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USING GIS TO RECONSTRUCT CANOPY ARCHITECTURE AND MODEL  
ECOLOGICAL PROCESSES IN PINYON-JUNIPER WOODLANDS 

 
We are designing a geographical information system (GIS) database to manage ecological data for 

arid pinyon-juniper (PJ) woodlands at the Los Alamos National Environmental Research Park (NERP), 
New Mexico. The goal is to integrate a diverse, geographically referenced database (including 
topography, stand characteristics, meteorology, water balance, and ecophysiology data) on a platform that 
can be readily queried and used for spatial analysis. The database incorporates a catalog of remotely 
sensed imagery from low altitude overflights and a ground-based extendable boom. Canopy architecture 
is of considerable interest for ecological studies because of its direct influence on energy balance, water 
balance, productivity, and population dynamics. We present an approach to construct a canopy digital 
elevation model (CDEM) of the canopy surface from stand allometry and simulate the effect of surface 
topography on interception of solar radiation. This approach employs three basic methodologies: I) 
automation of georeferenced locations, stem diameters, and heights of all pinyons and junipers in a one-
hectare stand using ARC/INFO and GRID; 2) construction of a CDEM based on the allometry of crown 
radius to stem diameter and the assumption that tree crown form can he approximated as the upper half of 
an ellipse; and 3) simulation of intercepted solar radiation using the insolation model SOLARFLUX. 
Preliminary analyses show high daily and seasonal variation in insolation resulting from shadow patterns. 
Refinement of the technique involves using more realistic crown shapes based on analysis of 
orthophotographs. Reliability of the technique can best be assessed by comparison of CDEMs calculated 
from stand allometry and CDEMs independently produced using stereoimagery. The CDEMs are being 
used in ecological models that simulate effects of canopy surface topography on various spatially based 
parameters (solar radiation flux, heat balance, interception, and evapotranspiration). The PJ GIS database 
design provides efficient access to diverse data types necessary for these modeling efforts. 
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INTRODUCTION 
 
Design of GIS Databases for Long- Term Ecological Studies 
 

A major focus in modem ecology is integration of diverse types of data over broad spatial and 
temporal scales (Levin 1992). Concern about environmental and social impacts of global climate change 
provides a strong impetus for understanding basic ecological processes (Kingsolver et al. 1993, 
Lubchenco et al. 1991, Mooney 1991). The complexity and high variability of natural systems, coupled 
with a need to understand changes that occur over long time scales, warrants long-term ecological studies 
involving the efforts of multidisciplinary teams of scientists. Long-term ecological studies have been 
initiated in most major ecosystems, from tropical rain forest to arctic tundra. Recent advances in 
Geographical Information Systems (GIS) present us with the means to manage and analyze the diverse 
formats and vast quantities of data being generated by such efforts. The design of GIS databases must 
accommodate the needs of scientists 1) to efficiently add data as it is collected, 2) to have ready access to 
data in both raster and vector formats, 3) to perform novel statistical analyses of spatial patterns, and 4) to 
build novel spatially explicit models. Spatially explicit models of forest systems are being used 
increasingly in ecology because they can enable direct mechanistic understanding of relations between 
spatial patterns (e.g., tree position and geometry), resulting microclimate conditions (e.g., light 
availability, temperature), system processes (e.g., water balance), physiological processes (e.g., 
photosynthesis and transpiration), and population processes (e.g., survivorship and fertility) (Pacala et al. 
1993). Herein we describe a GIS database designed for long-term ecological studies of arid pinyon-
juniper (PJ) woodlands. We use the database to model the canopy surface topography and to simulate 
solar radiation interception on this complex surface. 

 
Long-Term Study of Arid Woodlands in New Mexico 
 

The Los Alamos National Environmental Research Park (NERP) in northern New Mexico, 
established in 1976 for study of technological impacts on nature, is the site of long-term studies of 
ecology, hydrology, and meteorology. The NERP comprises 111 km2 of natural lands across a 1200 m 
elevational gradient (1645-2864 m), encompassing six major vegetation types:1) juniper-grassland, 2) PJ 
woodland, 3) ponderosa pine woodland, 4) mixed conifer forests, 5) spruce-fir forests, and 6) subalpine 
grassland. Mixed stands of one-seeded juniper (Juniperus monosperma), a shrub, and pinyon pine (Pinus 
edulis). a small tree, grow in an elevational belt from roughly 1600 to 2200 m. Junipers dominate in the 
lower, dryer sites and pinyons in the higher, more mesic sites. These stands are characterized by 
heterogeneous spatial patterns, with clumps of the shrubs and small trees surrounded by openings. With 
increasing elevation, clump size and individual heights increase, while spaces between clumps decrease. 
Development of spatially explicit models for PJ woodlands, with detailed characterization of canopy 
architecture, the three-dimensional arrangement of aboveground plant structures, is key to ongoing field 
studies and modeling efforts that are examining water balance, productivity, and regeneration at the Los 
Alamos NERP (Lin et al. 1992). 

 
An Integrated GIS and Remote Sensing Approach in Arid Woodlands 

 
Data collected for PJ woodlands of the Los Alamos NERP include basic physiography (topography, 

watershed delineation, geologic and soil formations), meteorology (precipitation, temperature, humidity), 
stand characteristics (mapped locations of individuals, stem diameter, height, crown dimensions), 
hydrology (interception, runoff, evapotranspiration, soil moisture, groundwater flow), and ecophysiology 
(photosynthesis, transpiration, nutrient cycling). In addition a growing catalog of remotely sensed 
imagery has been collected for the area, ranging from satellite imagery to low altitude overflights and 
ground-based measurements from an extendable boom. These diverse, geographically referenced data sets 
are being brought together in a GIS database to facilitate access, allow for efficient ongoing data collect- 
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ion, enable spatial analysis, and serve as a modelling platform. 
 

Our approach for constructing spatially explicit models of PJ canopies combines traditional ground-
based stand measures (e.g., individual location, stem diameter, height), remote sensing (e.g., high 
resolution aerial photography), and a GIS for data management and modeling. Canopy surface 
topography is characterized by producing a canopy digital elevation model (CDEM) in which an array, or 
grid, describes elevation values for each canopy location. CDEMs can be derived in three basic ways: I) 
from individual location and crown dimensions based on ground measurements alone; 2) from a 
combination of ground measurements and measurements of crown dimensions from orthoimagery; or 3) 
from photogrammetric analysis of stereoimagery, much in the same way that terrain maps are produced. 
This paper focuses on construction of a CDEM based on individual locations and crown dimensions 
derived from individual height and stem diameter, in particular assuming that crown shape can be 
approximated as the upper half of an ellipse. A CDEM is produced for a one hectare PJ stand and used in 
simulations of heterogeneity of solar radiation interception. 

 
METHODS 
 
Stand Characterization and Construction of GIS Database 
 

A one hectare PJ stand (dimensions 100 m x 100 m) was selected for preliminary studies of canopy 
architecture and solar radiation interception at the Los Alamos NERP (latitude 34.30° N, longitude 
106.27° W, elevation 2140 m) (Figure 1). The database for the PJ site includes mapped locations of all 
individual trees, individual height (H) and stem diameter at base (DAB). Individual locations must he 
treated as preliminary, because final field surveying and quality control has not been completed. Only 
about half of the tree locations have been determined by rigorous surveying techniques, and the rest have 
been located based on cruder field measurements of position relative to surveyed references. DAB for 
junipers, which often have multiple stems, was measured for the largest stem. Allometric relations were 
used to derive crown radius (C) from DAB (for pinyons C = 0.065 DAB + 0.10, r2 = 0.95; for junipers C 
= 0.38 DAB + 0.055, r2 = 0.73), based on field studies of Barnes (1986). Stand data was entered into a 
GIS, using ARC/INFO and GRID version 6.1 on a SUN SPARC2 workstation. Terrain data for the PJ 
site, surveyed at 0.6 m (2 ft) contour intervals, was digitized and converted to raster (GRID) format (0.25 
m x 0.25 m cell size). High resolution (l:5000) stereophotography (flight on 29 September 1991) was 
scanned and converted to raster (GRID) format. 

 
Modelling Canopy Surface Topography 
 

A CDEM was produced by calculating crown form as the upper half of an ellipse (hemiellipse), with 
H and C as the major and minor radii, respectively, for all pinyons and junipers within the study plot. A 
vector (ARC/INFO) elevation contour coverage was created for each individual, using Arc Macro 
Language (AML) to generate a series of circular Contours at (1.2 m intervals, centered around each 
individual’s location, and with each circular contour assigned an appropriate elevation attribute that 
corresponds to the hemiellipse surface. Then AML was used to convert vector elevation contour coverage 
to raster (GRID) format (0.25 m x 0.25 m cell size). The raster crown elevation coverages were merged 
into a single coverage using the MAX function of GRID, which resulted in a CDEM of the upper canopy 
surface. 

 
Modelling Shadow Patterns and Solar Radiation Flux 
 

The HILLSHADES function of GRID was used to examine the effect of canopy surface topography 
on shadow patterns as they change with daily and seasonal shifts in solar angle. 
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Figure1. The pinyon-juniper study site location within the Los Alamos National 
Environmental Research Park (NERP) in northern New Mexico. 

 
 
 
 
Shadow patterns were calculated from the CDEM grid coverage, using solar angles (zenith and 

azimuth) that correspond to a series of times through the day (9:00, noon, and 15:00 solar time) and a 
series of days through the year (winter solstice and summer solstice). Daily incident solar radiation was 
calculated using the SOLARFLUX model (Hetrick et al. 1993a, 1993b) for the summer and winter 
solstices (Julian days 172 and 355, respectively), using the CDEM as input and assuming clear sky 
conditions (transmittivity of 0.7). 

 
 

RESULTS 
 
Stand Characteristics and Canopy Surface Topography 
 

The PJ study site has a distribution of trees and shrubs typical of mid-elevation sites at the Los 
Alamos NERP (Figure 2). The overall stand density was 517 ind/ha, with near equal densities of pinyons 
and junipers, and with a total crown coverage of 5 1.2% (Table 1). Pinyons had a mean crown height (H) 
of 5.98 m and mean crown radius (C) of 2.39 m, whereas junipers had a mean of 2.62 m and mean C of 
1.25 m (Table 2). The surface topography of the PJ site is highly heterogeneous, with distinct clumps and 
open areas between clumps (Figure 3). The surface topography represents an approximation of the 
envelope that bounds the topmost portion of the canopy. 
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Figure 2. The distribution of pinyons (Pinus edulis) and junipers (Juniperus 
monosperma) in the one hectare study site (dashed lines indicate .6 m contours). 

 
 
 
 

Table 1. Density, stem basal area, and coverage for the PJ study site. 
 
 Pinus edulis Juniperus monosperma Total 
Stand Density (ind/ha) 229 288 517 
Stem Basal Area (m2/ha) 11.2 8.1* 19.3 
Coverage (%) -- -- 51.2 

 
 
 

Table 2. Pinyon and juniper characteristics within the PJ study site. Height (H) and diameter 
at base (DAB) were measured in the field, whereas crown radius (C) was calculated from DAB 
based upon allometry. 
      
 

n mean 
standard 
deviation minimum maximum 

Pinus edulis      
H (m) 222 5.98 1.67 1.20 9.25 
DAB (cm) 222 23.29 10.00 3.81 61.21 
C (m) 222 2.39 1.00 0.45 6.19 
      
Juniperus monosperma      
H (m) 888 2.62 0.96 0.50 6.15 
DAB (cm) 888 15.90 10.20 2.00 61.55 
C (m) 888 1.25 0.56 0.49 3.77 

*measurements for largest stem of multistem individuals. 
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Figure 3. The canopy surface topography of the PJ study site shown A) as a  
surface view, and B) a canopy digital elevation model (CDEM). 

 
 
 
 

Shadow Patterns and Solar Radiation Flux 
 
Examples of shadow patterns demonstrate the importance of the shifting angles as they interact with 

the surface topography of the PJ canopy (Figure 4). This model allows estimation of how shadow patterns 
shift throughout the day and year. As would be expected, shadows sweep from west to east during the day 
and between northern and southern bounds through the year. 
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Figure 4. Predicted shadow patterns based on the canopy surface topography at the  
PJ study site for 9:00 solar time on A) the summer solstice and B) the winter solstice,  
noon solar time on C) the summer solstice and D) the winter solstice, and 3:00 solar  
time on E) the summer solstice and F) the winter solstice. 
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Overall, the estimated daily insolation was highest at the summer solstice, and lowest at the winter 

solstice (Figure 5). As would be expected based on the shadow patterns, the south side of clumps tended 
to receive more insolation in the winter. Heterogeneity of insolation was important during all times of 
year, hut most pronounced during the winter solstice. 

 
 
 
 
 

 
Figure 5. Estimated daily solar radiation interception for A) the winter solstice, and B)  
the summer solstice. Calculations of insolation are for clear sky conditions (transmittivity 
of 0.7) based on surface orientation and topographic shading. 
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DISCUSSION 
 
Canopy Heterogeneity -- Relating Canopy Architecture to Microclimate 
 

For relatively open, heterogeneous canopies, interactions between canopy architecture and solar 
radiation lead to heterogeneous and changeable microclimates. There is strong differentiation between 
microsites on different sides of clumps; and sharp microclimate gradients extend from the center of 
clumps to the center of openings. Thus modelling the explicit geometry of the canopy architecture as it 
interacts with solar angle permits prediction of the distribution of microclimates as they shift during the 
day and through the seasons. Detailed studies are required to validate the predictions of our solar radiation 
flux models and to understand the consequences for processes such as heat flux, water flux, and 
productivity. Validation at a local level can be accomplished using hemispherical photography or light 
sensors (Rich 1990, Rich et al. 1993). 

 
Ongoing Work 
 

Canopy surface topography based upon stand allometry necessarily has a level of imprecision, 
dependent upon the quality of the input data and the variability that does not conform to model 
assumptions. The first iteration of a surface topography model presented here will be modified in detail, 
but it serves well to demonstrate the general approach and implications for both ecology and remote 
sensing. Among the refinements that will lead to a more accurate canopy surface model are finishing the 
precise surveying of individual tree locations and assuming more realistic crown forms than hemiellipses. 
In particular, we are working to obtain better measures of crown form, both from direct field 
measurements and from study of aerial imagery. In addition, we are in the process of obtaining 
independent measures of canopy surface topography using standard photogrammetric analysis of 
stereoimagery. This latter approach could be used to determine canopy surface topography of any canopy 
based on high resolution stereoimagery. The research plan for the Los Alamos NERP includes field 
verification of shadow patterns and insolation, further investigation of spatial and temporal patterns for P1 
sites along an elevational gradient, coupling with models of solar radiation transmission and reflectance 
within canopies, coupling with models of carbon and water balance, and coupling with models of stand 
regeneration. The surface topography approach is broadly applicable, and is likely to be very successful in 
other heterogeneous canopies, for example in canopies of boreal forests (Bonan and Shugart 1989). The 
approach is also likely to be very useful for studying microclimate patterns at forest edges (Gab et al. 
1993) and in treefall gaps (Canham et al. 1990). 

 
Implications for Ecology 

 
Our approach to development of spatially explicit models of canopy architecture can be used to 

predict distributions of key factors limiting ecological processes, and thus provides the means for 
integrating local effects to stand and landscape scales. At the ecosystem level, the microclimate 
heterogeneity resulting from canopy heterogeneity is expected to have a strong influence on heat balance, 
water balance, and conditions that determine different rates of production as a function of canopy 
position. At the ecophysiological level, knowledge of heterogeneity of microclimate conditions is 
important for predicting rates of photosynthesis and transpiration. The diversity of microsites is likely to 
have profound effects at the population level, since hotter, dryer microsites may be unsuitable for seedling 
growth and survival. At the same time, other microsites near and beneath clumps may be limited by light 
during much of the year. Whether applied locally (Rich and Weiss 1991) or at broader spatial scales (Rich 
et al. 1992, Saving et al. 1993), microclimate models can provide a mechanistic understanding of the 
fundamental biophysical factors that govern ecological systems. 

PROCEEDINGS OF THE THIRTEENTH ANNUAL ESRI USER CONFERENCE 443



RICH ET AL.: PINYON-JUNIPER CANOPY ARCHITECTURE 

Implications for Remote Sensing 
 
Our spatially explicit models of canopy architecture have great promise for linking pattern to process. 

Shifting solar angle leads to unique shadow patterns that are expected to change in predictable ways 
depending upon surface topography. For conventional remote sensing from satellites, canopy architecture 
may be inferred from the way pixel brightness decreases as a function of solar angle, as well as shifts in 
reflectance patterns (Goel 1988); however such inferences may only be possible if many scenes with 
different solar angles are available. On the other hand, high resolution remote sensing, based on images 
taken at low altitude, enables us to directly examine shadow patterns; and even a single high resolution 
scene may be sufficient to infer a great deal about canopy architecture, microclimate heterogeneity, and 
associated ecological processes. 

 
Shadow patterns, commonly viewed as noise that makes it difficult to interpret remote sensing data, 

may be the main data of interest when considering links to patterns of canopy architecture and processes 
associated with differences in solar radiation interception. Thus, high resolution remote sensing, coupled 
with detailed ecological field studies and spatially explicit models of canopy architecture, may serve as 
the critical bridge to link pattern and process. 

 
 

CONCLUSION 
 

Our spatially explicit approach to modelling canopy surface topography and simulating solar 
radiation flux is relevant to many significant issues in ecology and remote sensing. First, it illustrates the 
basic design of an integrated GIS database for long-term ecological study. Second, it demonstrates the 
central role that canopy architecture plays in basic ecology, at population, community, and ecosystem 
levels. Third, it shows that high resolution remote sensing of canopy architecture can provide a needed 
link between pattern and process. Finally, it provides a mechanistic understanding of the determinants of 
microclimate heterogeneity, which has far- reaching implications in understanding basic ecological 
processes and will assist in assessing the potential impacts of global climate change. The approach 
provides a direct mechanistic link between canopy architecture and microclimate heterogeneity and 
promises to unite pattern to process across diverse spatial and temporal scales. 
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