(secondary contact) or modern drift then we would expect to see covariation
between unlinked traits. If the covariance is modern (primary) we should
observe changes in trait covariance relationships across dispersal barriers. In
contrast, if the covariance were the consequence of secondary contact we
would look at evidence of historical range splits and covariation relationship
changes congruent with potential historical barriers. Whatever the causal
processes the first thing to do is to look for multivariate trait patterns; we
used principal component analysis (PCA).

(a)

(b)

Figure 7. (a) Surface scatter plot and (b) map showing a spatially varying covariation
relationship between the length of, and number of teeth on, the apical part of the male
titillator of E. ephippiger. Northeast populations show positive correlation between the
average length and average number of teeth on the apical part of the titillator, whereas
southeast populations show no correlation.
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The PCA was calculated using the interpolated network node values of
fourteen morphological traits, male calling song syllable number (song), and
the commonest allele at four enzymic loci (phosphoglucomutase,
tetrazoleum oxidase and two esterases). PC surfaces were subsequently
generated from the nodes by creating a TIN surface as previously described
(Figure 9).

PC1 is representative of a variety of traits including morphology, song
and three allozymes; it explains 50% of the variation. The diversity and lack
of functional similarity in the represented traits fits the expected pattern for
primary drift or secondary contact scenarios described. The Pyrenees is an
established barrier to advancing post-glacial populations (Rica and Recoder
1990, Hewitt 1996, Taberlet et al. 1998). Kidd and Ritchie (2000) also noted
the decline marks the line of secondary contact between Iberian and eastern
European forms of E. ephippiger, the Iberian from having advanced north of
the Pyrenean watershed via along the Mediterranean coast as did Genista
scorpius and Psammodromus algirus (Rica and Recoder 1990).

PC2 explains 25% of the variation and is representative of morphological
traits highly correlated with overall body size, e.g. length of body, length of
foretibia, body weight, etc. The similarity of represented traits combined
with Kidd and Ritchie’s (2000) observation that 80% of body length
variation can explained by a multiple regression with environmental
variables determining growth season quality suggests that PC2 pattern is of
primary selective origin.

PC3 and PC4 explain 8.5% and 5% of the variation respectively.
Similarly to PC1 they represent a variety of traits suggesting a primary drift
or secondary contact origin. The very local distribution of high PC values is
perhaps supportive of local drift and or selection in the coastal area. Their
location either side of the putative PC1 secondary contact cline is intriguing.
Also of great interest is the fact that some of these patches correspond
closely with the “cruciger” form of E. ephippiger, which some authors have
considered a distinct species or subspecies (Kidd and Ritchie 2000).

PCA has been demonstrated to have considerable potential for
identifying multi-trait patterns. However, without additional data on modern
and past environments, potential scenarios cannot be separated. PCA as used
here is a whole map statistic which smoothes the local variation in
covariation relationships (as already discussed). In addition, it does not
provide significance levels for the patterns identified, however, significance
levels may be determined through a combination of discriminant canonical
variant analysis and bootstrapping (Kidd and Ritchie 2000).
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Figure 8. 3-D surface scatter plot of E. ephippiger titillator traits showing complex
spatial covariance relationships.

Figure 9. E. ephippiger PCA surfaces from NetSURF inverse distance interpolation, (a) PC1,
(b) PC2, (c) PC3, (d) PC4. Maps have 7 equal interval classes of grey scale, dark = high, light
= low. Barriers are unshaded.
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THE FUTURE

The application of GISc techniques to regional trait patterns in E.
ephippiger has revealed a complexity of patterns and covariation
relationships not seen before, and has changed the evolutionary
interpretation of geographic variation within this species. In addition it has
allowed initial investigations into causal hypotheses. These successes
encourage further developments to the system and avenues of research.

System Developments

A number of database developments that will assist in the examination of
trait patterns are under investigation.

The addition of morphological and genetic data on individuals is a
priority. This will allow more detailed comparisons between genetic and
phenotypic patterns. Precise and accurate location of individuals, possibly
by GPS survey, will allow a more hierarchical approach to pattern
investigation. For example, variation can be related to scale using multilevel
modelling tools (Jones 1991) or to habitat fragmentation through integration
with remote sensed imagery and landscape connectivity statistics (Berry et
al. 1998).

Data on other species will allow their patterns to be examined using the
same techniques as E. ephippiger and will allow comparisons between
species that should show congruence if they are the products of similar
historical patterns of vicariance. For example, taxon distributions (Vogel et
al. 1999), and palynological and ecological data (Kirkpatrick and Fowler
1998) have been used to hypothesise refuge location.

The collation of additional and better quality environmental data sets
continues. In particular, climatic models of average monthly temperature
and precipitation in the study area are under development. River attributes
are also of interest as rivers are potential barriers to modern gene-flow.
Investigations are under way into the availability and quality of palaeo-
environmental data sets, which may help locate refugia and assess
hypothesised migration routes.

Finally, explaining variation patterns in organisms requires a
multidisciplinary approach that includes genetics, ecology, palacontology,
climatology and geography, to name a few. Its success depends on co-
operation and the sharing of information. The GISc approach can facilitate
data sharing by converting data in a wide variety of common digital formats
that could then be published on the Internet using map-serving software.
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Research Avenues

Increasingly, population geneticists are expressing concern with
conventional methods for detecting patterns in intraspecific variation or
population structuring (Slatkin 1985, Neigel 1997, Whitlock and MacCauley
1999). Almost all techniques in routine use are similar to (or direct
developments of) Wright’'s F statistics, developed to detect whether
populations deviate from the “Island Model”, in which similar panmictic
populations exchange migrants equally. Significant Fst values tell us little
more than that there is variation in gene frequency among populations, i.e.
all populations are not exchanging migrants at a sufficiently high level that
gene frequencies are homogenised. The null hypotheses are so rarely met
that the model has recently been rechristened the “Fantasy Island Model”
(Whitlock and MacCauley 1999). One way of detecting the nature of
population structure (rather than simply if it exists) is to test for isolation by
distance, plotting pairwise estimates of migration or Fst values against
geographic distance. This will detect if a cause of population structure is the
(likely) fact that populations only exchange individuals with neighbouring
populations, therefore gene frequencies are more likely to differ between
distant neighbours. It is fair to say that there are no standard techniques for
detecting more complex or historical patterns of intraspecific substructure,
and that the assumptions of the island model are severe, with significant Fst
possible for a whole range of alternative reasons (Whitlock and MacCauley
1999). If historical vicariance or contemporary barriers are suspected to be a
major source of variation, there is little other than post-hoc partitioning of
populations for further Fst analyses (or detection of clustering in isolation by
distance plots) to find supporting evidence (Bossart and Prowell 1998).
Variation among populations in the level of inbreeding (which increases any
pairwise Fst values including such populations) is one major confounding
factor in such analyses. If the evolutionary relatedness of marker loci used in
analysis can be inferred, nested clade analysis (Templeton 1998) can be
used to infer population histories.

Our GISc analyses of E. ephippiger presents an alternative methodology
for the investigation of intraspecific variation. The analyses have clearly
identified potential patterns to the population structure we now expect to
find in the organism; the population groups detected by the analysis of
interpolated trait surfaces produce clear predictions. This provides an
external (rather than post-hoc) framework for the analysis of geographic
variation of genetic markers. We now propose independent testing of the
veracity of these subdivisions by two methods. Hierarchical Fst analysis
with populations nested within the putative refugial groups will confirm if
most of the variation in genetic variation reflects these patterns. Mantel tests
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comparing genetic variation with geographic distance, morphological or
behavioural variation, or the presumed refugial origins of forms provides an
alternative approach (Douglas and Endler 1982). The two analyses neatly
reinforce one another here; GISci has given an external validity to the
assemblages of populations tested for population substructure, and the
patterning of genetic variation should verify if the clusters identified by
GISci are indeed the best predictors of genetic variation.
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