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Abstract 
 

A regional IPM project was initiated with four rounds of sampling for white grubs on the 

fairways of nine golf courses located on the Lower Peninsula of eastern Virginia, from 

2000 through 2002.  Fifteen regressor variables were collected and measured that 

included local-scale variables, golf course management practices and spatial pattern 

metrics derived from satellite images that underwent two methods of a supervised 

classification of six land-cover types (turf, woods, wetland, urban, bare soil and water) on 

four landscape scales derived from 10 km x 10 km buffer zones surrounding each golf 

course.  Pearson’s correlation coefficients were calculated to reduce the number of 

variables to a few that were highly correlated with white grub densities.  Mallow’s C(p) 

calculations were performed on the reduced variable sets to extract those that would be 

highly predictive.  A multiple linear regression was performed using the Mallow’s 

variables to develop eight regression equations (two classification methods x four 

landscape scales) that were used to predict regional white grub presence and abundance 

in 2003 on six additional golf courses located on the Lower Peninsula.  The best model 

was the 6 km x 6 km buffer zones model from the second classification method, which 

included one local-scale variable (golf course age) and three spatial pattern metrics (total 

turf area, total turf area-to-total urban area ratio, and a woods interspersion-juxtaposition 

index).  The mean difference between actual and predicted values was -0.15, standard 

deviation = 0.79, R2 = 81.38%.  Additionally, a study was conducted to determine 

whether the number of white grubs collected from transects of sampled golf course 

fairways was significantly different from those found in the roughs.  White grub counts 

from the roughs were significantly higher (mean = 0.283 grubs/transect, standard error = 

0.0135) than those from fairways (mean = 0.146 grubs/transect, standard error = 0.0188); 

t = -4.31, df = 735, P = 0.0001.   
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Chapter 1  

Introduction 

Regional large-scale understanding of the interactions between potential pests and 

their environment along with models that incorporate spatial patterns could be extremely 

beneficial in making predictions about when and if a pest problem might arise (National 

Research Council 1996).  Early warning of pest problems would allow landscape 

managers to focus integrated pest management (IPM) scouting activities in areas that are 

at risk, thereby reducing costs and encouraging the efficient use of existing resources.   

 This dissertation describes the use of satellite imagery combined with the analysis 

of local scale spatial variables to examine the regional spatial ecology of white grub pests 

infesting golf course turf landscapes on the Lower Peninsula in southeastern Virginia.  

The Lower Peninsula was an ideal test site as it was almost a closed system and contained 

many golf courses for study.  Golf courses made ideal test subjects as they were 

uniformly maintained, were readily accessible, and the information gathered from the 

research could be used by golf course managers to produce a measurable impact in their 

pest control programs.  

Cultivated turf in the United States occupies more than 10 million hectares with 

annual maintenance and pest management costs that approach $25 billion (Zenger and 

Gibb 2001).  White grubs, the larval stage of scarab beetles (Coleoptera: Scarabaeidae), 

are among the most persistent and destructive pests of turf on golf courses and home 

lawns in the eastern United States (Tashiro 1987).  The annual cost of the damage caused 

by white grubs alone is more than $234 million (Ahmad et al. 1983).  High 

concentrations of white grubs kill large areas of turf resulting in significant aesthetic 

injury and substantial costs in reseeding and the reapplication of sod (Mannion et al. 

2000).  The potential damage caused combined with the fact that white grub problems 

can recur annually has resulted in the common prophylactic use of insecticides by 

turfgrass managers (Zenger and Gibb 2001).  However, environmental, legal and 

economic factors are making chemical treatments against these pests more difficult and 

alternative strategies to deal with them are being sought (Blanco-Montero and Hernandez 

1995).  
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What makes white grubs so difficult to manage?  Their subterranean habitat 

makes them difficult to study and white grub dynamics probably depend on regional 

spatial factors that have not been studied previously.  Efforts to predict white grub 

population dynamics and to make pest management programs more efficient and safer 

have not met with overwhelming success (Mathias 2001).  Recent advances in pesticide 

chemistry show promise, but these insecticides are more effective in preventative control 

programs rather than as curative treatments; making their efficacy even more reliant on 

improving our ability to predict the likelihood of white grub damage. 

The life cycles of these beetles vary widely depending on latitude and altitude 

(Vittum 1986).  Five univoltine species occur in Virginia that have similar life histories, 

but different treatment thresholds.  They are the Japanese beetle, Popillia japonica 

Newman, northern and southern masked chafers, Cyclocephala borealis Arrow and C.  

immaculata (Olivier), the Oriental beetle, Anomala orientalis Waterhouse and the green 

June beetle, Cotinis nitida L.  Northern and southern masked chafers can be distinguished 

based on morphology only in the adult stage; the grubs are essentially identical.  White 

grubs spend most of each year (August through May or June) as larvae, feeding actively 

in the fall and spring on turf roots and killing or weakening turf root systems (Vittum 

1986).  Grub populations do not cause visible damage if their density is low or they 

include only young instars.    

White grubs are underground pests.  The ideal time for sampling them is during 

the first and second instars, which occur during early August in Virginia.  Because their 

feeding does not cause visible damage at this stage of grub development, monitoring 

them becomes extremely difficult.  Choosing sampling locations is usually based on a 

turf manager’s knowledge of past grub population densities and locations.  Noticeable 

turf damage is caused by third instar larvae, but by the time this occurs during late 

summer and early fall, the grubs are no longer susceptible to many available pesticides. 

Common sampling techniques for white grubs include qualitative visual 

inspection and quantitative destructive methods.  Visual inspection of infested turf often 

reveals patchy areas of dead grass that are easily lifted or rolled like a carpet.  Sod 

damaged by the digging activity of skunks and raccoons as they forage for a meal is 

another visual clue to the presence of white grubs (North Carolina State University 1988).   
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Quantitative sampling of white grubs in turf is performed by cutting patches from sod 

utilizing golf course cup-cutters, sod-cutting machines or spades and counting the grubs 

present in the turf root zone.  This is a more objective technique that provides information 

about grub densities as opposed to the presence-absence information revealed by visual 

inspections (Hawley 1949; Ng et al. 1983; Schumann et al.1997).    

In general, action thresholds used to make management decisions for white grubs 

on turf are reported as grubs per unit area (Schumann et al. 1998).  Results from 

quantitative sampling techniques yield white grub counts that can be used to create action 

thresholds or that can be compared with available threshold data.  Threshold data are then 

used to make management decisions in an integrated pest management plan (Schumann 

et al. 1998).  Armed with information from sampling techniques and threshold data, 

managers can apply management treatments selectively to spots in the landscape that 

require intervention.  Spot treatments result in a reduction in the amount of pesticide 

materials entering the environment compared with prophylactic treatment, and they lower 

the risk of contamination and the development of tolerance or resistance by the target 

insect pest (Harkins et al. 2003). 

The quantitative sampling techniques discussed above focus on pest monitoring 

and management at the local spatial level, i.e., in the immediate vicinity of the problem, 

and each spot is considered independently.  Recently, however, researchers have begun to 

realize that many pest problems are not isolated, local phenomena.  Rather, they are often 

interrelated and must be studied at a regional level (National Research Council 1996).  

Ecologically-based pest management (EBPM), which relies on a comprehensive 

knowledge of the ecosystem, recognizes this and seeks ways to incorporate ecological 

and spatial data into large-scale pest management programs.  For example, it may be 

discovered that golf courses adjacent to water and embedded in an urban landscape are at 

less risk for beetle attack than golf courses located in rural areas near woodlots and crop 

fields.   Recognition of the regional spatial parameters that might be putting their golf 

course at risk can help golf course managers make better-informed decisions regarding 

the implementation of a proactive scouting and monitoring program for their location.   

While local indicators of pest problems reveal the need for local action, a regional 

understanding of the interactions between various biotic and abiotic components of the 
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ecosystem may be valuable in predicting where outbreaks of pests are likely to occur, and 

where to concentrate local monitoring programs (National Research Council 1996).  

Geospatial techniques like remote sensing, geographic information systems (GIS) and 

statistical modeling are ideally suited for studying regional phenomena and relating them 

to pest populations (National Research Council 1996).  When used in combination they 

can form a powerful tool for making regional pest predictions that can then be utilized at 

the local level to improve IPM efficiency and lower management costs.   

White grubs are an ideal candidate for a regional IPM approach.  Because of their 

underground habit white grubs are difficult to monitor, making the time and labor for 

proper sampling very costly.  Regional models that predict white grub presence and 

abundance could be used to inform course managers when the conditions measured in 

their area may favor white grub outbreaks.  This early-warning capability would allow 

them to adjust tournament schedules, augment or supplement cultural practices that may 

reduce turf damage, or hire temporary help to assist with scouting and control activities.  

 Remote sensing has been used frequently for surveying land use and land cover.   

GIS is a computerized mapping system for the capture, storage, management, analysis 

and display of spatial data.  Combined, these two geospatial techniques can be used to 

examine multidimensional ecological processes in landscapes (Naveh and Lieberman 

1994).  Many applications have been developed that combine remote sensing, GIS, and 

statistical modeling.  Brewster et al. (1999) developed crop-cover maps using this method 

for the Imperial Valley, California, to predict whitefly populations on an area-wide basis.  

Beck et al. (1994; 1997) described how the large-scale spatial approach could be used for 

managing arthropod vector populations to reduce human exposure to malaria.   Predictive 

statistical (Bayesian) modeling has been used in combination with geospatial techniques 

to identify and predict the likely distribution of bird species (Tucker et al. 1997; 

Hepinstall and Sader 1997). 

White grub densities can be correlated with local-scale variables and spatial 

patterns that can be plotted against a regional background.  Combined with statistical 

modeling these factors could be used to predict white grub presence and abundance in 

turf landscapes on a large scale.  
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The goals of this research were to develop predictive equations for determining 

white grub presence and abundance in golf course landscapes. 

The specific objectives of this research were to: 

• Look for patterns in white grub population densities on golf courses over 

a large region by studying white grub distributions and densities in 

relation to factors identified on satellite imagery.   

• Develop mathematical models to explain white grub density patterns on 

golf courses in a large bounded region as a function of local and regional 

factors.   

• Predict white grub densities on six additional golf courses using the 

derived regression equations and select the best predictive equation 

(model) to use in future studies.   

An inherent assumption of this research was that white grubs can be modeled at 

the regional level and that their dynamics are associated with local and spatial factors that 

have yet to be discovered.  Sampling and analysis at the local level can yield the local 

scale variables and management practices that are associated with white grub densities.  

Satellite imagery can provide information on spatial factors that are important to white 

grub patterns of distribution.  This information can then be combined to develop 

statistical models that will yield white grub presence and abundance information at the 

regional scale.  Once obtained, this information can be utilized by golf course 

management personnel, in a proactive manner, to monitor for the pests and if necessary 

apply controls to keep white grub densities below damaging levels. 
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Chapter 2  

Literature Review 

 This dissertation examines the identification of local-scale variables and 

landscape spatial patterns derived from the study of regional satellite imagery associated 

with white grub population densities.  A multidisciplinary approach to this problem is 

necessary if a thorough understanding of the factors associated with white grub 

populations in a turf landscape is to be attained.  White grub population dynamics, remote 

sensing, spatial pattern analysis and statistical modeling are reviewed in the following 

paragraphs with the intent of introducing or reintroducing these topics to the reader.  A 

clearer understanding of the processes involved will be helpful when examining the 

research and evaluating its results.  

 

2.1 Univoltine White Grubs 

2.11 Biology and Life History 

As mentioned, white grubs are the larval stage of beetles in the family 

Scarabaeidae.  They are similar to each other in appearance, habits, and the damage they 

cause to turf.   Five univoltine scarab beetle pests may occur in Virginia.  The Japanese 

beetle, Popillia japonica Newman, and Oriental beetle, Anomala orientalis Waterhouse, 

are introduced species.  They were first recognized along the eastern seaboard in 1916 

and 1940 respectively (Tashiro 1987).  Northern and southern masked chafers, 

Cyclocephala borealis Arrow and C. immaculata (Olivier), are native species and are as 

damaging to turf as the introduced species.  The green June beetle, Cotinis nitida L., is 

also native to North America and causes mechanical rather than feeding damage to turf.  

Most species of turf-infesting grubs are injurious because they feed on the roots of all 

commonly grown turf cultivars as well as other plants.  Indiscriminate pruning of the 

roots at or just below the soil-thatch interface is the primary cause of turf damage.  When 

severe root pruning coincides with drought, death of the turf is certain (Tashiro 1987).  

All turf-infesting grubs cause similar damage except for the green June beetle.  Grubs of 

this species burrow in and out of the soil while feeding on dead and decaying organic 

matter.  Burrowing activity disrupts the soil surface by producing unsightly mounds of 

soil 5 – 8 cm in diameter and distinct, open, vertical burrows that average from 15 – 30 
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cm in depth, (Harkins et al. 2003).  Adult scarabs have food habits that vary according to 

the species.  The Japanese beetle, green June beetle and Oriental beetle feed on foliage, 

flowers, and fruits, whereas northern and southern masked chafers do not feed at all 

(Koppenhofer et al. 2000; Mannion et al. 2000).    

The life cycles of all of these beetle species are similar so a description of only the 

Japanese beetle will be given with any notable exceptions mentioned.  Adult emergence, 

which is a function of temperature, begins in mid-May in central North Carolina and 

early July in southern New Hampshire (Vittum 1986).  Adults emerge in central Virginia 

between May 4 and July 2 (Tashiro 1987).  Mating and oviposition occur one - two 

weeks after eclosion following full development of the testes and ovarioles (Vittum 

1986).  Once females have mated, they can disperse several kilometers in search of 

suitable oviposition sites.  Once suitable egg laying sites have been discovered the 

females burrow into the soil to a depth of 5 - 10 cm where they deposit an egg in an 

earthen cell, created when the tip of the abdomen is extruded prior to egg deposition.  A 

female will enter the soil 16 or more times to deposit 40-60 eggs during her life (Fleming 

1972; Regniere et al. 1983).  Factors that increase oviposition site favorability include 

full sun, short plant cover, moderate soil texture, and high soil moisture (as long as it is 

not above field capacity) (Regniere et al. 1979; Dalthorp et al. 2000b).  Dalthorp et al. 

(2000b) also discovered that perennially low grub densities were associated with high soil 

organic matter.  Low densities may mean that females oviposit less in high organic matter 

(HOM) soils or that HOM soil provides harborage for white grub antagonists thereby 

increasing larval mortality.  Soil pH within the range of 5.0 to 7.9 has no influence on 

oviposition or on subsequent larval development (Vittum and Morzuch 1990).    

Eggs, which require a hydration period, hatch about two weeks after oviposition.  

The first instar occupies its earthen cell (created by the female during egg deposition) and 

feeds on fine roots that grow into it.  The first molt occurs two - three weeks after 

hatching.  The second molt into the final instar occurs three - four weeks later in late 

August or early September (Hawley 1949; Tashiro 1987).  The grubs continue to feed 

into the fall, becoming nearly full-grown.  They migrate downward following the first 

freezing air temperatures and remain beneath the frost line through the winter (Vittum 

1986).  As the soil begins to warm again in the spring, the grubs return to the root zone 
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where they continue to feed for four - eight weeks before pupating.  The pupal stage lasts 

seven - ten days, after which adults emerge to renew the cycle (Vittum 1986). 

 

2.12 Population Dynamics 

The density, distribution and dispersal of populations of Japanese beetle are 

strongly affected by the distribution of rainfall, host plants, soil types, soil moisture and 

natural enemies (Hawley 1949; Fleming 1972; Regniere et al. 1983).  Dalthorp et al. 

(2000a) discovered that localized populations of white grubs annually shrink and swell 

because of variations in rainfall and soil moisture.  Bohlen and Barrett (1990) found that 

Japanese beetles recognize and respond to sharp boundaries between host and non-host 

patches.  They discovered that beetles would move parallel to rows of non-host tall 

sorghum plants intercropped with strips of host soybean plants rather than move across 

rows of sorghum.  Dalthorp (2000b) discovered that large contiguous areas of woodland, 

depending on how they are interspersed, could also present barriers to beetle migration. 

The reproductive physiology of adult females may also play a part in population 

distribution.  They are considered to exhibit continuous reproduction and do not resorb 

mature eggs (Fleming 1972; Regniere 1979).  According to Chapman (1998), such 

females accumulate eggs in their oviducts and when the physical limit to egg storage is 

reached, ovogenesis stops.  Gravid females prefer to oviposit in moist, light-textured 

soils.  These soils have been found to provide optimal moisture conditions for egg and 

early instar survival (Regniere 1981; Regniere 1983).  During drought-like conditions, 

however, gravid females will retain eggs until suitable conditions return or will disperse 

to marginal feeding and oviposition sites. 

Adults are closely associated with various weed species, including smartweed 

(Polygonum pensylvanicum), its preferred host, which grows in moist, well-drained, 

light-textured soils commonly found along permanent drainage canals and streams in 

rural areas (Regniere 1983).  The adult beetles are gregarious and are attracted  from 

considerable distances (up to 275 meters) to plant substances as well as to the sex 

pheromone ((R,Z)-5-(1-decenyl) dihydro-2 (3H)-furanone), which the females emit 

throughout their adult life (Ladd 1970; Vittum 1986).  These factors often result in large 
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numbers of beetles aggregated in restricted areas to feed and mate.  These sites also 

harbor disease agents and parasites.  Natural enemies of the Japanese beetle include the 

bacterium Paenibacillus (=Bacillus) popillae (Dutky) which causes milky disease, the 

protozoan Cephaline gregarines, the microsporidian Ovavesicula popilliae Andreadis, 

and the parasitic Winsome fly, Hyperecteina aldrichi.  General scarab enemies include 

parasitic wasps, Tiphia spp. (Schumann et al. 1998; Cappaert and Smitley 2002).  

In addition to aggregation sites, Regniere (1983) classified the habitats in which 

P. japonica is found into marginal production sites, migration alleys, and feeding sites.   

Marginal production sites are areas that only occasionally become suitable for 

oviposition and survival when soil moisture is adequate.  Immature populations at these 

sites are less dense because of the more frequent occurrence of dry periods.  Adults 

emerging from these sites disperse soon after emergence to feed and mate elsewhere.  

Migration alleys are areas where conditions (soil moisture, soil texture, ground 

cover) are usually unfavorable for oviposition and survival.  Any adults found there are 

usually transient.   

Feeding sites are islands of host plants for adults in migration alleys or adjacent to 

marginal production sites where adults may aggregate temporarily.  These sites are 

usually unstable and their locations change frequently. 

The Japanese beetle exhibits many characteristics that increase its ability to 

survive in environments that can be temporally unsuitable because of weather effects or 

cultural practices.  The ability of the adults to disperse several kilometers along with the 

oviposition behavior of females results in the distribution of eggs primarily in suitable 

habitats.  Additional survival mechanisms include, immature stages that have a high 

degree of resistance to environmental stresses and adults that associate with weedy 

species that are often more stable than crops (Regniere 1981; 1983).     

 

2.13 Pest Management 

Turf pest management has had to rely more and more on an integrated 

management approach.  The incorporation of quantitative sampling techniques that yield 

threshold data, in addition to the inclusion of biological, cultural and chemical controls, is 
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becoming increasingly important in a world concerned with environmental contamination 

and the adverse side effects associated with the overuse of chemical pesticides.   

Results from quantitative sampling techniques yield white grub counts that can be 

used to create action thresholds.  In general, action thresholds used to make management 

decisions for white grubs on turf are reported as grubs per unit area (Table 1).   

 

Table 1.  Action thresholds for some univoltine white grubs (from Tashiro 1987). 
 

 

White grub species Conditions   grubs/0.1m2) 

Popillia japonica Newman 
 
Anomala orientalis Waterhouse 
Cyclocephala borealis Arrow 
C.   immaculate (Olivier) 
Cotinus nitida L. 

Well managed turf 
Poorly managed turf 
 
Well-watered turf 
Moisture stressed turf 
 
 

       ≤ 10 
       ≤   5 

6 – 8 
15 – 20 

9 – 10 
        6 – 8 

 

 

In spite of the size of the turf industry and efforts to incorporate an integrated 

management approach, pest management programs are still based largely on chemical 

insecticides (Gibb et al. 1995).  For nearly two decades following World War II, 

chlordane and cyclodiene insecticides (dieldrin, and aldrin) afforded good protection 

against white grub larvae.   Resistance to cyclodienes, their persistence in the 

environment and concern over the danger they posed to non-targets led to their restriction 

by the Environmental Protection Agency in 1974 (Ng and Ahmad 1979).   

Less persistent and less efficient organophosphates like chlorpyrifos, diazinon and 

trichlorfon, replaced the cyclodienes.  The decline in the ability of organophosphate 

insecticides to adequately control turfgrass pests led to increases in the number of 

applications per year and the application rates of these materials to the point where beetle 

larvae exhibited resistance to these materials (Ng et al. 1983).  As a result of the 

diminished capacity of these materials to provide acceptable levels of white grub control, 

newer chemistry and the development of alternatives to pesticides, such as integrated pest 
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management (IPM), became the focus of research efforts (Blanco-Montero and 

Hernandez 1995; Koppenhoffer et al 2000; Zenger and Gibb 2001). 

Since 1995, imidacloprid has become the most commonly used white grub 

insecticide for turf managers (Zenger and Gibb 2001).  Some of the reasons for its 

popularity are its season-long control with one application, its systemic mode of action, 

and its low inherent toxicity to non-target organisms.  This material warrants only a 

‘Caution’ signal word on the label.  Materials less commonly used include halofenozide, 

an insect growth regulator (IGR), cyfluthrin and cyhalothrin (synthetic pyrethroids), and 

fipronil (a phenylpyrazole) (Schumann et al. 1997; Zenger and Gibb 2001).  These 

chemicals are extremely effective and also have low toxicity to non-target organisms.  

This is an important consideration when incorporating an insecticide into an IPM plan.  If 

the control tactic incorporates biological control as well as chemical insecticides, it is 

important to select a pesticide with low or non-toxic side-effects to beneficial, non-target 

species (Koppenhofer et al. 2000; Mannion et al. 2000; Zenger and Gibb 2001).  On the 

other hand, products that contain imidacloprid as the active ingredient provide no control 

for lepidopteran pests, which is also a consideration for IPM programs. 

Biological control of white grubs primarily involves the incorporation, 

conservation or augmentation of pathogens.  Hawley (1949) noted that extremely high 

grub populations favor the activity of milky disease and other pathogens and parasites 

that would “operate to reduce soil populations [of white grubs] before emergence starts”.  

For many years, the bacterium Paenibacillus (=Bacillus) popillae (Dutky) was used as an 

alternative to chemical insecticides for white grub control (Schumann 1997).  Now, in 

addition to the milky spore disease agent, another bacterium, Bacillus thuringiensis 

Berliner subspecies japonensis Buibui strain, and the entomopathogenic nematode 

species Steinernema glaseri Steiner, Steinernema kushidai Mamiya and Heterorhabditis 

bacteriophora Poinar are receiving considerable attention for their potential to reduce 

populations of white grubs (Koppenhofer et.al. 2000; Mannion et al. 2000; Mannion et al. 

2001; Cappaert and Smitley 2002).  Currently only these few species are commercially 

available, but they have the potential to outperform chemical insecticides because of their 

longer persistence and potential for recycling in the host organisms (Koppenhofer et al. 

2000).    
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 Cultural controls can be incorporated into turf management programs with little or 

no additional cost and can aid in the control of turfgrass pests (Schumann et al. 1997).  

Blanco-Montero and Hernandez (1995) examined the use of turfgrass aerators to affect 

mortality in white grubs.  Their research indicated that more than 40% mortality could be 

achieved by utilizing aerators that could create a hole-distribution pattern of 5.08 cm x 

5.08 cm and had tine diameters of 2.54 and 1.9 cm.  Potter et al. (1996) manipulated a 

number of cultural practices to reduce white grub densities in turfgrass.  Their study 

suggested that withholding irrigation during peak beetle flights, raising turf cutting height 

and a light application of aluminum sulfate in spring may help reduce the severity of 

damage to turf by subsequent grub populations.  Finally, Crutchfield et al. (1995) 

evaluated irrigation and nitrogen fertilization effects on white grub injury to cool season 

grasses.  They found that grub survival did not differ with various fertilizer regimes, but 

more P. japonica survived in plots receiving high irrigation.  They concluded that 

irrigation during the fall feeding period, followed by remedial nitrogen fertilization, could 

promote tolerance and recovery of grub-damaged turf grasses. 

 White grub pest management relies largely on actions taken at the local level 

based on local-scale information, e.g., threshold data from quantitative sampling and the 

visual inspection for and the observation of damage.  However, as these techniques offer 

only marginal success it is apparent that white grub dynamics are undoubtedly associated 

with local and spatial factors that have yet to be discovered.  Remote sensing of satellite 

imagery could be a useful tool in identifying the relationship between white grubs and 

their spatial patterns of distribution.   

 

2.2 Remote Sensing 

One definition of remote sensing is the process of collecting data about objects or 

landscape features from a distance and without coming into direct physical contact with 

them (Quattrochi and Pelletier 1991; Avery and Berlin 1992).  The primary non-military 

objective of satellite remote sensing is to extract environmental and natural resource data 

related to the earth (Jensen and Jackson 1999).  Remotely sensed data can be collected at 

various scales of space and time, which makes these data useful for applications in 

landscape ecology (Quattrochi and Pelletier 1991).  Most remote sensing is performed 
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from orbital or sub-orbital platforms using instruments which measure electromagnetic 

radiation (EMR).  EMR reflected or emitted from the terrain can be used to produce 

images suitable for visual interpretation (Lo 1986).  The primary source of EMR for 

terrestrial remote sensing is reflected sunlight, which includes wavelengths in the 

ultraviolet, visible and infrared regions of the electromagnetic spectrum (EMS).      

Electromagnetic radiation reaching the earth's surface can have several fates.  

Some of the EMR will be reflected.  The remainder will enter the feature as a refracted 

wave front, which will either be absorbed and retained or transmitted through the feature 

depending on the makeup (material) of the feature and the wavelengths of the radiation 

(Lo 1986).  At some point the absorbed radiation will be released from the feature in the 

form of heat as emitted radiation, Figure 1.  The net sum of these interactions with earth 

features provides the basis for passive remote sensing, i.e., total radiation detected = 

source radiation - absorbed radiation - transmitted radiation - reflected radiation + 

emitted radiation (Lo 1986).   

Every object on the earth has a characteristic spectral response to EMR that in 

theory can be detected by spectral sensors on an aerial platform such as an airplane, 

rocket or satellite (Quattrochi and Pelletier 1991).  Sensors that record EMR range from 

simple cameras to sophisticated electronics that can interpret an image’s myriad spectral 

signatures.  Satellites often carry an array of sensors capable of evaluating multiple 

regions within the EMS.  When the ultimate recipient of the data is human, sensor data 

are often reassigned to the primary colors of light, [red, green and blue (RGB)], to make 

visual interpretation and analysis possible (Brewster et al. 1999). 

Earth imaging satellites have been used for remote sensing since the early 1970s 

(USGS 1997), beginning with the Earth Resources Technology Satellite (ERTS-1), later 

renamed Landsat 1, Table 2.  See Appendix A for a discussion of earth-observing 

satellites, the spectral sensors they possess, and other information relevant to a discussion 

of the use of satellites and satellite images in remote sensing. 

Landsat 7 was launched in April 1999.  It possesses a sensor system called the 

thematic mapper (TM), which has improved spatial resolution and radiometric accuracy.  

The TM sensor has seven spectral bands.  The range of wavelengths covered by the TM 

sensor within the EMS is shown in Table 3 (USGS 1997).  It possesses the same seven 
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TM sensors of Landsat 5 but also includes an Enhanced Thematic Mapper plus (ETM+) 

system, which allows higher resolution (60 m vs.120 m) of thermal infrared (TM6) 

sensor data and a 15 m-resolution panchromatic sensor.    

 

Figure 1.  The fate of electromagetic radiation (EMR).  EMR is either reflected, 
enters a feature as a refracted wave front or is absorbed and retained or transmitted 
through the feature.  Absorbed EMR is ultimately emitted as heat. 

 

 

Data from Landsat 7 was utilized in this study because of its high spatial 

resolution and radiometric accuracy.  The radiance data collected by Landsat 7 is 

transmitted to ground stations across the world for preprocessing.  The first step involves 

the conversion of the radiance data to digital form where the data are stored as a 2-
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dimensional array of rows and columns of positive integers.  The conversion creates 7 

layers of TM data (one for each spectral band) that are in a grid cell or raster format. 

In raster form, the spectral data in each raster cell of the digital image can be 

matched to known spectral signatures of various types of land cover (Quattrochi and 

Pelletier 1991).  Image analysis software, e.g., TNTmips, MicroImages 1995; or 

Multispec-32 v2.5, Purdue Research Foundation, Purdue University, West Lafayette, IN, 

USA, can display the raster data as colors on a computer screen, forming a mosaic image 

with resolution determined by the spatial resolution of the TM sensor. 

 

Table 2.  Background and status of Landsat satellites.  (From “Historical Landsat Data 
Comparisons, Illustrations of the Earth’s Changing Surface,” U.S.  Department of the Interior, 
U.S.  Geological Survey, EROS Data Center, March 1995) 

 

Satellite Launched Decommissioned Sensors 

Landsat 1 July 23, 1972 January 6, 1978 MSS and 
RBV 

Landsat 2 January 22, 1975 February 25, 1982 MSS and 
RBV 

Landsat 3 March 5, 1978 March 31, 1983 MSS and 
RBV 

Landsat 4 July 16, 1982 In standby mode TM and 
MSS 

Landsat 5 March 1, 1984 Operational TM and 
MSS 

Landsat 6 October 5, 1993 Never achieved orbit ETM 

Landsat 7 April 1999 Operational ETM+ 

RBV - return beam vidicon cameras 
MSS - multispectral scanners 
TM – thematic mapper sensors 
ETM – enhanced thematic mapper  
ETM+ - enhanced thematic mapper + enhanced resolution of thermal infrared band 
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Usually, three TM layers are assigned to the colors red, green and blue to create a 

color-coded image that enhances discrimination of features of interest (Brewster et al.  

1999).  As an example, assigning TM3 (red) to red, TM2 (green) to green and TM1 

(blue) to blue creates a natural image like a color photograph.  However, if TM5 (mid-

infrared) is assigned to red, TM4 (near infrared) to green and TM3 (red) to blue, 

vegetated areas will appear bright green and bare soil will be in shades of purple.  TM4 

(near infrared) and TM3 (red) rasters are often used to determine the physiological 

condition of vegetation as the characteristic spectral signature depends on the way the 

plant material and its condition interact with these two types of radiant energy (Brewster 

et al. 1999).    

 Although some features of the landscape such as soil and water are easily 

distinguished in a color-coded image, other features (e.g., coniferous vs. hardwood  

forests) can only be distinguished through data analysis, specifically, a feature-

classification process (Brewster et al. 1999).   

Table 3.  Thematic Mapper (TM) spectral band designations.  (From 'Landsat Data, A brief history of 
the Landsat program, USGS Fact Sheet 084-97, US Dept of the Interior, US Geological Survey, 
December 1997; Lo CP. (1986). Applied Remote Sensing.)  

Thematic Mapper Sensor Bands 
 
The TM sensor operates in seven spectral bands, designated as follows: 
 
Bands          Wavelengths 
1  blue-green   0.45-0.52 µm Useful for bathymetric mapping and distinguishing soil from  
     vegetation and deciduous from coniferous vegetation. 
2 green         0.52-0.6 µm Emphasizes peak vegetation, which is useful for assessing plant  

vigor. 
3 red        0.63-0.69 µm Strong chlorophyll absorption detection. 
4 near-infrared   0.76-0.9 µm Emphasizes biomass content and shorelines. 
5 mid-infrared  1.55-1.75 µm Discriminates moisture content of soil and vegetation; penetrates 

 thin clouds. 
6 thermal-infrared  10.4-12.5µm Useful for thermal mapping and estimating soil moisture. 
7 mid-infrared       2.08-2.35 µm Useful for mapping hydrothermally altered rocks associated with  

mineral deposits. 
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The process can either be unsupervised or supervised.  An unsupervised 

classification is performed by assigning a fixed number of crop types or land-cover 

classes to the image into which the TM raster data are to be grouped and then allowing 

the image analysis software to sort pixels into the required number of classes.  Supervised 

classification involves the use of prior ground sample information to specify the crop 

classes into which the raster data are to be grouped.  Ground sample data create a training 

set of known land-cover classes that trains the classifier to recognize other land covers in 

the image as coming from the same pixel arrays that were assigned to known land-cover 

within the training set.  Selecting representative sample pixels in the image for each 

known land-cover type determined during prior ground surveys creates the training set.  

This sampling creates a statistical distribution for each known land-cover.   

Several supervised classification methods have been used or proposed for land-

use classification.  Ozesmi and Bauer (2002) discussed several in their work on wetlands 

discrimination.  Three of the most common supervised classifiers they discussed were the 

minimum distance to means, parallelpiped, sometimes called box decision rule and the 

maximum likelihood classification.  Minimum distance to means classifiers, “compute 

the centroid of the training data classes and assign unknown pixels to the class with the 

nearest centroid.”  Parallelpiped uses the “range of spectral values in the training data to 

define a region in data space.”  Pixels that fall into the defined data space are assigned to 

that class.  The maximum likelihood classification computes the probabilities of a pixel 

belonging to the defined land-cover distributions and assigns the pixel to the land-cover 

class with the highest probability of a match (Brewster et al. 1999).  According to Ozesmi 

and Bauer (2002), the maximum likelihood classifier generally gives better results 

because it takes the covariance of the data into account.  Because of its performance, 

maximum likelihood is one of the most commonly used classification techniques.    

Beck et al. (1997) utilized a hybrid classification scheme combining supervised 

(maximum likelihood) and unsupervised classification algorithms to assign land cover 

types.  Their classification accuracy ranged from 74.6% to 88.1% for select landscape 

features.  This classification technique allowed them to identify villages at high risk for 

malaria transmission by distinguishing landscape elements associated with vector 

abundance.  Brewster et al. (1999) assigned land cover types using a supervised 
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classification (maximum likelihood) method and ground-truth data combined with 

principal components analysis.  The overall classification accuracy using this 

combination was > 96%, determined by examining the error matrix generated during the 

classification.  This approach worked well for the simple landscape (crop fields laid out 

in uniform blocks) of this agricultural system.  The approach would require modification 

for more complex landscapes.  Hepinstall and Sader (1997) examined the use of raw 

waveband reflectance, digital numbers (DN) from satellite imagery and presence/absence 

data of bird species to partition the landscape under investigation.  They were able to use 

the digital numbers and statistically manipulate them in their analysis thus eliminating the 

classification of land-cover types entirely.  This saved them time and allowed them to 

apply a technique that gave consistent, repeatable results. 

 The main output from the feature classification of TM raster data on a land-cover 

system is a classified land-cover map, with each pixel assigned to a specific land-cover 

class, identified by an integer code and represented visually by a unique color.  

Classification software systems generally also report an error matrix or confusion matrix 

for assessing the accuracy of the classification process (Brewster et al. 1999).  The trace 

of this matrix divided by the total number of pixels classified gives the proportion 

correctly classified.  Cohen’s Kappa is also often reported as a measure of proper 

classification.  This statistic adjusts the proportion of pixels correctly classified (Pc) based 

on the proportion expected to be correct in a random classification (Pr): Κ= (Pc- Pr)/(1- Pr) 

(Fielding and Bell 1997). 

One of the most long-lived and successful regional pest monitoring and control 

programs utilizing remote sensing is the desert locust, Schistocerca gregaria (Forskal), 

study being conducted in a region that spans 60 countries and 30 million km2, from 

western Africa to Saudi Arabia.  This successful program annually helps protect crops 

and resources valued at US $30 billion, for a fifth of the world’s population.  The desert 

locust monitoring program is supported by the Plant Protection Service of the Plant 

Production and Protection Division, Agriculture Department of the Food and Agriculture 

Organization of the United Nations (FAO).  This program coordinates efforts to keep 

desert locust populations within economically acceptable limits.  A complete description 

of the project and comprehensive details can be found in Hielkema (1981) and Voss and 
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Dreiser (1997).  Popov et al. (1984) have reviewed the desert locust biology and ecology.  

A summary follows. 

 When environmental factors are suitable, desert locust numbers can rapidly 

increase leading to a phenomenon known as gregarisation, the change from a solitary to a 

gregarious life style.  If uncontrolled, this large mass of locusts will deplete their local 

food supply and move en masse, becoming a plague of locusts.  For optimal 

development, the desert locust depends on three main factors: precipitation to provide 

suitable soil moisture for the completion of egg development, green vegetation for food 

and shelter during the nymphal stages and a suitable temperature regime for development 

and flight.    

 Upsurges in the desert locust population are usually preceded by a period of 

unusually widespread and heavy rainfall followed by a period of seasonal vegetation 

growth, leading to conditions suitable for breeding and rapid population growth.  Because 

this often occurs in vast expanses of uninhabited and inaccessible land, conventional 

ground monitoring of rainfall and vegetation growth measures are impossible to conduct.  

However, environmental monitoring satellites like the European METEOSAT or the 

United States NOAA-AVHRR (National Oceanographic and Atmospheric Agency) 

satellites, along with the Landsat series of earth observing satellites, offer the possibility 

of detecting and monitoring the critical environmental parameters for locust development 

quickly and uniformly over extremely large areas.  Program staff use TM4 and TM3 to 

calculate a normalized difference vegetation index (NVDI) that identifies actively 

growing vegetation and they predict rainfall events with another index based on thermal 

infra-red data.   

 Rainfall events combined with NDVI information are superimposed onto a 

regional map to help locate potential ‘hot’ spots for desert locust population increases.  

Suspect areas are then subjected to on-the-ground inspections, if possible.  Information 

obtained from the inspections includes local sightings of locusts and locust behavior 

(whether still solitary or becoming gregarious) and descriptions of the state of the habitat, 

i.e., soil moisture and rainfall.  This information is compared to and combined with 

previous reports, reports from neighboring regions and historical data to develop a 
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situation profile.  At this point a decision is made to either implement control measures or 

continue monitoring.   

  

2.3 Landscape Spatial Pattern Analysis 

 The spatial pattern of a landscape, i.e., the physical distribution of patches within 

a specific contiguous area, may influence a variety of ecological processes.  Connections 

(corridors) between and through like and unlike patches can facilitate the movement of 

individuals across the landscape.  If connections are absent, distance between and the size 

of patches can modify the success of dispersal.  There are several examples of how 

adjacent and distant patch types interact with each other.  For example, Milne et al. 

(1989) modeled deer habitat-use as a function of patch suitability.  They found that 

patches containing suitable habitat but isolated from other suitable patches were not used 

by the deer as much as predicted. 

Water runoff and erosion, and soil nutrients are captured and processed differently 

in different patch types in a landscape mosaic.  How moisture, topsoil and nutrients are 

distributed depends largely on the topographical position of vegetation patches and on the 

edaphic conditions present.  Nutrients and water move from one patch to another 

according to the respective positions of each patch (Fu and Chen 2000).  

The population dynamics of a species is fundamentally affected by its dispersal 

and dispersion patterns and how it utilizes space.  The term ‘spatial ecology’ was 

originally used by Troll in 1938 and arose from European traditions of regional 

geography and vegetation science (Turner 1989).  Spatial ecology recognizes the explicit 

inclusion of space in the analysis of species interactions.  It refers to the study of how a 

species or group of species is distributed in space, the mechanisms giving rise to the 

spatial pattern (natural or anthropogenic) and the ecological consequences of a given 

spatial distribution (Tilman and Kareiva 1997; Dalthorp et al. 2000a).   

A study by Brazzle, et al. (1997), focused on understanding the spatial patterns of 

whitefly, Bemisia argentifolii, abundance in cotton fields based on factors in the 

surrounding agronomic system.  They found that the whitefly densities in cotton fields 

were significantly and negatively related to the distance between cotton fields and spring 

melon fields indicating that melon fields were a source of whitefly infesting cotton.   

 20



Quantitative studies of the dynamics of patch characteristics measure changes in 

patch number, size and position relative to other landscape elements and patches 

(Dalthorp et. al. 2000a). Patch size can influence species composition and richness.  

Small patches have large edge-to-interior ratios and, according to Dunn et al. (1991), are 

more likely than large patches to harbor exotic or weedy species.  Small patches may also 

lead to local and regional extinction of species that are adapted to interior conditions or 

have minimum patch-size requirements (Turner 1989).   

Patch shapes, which are described by perimeter-to-area ratios or fractal 

dimensions, can also be useful indicators of landscape structure or complexity.  

Landscapes that have been modified by human influence tend to be less complex than 

natural landscapes (Turner 1989) and consist of patches with simple shapes, straight 

boundaries and abrupt transitions to adjacent patches (Dunn et al. 1991).  Complex 

patches with convoluted edges, have different sets of environmental conditions and 

species in close proximity to each other (Dunn et al. 1991). 

 Spatial scale can be a critical factor in landscape ecology.  Processes and features 

important at one scale may not be as important or may be misleading at a different scale.  

For example, Schneider (2003), while examining data on butterfly dispersal discovered a 

strongly positively correlated relationship (R2 =0.95, P = 0.001) between mean dispersal 

distance of the meadow brown butterfly, Maniola jurtina L., and the size of the study 

area in which mark-release-recapture experiments were conducted.  A similar trend was 

observed (R2 =0.81, P = 0.001) when examining the impact of scale on butterfly 

movement when she compared studies of different species.  She also discovered that 

there was no clear relationship between mean dispersal distance and size of study area for 

studies conducted in areas ≤ 50 ha (R2 =0.007, P = 0.75).  As a result, she recommended 

that to get a more accurate picture of a butterfly’s dispersal ability, large-scale studies 

should be utilized.  Additionally, she suggested that if a species displayed sedentary 

behavior when studied in small habitat fragments, this could be misleading, as this may 

be the result of the inability of the species to cross unfavorable habitat rather than an 

inability to disperse.  A similar relationship may exist in turf-infesting beetles.  Dispersal 

of these insects is not well understood.  Regional studies could lend insight into the 

mechanisms that lead to the local and regional patterns of white grub infestations.  
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Inferences gleaned from studies of landscape patterns should be made with a full 

awareness and understanding of the role that scale plays. 
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Chapter 3 

Materials and Methods 

3.1 White Grub Sampling 

 3.11 Study Area 

 White grub samples were collected from the fairways of fifteen golf courses 

located on the Lower Peninsula in southeastern Virginia (Figure 2), a northwest-

southeast oriented finger of land approximately 105 km in length.  The following 

description of the sampling area was derived from Grumet (2000).  The Lower Peninsula 

lies at the eastern edge of a physiographic Coastal Plain comprised of two predominant 

regions.  A finger of land running eastward from Richmond to a few kilometers below 

Williamsburg, VA exists in the upland subprovince, an area that rises from 18 – 76 

meters above sea level.  The upland subprovince, formed during the Tertiary period of 

the Cenozoic Era (2 – 65 million years before present), is a broad upland with low slopes 

and gentle drainage divides.  Its parent soils are composed of fluvial-deltaic and tidal 

gravel, sand, and clay.    

The remainder of the Peninsula, the lowland subprovince, extends eastward 

toward the Chesapeake Bay, which bounds its eastern edge.  The lowland subprovince, 

formed during the Quarternary period of the Cenozoic Era (20,000 to 2 million years 

before present), is flat with low-relief regions along major rivers and the Chesapeake Bay 

and rises from 0 - 18 meters above sea level.  The parent soils of the lowland subprovince 

are comprised of fluvial and estuarine, silt, sand, and clay.   

The Lower Peninsula is bounded by large bodies of water on three sides.  To the 

east, as previously mentioned, is the Chesapeake Bay.  North of the Peninsula is the York 

River and to its south lies the James River. Both of these rivers were created by melting 

glacial waters that cut a network of upland river channels across the Coastal Plain during 

the most recent glacial episode, the Wisconsin glaciation, which occurred approximately 

18,000 years ago.   

The fifteen golf courses in the study area (Table 4) were all regulation 18-hole 

courses varying in size from 31 – 81 ha of cultivated turf and ranged from 4 – 69 years 

old with a mean age of 21.1 years and a median age of 15 years.  Total area of greens and 

tees ranged from 1.6 – 8 ha per course, fairways averaged 10.9 ha within a range of 8 –24  
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Figure 2. Lower Peninsula in southeastern Virginia showing the locations 
of participating golf courses. Black squares represent golf courses used to 
develop predictive models. Red dots mark the location of golf courses used 
to test (validate) and select the best model. 

ha.  Fairways were mowed to a height of 1.25 cm or 1.6 cm during the summer months,  

but were allowed to grow to 1.4 – 1.6 cm during the winter.  The balance of cultivated 

turf was comprised of rough and averaged 29.6 ha within a range of 19.2 – 53.6 ha.  The 

mowing height for rough varied considerably from course to course.  The average height 

reported was 3.75 cm but some courses reported mowing heights as high as 7.5 cm.  The 

predominant turf variety grown on greens was creeping bent grass.  The majority of 

courses (8 of 12) reported tees, fairways and roughs planted with Tifway 419 Bermuda 
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grass; however, some courses chose to periodically sow common Bermuda grass instead 

of sprigging the more expensive Tifway.  Over-seeding of fairways with perennial rye 

grass in the fall was done routinely on seven of twelve courses responding to a survey.   

 

Table 4. Summary statistics of golf courses participating in research project. 
Golf Course Abbr. Lat/Long Age Fairway 

Turf 
Variety1

Area (ha) 
Greens/Tees 

Area (ha) 
Fairways 

Cultivated Turf 
Total (ha)4

Kiskiack KK 370 23’ N 
760 45’ W 

4 Tifway  
419 

2.0  16.2|1.253 48.6 

Stonehouse  
The Legends 

SH 370 26’ N 
760 49’ W 

4 Tifway 
419 

9.0 24.3|1.25 80.9 

Williamsburg 
National 

WN 370 16’ N 
760 48’ W 

5 Tifway 
419 

2.4 12.1|1.25 43.7 

Colonial CG 370 34’ N 
760 52’ W 

6 Tifway 
419 

7.0 16.2|1.25 42.5 

Governor’s Land 
Two Rivers 

GL 370 15’ N 
760 50’ W 

11 NR2 NR NR NR 

Ft.  Eustis 
The Pines 

FE 370 08’ N 
760 36’ W 

12 Common & 
Tifway 419 

8.1 12.1|1.25 46.5 

Golden Horseshoe 
Green Course 

GH 370 15’ N 
760 41’ W 

12 Tifway 
419 

2.8 10.1|1.6 32.4 

The Hamptons HP 370 04’ N 
760 24’ W 

13 NR NR NR NR 

Kiln Creek KC 370 07’ N 
760 28’ W 

13 Tifway 
419 

2.8 8.1|1.25 64.7 

Fords Colony 
Marsh Hawk 

FC 370 18’ N 
760 47’ W 

15 NR NR NR NR 

Kings Mill 
Plantation 

KM 370 14’ N 
760 40’ W 

25 Tifway 
419 

3.2 20.2|1.25 60.7 

Newport News 
Cardinal 

NN 370 11’ N 
760 32’ W 

32 Tifway 
419 

2.0 8.1|1.25 31.2 

Williamsburg 
Country Club 

WC 370 14’ N 
760 11’ W 

40 Vamont & 
Common 

1.6 21.9|1.6 36.4 

Langley AFB 
The Eaglewood 

LA 370 05’ N 
760 22’ W 

57 Common 3.2 24.3|1.6 64.7 

James River 
Country Club 

JR 370 03’ N 
760 30’ W 

68 Common 1.2 11.3|1.25 34.4 

 
1 - Bermuda grass 
2 - No response to survey 
3 - (ha) of fairway | mowing height (cm) 
4 – Total cultivated turf equals greens and tees, fairways and rough. 
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3.12 Sampling 

Sampling was conducted over a two-year period, Fall 2000 through Spring 2002 

for the initial study and Spring 2003 for the validation component of the research.  

Samples were taken twice during each year of the initial study to obtain two samples per 

generation of white grubs.  The sampling periods were from August through November 

in 2000 and 2001, and in April in 2001 and 2002.  One golf course per week was sampled 

in the Fall.  However, two golf courses per week had to be sampled in April because the 

sampling window is narrower, i.e., the grubs are only available for approximately six 

weeks prior to pupation.  Six additional golf courses on the Lower Peninsula were 

sampled during April 2003 to provide a validation data set. 

Figure 3.  Sampling pattern for a golf course fairway. 

The samples were taken from randomly selected fairways of cooperating golf 

courses using a plan modified from that proposed by Dalthorp et al. (2000b).  Our 

sampling pattern consisted of transects on the fairway laid off at 50-meter intervals 

perpendicular to a line connecting tee to green and following the center of the fairway.  

The fairways of each golf course were assigned to groups of three, i.e., 1-3, 4-6, 7-9, etc.  

Six fairways were chosen for sampling by randomly selecting one fairway from each 

group.  The same fairways were sampled for each generation of white grubs.  A different 

set of fairways was used for each generation.  Fairways were grouped to insure that the 

entire property was covered during sampling.   

Once fairways had been selected, a sampling grid was established as outlined 

above.  At least two and as many as six transects were established on each fairway, 
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determined by the length of the fairway.  Transects were labeled starting with the one 

closest to the tee, i.e., T1, then proceeding toward the green to Tn.  Five samples, spanning 

the fairway, were taken from each transect.  Two samples were taken from the rough, one 

on either side of the fairway, and three equally spaced samples were taken from within 

the fairway.  Samples within each transect were numbered 1 through 5 from left to right 

when standing on the tee facing the green (Figure 3).  Samples were taken with a 10.6 

cm cup-cutter to a depth of approximately 8 cm; ten such samples approximately equal 

0.1 m2 of sample area.  Sand was used to backfill the holes left following removal of the 

soil cores.   

 

 

Date    Golf Course    Fairway Transect    Sample

        Bag labels for each sample: 8/18/00 NN 2 1 5
  

 

 
Figure 4.  Bag labels for sod plug samples.  

 

The samples were placed in labeled 3.9-liter plastic bags.  Each label identified 

the sampling date, golf course, fairway-number, transect number and sample number 

within each transect (Figure 4). Bagged samples were placed in 46.8-litre plastic coolers 

and transported to labs at Virginia Tech for analysis.  The number of white grubs per 

sample was recorded and the grubs were identified to species, where possible, using 

rastral patterns as a guide.   

White grub densities were determined by dividing the total number of samples per 

course by 10 to obtain the total number of 0.1 m2 units sampled.  The total number of 

white grubs collected from a course was then divided by the number of units sampled to 

obtain grubs per 0.1 m2. 

Based on an earlier study by Smitley et al. (1998) who examined the spatial 

distribution of two species of scarab beetles, Ataenius spretulus and Aphodius granarius, 

across golf course roughs and fairways, a comparison of the numbers of white grubs 

found in roughs versus fairways for each sampled transect was also conducted.  The 

number of white grubs found in the rough of each transect was totaled and divided by 2 
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(two samples per transect) to obtain an average number of ‘rough’ grubs per transect.  

The fairway white grubs were treated similarly except the total number of white grubs 

found in the fairway was divided by 3 (three samples per transect) to obtain the average 

number of ‘fairway’ grubs.  Eight-hundred and twelve samples (406 rough and 406 

fairway) were compared using a t-test to determine if significant differences existed 

between the number of white grubs found in the rough versus those found in the fairways. 

  Preliminary analysis of the data suggested that white grubs densities decreased 

the further away from the mainland a golf course was located.  Simple linear regression 

was performed on transformed [log10(x + 1)] white grub densities from each golf course 

and for each generation against the distance (km) to each golf course from the same 

location (intersection of I-295 and I-64) on the mainland. 

Additional information gathered from the golf courses/sampled fairways included 

global positioning system (GPS) readings (both latitude-longitude and UTM) at the tees 

and greens and daily rainfall totals from June and July of 2000 and 2001.  Also, the 

predominant directional orientation of each sampled golf course fairway was obtained by 

standing on a tee facing the green then locating true north with a compass.   

 

3.13 Environmental & Biophysical Factors 

Daily rainfall data were gathered for the June and July prior to each Fall’s 

sampling.  Rainfall data was obtained from golf course records when available or from 

reports from local airports and Langley Air Force Base. A weekly rainfall index was 

developed to simplify the process of determining soil moisture variation during the two-

month period.  There were nine weeks in the June-July period for which rainfall 

accumulations were recorded.  Since rainfall in excess of 2.5 cm per week has been 

deemed ideal for white grub survival and development (Hawley 1949), if rainfall was < 

2.5 cm per week, that week was given an index score of “0”.  If rainfall was ≥ 2.5 cm in a 

given week it was given a score of “1”.  The rainfall index for each golf course was 

calculated as the sum of the weekly scores for the nine-week period.   

An aspect index was derived by assigning a ‘weight’ to each sampled fairway 

within a golf course based on its orientation to the sun’s east-west transversal.  Fairways 

with an east-west orientation should receive full sun most of the day and were given an 
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index score of “1”. Fairways oriented northeast-southwest or northwest-southeast (full 

sun for part of the day) received a “0.5”, and fairways oriented north-south (brief periods 

of full sun) received a “0”.  Aspect for a golf course was calculated as the sum of the 

weights assigned to each of its sampled fairways. 

One soil sample, consisting of equal amounts of soil from every white grub core 

sample on every sampled fairway of each golf course, was retained and analyzed for 

percent organic matter using the loss-on-ignition (LOI), gravimetric, dry oxidation 

method, carried out by the Soil Testing Laboratory at Virginia Tech.   

The LOI technique after Schulte and Hopkins (1996) involves the dehydration of 

a 5 cm3 air-dried sample sieved to 2 mm for 2 hours at 1050 C ± 50 C.  The sample, 

maintained at 1050 C, was weighed to ± 1 mg and then heated at 3600 C for two hours.  

The sample was cooled to 1050 C and the warm ash was then weighed in a draft-free 

environment to ± 1 mg.  The difference between the weights of the sample before and 

after heating was expressed as percent organic matter to the nearest tenth of a percent. 

 Management practices and course-usage statistics were also collected.  Golf 

course superintendents provided the number of pesticide applications made during a 

season, types of insecticides utilized, irrigation practices, aeration and de-thatching 

events, annual rounds of play, and the portion of their annual budget allocated for the 

purchase of insecticides.    

 

3.2 Satellite Imaging 

A satellite raster image of eastern Virginia that included the Lower Peninsula was 

obtained from the USGS.  The 28.5m-resolution image was from Landsat 7, (Path 14 

Row 34), for April 24, 2002.  Processing of the satellite image, i.e., selection of spectral 

bands, image cropping, and performance of a supervised classification, was done using 

Multispec-32 v2.5 (Purdue Research Foundation, Purdue University, West Lafayette, IN, 

USA).   

Landsat 7 produces images composed of seven spectral, thematic mapper (TM) 

bands and one panchromatic band; only TM bands 5 (mid-infrared), 4 (near infrared) and 

3 (red) were chosen to perform the land-cover classification because they allow for easy 

visual discrimination of landscape features when reassigned to colors in the visible 
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spectrum, red, green, and blue, respectively, i.e., water was black, actively growing 

vegetation such as turf appeared bright green, woodlots were dark green, and bare soil 

and urban structures were revealed in various shades of pink and purple.   

Mulitispec-32 was used to superimpose, combine, and crop the three TM bands 

(5, 4, and 3) from the original satellite data to create an image that only included the 

Peninsula and the areas immediately adjacent to it (Figure 5).   

  Two classification techniques were performed on the false-color image.  The first 

was called the supervised Classification of the Peninsula image Before Extraction of 

Figure 5.  Cropped image of the Lower Peninsula in southeastern Virginia.  
Thematic mapper bands 5, 4, and 3 were chosen for the composite image.  Land 
areas above and below the Peninsula were eliminated prior to feature classification. 
(From Landsat 7 (Path 14 Row 34) for April 24, 2002) 
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buffer zones (CBE).  The second technique was called the supervised Classification of 

buffer zones After Extraction from the Peninsula image (CAE). 

To perform the CBE technique a supervised classification of land-cover types was 

performed on the RGB rendering of the Peninsula image (Figure 6).  More than 300 data 

points were collected for the ground-truth data using a Garmin e-Trex® GPS unit.  Data 

points were collected from turf areas (primarily golf course fairways) and woods, 

wetlands, and urban land-cover areas, and recorded in both universal transverse mercator 

(UTM) and latitude-longitude coordinates.  A vector file of the GPS, UTM data points 

was created and overlaid on the RGB image using TNTmips®, MicroImages 1995, image 

processing software.  Land-cover accuracy was verified visually by examining the 

placement of the data points on the satellite image and reliance on a personal familiarity 

with the region.  Multispec-32 v2.5, was used to create a training set by selecting clusters 

of picture elements (pixels), using the  software’s ‘create polygon feature’, from the six 

known and easily discernible land-cover types of the RGB image: turf (1), woods (2), 

wetland (3), urban (4), bare soil (5) and water (6).  The number adjacent to each land-

cover type is the integer assigned to that land-cover type during classification.  According 

to Congalton (1988), a training set should contain at least 1 percent of the total number of 

pixels in the image.  These land cover types were chosen because they represent the 

predominant features throughout the landscapes under investigation that are relevant to 

the distribution of white grubs.  Small areas of winter wheat and barley were also present, 

but because they were indistinguishable from turf at that stage of their development they 

were not given a separate land-cover designation.  The urban land-cover type consisted of 

pixels selected from streets and roads, parking lots, and buildings located in the 

residential areas of the satellite image.  

The training sets were refined prior to classification to eliminate specific pixels or 

raster cells of other land-cover types that were inadvertently included in a training-field 

cluster (raster).  Frequently, inadvertently included pixels occur at the edges of a cluster, 

so refining the classification is simply a matter of removing the row(s) or column(s) 

containing the misplaced pixel(s).  The decision of which row or which column to 

remove, to eliminate the inadvertent pixel(s), was based on retention of the highest  
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Figure 6.  False-color satellite image of the Lower Peninsula in southeastern 
Virginia, (Path 14 Row 34), for April 24, 2002.  Red, green and blue were assigned to 
Thematic Mapper bands 5, 4, and 3 respectively.  White circles surround each golf 
course that participated in this research project. 
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number of correctly classified pixels within the cluster.  Refinement continued until there 

was 100% overall accuracy for the pixels selected to delineate each land-cover type in 

both the CBE and the CAE technique.  The error matrices generated during training-set 

creation are shown in (Appendix B). 

Following the development of the training sets, classification of the entire image 

into land-cover types was accomplished by applying a Gaussian Maximum Likelihood 

(GML) algorithm, parameterized based on the training sets, to the Peninsula image for 

the CBE technique and the 10 km buffer zones extracted from the Peninsula RGB image 

for the CAE technique.   

Following the supervised classification of the false-color image (CBE), 10 x 10 

km square buffer zones were drawn around each golf course (Figure 7).  These buffers 

containing the golf courses became the landscapes used during spatial pattern analysis.  A 

10 km-sided square was chosen because 5 km is the average dispersal flight distance for 

adult Japanese beetles (Tashiro 1987), and the use of a square, rather than a circular 

buffer simplified subsequent computations. 

The CAE technique was done by first placing the buffer zones (10 x 10 km 

squares) around each golf course on the false-color image and extracting them.  

Following extraction of the buffer zones, a supervised classification of each square was 

conducted using training sets derived following the technique described for the CBE 

classification above (Figure 8).   

Applying the GML assigned each pixel to one of the six land-cover types defined 

in the training set.  Figure 7 shows the Lower Peninsula classified into the six land-cover 

types using the CBE technique.  The 10 x 10 km square buffer zones were extracted from 

this image for spatial pattern analysis.  As mentioned earlier, the CAE technique used the 

false-color image of the Peninsula shown in Figure 8.  The 10 x 10 km square buffer 

zones were extracted from it first and then classified using the GML algorithm 

parameterized from the training sets developed for each buffer zone.  In both cases the  

resulting images were saved using the ERDAS (*.gis) file format illustrated in 

(Appendix C), as required by the software for evaluation of the spatial patterns. 
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Figure 7.  Satellite image of the Lower Peninsula in southeastern Virginia.  The 
image was classified into six land-cover types: turf, woods, wetland, urban, bare 
soil, and water.  The red squares are 10 x 10 km buffer zones surrounding golf 
courses utilized in the development of predictive models for white grubs.  The gray 
squares are 10 x 10 km buffer zones surrounding golf courses used to validate the 
models.  The buffer zones around each golf course were extracted after 
classification (CBE) and subjected to spatial pattern analysis.   
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Figure 8.   False-color satellite image of the Lower Peninsula in southeastern 
Virginia.  Red, green and blue assigned to Thematic Mapper bands 5, 4, 3 
respectively.  Red squares are 10 x 10 km square buffer zones surrounding golf 
courses utilized in the development of predictive models for white grubs.  Blue 
squares are 10 x 10 km square buffer zones surrounding golf courses used to 
validate the models.  Ten km buffer zones were extracted first and then 
classified into six land-cover types: turf, woods, wetland, urban, bare soil, and 
water (CAE) and subjected to spatial pattern analysis. 
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3.3 Landscape Spatial Pattern Analysis 

Once the Peninsula image had been classified and 10 km square buffer zones 

extracted (CBE), or buffer zones extracted and then classified (CAE) into the six land- 

cover types, 8 km, 6 km, and 4 km square buffer zones were generated in a similar 

manner (Figure 9).  Multiple linear regression equations for each set of buffer zones 

were developed to determine which of the classification techniques (CBE or CAE) and 

landscape scale (10 km, 8 km, 6 km, or 4 km square buffer zones) were the best 

predictors of white grub presence and abundance.   

For the classified buffer zones surrounding each golf course, three landscape 

metrics were calculated using the software program FRAGSTATS® (USDA Forest 

Service, Pacific Northwest Research Station, Portland, OR, USA): patch-, class- and 

landscape-level metrics (McGarigal et al. 1985). 

Figure 9.  Following the classification of 10 km square (5 km-radius) buffer zones into turf, 
woods, wetland, urban, bare soil, and water, 8 km, 6 km, and 4 km buffer zones were obtained 
by circumscribing 4 km-, 3 km-, and 2 km-radius circles with the golf course at their center 
and drawing a square around the extents of the circle.  Image content peripheral to the 
borders was cropped from the image at the circles extents. 

 

 Patch-level metrics focus on the smallest landscape unit, which contains one land-

cover type in a contiguous clump.  For example, a golf course fairway may be one patch 

of turf.  Class-level metrics are computed over classes, each consisting of all patches of a 

given land-cover type.  On a golf course, for example, the “turf class” would consist of 

all fairways, the driving range, and any residential lawns at the periphery of the course, 

 36



i.e. all patches of turf.  Landscape-level statistics are computed for the entire mosaic, 

taking into account all of the classes present and their collective interactions with one  

another.   

Class-level metrics were deemed most important in this study because of the 28.5 

m spatial resolution of the satellite image.  This resolution was too coarse to evaluate 

some individual patches, but could more easily rectify classes made up of several smaller  

              IJI = .333     IJI = .476                IJI = .989   

Figure 10.   An example to illustrate the Interspersion-Juxtaposition Index (IJI).   
Each  landscape above (a, b and c) contains six classes (patch types).  IJI for the green 
(focal) patch  is low in (a), 0.333, reflecting that green patches are found adjacent to 
just white and black patches and are more likely associated with black than white. In 
(b), IJI = 0.476, reflecting that green patches are adjacent to orange, black, and white 
patch types but dominated by edges shared with blue and white patches.  IJI in (c) is 
0.989, since green patches appear to be found adjacent to all other patch types without 
any clear preference. 

Two types of class-level, spatial pattern metrics generated by FRAGSTATS were 

included in the final analysis: areal measurements (surface area in ha), and an 

interspersion-juxtaposition index (IJI).   IJI was expressed as a proportion and measured 

the extent to which classes were interspersed (equally adjacent to each other) (Figure 

10).  In other words, the index measures the adjacency of classes of a particular focal 

class type (e.g., turf) with all other classes.  It does not reflect the interspersion of the 

other classes with one another.  The index is not affected by the dispersion of the class 

except that a well dispersed class is more likely to be well interspersed also.  For 
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example, the focal class type could be aggregated in one portion of the landscape or 

finely divided into small clumps of patches, evenly dispersed. 

 

3.4 Statistical Analysis 

Statistical analyses were performed with SAS Statistical Software, v 8.2 (SAS 

Institute, Inc., Cary, NC, USA).  Multiple regression was performed on fifteen 

independent variables (regressors): four abiotic factors, six spatial pattern metrics and 

five management factors, to ultimately obtain regression equations for predicting white 

grub abundance (Table 5).   

White grub densities were transformed using log10 (x + 1), based on a preliminary 

analysis of the white grub data in SAS.  The sampling technique for the regional study 

was then tested for repeatability using the Wilcoxon signed rank test and a Student’s t-

test for paired data comparing means of samples taken during the fall and spring for each 

white grub generation.  The Wilcoxon signed rank test is a non-parametric test of two 

related samples and tests the null hypothesis that there is no difference in the data median 

scores.   

Once the data from both white grub generations were combined, it was then 

expedient to reduce the number of independent variables from the fifteen in Table 5, to 

find the simplest model with good explanatory power.  Pearson correlation coefficients 

for each variable, including the dependent variable grubs, were calculated from the data 

for each set of buffer zones, 10 x 10 km, 8 x 8 km, 6 x 6 km, 4 x 4 km squares x two 

classification techniques (CBE and CAE), producing eight correlation matrices.  

Variables that were significantly correlated with grub densities, (i.e., the null hypothesis 

of zero correlation was rejected, with p < 0.1), were then selected.  A Mallow’s C(p) 

statistic with a coefficient of determination (R2) was calculated on the regressor variables 

selected from Pearson correlation calculations to generate a reduced set of highly 

predictive independent variables for use in the MLR model (Ryan 1997).  An analysis of 

variance (ANOVA) and a MLR was conducted with the Mallow’s C(p)-selected variables 

on grub densities.  Eight regression equations, one for each buffer zone from each 

classification technique, were derived from the MLR.   
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The spatial pattern metric turf mean core area (ha) was used to partially evaluate 

the performance of the two classification techniques.  An ANOVA followed by a 

Student-Newman-Keuls test was performed on turf mean core area that compared the 

CBE and CAE classification techniques. 

 

3.5 Model Selection 

Six golf courses (validation courses) were sampled in April 2003 to obtain white 

grub densities to use for validation of the regression equations derived during the earlier 

analyses.  Only variables used in the regression equations were collected from the 

validation courses.  Variables utilized included organic matter (om), golf course age 

(age), total turf area (ta), total turf area-to-total urban area ratio (tu), total turf area-to-

total woods area ratio (tw), turf interspersion juxtaposition index (juxt), woods 

interspersion juxtaposition index (juxw) and urban interspersion juxtaposition index  

 

Table 5.   Variables utilized in the analysis of golf course landscapes.   
 

            Abbreviation     Description 
 
Abiotic variables        om           % organic matter 
         rain           Rainfall index (June-July prior to sampling) 
         age           Golf course age in years 
         asp           Aspect (predominant orientation of sampled  
                golf course fairways to path of sun) 
Spatial pattern metrics       ta           Total turf area in landscape1

             tu           Total turf area/total urban area ratio 
            tw           Total turf area/total woods area ratio 
             juxt            Interspersion-juxtaposition index (turf)2

             juxu            Interspersion-juxtaposition index (urban) 
             juxw           Interspersion-juxtaposition index (woods) 
Local management factors3  iappl            Number of insecticide applications during a season 
        aerat            Number of core aeration events during a season 
        rplay            Total rounds of play per year 
        ibudg           Portion (percent) of budget used for insecticides 
        nfert            Kilograms of nitrogen fertilizer / 100m2 / season        
 
1 All areal measurements are in hectares.  2 Interspersion-juxtaposition indices range from 
zero to one, with one indicating even interspersion (see text and Figure 10 for detailed 
explanation).  3 All golf courses reported the regular use of supplemental irrigation during 
dry weather and none of them performed de-thatching, therefore these two factors were not 
considered in the final analysis. 
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(juxu).   The spatial analyses of the validation courses were the same ((CBE and CAE) 

and buffer zone delineation (10 km, 8 km, 6 km, and 4 km squares)) as previously 

outlined.  The predicted white grub densities generated using the regression equations 

were compared to the actual white grub densities obtained during sampling, utilizing 

Student’s t-tests and Wilcoxon signed rank tests for paired data comparing means of 

actual versus predicted white grub densities.  The best model from the original eight was 

then selected. 
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Chapter 4 

Results 

4.1 Sampling  

Japanese beetles, Popillia japonica, and masked chafers, Cyclocephala spp., were the 

only white grub species discovered during sampling.  White grub densities within each golf 

course ranged from 0.0 to 8.5 grubs / 0.1 m2 of sampled turf during Fall 2000 and 0.0 to 5.83 

grubs / 0.1 m2 in Spring 2001.  White grub densities within each golf course ranged from 0.0 to 

4.0 grubs / 0.1 m2 during Fall 2001 and 0.0 to 4.4 grubs / 0.1 m2 in Spring 2002 (Table 6). 

 

Table 6.    Mean number of white grubs per 0.1m2 of sampled area for each participating golf 
course over two generations. 
                    Fall 2000  Spring 2001                Fall 2001          Spring 2002 
  Golf                   grubs                grubs                   Std ‡                 grubs                grubs                    Std 
Course      N†     /0.1m2      N      /0.1m2     mean    Error      N      /0.1m2      N      /0.1m2   mean    Error 

WN 
FC 
JR 
KK 
KM 
NN 
SH 
WC 
CG 

125 
110 
145 
140 
  80 
115   
110 
110 
135 
 

3.6 
0.9 
0.2 
8.5 
0.1 
0.0 
1.0 
0.9 
4.0 

 

115 
135 
145 
115 
  80 
115 
110 
105 
100 
 

3.0 
0.4 
0.1 
5.8 
0.3 
0.0 
1.2 
0.5 
2.6 

 

3.5 
0.7 
0.1 
7.2 
0.2 
0.0 
1.1 
0.7 
3.1 

 

0.848
0.248
0.092
1.191
0.143
0.085
0.341
0.285
0.670
 

105 
100 
115 
  90 
  90 
105 
100 
105 
110 
 

2.1 
1.9 
0.4 
4.0 
1.1 
0.0 
0.8 
1.8 
0.7 

 

 85 
105
 95 
105
105
120
 70 
 95 
110
 

1.8 
3.1 
0.0 
4.4 
0.2 
0.3 
1.1 
1.2 
1.1 

 

1.9 
2.5 
0.2 
4.2 
0.7 
0.2 
1.0 
1.5 
0.9 

 

0.278
0.902
0.232
1.059
0.346
0.141
0.393
0.343
0.904 

 
  † Ten samples ≈ 0.1 m2; ‡ N ÷ 10 utilized to calculate standard error 
 

White grub densities exhibited an interesting trend of decreased density with distance 

from the mainland.  Simple linear regression was performed on white grub densities for each 

generation on the distance from the mainland to each golf course.  The first generation was 

significantly negatively related to distance, P = 0.019, R2 = 63.01% as was the second generation, 

P = 0.014, R2 = 59.79%. Courses in the western portion of the study site showed moderate to 

high white grub densities.  Moderate to low levels of white grubs were recorded from the courses 

located in the approximate middle of the study area.  Low levels to no white grubs were found in 

courses in the eastern portion of the Peninsula (Figure 11; Figure 12).  

A Wilcoxon signed rank test and a Student’s t-test were performed on the 

transformed [log (x + 1)] white grub generational data to verify the repeatability of the 

sampling technique used in the regional study.  The Fall 2000 – Spring 2001 data, when 

analyzed, were significantly different, P = 0.05, P = 0.04, respectively.  Significance in the 
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first tests was due to an unusually high number of white grubs (8.5 / 0.1 m2) collected at 

the KK site during Fall 2000, which was not duplicated in subsequent sampling at that site.  

Removing the offending data point changed the results slightly, resulting in no significant 

difference, P = 0.09, P = 0.09, respectively, assuming an α-level of 0.05.  There was no 

clear explanation for this anomaly.  The course may have experienced conditions that 

caused higher winter mortality in this population as all courses except KM and SH (Table 

6) experienced a decrease in white grub densities between Fall and Spring sampling.  

There was no doubt that the data came from the same population as the same fairways 

sampled in the Fall were sampled in the Spring and following the same procedure.  

Wilcoxon signed rank tests and Student’s t-tests on the Fall 2001 – Spring 2002 data were 

not significantly different, P = 0.84, P = 0.79.  The data from both generations of white 

grubs were pooled to increase the number of data points to 18 for analysis. 

 

 

 

White Grub Means 
Fall 2000-Spring 2001; Fall 2001-Spring 2002
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Figure 11.  White grub densities for each generation.  Golf courses in the western 
portion of the study area (closer to the mainland) had higher densities of white grubs. 
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White Grub Densities (Generation 1) 
Regressed on Distance of Golf Course from Mainland
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Figure 12.  Regression of white grub densities on distance from mainland 
of each golf course in study area.  (a) = Generation 1; (b) = Generation 2. 
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4.2 White Grubs in the Roughs versus Fairways 

 A comparison of the number of white grubs found in roughs versus fairways for all 

sampled transects was also conducted for the combined white grub data from both 

generations.  A folded F-test was conducted on the data to determine if the variances were 

equal.  Unequal variances, F = 1.94, df = 405, P = .0001, indicated the need to conduct the 

t-test using Satterthwaite’s test for means with unequal variances.  White grub counts from 

roughs were significantly higher (mean = 0.283 grubs/transect, std error = 0.0135) than 

those from fairways (mean = 0.146 grubs/transect, std error = 0.0188); P = 0.0001.    

 

4.3 Statistical Analysis of Buffer Zone Variables  

Pearson’s correlation coefficients obtained for the pooled data from each buffer 

zone (10 km, 8 km, 6 km, and 4 km square) and each classification technique (CBE and 

CAE) revealed that from four to eight variables from the original fifteen independent 

variables were correlated strongly with white grub densities, P < 0.10.  The differences in 

the variables selected were due primarily to spatial pattern variations as the local-scale and 

management variables were constant regardless of buffer zone size or classification 

technique.  Table 7 and Appendix D list the variables selected following analysis.  Raw 

data used in the analyses are given in Appendix E. 

The independent variables identified by Pearson statistics for both classifications 

and all buffer zones were further reduced following the generation of a Mallow’s C(p) 

statistic for each buffer zone.  Table 8 and Appendix F list the variables selected that 

possess the highest predictive capability. 

 An ANOVA and MLR were performed on each golf course buffer zone from both 

classification techniques using the variables obtained from the Mallow’s C(p) calculations.   

A regression equation was derived from the partial correlation coefficients generated 

during the MLR.  Table 9 and Appendix G display the results of the analyses on each 

buffer zone from both classification techniques.    

Often several variables could be eliminated without loss of much explanatory 

power.  For example, correlation analysis indicated that six variables correlated well with 

grub density for the 10 km-buffer and 8 km-buffer CBE cases, but a one-variable model 

(age) explained nearly as much of the variability as a model using all six variables (e.g., R2 
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= 43.6% with six variables and 41.3% with one).  In both cases, golf course age was 

strongly negatively correlated with grub density (Table 10).   

 
Table 7.    Pearson correlation coefficients (r) and probability statistics (p) generated after analysis of 
fifteen independent variables on the dependent variable grubs.    
 

Class 
 

Buffer 
Zone 

Variables 
Selected 

r p 
 

Class 
 

Buffer 
Zone 

Variables 
Selected 

r p 

 
 

10 km 

om 
age 
tw 

juxw 
juxu 
aerat 

-0.4240 
-0.6427 
-0.5123 
-0.5140 
-0.4035 
-0.4513 

0.0795 
0.0040 
0.0297 
0.0291 
0.0968 
0.0602 

10 km om 
age 
ta 
tw 

juxt 
juxw 
juxu 
aerat 

-0.4240 
-0.6427 
-0.4574 
-0.5999 
-0.6802 
-0.7974 
-0.6622 
-0.4513 

0.0795 
0.0040 
0.0563 
0.0085 
0.0019 
<.0001 
0.0028 
0.0602 

 
 

8 km 

om 
age 
tw 

juxw 
juxu 
aerat 

-0.4240 
-0.6427 
-0.5276 
-0.5222 
-0.4334 
-0.4513 

0.0795 
0.0040 
0.0244 
0.0262 
0.0724 
0.0602 

 
 
 

8 km 

om 
age 
tw 

juxt 
juxw 
juxu 
aerat 

-0.4240 
-0.6427 
-0.5573 
-0.6672 
-0.7952 
-0.7080 
-0.4513 

0.0795 
0.0040 
0.0163 
0.0025 

< 0.0001 
0.0010 
0.0602 

 
 

6 km 

om 
age 
tu 

juxw 
juxu 
aerat 

-0.42408 
-0.6427 
0.4419 
-0.4044 
-0.4447 
-0.4513 

0.0795 
0.0040 
0.0663 
0.0960 
0.0644 
0.0602 

 
 
 

6 km 

om 
age 
tu 
tw 

juxt 
juxw 
juxu 
aerat 

-0.4240 
-0.6427 
-0.4077 
-0.4966 
-0.6182 
-0.7691 
-0.7499 
-0.4513 

0.0795 
0.0040 
0.0931 
0.0360 
0.0062 
0.0002 
0.0003 
0.0602 

 
 
 
 
 
 
 
 
 
 
 
 

CBE 

 
4 km 

om 
age 
tu 

aerat 

-0.424 
-0.6427 
0.4400 
-0.4513 

0.0795 
0.0040 
0.0677 
0.0602 

 
 
 
 
 
 
 
 
 
 
 
 

CAE 

 
 
 

4 km 

om 
age 
tu 
tw 

juxt 
juxw 
juxu 
aerat 

-0.4340 
-0.6427 
-0.5722 
-0.4732 
-0.5875 
-0.6373 
-0.5591 
-0.4513 

0.0795 
0.0040 
0.0131 
0.0473 
0.0104 
0.0044 
0.0159 
0.0602 

 

A similar trend was observed for the 6 km-buffer CBE case, where correlation 

analysis indicated again that six variables correlated well with white grub density, but a 

two-variable model (tu and juxw) explained nearly as much variability as six variables 

(e.g., R2
 = 63.07% with six variables and 57.01% with two).  The turf-to-urban area ratio 

was strongly positively correlated, but the woods interspersion-juxtaposition index was 

strongly negatively correlated with white grub densities. 

Four variables correlated well with white grub densities from the 4 km buffer-zone 

CBE technique.  However, a two-variable model (age and tu) was almost identical in 

explaining variability as four variables (e.g., R2
 = 56.33% with four variables and 56.15% 
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with two).  Again, the turf-to-urban area ratio was strongly positively correlated and golf 

course age was strongly negatively correlated with grub densities. 

 

Table 8.    Results of the Mallow’s C(p) statistic calculations on variables derived from Pearson’s  
correlation coefficients/probability statistics for each buffer zone from both classification techniques.    
See Appendix F for complete list of all models generated. 

 
                         Variables that were                    Variables 
                          highly correlated                        in partial 
 Buffer              with white grubs                           model                    Variables  
  zone                (from Pearson’s)                     (p)     C(p)*      R2     in model 

 
CBE 
10 km         om age tw juxw juxu aerat          1     -2.5553     0.4130     age** 
  8 km          om age tw juxw juxu aerat          1     -2.7062     0.4130     age** 
  6 km         om age tu juxw juxu aerat           2      0.8073     0.5701     tu juxw** 
  4 km          om age tu aerat                      2      1.0511     0.5615     age tu** 
CAE 
10 km         om age ta tw juxt juxw juxu aerat     4      6.2791     0.7846     age ta juxt juxu 
  8 km          om age tw juxt juxw juxu aerat  2      1.3804     0.7149     juxt juxu** 
  6 km         om age tu tw juxt juxw juxu aerat      4      2.8881     0.8138     age ta tu juxw** 
  4 km          om age tu tw juxt juxw juxu aerat      7      7.4336     0.7775     om age tu tw juxt juxw juxu** 

                            
* The benchmark for C(p) is p + 1, i.e., models whose C(p) is much larger than p + 1 have large bias.    
** Models satisfying the C(p) criterion. 
 

The CAE technique showed a similar trend with a reduction of variables strongly 

correlated with grub densities, but still maintaining most of the explanatory power.  The  

10 km buffer zone was the odd-ball of the lot.  It began with an eight-variable model that 

was reduced to four (p) variables (age, ta, juxt, and juxu). However, according to Mallow’s 

rules a C(p) larger than p + 1 may exhibit strong bias.  The only other set of variables that 

complied with Mallow’s rules for these data was the complete eight-variable model having 

a C(p) statistic of 9.0.  Unfortunately, a MLR utilizing those eight variables determined 

that many were not significant.  Therefore, the four-variable model was retained and its 

utility determined.  The four-variable model explained most of the variability of the eight-

variable model (e.g., R2
 = 86.42% with eight variables and 78.46% with four).  The MLR of 

the CAE 10 km buffer zone model utilizing the four variables (age, ta, juxt, juxu) 

identified a consistent, but not significant negative correlation for golf course age and the 

turf interspersion-juxtaposition index, a significant positive correlation with total turf area 

and was significantly negatively correlated with the urban interspersion-juxtaposition 

index on white grub densities.   
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Table 9.    Multiple linear regression analysis and regression equations* for the independent variables 
identified using Mallow’s C(p) calculations versus white grub densities for all buffer zones from both 
classification techniques.    
 
                 Partial 
 CBE    Variable           Correlation         t                     
                      Coefficient                 (df = 15)          P†  
 
10 km buffer      age                -0.00784                    -3.36                   0.0040 
zones 
         
Results of the ANOVA: R2 = 0.4130; F = 11.26; df = 1, 16; P = 0.0040.    
* log10 (grubs + 1) = (0.52121 – (0.00784 * age)) 
 
                 Partial 
 CBE    Variable           Correlation         t                     
                      Coefficient                 (df = 15)          P  
 
8 km buffer      age                -0.00784                    -3.36                   0.0040 
zones 
 
 Results of the ANOVA: R2 = 0.4130; F = 11.26; df = 1, 16; P = 0.0040.    
* log10 (grubs + 1) = (0.52121 – (0.00784 * age)) 
 
                 Partial 
 CBE    Variable           Correlation         t                     
                      Coefficient                 (df = 14)           P 
 
6 km buffer        tu                0.76194                     3.77                      0.0019 
zones                juxw                    -0.02026      -3.62        0.0025 
 
Results of the ANOVA: R2 = 0.5701; F = 9.94; df = 2, 15; P = 0.0018.    

* log10 (grubs+1) = (0.74141 + (0.76194 * tu) – (0.02026 * juxw)) 

 
                 Partial 
 CBE    Variable           Correlation         t                     
                      Coefficient                 (df = 14)            P  
 
4 km buffer      age               -0.00743                       -3.55                      0.0029 
zones                tu                      0.34361        2.25        0.0396 
 
Results of the ANOVA: R2 = 0.5615; F = 9.61; df = 2, 15; P = 0.0021.    
* log10 (grubs+1) = (0.35613 – (0.00743 * age) + (0.34361 * tu)) 
 
                 Partial 
 CAE    Variable           Correlation         t                     
                      Coefficient                 (df = 12)          P  
 
10 km buffer      age                -0.00415                    -1.55                    0.1448 
zones           ta              0.00040        1.96        0.0722 

     juxt             -0.00524       -1.66      0.1200 
       juxu             -0.01717       -4.01      0.0015 
         
Results of the ANOVA: R2 = 0.7846; F = 11.84; df = 4, 13; P = 0.0003.    
* log10 (grubs+1) = (1.71426 – (0.00415 * age) + (0.00040384 * ta) – (0.00524 * juxt) – (0.01717 * juxu))
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Table 9 (continued).    Multiple linear regression analysis and regression equations* for the 
independent variables identified using Mallow’s C(p) calculations  versus  white grub densities  
for all buffer zones from both classification techniques.    

 

                 Partial 
 CAE    Variable           Correlation         t                     
                      Coefficient                 (df = 14)          P  
 
8 km buffer      juxt                -0.00734                    -3.35                    0.0044 
zones           juxu             -0.01270           -3.77      0.0019 
           
Results of the ANOVA: R2 = 0.7149; F = 18.80; df = 2, 15; P =  0.0001.    
* log10 (grubs+1) = (1.63772 – (0.00734 * juxt) – (0.01270 * juxu)) 
 
 

                                     Partial 
 CAE    Variable           Correlation         t                     
                      Coefficient                 (df = 12)         P 
 
6 km buffer      age                -0.01322                   -3.75                     0.0024 
zones          ta             -0.00275          -2.56      0.0038 
       tu              2.69599       3.11      0.0083 
       juxw             -0.01147            -4.09      0.0013 
           
Results of the ANOVA: R2 = 0.8138; F = 14.2; df = 4, 13; P = 0.0001.    
* log10 (grubs+1) = (1.12347 - (0.01322*age) - (0.00275*ta) + (2.69599*tu) - (0.01147*juxw)) 

 
 
                 Partial 
 CAE    Variable           Correlation         t                     
                      Coefficient                 (df = 9)                        P  
 
4 km buffer      om                -0.13352                   -2.55                     0.0288 
zones           age             -0.01181          -2.94      0.0147 
       tu              3.24854       3.23      0.0091 
       tw             -1.15002      -1.98      0.0761 
       juxt             -0.01603      -2.22      0.0506 
       juxw             -0.01920      -3.27      0.0084 
       juxu              0.02057       1.93      0.0822 
           
Results of the ANOVA: R2 = 0.7775; F = 4.99; df = 7, 10; P = 0.0115.    
* log10 (grubs+1) = (0.99994 – (0.13352 * om) – (0.01181 * age) + (3.24854 * tu) – (1.15002 * tw) 

 - (0.01603 * juxt) – (0.01920 * juxw) + (0.02057 * juxu)). 
 
 † P =  Prob > | t | 
 

 

A two-variable model (juxt and juxu) was found that explained almost as much 

variability as a seven-variable model for the CAE 8 km buffer zone (R2
 = 78.69% with seven 

variables and 71.49% with two).  Both variables were significantly negatively correlated with 

white grub densities.  
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Table 10.   Illustrative table of trends for the partial correlation coefficients of variables derived 
from multiple linear regression.   Plus “+” and minus “-“ show the general trend for listed 
variable on white grub densities within buffer zones. 

Buffer Zone Variable Trend 
CBE 

 
10 km, 8 km, 4 km 

 
6 km 

 
 
 

 
 

age 
 

juxw 
 
 
 

 
 

– 

 
 
 

6 km, 4 km 
 
 

 
 
 

tu 
 
 
 
 

 
 

+ 

CAE 
 

4 km 
 

10 km, 6 km, 4 km 
 

6 km 
 

10 km, 8 km, 4 km 
 

6 km, 4 km 
 

4 km 
 

 
 

om 
 

age 
 

ta 
 

juxt, juxu 
 

juxw 
 

tw 
 

 
 
 
 
 

– 

 
10 km 

 
6 km, 4 km  

 
4 km 

 

 
ta 
 

tu 
 

juxu 
 

 
 

+ 
 
om = organic matter, age = age of golf course, ta = total turf area (ha), tu = total turf-to-total 
urban area ratio, tw = total turf-to-total woods area,  juxt = turf interspersion-juxtaposition index, 
 juxw = woods interspersion-juxtaposition index, juxu = urban interspersion-juxtaposition index. 

 

Eight variables were found that correlated well with grub densities in the CAE 6 km-

buffer case.  Reducing that number to four variables (age, ta, tu and juxw) produced a model 
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that explained most of the variation (R2
 = 86.32% with eight variables and 81.38% with four). 

Three variables, golf course age, total turf area, and woods interspersion-juxtaposition index, 

were significantly negatively correlated while the variable turf area-to-urban area ratio was 

significantly positively correlated with white grub densities. 

Reducing eight variables to seven (om, age, tu, tw, juxt, juxw, and juxu) had virtually 

no effect on variability with the CAE 4 km-buffer zone (R2 = 78.77% with eight variables and 

77.75% with seven). A significant and negative correlation existed for organic matter, golf 

course age, total turf-to-woods area ratio, turf interspersion-juxtaposition index and woods 

interspersion-juxtaposition index and a significant and positive correlation was found for total 

turf-to-urban area ratio and the urban interspersion-juxtaposition index on white grub 

densities.  

 

4.4 Evaluation of the Performance of the CBE and CAE Classification Technique 

 The spatial pattern metric turf mean core area (ha) was compared among each golf 

course buffer zone (10 km, 8 km, 6 km, 4 km) from each classification technique (CBE and 

CAE) (Table 11).  The turf mean core areas were significantly less in the CAE classification 

technique for all but the 4 km buffer zone (R2 = 0.65, F7, 56 = 6.31, P = 0.0001).  The turf 

mean core area for the CAE 4 km buffer zones was not significantly different from any of the 

CBE km buffer zones. 

 

4.5 Model Selection 

Each of the eight MLR models was tested against grub density data from the six 

validation golf courses (Table 12a, b), with the null hypothesis that   µd = 0 where µ1 – µ 2 = µ 

d ; µ 1 = mean of actual white grub counts and µ 2 = mean of predicted white grub counts.  

None of the predicted values were significantly different from the actual white grub densities.    

The best model was selected from the eight models generated following an 

examination of the basic statistical measures, i.e., smallest mean difference between actual 

and predicted white grub densities, small standard deviation, and high R2 value.  A mix of 

parsimonious variables, while not essential, was also considered to be a desirable model 

characteristic.  The CAE 6 km buffer zones model was selected as the best model based on 

these criteria.  This model had the lowest mean difference, -0.15 (Student’s t-test) and -0.16 
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Table 11.  Results of an ANOVA and Student-Newman-Keuls test for 
differences in means comparing the turf mean core area (mc) metric in all 
buffer zones of the CBE (classification before extraction) and CAE 
(classification after extraction) classification techniques. 

R2 = 0.65, F7,56 = 6.31, P = 0.0001, α = 0.05 
 

S-N-K Grouping†
(mc)‡

Mean 
Classification 
Buffer Zone 

A 
A 
A 
A 

       A     B 
               B 
               B 
               B 

 

1.0111 
0.9667 
0.9667 
0.9333 
0.6000 
0.4667 
0.4667 
0.4333 

CBE – 4 km buffer zones 
 CBE – 10 km buffer zones 
CBE – 8 km buffer zones 
CBE – 6 km buffer zones 
CAE – 4 km buffer zones 
CAE – 6 km buffer zones 
CAE – 8 km buffer zones 

 CAE – 10 km buffer zones 

† means with the same letter are not significantly different. 
‡ means of the turf mean core area (ha) for each golf course of each buffer  
   zone and classification technique. 
 

 

(Wilcoxon signed rank test); one of the smallest standard deviations, 0.79 and 0.895; and had 

the highest R2 value = 0.8138 (Table 9).  Variables utilized included one local-scale variable, 

age, and three spatial pattern metrics, ta, tu, and juxw (Table 9).  A graph illustrating how 

closely the predicted values track actual white grub densities is shown in (Figure 13). 
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Table 12a.   Mean number of white grubs / 0.1m2 of sampled area for each golf course participating in the 
validation study.   Predicted values of white grubs are also shown derived from the regression equations 
obtained from multiple linear regressions on each buffer zone.   No significant differences were found 
between actual and predicted white grub densities.   Negative values of predicted white grub densities should 
be interpreted as 0.0. 
 
 
     Actual White Grub Densities                  Predicted White Grub Densities* 
       

       CBE                CAE                  
Golf Course       samples  grubs/0.1m2    4 km       6 km       8 km     10 km       4 km       6 km      8 km     10 km 
 
FE                 110         0.91          1.62       0.05       1.67      1.67        3.05      1.93      1.45      0.83 
GH    75         0.27          1.54       0.93      1.67      1.67       -0.44      0.79      2.71      2.42   
GL  110         2.54          1.44       0.71      1.72      1.72        0.62      3.54      1.07      0.56  
HP  105         1.92          1.94       0.72      1.63      1.63        0.14      1.46      2.78       1.62 
KC    45         0.67          1.27       0.15      1.63      1.63       -0.99      0.16      0.78      3.04   
LA  115         0.01          0.21       0.50      0.19      0.19       -0.99     -0.6        0.43     -0.10 
 
             d  =                    -0.27       0.56     -0.35     -0.35        0.83     -0.15    -0.47     -0.33 
             sd  =                      0.80       0.95      0.83      0.83         1.52      0.79     1.26      1.65 
t а/2 , n -1 = 1.4759           tobs =                    -0.83       1.43     -1.04     -1.04         1.34     -0.46    -0.92    -0.49    
 
* Paired t-Tests for actual (µ1) vs. predicted (µ2) white grub densities. Alpha = 0.20, n = 6, H0 : µ1-µ2 = µd = 0,  
   H1: µd ≠ 0 : |tobs| > t 0.1, 5 = 1.4759;.   tobs = √n * d / sd. 
 
 
 
 
Table 12b.   Results of the Wilcoxon Signed Rank Test of actual white grub densities to predicted white 
grub densities for six golf courses used in the validation study. 
 
                Lower CL           Upper CL     Lower CL           Upper CL 
Buffer Zone     N       d             d        d               sd               sd            sd               Std Err     df    t-Value        P 
 
CBE     4 km    6     -1.13       -0.28       0.56             0.503         0.806      1.976         0.329       5      -0.86       0.428 
CBE     6 km    6     -0.47        0.54       1.56             0.605         0.970      2.379         0.396        5       1.37       0.228 
CBE     8 km    6     -1.24       -0.36       0.51             0.518         0.830      2.037         0.339       5      -1.08       0.331 
CBE   10 km    6     -1.2         -0.36       0.51             0.518         0.830      2.037         0.339       5      -1.08       0.331  
CAE     4 km    6     -0.80        0.82       2.42              0.952        1.526       3.743         0.623       5       1.32       0.244  
 
 CAE    6 km    6     -1.1         -0.16       0.78             0.559         0.895       2.195         0.365       5      -0.44       0.680 
 
CAE     8 km    6     -1.80       -0.48       0.84             0.786        1.260        3.089         0.514       5      -0.94       0.390 
CAE   10 km    6     -2.10       -0.34       1.39             1.028        1.647        4.040         0.672       5      -0.51       0.633 
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Figure 13. Chart comparing actual to predicted white grub densities on six golf 
courses chosen for model validation and selection. The model used for these 
predictions is from the CAE (classify buffer zones after extraction from RGB 
image of Peninsula) 6 km buffer zones. This model contained one local scale 
variable, age of golf course, and three spatial pattern metrics, ta (total turf area), tu 
(total turf area-to-total urban area ratio), and juxw (woods interspersion-
juxtaposition index). The regression equation for this model was:   log10 (grubs+1) 
= (1.12347 - (0.01322*age) - (0.00275*ta) + (2.69599*tu) - (0.01147*juxw)). 
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Chapter 5 
Discussion 

 

5.1 Overview  

This study was part of a larger project aimed at the development of a regional 

integrated pest management (IPM) program for turf landscapes, especially golf courses, on 

the Lower Peninsula of eastern Virginia.  The objective of this component was to develop 

predictive regression equations from the complex interactions that existed among fifteen 

golf course local-scale factors, management practices and spatial pattern metrics to 

determine their influence on white grub presence and abundance within the golf course 

ecosystem. Small sample size made statistical significance particularly important and is 

noted where appropriate along with a discussion of consistent trends.  For example, golf 

course age was found to be inversely related to white grub densities, older courses had 

consistently lower white grub counts than newer courses.    

Regression equations were derived that predicted white grub densities on six golf 

courses chosen for validation.  Of the equations derived, the 6 km x 6 km square buffer 

zone equation based on four variables achieved the highest coefficient of determination 

(81.38%).  The equation over-estimated white grub densities on half the validation courses 

and under-estimated on the other half.  In general, the model over-predicted when actual 

densities were high and underpredicted when observed densities were low.  Over-

prediction, of high density populations, may stimulate golf course managers who employ 

this model to suggest prophylactic treatments if the model indicates and historical records 

warrant.  Under-prediction of low densities would at the very least encourage golf course 

personnel to intensively sample for white grubs to verify the model’s accuracy. 

 

5.2 Sampling  

Each generation of white grubs was analyzed separately using paired t-tests and 

Wilcoxon Signed Rank tests to determine sampling consistency.  The Fall 2000 – Spring 

2001 data were significantly different, P = 0.05 and P = 0.04, indicating a potential 

problem with the sampling protocol.  However, the difference was due in large part to 

unusually high white grub counts (8.5 / 0.1 m2) collected at the KK site during Fall 2000.  
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This occurrence was not duplicated in subsequent sampling at that site.  There was no clear 

explanation for this anomaly.  All courses except KM and SH experienced a reduction in 

white grub densities between Fall and Spring sampling, which would be expected due to 

winter mortality of the grubs.  The data obviously came from the same population, as the 

fairways sampled in the Fall were the same ones sampled in the Spring, and the same 

sampling procedure was employed.  Removing the offending data point changed the results 

slightly, and increased P to 0.09.  Tests performed on the Fall 2001 – Spring 2002 data 

were not significantly different, P = 0.84, P = 0.79.  Taking into consideration the low 

sample size and the borderline nature of the significance in the first tests it was decided to 

retain the offending data point and pool the data from both generations of white grubs to 

increase to 18 the number of data points for analysis.  

 

5.3 White Grubs in the Roughs versus Fairways 

Smitley et al. (1998) found that two Scarab species, Ataenius spretulus and 

Aphodius granarius, whose populations are generally high in the soil/turf profile, were less 

dense in the roughs than in the fairways.  Predation by surface hunting predators was found 

to be the causative agent (Jo and Smitley 2003).  Our study to determine if there was a 

difference between the numbers of white grubs found in fairways versus those found in 

roughs clearly showed a significant difference with grubs in roughs outnumbering those in 

fairways almost two-to-one.  There may be a number of reasons for this.  Fairways are 

mowed closely ~ 1.25 cm, which could lead to quicker loss of soil moisture via 

evapotranspiration and result in dryer sub-soils which would be less suitable for white grub 

survival.  A cooler sub-soil environment with the prolonged retention of adequate soil 

moisture levels may exist in roughs because they are mowed higher ~ 3.75 to 7.5 cm and 

they are often adjacent to patches of woods that exist between fairways providing shade 

during certain parts of the day.  There is also substantially more foot traffic on fairways 

leading to compaction of the soils lowering their suitability for white grub development.  

Aerification events also occur on fairways to reduce the impact of compacted soils.  While 

not part of the regression equations, core aerification was significantly and negatively 

correlated with white grub densities in this study, and according to Blanco-Montero and 
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Hernandez (1995) core aerification can cause > 40% mortality of white grub populations in 

core aerated turf.   

 

5.4 Satellite Imaging 

Preliminary analysis of the data suggested that spatial pattern metrics were going to 

be important regressor variables in the study.  To extract those variables from satellite 

images, two supervised land-cover classification techniques were conducted and 

compared.  One technique involved the supervised classification of a satellite image of the 

entire Lower Peninsula of Virginia into six land-cover types - CBE.  Subsequent to this 

classification, buffer zones of varying dimensions were drawn around participating golf 

courses and then extracted.  The spatial patterns of each buffer zone were then analyzed.  

The second technique involved extracting the various buffer zones surrounding 

participating golf courses first and then, utilizing a supervised classification procedure, 

classifying each buffer zone into the same six land-cover types - CAE.  The latter provided 

greater accuracy, as reflected in the smaller values of most spatial pattern metrics, i.e., 

areal measurements and interspersion-juxtaposition indices (Appendix E).  The measured 

differences were likely due to an increase in the accuracy of the classification when going 

from the scale of the entire Peninsula down to the scale of the buffer-zone.  The differences 

in the paired t-tests between predicted and actual grub densities derived from the smaller 

images of the CAE classification technique had consistently higher standard deviations 

than the images extracted from the classified Peninsula image, except the CAE 6 km x 6 

km buffer zone images (0.80 to 0.95 vs. 0.79 to 1.65).   Higher standard deviations 

occurred because there were more variables in the regression equations used to predict 

white grub densities of the CAE classification (two, four or seven) than in the CBE 

classification (one or two).  More variables in an equation led to more variability in the 

prediction error.  Even so, greater accuracy, combined with regression equations that had a 

better mix of local-scale and spatial pattern variables and higher coefficients of 

determination, made the CAE classification technique the better performer. 

 

5.5 Local-Scale and Management Variables  

Fifteen local-scale independent variables were identified during the studies that  
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were thought to play a part in white grub presence and abundance.  Following statistical 

manipulation of these variables to reduce their numbers, eight regression equations were 

developed to predict white grub densities at six golf courses included in the study for 

validation and model selection.  After comparing actual white grub densities with predicted 

values using the regression equations none of the predicted values of white grub densities 

were found to be significantly different from the actual white grub densities found by 

sampling the validation golf courses.   

Abiotic factors like organic matter and age of the golf courses were found to be 

highly negatively correlated with white grubs, but of the two, only age seemed to be 

important in the development of the final regression equations.  Organic matter content and 

golf course age were linked (r = 0.58, p = 0.0113).  Newer courses had generally lower 

organic matter within the soil profile and revealed higher grub counts.  Older, more 

established courses had higher levels of organic matter and consistently lower white grub 

densities.  Dalthorp et al. (2000b) found a similar relationship in their research.  An 

examination of the soils and especially the antagonistic flora/fauna associated with soils 

high in organic matter should be done in future studies to discover their impact on white 

grub presence and survival.   

Golf course age may affect grubs in other ways, as well.  Older courses are usually 

located in or near highly urbanized areas, suggesting that there might be a dilution factor 

within the urbanized areas.   The buffer zones surrounding older courses had more 

residential housing areas (lawns) embedded in them, as well as parks, cemeteries, 

corporate greenspace and numerous athletic fields as evidenced by an examination of the 

classified buffer zone images.  All of these turf areas combine to provide a larger target for 

invading white grub adults, thereby diluting the overall effect of an invasion.  The 

existence of more turf in the immediate vicinity of a golf course might lower the 

probability that any one location will receive large numbers of white grubs during any 

particular year.  On the other hand, buffer zones surrounding newer golf courses contained 

only isolated pockets of turf (primarily the golf course) which are considerable distances 

from other turf patches.  Resident populations of beetles may re-infest these areas at a 

higher rate primarily because of a lack of preferred oviposition sites elsewhere in the 

vicinity.  Also, new golf courses are often surrounded by new housing subdivisions, new 
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athletic fields, etc., which will also have soil with low organic matter.  This suite of 

conditions could lead to the build-up of large resident populations of white grubs.   

Another possible explanation for the low grub densities in urban areas is the fact 

that the study area is a Peninsula, with a natural barrier to Japanese beetle immigration on 

three sides.  Populations of native scarabs were low throughout the study, so are not 

considered in this argument.  Immigration of adult beetles into the area could only happen 

from the western region, which connects the Peninsula to the mainland.  If beetle 

populations are higher on the mainland than on the peninsula, golf courses in this rural 

western portion of the peninsula would tend to harbor more immigrating beetles than those 

in the more southeastern, urbanized, industrial areas.  Simple linear regression of white 

grub densities from each generation against the distance (km) of the golf course from the 

mainland verified this trend (1st generation – R2 = 0.6301, F1,7 = 10.2, P = 0.0187; 2d 

generation – R2 = 0.5979, F1,7 = 10.4, P = 0.0145, Figure 12).  Spatially, this trend was 

evident during sampling as a gradual decline in white grub counts was observed in the 

progression from the western more rural portion of the sampling area toward the east, 

which is a highly developed urban area. 

Rainfall was not correlated with grub density in this study.  While rainfall/soil 

moisture is important to white grub survival and development (Hawley 1949; Regniere et 

al.1981), irrigation is used to augment natural rainfall on all of the golf courses sampled, 

and indeed most golf courses in the area.  Deficiencies in soil moisture due to lack of 

rainfall should be an important factor in turf habitats that are not equipped with a means of 

supplementing natural rainfall. 

 The most important management variable was core-aeration, i.e., routine core 

aerification of the fairways and greens to reduce compaction.  The variable, aeration 

events, was significantly negatively correlated with white grub densities, but never a 

component of the final regression equations.  Aeration events, as reported earlier, can 

cause white grub mortality.  All but one course reported conducting either one or two core 

aerification events for the Fall 2000 – Spring 2001 season.  Three courses reported that 

they did not conduct core aeration during the Fall 2001 – Spring 2002 season.  Other 

management variables showed no correlation with white grub presence.  This result was 

not surprising however, as an examination of the management practices utilized by all the 
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golf courses in the study area showed them to be very similar (Appendix E).  To find that 

more management practices were not significantly correlated with white grub densities was 

disappointing because such a connection between cultural/management factors and white 

grub densities would have practical value for managers.  Spatial pattern metrics along with 

golf course age appear to be important in predicting white grub densities.   

 

5.6 Spatial Pattern Metrics 

Several spatial pattern metrics were highly correlated with white grub densities, but 

few ultimately ended up in the predictive regression equations.  Larger sample sizes (more 

golf courses) could help strengthen the significance of these factors.    

The correlation coefficients of the ratio of total turf area-to-total urban area were 

significant and positively correlated with white grub densities in the CBE 6 km and 4 km 

buffer zones but significant and negatively correlated in the CAE 6 km and 4 km buffer 

zones.   The ratio compares turf to urban areas in the entire landscape.  In a rural area with 

only one golf course and no other turf the ratio will still be high because the urban 

component is low or non-existent. 

The difference between the ratios being positively or negatively correlated with 

white grub density may be due to the decrease in scale and subsequent increase in land-

cover diversity of the landscape when going from the Peninsula-classified to the buffer 

zone-classified images.  Classifying a small section of an image as in the CAE 

classification technique, allows for greater accuracy in the assignment of land-cover details 

because the training set represents a larger fraction of the whole image.  This is contrasted 

with the CBE classification technique which combines the smaller turf patches into larger 

contiguous areas and consequently may lead to a less accurate representation of the areal 

extent of the turf areas.  An ANOVA and Student-Newman-Keuls (SNK) test for 

differences in means illustrated this for the turf mean core area metric (Table 11).  The 

metric measures the mean core area of the landscape class under consideration.  The SNK 

test showed that the turf mean core area for all but the CAE 4 km buffer zone landscapes 

were significantly smaller than those from the CBE classification.  This finding reinforces 

the idea that classifying a small landscape affords greater accuracy in the assignment of 

 59



land-cover classes and allows for a more accurate representation of the areal 

measurements. 

As discussed above, the interspersion-juxtaposition indices measure the extent to 

which the focal class is interspersed with all other class-types and is not affected by the 

dispersion of the focal class except that a well dispersed class is also more likely to be well 

interspersed.  The interspersion-juxtaposition index for the turf land-cover class was not 

significantly correlated with white grub densities in any of the CBE landscapes, but was 

significantly negatively correlated with white grub densities in all of the CAE landscapes.  

Again, this difference occurred because in the less precise CBE classification technique, 

small turf patches were combined into larger contiguous patches along with other land-

cover types, reducing the variability in the landscape and minimizing the correlation with 

white grub densities.  Turf patch ‘clumping’, illustrated by low interspersion-juxtaposition 

indices, is indicative of the areas surrounding newly developed golf courses.  These areas 

represent large turf patches, a golf course for example or a housing subdivision isolated 

from other turf areas, adjacent to only one or a few other land cover types, e.g., farmland.  

These isolated turf areas could experience greater beetle infestations and subsequently 

higher white grub densities than urban areas, which while also clumped, have many small 

turf patches widely dispersed throughout the landscape and are adjacent to a more diverse 

array of land-cover types.  The woods and urban land-cover class interspersion-

juxtaposition indices were both significantly and negatively correlated with white grub 

densities in all CBE and CAE landscapes except the CBE 2 km-radius buffer zones.       

Large contiguous areas of woodland, depending on how they are interspersed, 

could present barriers to beetle migration (Bohlen and Barrett 1990; Dalthorp et al. 2000b).  

Woodland areas that exhibit low interspersion-juxtaposition indices, i.e., large clumps 

adjacent to one or a few other land-cover types (such as fairways on a golf course) while 

formidable, may create corridors for beetle migration because of the way they are 

distributed throughout the landscape.  Woodlots scattered uniformly throughout the 

landscape and adjacent to several different land-cover types (high interspersion-

juxtaposition index) would, on the other hand, present a more formidable barrier to beetle 

migration because of the uniform nature of the scatter and proximity to non-host crops, 
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wetlands and/or water, which could reduce the number of usable migration corridors, i.e., 

pathways that connect the pest-preferred turf patches.    

 

5.7 Implications for Golf Course Designers and Managers 

 Several interesting aspects of white grub ecology and its relationship to spatial 

patterns were brought forth during this study.  Following is a summary of those findings 

that could be passed along to golf course management and design personnel to assist them 

with decisions necessary to minimize the impact of white grubs on the long-term health of 

the turf under their control. 

• Data collected from a 6 x 6 km square buffer zone surrounding the golf course 

appeared to be the optimum predictor of white grub presence and abundance based 

on the remote sensing and spatial pattern analysis information discovered during 

this project.  Designers may want to consider the development of this area in 

addition to the golf course proper when they begin their initial assessment.  Their 

decisions should allow for the incorporation of highly interspersed urban areas 

(residential neighborhoods with lawns, turf common areas, parks and playing 

fields) coincident with the retention of or reforestation of blocks of forested land 

areas adjacent to and surrounding the golf course.  The incorporation and 

maintenance of such areas should be part of the long-term goals of the golf course 

and future communities that become integrated into and associated with the golf 

course. 

• New courses established in locations remote from urbanized areas and close to the 

mainland appeared to be most at risk from beetle attacks and subsequent white grub 

infestations in this study.  With this in mind a preventative insecticidal treatment 

program could be initiated following the conclusion of golf course construction in 

these high-risk areas and adhered to while awaiting urbanization of the areas 

adjacent to the golf course.  Urbanization creates multiple turf targets for beetle 

attacks and may dilute the potential for large infestations of white grubs in the 

newly developing golf course turf areas. 

• The managers of new golf courses also may consider initiating and incorporating 

practices that raise the organic matter content of the soils in their greens, tees, 
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fairways and roughs.  The returning of grass clippings will add organic matter to 

the soil as will the routine Fall overseeding of perennial ryegrass into 

Bermudagrass fairways.  Routine core aerification events followed by the top 

dressing of peat moss, compost or other organic material can also increase the 

organic content of soils. 

• This investigation did not uncover a link between rainfall and white grub densities, 

presumably because all of the golf courses studied in the investigation utilized 

irrigation on a routine basis.  However, it has been demonstrated elsewhere that turf 

under moisture stress is at an increased risk of damage from white grubs as is 

evident from the establishment of reduced threshold levels for white grubs during 

periods of drought, ≤ 5 grubs / 0.1m2 for poorly-watered turf vs.  ≤ 10 grubs / 0.1m2 

for well-watered turf.  Golf course developers and managers need to realize the 

necessity for irrigation and give consideration to the fact that it is a requirement for 

turf survival both physiologically and from the standpoint of reducing the impact of 

beetle attack and subsequent white grub injury. 

 

5.8 Summary 

This research discovered some interesting trends in the regional spatial distribution 

of white grubs.  Peninsula golf courses, closer to the mainland, exhibited significantly 

higher white grub densities than golf courses further away.  One implication of this finding 

is that beetles dispersing from the mainland are a primary source of white grub infestations 

with populations decreasing as the distance from the mainland increases.  Courses located 

some distance from the mainland are probably re-infested by resident beetle populations 

that tend to shrink or swell depending on local-scale factors similar to those reported by 

Dalthorp et al. (2000a). 

An examination of the local spatial distribution of white grubs on golf courses also 

revealed an interesting trend.  White grub densities in roughs were higher than in fairways 

by a factor of almost two-to-one.  Management factors such as core aerification and the 

mowing height of turf in the roughs versus fairways may be partially responsible for this.  

Smitley et al. (1998) discovered an opposite trend (more insects in the fairways than in the 

roughs) when examining two Scarab species and their local-scale distribution within golf 
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courses.  An abundance of surface hunting predators in the roughs was found to be the 

causative factor in that study as well as the study by Jo and Smitley (2003).  A closer 

examination of local- and regional-scale factors should be conducted that will provide 

additional insight into these discoveries.  

Although several factors may contribute to white grub presence and abundance this 

study suggests that older golf courses (turf landscapes) with highly interspersed turf, 

woods and urban patches within the landscape matrix and strong trends toward 

urbanization are not likely to have high white grub densities.  Soils high in organic matter 

may also negatively impact white grub populations even though this factor was only 

predictive in one of the regression equations developed (CAE 4 km buffer zones).  Two 

factors that did not turn out to be predictive in this research but may have significant 

impacts on white grub survival and development were core aerification events which could 

have a negative impact and rainfall during the months of June and July, which, especially 

if the area in question is not equipped with irrigation capabilities, may be a positive factor 

for white grub survival.  Further research into these factors is necessary to develop a 

clearer picture of white grub presence and abundance in turf landscapes.    

Studies that include more types of managed turf areas and more years of data 

acquisition should be included in future research to build on the foundation presented here.  

Parks, playing fields, sod-production facilities, residential lawns and other golf courses 

should all be included.  More data points will be generated with this approach along with a 

clearer understanding of the contributions of the many factors responsible for white grub 

presence in turf landscapes.  The addition of more data points will also allow for the 

refinement of the regression equations derived during this study.  In addition to adding data 

points, these other turf area types are very likely to receive management that is less 

intensive than golf courses.  The regression equations must predict white grub densities 

with a high degree of accuracy to make them viable components of the statistical model of 

white grub forecasting envisioned as the ultimate goal of this research project. 
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Appendix A

Discussion of Earth-Observing Satellites 

Since the early 1970s, five more of the Landsat series satellites have been launched 

in addition to other earth-observing satellites such as SPOT (Systeme Pour l’Observation 

de la Terre), IRS (Indian Remote Sensing) and NOAA (National Oceanic and Atmospheric 

Administration).  The first three Landsat satellites were regarded as first generation 

resources satellites.  They carried return beam vidicon (RBV) cameras and multispectral 

scanners (MSS) as imaging systems.  RBV is a two- or three-television camera system that 

records ground reflectance in three visible wavelength bands and is capable of producing 

high-resolution pictures (Lo 1986).   

The MSS onboard early Landsat satellites consisted of a mechanical scanning 

device that acquired data by scanning the earth's surface in strips.  Scans were performed 

in an easterly direction at right angles to the direction of the satellite motion (across-track 

scan).  The forward motion of the satellite proceeding along its southerly course produced 

the along-track scan (Lo 1986).  Six detectors for each spectral band provided six scan 

lines on each active scan.  The resolution of the MSS sensor was approximately 80m with 

coverage in four spectral bands from the visible green to the near-infrared wavelength.  

The MSS sensor on Landsat 3 had a fifth band in the thermal-infrared (USGS 1997). 

 Landsat 4 and 5 both carried MSS and a new generation of sensor system called 

the thematic mapper (TM), which improved spatial resolution and radiometric accuracy.   

According to USGS (1997), routine collection of MSS data was terminated in late 1992.  

Both the MSS and TM sensors detect reflected radiation from the earth in the visible and 

infrared wavelengths, but the TM sensor has seven spectral bands, providing more 

radiometric information than the MSS sensors.  The range of wavelengths covered by the 

TM sensor within the EMS is shown in Table 1 (USGS 1997).  Sixteen detectors for the 

visible, near- and mid-infrared wavelength bands in the TM sensor scan 16 lines during 

each active scan, totaling 480m, along the flight path of the satellite.  The spatial resolution 

of these sensors is 480/16 = 30 meters.  Four detectors for the thermal-infrared band scan 

four lines during each active scan also for a total of 480 meters.  The resolution of these 

sensors is therefore 480/4 = 120 meters (Brewster et al.  1999).   
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Table 1.  Thematic Mapper (TM) spectral band designations.  (Text and table from 'Landsat Data, A 
brief history of the Landsat program, USGS Fact Sheet 084-97, US Dept of the Interior, US Geological 
Survey, December 1997; Lo CP.   (1986).  Applied Remote Sensing.)  

 

 

ThematicMapper Sensor Bands 
 
The TM sensor operates in seven spectral bands, designated as follows: 
 
Bands          Wavelengths 
1  blue-green   0.45-0.52 µm Useful for bathymetric mapping and distinguishing soil from  
     vegetation and deciduous from coniferous vegetation. 
2 green         0.52-0.6 µm Emphasizes peak vegetation, which is useful for assessing plant  

vigor. 
3 red        0.63-0.69 µm Strong chlorophyll absorption detection. 
4 near-infrared   0.76-0.9 µm Emphasizes biomass content and shorelines. 
5 mid-infrared  1.55-1.75 µm Discriminates moisture content of soil and vegetation; penetrates 

 thin clouds. 
6 thermal-infrared  10.4-12.5µm Useful for thermal mapping and estimating soil moisture. 
7 mid-infrared       2.08-2.35 µm Useful for mapping hydrothermally altered rocks associated with  

mineral deposits. 

 

Landsat 7 was launched in April 1999.  It possesses the seven TM sensors of 

Landsat 5 and also includes an Enhanced Thematic Mapper plus (ETM+) system, which 

allows higher resolution of TM6 (thermal infrared) sensor data (60m vs. 120m) and a 15m-

resolution panchromatic sensor.   

The radiance data collected by Landsats 7 are transmitted to ground stations across 

the world for preprocessing.  The first step in preprocessing involves the conversion of the 

radiance data to digital form where the data are stored as a 2-dimensional array of rows and 

columns of positive integers.  The conversion creates 7 layers of TM data (one for each 

spectral band) that are in a grid cell or raster format.  The data are further processed to 

correct errors that occur because of poor atmospheric conditions or instrumentation and 

geometric errors caused by the rotation or curvature of the earth (Quattrochi and Pelletier 

1991).  The data are also rectified to a map projection (spheroid-shaped earth projected 

onto a flat plane such as a map).  Map coordinates are assigned to each pixel so that points 

in the raster data are at very accurate geographic positions when the data are overlaid on a 

printed map.  The most common map coordinate systems used with Landsat data are 

Universal Transverse Mercator (UTM) and latitude/longitude (Brewster et al.  1999). 
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In raster form, the Landsat data can be subjected to computer analyses to determine 

the biophysical characteristics and condition of land-cover objects (Quattrochi and Pelletier 

1991).  The rasters are first displayed as images on a computer screen using an image 

processing and analysis program like TNTmips (MicroImages 1995) or Multispec-32 v2.5 

(Purdue Research Foundation, Purdue University, West Lafayette, IN, USA).  Each pixel 

in the image becomes a color-coded representation of spectral information of the objects 

on the ground in an area equivalent to the spatial resolution of the TM sensor.  Usually, 

three TM layers are assigned to the colors red, green and blue to create a color-coded 

image that will allow discrimination of features of interest (Brewster et al.  1999).  As an 

example, assigning TM3 (red) to red, TM2 (green) to green and TM1 (blue) to blue creates 

a natural, visible image.  However, if TM5 (mid-infrared) is assigned to red, TM4 (near 

infrared) to green and TM3 (red) to blue, vegetated areas will appear in bright green and 

bare soil in shades of purple.  TM4 (near infrared) and TM3 (red) rasters are often used to 

determine the condition of vegetation because of the way plant material interacts with 

these two types of radiant energy (Brewster et al.  1999).   
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Appendix B

Error matrices generated for the training sets developed in Multispec-32 for the land-cover classification of 10 
km-buffer zones extracted from the satellite images of the Lower Peninsula in Eastern Virginia.  Error matrices 
depict the percent of correctly classified pixels for each land-cover type and are used to determine the usefulness 
of the classification. 
 
    CG-10-543-00 (Colonial Golf Course) 
 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5        6 
     Name            Number    (%)                  Samples     Turf  Woods Wetland  Urban Bare Soil   Water 
 
    Turf                 1    100.0                      73                  73      0       0      0         0        0 
    Woods                2    100.0                    364                    0    364       0      0         0        0 
    Wetland              3    100.0                    317                    0      0     317      0         0        0 
    Urban                4    100.0                    133                    0      0       0    133         0        0 
    Bare Soil            5    100.0                    182                    0      0       0      0       182        0 
    Water                6    100.0                    498                    0      0       0      0         0      498 
 
    TOTAL         1567       73    364     317    133       182      498 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0      100.0    100.0 
 
       OVERALL CLASS PERFORMANCE (1567 / 1567 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
  
    FCa-543-10-02 (Fords Colony Golf Course) 
 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
    Project                 Reference                 Number of Samples in Class 
     Class           Class  Accuracy+ Number         1         2          3        4         5          6 
     Name            Number    (%)                  Samples       Turf    Woods    Wetlan  Urban    Bare Soil   Water 
 
    Turf                 1    100.0                     158        158         0          0         0         0          0 
    Woods                2    100.0                     524          0      524          0         0         0          0 
    Wetland              3    100.0                       38          0        0         38         0         0          0 
    Urban                4    100.0                     139          0        0          0      139         0          0 
    Bare Soil            5    100.0                     186          0        0          0         0       186          0 
    Water                6    100.0                     119          0        0          0         0         0        119 
 
                     TOTAL                  1164      158    524        38     139      186        119 
 
                  Reliability Accuracy (%)*   100.0  100.0   100.0  100.0   100.0     100.0 
   
     OVERALL CLASS PERFORMANCE (1164 / 1164 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
      End maximum likelihood classification 
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  FEa-543-10-02 (Ft Eustis Golf Course) 
   TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number     1      2       3      4         5       6 
     Name            Number    (%)     Samples              Turf  Woods Wetland  Urban Bare Soil  Water 
 
    Turf                 1    100.0          103      103      0       0      0         0       0 
    Woods                2    100.0          280          0    280       0      0         0       0 
    Wetland              3    100.0         364         0      0     364      0         0       0 
    Urban                4    100.0          214          0      0       0    214         0       0 
    Bare Soil            5    100.0            33          0      0       0      0        33       0 
    Water                6    100.0         605          0      0       0      0         0     605 
 
                     TOTAL   1599      103    280     364    214        33      605 
 
                  Reliability Accuracy (%)*               100.0  100.0   100.0  100.0     100.0  100.0 
 
       OVERALL CLASS PERFORMANCE (1599 / 1599 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
 
 
    GH-543-10-02 (Golden Horseshoe Golf Course) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0            228         228      0       0      0         0         0 
    Woods                2    100.0           510            0    510       0      0         0         0 
    Wetland              3    100.0            223             0      0     223      0         0         0 
    Urban                4    100.0            217            0      0       0    217         0         0 
    Bare Soil            5    100.0            114             0      0       0      0       114         0 
    Water                6    100.0            132             0      0       0      0         0       132 
 
                     TOTAL                  1424      228    510     223    217       114       132 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0      100.0 
 
       OVERALL CLASS PERFORMANCE (1424 / 1424 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
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    GL-543-10-02 (Two Rivers Golf Course) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3        4          5           6 
     Name            Number    (%)     Samples    Turf  Woods Wetland    Urban   Bare Soil    Water 
 
    Turf                 1    100.0          109       109      0       0      0         0           0 
    Woods                2    100.0           613           0    613       0      0         0           0 
    Wetland              3    100.0             54          0      0      54      0         0           0 
    Urban                4    100.0            72           0      0       0     72         0           0 
    Bare Soil            5    100.0            40           0      0       0      0        40           0 
    Water                6    100.0           809            0      0       0      0         0         809 
 
                     TOTAL    1697       109    613      54     72        40         809 
 
                  Reliability Accuracy (%)*   100.0  100.0   100.0  100.0     100.0       100.0 
 
       OVERALL CLASS PERFORMANCE (1697 / 1697 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
 
 
 
 
     Hpiii-543-10-02 (The Hamptons Golf Course) 
     TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4        5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban BareSoil      Water 
 
    Turf                 1    100.0           120         120      0       0      0        0         0 
    Woods                2    100.0           412            0    412       0      0        0         0 
    Wetland              3    100.0             61            0      0      61      0        0         0 
    Urban                4    100.0           119            0      0       0    119        0         0 
    BareSoil             5    100.0             42             0      0       0      0       42         0 
    Water                6    100.0          154             0      0       0      0        0       154 
 
                     TOTAL     908        120    412      61    119       42       154 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0    100.0      100.0 
 
       OVERALL CLASS PERFORMANCE (908 / 908 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
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     JR-543-10-02 (James River Country Club) 
     TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0             98          98      0       0      0         0         0 
    Woods                2    100.0           211            0    211       0      0         0         0 
    Wetland              3    100.0          101            0      0     101      0         0         0 
    Urban                4    100.0          191            0      0       0    191         0         0 
    Bare Soil            5    100.0            11             0      0       0      0        11         0 
    Water                6    100.0       1282             0      0       0      0         0      1282 
 
                     TOTAL   1894           98    211     101    191        11      1282 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0      100.0 
 
       OVERALL CLASS PERFORMANCE (1894 / 1894 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
       End maximum likelihood classification 
 
 
 
    KC-543-10-02 (Kiln Creek Golf Course) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0            75         75      0       0      0         0         0 
    Woods                2    100.0          232            0    232       0      0         0         0 
    Wetland              3    100.0            60           0      0      60      0         0         0 
    Urban                4    100.0           241           0      0       0    241         0         0 
    Bare Soil            5    100.0             74            0      0       0      0        74         0 
    Water                6    100.0          319            0      0       0      0         0       319 
 
                     TOTAL                 1001          75    232      60    241        74       319 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0     100.0 
 
       OVERALL CLASS PERFORMANCE (1001 / 1001 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
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    KK-543-10-02 (Kiskiack Golf Course) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
     
 
     Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0            87           87      0       0      0         0         0 
    Woods                2    100.0         279             0    279       0      0         0         0 
    Wetland              3    100.0         114             0      0     114      0         0         0 
    Urban                4    100.0         237            0      0       0    237         0         0 
    Bare Soil            5    100.0            51             0      0       0      0        51         0 
    Water                6    100.0         570             0      0       0      0         0       570 
 
                     TOTAL   1338          87    279     114    237        51       570 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0      100.0 
 
       OVERALL CLASS PERFORMANCE (1338 / 1338 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
 
 
 
    KM-543-10-02 (Kings Mill Golf Club) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0           201         201      0       0      0         0         0 
    Woods                2    100.0           643             0    643       0      0         0         0 
    Wetland              3    100.0           129             0      0     129      0         0         0 
    Urban                4    100.0           283             0      0       0    283         0         0 
    Bare Soil            5    100.0              32             0      0       0      0        32         0 
    Water                6    100.0        1513            0      0       0      0         0      1513 
 
                     TOTAL                  2801        201    643     129    283        32      1513 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0      100.0 
 
       OVERALL CLASS PERFORMANCE (2801 / 2801 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
       End maximum likelihood classification 
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 LA-543-10-02 (Eaglewood Golf Course) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5          6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil     Water 
 
    Turf                 1    100.0          215         215      0       0      0         0          0 
    Woods                2    100.0           272            0    272       0      0         0          0 
    Wetland              3    100.0           138             0      0     138      0         0          0 
    Urban                4    100.0           238             0      0       0    238         0          0 
    Bare Soil            5    100.0              44            0      0       0      0        44          0 
    Water                6    100.0           577             0      0       0      0         0        577 
 
                     TOTAL                  1484         215    272     138    238        44        577 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0       100.0 
 
       OVERALL CLASS PERFORMANCE (1484 / 1484 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
 
 
 
 
    NN-543-10-02 (Newport News Golf Club) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0             65           65      0       0      0         0          0 
    Woods                2    100.0         1131            0   1131       0      0         0          0 
    Wetland              3    100.0           112             0      0     112      0         0          0 
    Urban                4    100.0           293             0      0       0    293         0          0 
    Bare Soil            5    100.0             76            0      0       0      0        76          0 
    Water                6    100.0           120            0      0       0      0         0        120 
 
                     TOTAL                   1797           65   1131     112    293        76        120 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0       100.0 
 
       OVERALL CLASS PERFORMANCE (1797 / 1797 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
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SH-543-10-02 (Stonehouse Golf Course) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0             65           65      0       0      0         0         0 
    Woods                2    100.0           611             0    611       0      0         0         0 
    Wetland              3    100.0           178            0      0     178      0         0         0 
    Urban                4    100.0           154             0      0       0    154         0         0 
    Bare Soil            5    100.0           190            0      0       0      0       190         0 
    Water                6    100.0           145             0      0       0      0         0       145 
 
                     TOTAL     1343          65    611     178    154       190        145 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0      100.0 
 
       OVERALL CLASS PERFORMANCE (1343 / 1343 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
 
 
 
     
    WC-543-10-02 (Williamsburg Country Club) 
    TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0           131         131      0       0      0         0          0 
    Woods                2    100.0          656             0    656       0      0         0          0 
    Wetland              3    100.0            89            0      0      89      0         0          0 
    Urban                4    100.0           228            0      0       0    228         0          0 
    Bare Soil            5    100.0            59             0      0       0      0        59          0 
    Water                6    100.0           835            0      0       0      0         0        835 
 
                     TOTAL                  1998      131    656      89    228        59        835 
 
                  Reliability Accuracy (%)*    100.0  100.0   100.0  100.0     100.0       100.0 
 
       OVERALL CLASS PERFORMANCE (1998 / 1998 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
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     WN-543-10-02 (Williamsburg National Golf Course) 
     TRAINING CLASS PERFORMANCE (Resubstitution Method) 
 
    Project                 Reference            Number of Samples in Class 
     Class           Class  Accuracy+ Number        1      2       3      4         5         6 
     Name            Number    (%)     Samples    Turf  Woods Wetland  Urban Bare Soil    Water 
 
    Turf                 1    100.0           153         153      0       0      0         0         0 
    Woods                2    100.0           360              0    360       0      0         0         0 
    Wetland              3    100.0          128             0      0     128      0         0         0 
    Urban                4    100.0          136              0      0       0    136         0         0 
    Bare Soil            5    100.0           105              0      0       0      0       105         0 
    Water                6    100.0            921             0      0       0      0         0       921 
 
                     TOTAL     1803        153    360     128    136       105        921 
 
                  Reliability Accuracy (%)*       100.0  100.0   100.0  100.0     100.0       100.0 
 
       OVERALL CLASS PERFORMANCE (1803 / 1803 ) = 100.0% 
       Kappa Statistic (X100) = 100.0%.  Kappa Variance = 0.000000. 
 
       + (100 - percent omission error); also called producer's accuracy. 
       * (100 - percent commission error); also called user's accuracy. 
 
      End maximum likelihood classification 
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Appendix C
 

TIFF images of golf course 10km buffer zones 
 
       Turf               Woods           Wetland           Urban       Bare Soil             Water 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Colonial Golf Course – 10 km buffer zone              Ford’s Colony Golf Course – 10 km buffer zone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
James River Country Club – 10 km buffer zone        Kiskiack Golf Course – 10 km buffer zone 
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Kings Mill Golf Club – 10 km buffer zone            Newport News Golf Club – 10 km buffer zone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stonehouse Golf Course – 10 km buffer zone         Williamsburg Country Club – 10 km buffer zone 
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  Williamsburg National GC – 10 km buffer zone 
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Appendix D
 

Pearson’s Correlation Coefficients 

Classified Peninsula Image with Subsequent Extraction of Buffer Zones (CBE) 
 
 

CBE - Correlation Coefficients 10 km buffer zones - all independent variables 
                                       The CORR Procedure 
 
  16  Variables:    om       rain     age      asp      ta       tu       tw       juxt     juxw 
                    juxu     iappl    aerat    rndply   ibudg    nfert    grubs 
 
                                       Simple Statistics 
 
   Variable           N          Mean       Std Dev           Sum       Minimum       Maximum 
 
   om                18       4.82778       1.37191      86.90000       2.50000       6.30000 
   rain              18       3.94444       0.93760      71.00000       2.00000       6.00000 
   age               18      22.61111      21.12467     407.00000       4.00000      69.00000 
   asp               18       2.75000       1.10147      49.50000       1.00000       4.50000 
   ta                18     981.22222     305.88263         17662     597.00000          1600 
   tu                18       0.39111       0.13698       7.04000       0.22000       0.67000 
   tw                18       0.26333       0.19965       4.74000       0.11000       0.78000 
   juxt              18      43.24444       0.66352     778.40000      42.30000      44.60000 
   juxw              18      36.26667       7.72985     652.80000      26.40000      48.30000 
   juxu              18      58.71111      11.13515          1057      36.20000      70.30000 
   iappl             18       0.88889       1.64098      16.00000             0       5.00000 
   aerat             18       1.27778       0.89479      23.00000             0       3.00000 
   rndply            18         35444         20996        638000         18000         90000 
   ibudg             18          2677     753.60467         48192          1400          3800 
   nfert             18       3.65444       0.70038      65.78000       2.78000       5.00000 
   grubs             18       0.34389       0.25778       6.19000             0       0.91000 
 
                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
            om      rain       age       asp        ta        tu        tw      juxt      juxw 
 
om       1.00000  -0.44232   0.58171  -0.23454   0.03748  -0.25435   0.33167  -0.11775   0.42793 
                   0.0661    0.0113    0.3489    0.8826    0.3084    0.1788    0.6417    0.0765 
 
rain    -0.44232   1.00000   0.10873   0.15664   0.19879   0.31196   0.13303  -0.11872   0.35361 
         0.0661              0.6676    0.5348    0.4291    0.2076    0.5987    0.6389    0.1500 
 
age      0.58171   0.10873   1.00000   0.00822   0.14221  -0.13421   0.85406  -0.11368   0.80292 
         0.0113    0.6676              0.9742    0.5735    0.5955    <.0001    0.6533    <.0001 
 
asp     -0.23454   0.15664   0.00822   1.00000   0.40601   0.23392   0.07490   0.36219   0.11538 
         0.3489    0.5348    0.9742              0.0946    0.3502    0.7677    0.1397    0.6485 
 
ta       0.03748   0.19879   0.14221   0.40601   1.00000   0.76221   0.24076   0.62621   0.46450 
         0.8826    0.4291    0.5735    0.0946              0.0002    0.3359    0.0054    0.0521 
 
tu      -0.25435   0.31196  -0.13421   0.23392   0.76221   1.00000   0.02567   0.18064   0.27215 
         0.3084    0.2076    0.5955    0.3502    0.0002              0.9195    0.4732    0.2746 
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tw       0.33167   0.13303   0.85406   0.07490   0.24076   0.02567   1.00000   0.07519   0.58609 
         0.1788    0.5987    <.0001    0.7677    0.3359    0.9195              0.7668    0.0106 
 
juxt    -0.11775  -0.11872  -0.11368   0.36219   0.62621   0.18064   0.07519   1.00000  -0.12585 
         0.6417    0.6389    0.6533    0.1397    0.0054    0.4732    0.7668              0.6188 
 
juxw     0.42793   0.35361   0.80292   0.11538   0.46450   0.27215   0.58609  -0.12585   1.00000 
         0.0765    0.1500    <.0001    0.6485    0.0521    0.2746    0.0106    0.6188 
 
juxu     0.22247   0.39108   0.53505  -0.09112   0.09514  -0.00633   0.48288  -0.31758   0.70503 
         0.3749    0.1085    0.0221    0.7191    0.7073    0.9801    0.0424    0.1991    0.0011 
 
iappl    0.28103   0.03398   0.03092   0.24408   0.65995   0.19685   0.03890   0.59907   0.28257 
         0.2586    0.8935    0.9031    0.3290    0.0029    0.4337    0.8782    0.0086    0.2559 
 
aerat    0.26648   0.15971   0.59733   0.19397   0.11754  -0.29062   0.37648   0.18604   0.57123 
         0.2851    0.5267    0.0089    0.4406    0.6423    0.2420    0.1236    0.4598    0.0133 
 
rndply   0.25440   0.05810   0.14895   0.21111   0.65145   0.20230   0.04355   0.65760   0.37388 
         0.3083    0.8189    0.5553    0.4004    0.0034    0.4208    0.8638    0.0030    0.1264 
 
ibudg   -0.37229   0.07071  -0.03167  -0.01906  -0.43664  -0.10433  -0.01708  -0.20331  -0.27721 
         0.1282    0.7804    0.9007    0.9402    0.0700    0.6804    0.9464    0.4184    0.2654 
 
nfert   -0.37511  -0.22982  -0.11991  -0.09722  -0.42179  -0.39565  -0.03528   0.13600  -0.42427 
         0.1251    0.3589    0.6356    0.7011    0.0813    0.1041    0.8895    0.5905    0.0793 
 
grubs   -0.42398  -0.06720  -0.64266  -0.00052  -0.15292   0.25825  -0.51233  -0.20157  -0.51402 
         0.0795    0.7911    0.0040    0.9984    0.5446    0.3008    0.0297    0.4225    0.0291 
 
                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
               juxu       iappl       aerat      rndply       ibudg       nfert       grubs 
 
    om       0.22247     0.28103     0.26648     0.25440    -0.37229    -0.37511    -0.42398 
             0.3749      0.2586      0.2851      0.3083      0.1282      0.1251      0.0795 
 
    rain     0.39108     0.03398     0.15971     0.05810     0.07071    -0.22982    -0.06720 
             0.1085      0.8935      0.5267      0.8189      0.7804      0.3589      0.7911 
 
    age      0.53505     0.03092     0.59733     0.14895    -0.03167    -0.11991    -0.64266 
             0.0221      0.9031      0.0089      0.5553      0.9007      0.6356      0.0040 
 
    asp     -0.09112     0.24408     0.19397     0.21111    -0.01906    -0.09722    -0.00052 
             0.7191      0.3290      0.4406      0.4004      0.9402      0.7011      0.9984 
 
    ta       0.09514     0.65995     0.11754     0.65145    -0.43664    -0.42179    -0.15292 
             0.7073      0.0029      0.6423      0.0034      0.0700      0.0813      0.5446 
 
    tu      -0.00633     0.19685    -0.29062     0.20230    -0.10433    -0.39565     0.25825 
             0.9801      0.4337      0.2420      0.4208      0.6804      0.1041      0.3008 
 
    tw       0.48288     0.03890     0.37648     0.04355    -0.01708    -0.03528    -0.51233 
             0.0424      0.8782      0.1236      0.8638      0.9464      0.8895      0.0297 
 
    juxt    -0.31758     0.59907     0.18604     0.65760    -0.20331     0.13600    -0.20157 
             0.1991      0.0086      0.4598      0.0030      0.4184      0.5905      0.4225 
 

 85



    juxw     0.70503     0.28257     0.57123     0.37388    -0.27721    -0.42427    -0.51402 
             0.0011      0.2559      0.0133      0.1264      0.2654      0.0793      0.0291 
 
    juxu     1.00000     0.29463     0.43892     0.15841    -0.43594    -0.38637    -0.40353 
                         0.2353      0.0684      0.5301      0.0705      0.1132      0.0968 
 
    iappl    0.29463     1.00000     0.34275     0.84491    -0.74620    -0.53593    -0.26313 
             0.2353                  0.1638      <.0001      0.0004      0.0219      0.2914 
 
    aerat    0.43892     0.34275     1.00000     0.59419     0.01181     0.04766    -0.45126 
             0.0684      0.1638                  0.0093      0.9629      0.8510      0.0602 
 
    rndply   0.15841     0.84491     0.59419     1.00000    -0.36200    -0.32367    -0.32650 
             0.5301      <.0001      0.0093                  0.1399      0.1901      0.1861 
 
    ibudg   -0.43594    -0.74620     0.01181    -0.36200     1.00000     0.58889     0.25066 
             0.0705      0.0004      0.9629      0.1399                  0.0101      0.3157 
 
    nfert   -0.38637    -0.53593     0.04766    -0.32367     0.58889     1.00000     0.11025 
             0.1132      0.0219      0.8510      0.1901      0.0101                  0.6632 
 
    grubs   -0.40353    -0.26313    -0.45126    -0.32650     0.25066     0.11025     1.00000 
             0.0968      0.2914      0.0602      0.1861      0.3157      0.6632 
 

 
CBE - Correlation Coefficients 8 km buffer zones - all independent variables 
                                       The CORR Procedure 
 
  16  Variables:    om       rain     age      asp      ta       tu       tw       juxt     juxw 
                    juxu     iappl    aerat    rndply   ibudg    nfert    grubs 
 
                                       Simple Statistics 
 
   Variable           N          Mean       Std Dev           Sum       Minimum       Maximum 
 
   om                18       4.82778       1.37191      86.90000       2.50000       6.30000 
   rain              18       3.94444       0.93760      71.00000       2.00000       6.00000 
   age               18      22.61111      21.12467     407.00000       4.00000      69.00000 
   asp               18       2.75000       1.10147      49.50000       1.00000       4.50000 
   ta                18     663.33333     205.42753         11940     458.00000          1075 
   tu                18       0.40111       0.15119       7.22000       0.23000       0.72000 
   tw                18       0.24889       0.16673       4.48000       0.12000       0.68000 
   juxt              18      43.24444       0.73742     778.40000      42.00000      44.50000 
   juxw              18      35.55556       7.89477     640.00000      25.20000      46.80000 
   juxu              18      55.10000      10.21832     991.80000      36.10000      66.70000 
   iappl             18       0.88889       1.64098      16.00000             0       5.00000 
   aerat             18       1.27778       0.89479      23.00000             0       3.00000 
   rndply            18         35444         20996        638000         18000         90000 
   ibudg             18          2677     753.60467         48192          1400          3800 
   nfert             18       3.65444       0.70038      65.78000       2.78000       5.00000 
   grubs             18       0.34389       0.25778       6.19000             0       0.91000 
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                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
            om      rain       age       asp        ta        tu        tw      juxt      juxw 
 
om       1.00000  -0.44232   0.58171  -0.23454   0.00754  -0.30220   0.31826  -0.01932   0.38111 
                   0.0661    0.0113    0.3489    0.9763    0.2229    0.1981    0.9394    0.1187 
 
rain    -0.44232   1.00000   0.10873   0.15664   0.24259   0.33659   0.15386  -0.14085   0.37871 
         0.0661              0.6676    0.5348    0.3321    0.1720    0.5422    0.5772    0.1212 
 
age      0.58171   0.10873   1.00000   0.00822   0.20370  -0.07850   0.87218   0.15826   0.79526 
         0.0113    0.6676              0.9742    0.4175    0.7568    <.0001    0.5305    <.0001 
 
asp     -0.23454   0.15664   0.00822   1.00000   0.42076   0.23490   0.08168   0.45263   0.10756 
         0.3489    0.5348    0.9742              0.0821    0.3481    0.7473    0.0593    0.6710 
 
ta       0.00754   0.24259   0.20370   0.42076   1.00000   0.69785   0.24282   0.60659   0.58045 
         0.9763    0.3321    0.4175    0.0821              0.0013    0.3316    0.0076    0.0116 
 
tu      -0.30220   0.33659  -0.07850   0.23490   0.69785   1.00000   0.07146   0.09978   0.35597 
         0.2229    0.1720    0.7568    0.3481    0.0013              0.7781    0.6936    0.1471 
 
tw       0.31826   0.15386   0.87218   0.08168   0.24282   0.07146   1.00000   0.26165   0.63302 
         0.1981    0.5422    <.0001    0.7473    0.3316    0.7781              0.2943    0.0048 
 
juxt    -0.01932  -0.14085   0.15826   0.45263   0.60659   0.09978   0.26165   1.00000   0.07816 
         0.9394    0.5772    0.5305    0.0593    0.0076    0.6936    0.2943              0.7579 
 
juxw     0.38111   0.37871   0.79526   0.10756   0.58045   0.35597   0.63302   0.07816   1.00000 
         0.1187    0.1212    <.0001    0.6710    0.0116    0.1471    0.0048    0.7579 
 
juxu     0.31584   0.34751   0.60819  -0.11263   0.11238  -0.01241   0.57971  -0.32334   0.70557 
         0.2017    0.1576    0.0074    0.6564    0.6571    0.9610    0.0117    0.1906    0.0011 
 
iappl    0.28103   0.03398   0.03092   0.24408   0.58276   0.03372   0.00812   0.38835   0.26794 
         0.2586    0.8935    0.9031    0.3290    0.0111    0.8943    0.9745    0.1113    0.2824 
 
aerat    0.26648   0.15971   0.59733   0.19397   0.23948  -0.25461   0.39254   0.35461   0.56309 
         0.2851    0.5267    0.0089    0.4406    0.3385    0.3079    0.1071    0.1488    0.0150 
 
rndply   0.25440   0.05810   0.14895   0.21111   0.67981   0.11435   0.03896   0.56017   0.39343 
         0.3083    0.8189    0.5553    0.4004    0.0019    0.6514    0.8780    0.0156    0.1063 
 
ibudg   -0.37229   0.07071  -0.03167  -0.01906  -0.30903   0.06788   0.01575   0.01305  -0.22219 
         0.1282    0.7804    0.9007    0.9402    0.2121    0.7890    0.9505    0.9590    0.3755 
 
nfert   -0.37511  -0.22982  -0.11991  -0.09722  -0.32332  -0.27448  -0.01416   0.29458  -0.39937 
         0.1251    0.3589    0.6356    0.7011    0.1906    0.2704    0.9555    0.2354    0.1006 
 
grubs   -0.42398  -0.06720  -0.64266  -0.00052  -0.19172   0.27610  -0.52765  -0.23955  -0.52222 
         0.0795    0.7911    0.0040    0.9984    0.4460    0.2674    0.0244    0.3384    0.0262 
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Pearson Correlation Coefficients, N = 18 
  
                                  Prob > |r| under H0: Rho=0 
 
               juxu       iappl       aerat      rndply       ibudg       nfert       grubs 
 
    om       0.31584     0.28103     0.26648     0.25440    -0.37229    -0.37511    -0.42398 
             0.2017      0.2586      0.2851      0.3083      0.1282      0.1251      0.0795 
 
    rain     0.34751     0.03398     0.15971     0.05810     0.07071    -0.22982    -0.06720 
             0.1576      0.8935      0.5267      0.8189      0.7804      0.3589      0.7911 
 
    age      0.60819     0.03092     0.59733     0.14895    -0.03167    -0.11991    -0.64266 
             0.0074      0.9031      0.0089      0.5553      0.9007      0.6356      0.0040 
 
    asp     -0.11263     0.24408     0.19397     0.21111    -0.01906    -0.09722    -0.00052 
             0.6564      0.3290      0.4406      0.4004      0.9402      0.7011      0.9984 
 
    ta       0.11238     0.58276     0.23948     0.67981    -0.30903    -0.32332    -0.19172 
             0.6571      0.0111      0.3385      0.0019      0.2121      0.1906      0.4460 
 
    tu      -0.01241     0.03372    -0.25461     0.11435     0.06788    -0.27448     0.27610 
             0.9610      0.8943      0.3079      0.6514      0.7890      0.2704      0.2674 
 
    tw       0.57971     0.00812     0.39254     0.03896     0.01575    -0.01416    -0.52765 
             0.0117      0.9745      0.1071      0.8780      0.9505      0.9555      0.0244 
 
    juxt    -0.32334     0.38835     0.35461     0.56017     0.01305     0.29458    -0.23955 
             0.1906      0.1113      0.1488      0.0156      0.9590      0.2354      0.3384 
 
    juxw     0.70557     0.26794     0.56309     0.39343    -0.22219    -0.39937    -0.52222 
             0.0011      0.2824      0.0150      0.1063      0.3755      0.1006      0.0262 
 
    juxu     1.00000     0.30871     0.41432     0.16368    -0.43835    -0.44066    -0.43342 
                         0.2126      0.0874      0.5163      0.0688      0.0672      0.0724 
 
    iappl    0.30871     1.00000     0.34275     0.84491    -0.74620    -0.53593    -0.26313 
             0.2126                  0.1638      <.0001      0.0004      0.0219      0.2914 
 
    aerat    0.41432     0.34275     1.00000     0.59419     0.01181     0.04766    -0.45126 
             0.0874      0.1638                  0.0093      0.9629      0.8510      0.0602 
 
    rndply   0.16368     0.84491     0.59419     1.00000    -0.36200    -0.32367    -0.32650 
             0.5163      <.0001      0.0093                  0.1399      0.1901      0.1861 
 
    ibudg   -0.43835    -0.74620     0.01181    -0.36200     1.00000     0.58889     0.25066 
             0.0688      0.0004      0.9629      0.1399                  0.0101      0.3157 
    
    nfert   -0.44066    -0.53593     0.04766    -0.32367     0.58889     1.00000     0.11025 
             0.0672      0.0219      0.8510      0.1901      0.0101                  0.6632 
 
    grubs   -0.43342    -0.26313    -0.45126    -0.32650     0.25066     0.11025     1.00000 
             0.0724      0.2914      0.0602      0.1861      0.3157      0.6632 
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CBE - Correlation Coefficients 6 km buffer zones - all independent variables 
                                       The CORR Procedure 
 
  16  Variables:    om       rain     age      asp      ta       tu       tw       juxt     juxw 
                    juxu     iappl    aerat    rndply   ibudg    nfert    grubs 
 
                                      Simple Statistics 
   Variable           N          Mean       Std Dev           Sum       Minimum       Maximum 
   om                18       4.82778       1.37191      86.90000       2.50000       6.30000 
   rain              18       3.94444       0.93760      71.00000       2.00000       6.00000 
   age               18      22.61111      21.12467     407.00000       4.00000      69.00000 
   asp               18       2.75000       1.10147      49.50000       1.00000       4.50000 
   ta                18     369.88889     131.82916          6658     223.00000     613.00000 
   tu                18       0.40889       0.23230       7.36000       0.21000       0.98000 
   tw                18       0.22444       0.12358       4.04000       0.10000       0.52000 
   juxt              18      43.23333       0.59210     778.20000      42.10000      44.30000 
   juxw              18      35.00000       8.38851     630.00000      24.10000      46.60000 
   juxu              18      52.32222      12.20538     941.80000      31.80000      67.60000 
   iappl             18       0.88889       1.64098      16.00000             0       5.00000 
   aerat             18       1.27778       0.89479      23.00000             0       3.00000 
   rndply            18         35444         20996        638000         18000         90000 
   ibudg             18          2677     753.60467         48192          1400          3800 
   nfert             18       3.65444       0.70038      65.78000       2.78000       5.00000 
   grubs             18       0.34389       0.25778       6.19000             0       0.91000 
 
                           Pearson Correlation Coefficients, N = 18 
                                  Prob > |r| under H0: Rho=0 
            om      rain       age       asp        ta        tu        tw      juxt      juxw 
 
om       1.00000  -0.44232   0.58171  -0.23454  -0.19406  -0.31977   0.21746   0.05310   0.34563 
                   0.0661    0.0113    0.3489    0.4404    0.1958    0.3860    0.8342    0.1601 
 
rain    -0.44232   1.00000   0.10873   0.15664   0.27978   0.22926   0.23578  -0.15541   0.36423 
         0.0661              0.6676    0.5348    0.2608    0.3601    0.3463    0.5381    0.1373 
 
age      0.58171   0.10873   1.00000   0.00822   0.09886  -0.13734   0.80238   0.37968   0.74968 
         0.0113    0.6676              0.9742    0.6963    0.5868    <.0001    0.1202    0.0003 
 
asp     -0.23454   0.15664   0.00822   1.00000   0.39538   0.23564   0.09723   0.45097   0.15630 
         0.3489    0.5348    0.9742              0.1044    0.3465    0.7011    0.0603    0.5357 
 
ta      -0.19406   0.27978   0.09886   0.39538   1.00000   0.90406   0.43092   0.25492   0.58901 
         0.4404    0.2608    0.6963    0.1044              <.0001    0.0742    0.3073    0.0101 
 
tu      -0.31977   0.22926  -0.13734   0.23564   0.90406   1.00000   0.32925   0.04818   0.37118 
         0.1958    0.3601    0.5868    0.3465    <.0001              0.1822    0.8494    0.1294 
 
tw       0.21746   0.23578   0.80238   0.09723   0.43092   0.32925   1.00000   0.48340   0.70133 
         0.3860    0.3463    <.0001    0.7011    0.0742    0.1822              0.0421    0.0012 
 
juxt     0.05310  -0.15541   0.37968   0.45097   0.25492   0.04818   0.48340   1.00000   0.11346 
         0.8342    0.5381    0.1202    0.0603    0.3073    0.8494    0.0421              0.6540 
 
juxw     0.34563   0.36423   0.74968   0.15630   0.58901   0.37118   0.70133   0.11346   1.00000 
         0.1601    0.1373    0.0003    0.5357    0.0101    0.1294    0.0012    0.6540 
 
juxu     0.40690   0.33063   0.65207  -0.07832   0.08797  -0.01651   0.61172  -0.07483   0.70484 
         0.0938    0.1802    0.0034    0.7574    0.7285    0.9482    0.0070    0.7679    0.0011 

 89



 
iappl    0.28103   0.03398   0.03092   0.24408   0.04834  -0.08830  -0.14535   0.09485   0.25127 
         0.2586    0.8935    0.9031    0.3290    0.8489    0.7275    0.5650    0.7081    0.3145 
 
aerat    0.26648   0.15971   0.59733   0.19397  -0.08450  -0.29840   0.22223   0.18134   0.50470 
         0.2851    0.5267    0.0089    0.4406    0.7389    0.2291    0.3754    0.4714    0.0327 
 
rndply   0.25440   0.05810   0.14895   0.21111   0.16183   0.00397  -0.08967   0.09479   0.38351 
         0.3083    0.8189    0.5553    0.4004    0.5212    0.9875    0.7235    0.7083    0.1162 
 
ibudg   -0.37229   0.07071  -0.03167  -0.01906   0.06387   0.21189   0.12452   0.03478  -0.17725 
         0.1282    0.7804    0.9007    0.9402    0.8012    0.3986    0.6225    0.8910    0.4817 
 
nfert   -0.37511  -0.22982  -0.11991  -0.09722  -0.18894  -0.16115  -0.07255   0.32559  -0.40702 
         0.1251    0.3589    0.6356    0.7011    0.4527    0.5230    0.7748    0.1874    0.0937 
 
grubs   -0.42398  -0.06720  -0.64266  -0.00052   0.20287   0.44193  -0.35399  -0.19707  -0.40441 
         0.0795    0.7911    0.0040    0.9984    0.4195    0.0663    0.1495    0.4332    0.0960 
 
                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
               juxu       iappl       aerat      rndply       ibudg       nfert       grubs 
 
    om       0.40690     0.28103     0.26648     0.25440    -0.37229    -0.37511    -0.42398 
             0.0938      0.2586      0.2851      0.3083      0.1282      0.1251      0.0795 
 
    rain     0.33063     0.03398     0.15971     0.05810     0.07071    -0.22982    -0.06720 
             0.1802      0.8935      0.5267      0.8189      0.7804      0.3589      0.7911 
 
    age      0.65207     0.03092     0.59733     0.14895    -0.03167    -0.11991    -0.64266 
             0.0034      0.9031      0.0089      0.5553      0.9007      0.6356      0.0040 
 
    asp     -0.07832     0.24408     0.19397     0.21111    -0.01906    -0.09722    -0.00052 
             0.7574      0.3290      0.4406      0.4004      0.9402      0.7011      0.9984 
 
    ta       0.08797     0.04834    -0.08450     0.16183     0.06387    -0.18894     0.20287 
             0.7285      0.8489      0.7389      0.5212      0.8012      0.4527      0.4195 
 
    tu      -0.01651    -0.08830    -0.29840     0.00397     0.21189    -0.16115     0.44193 
             0.9482      0.7275      0.2291      0.9875      0.3986      0.5230      0.0663 
 
    tw       0.61172    -0.14535     0.22223    -0.08967     0.12452    -0.07255    -0.35399 
             0.0070      0.5650      0.3754      0.7235      0.6225      0.7748      0.1495 
 
    juxt    -0.07483     0.09485     0.18134     0.09479     0.03478     0.32559    -0.19707 
             0.7679      0.7081      0.4714      0.7083      0.8910      0.1874      0.4332 
 
    juxw     0.70484     0.25127     0.50470     0.38351    -0.17725    -0.40702    -0.40441 
             0.0011      0.3145      0.0327      0.1162      0.4817      0.0937      0.0960 
 
    juxu     1.00000     0.31203     0.26440     0.11893    -0.51445    -0.58271    -0.44470 
                         0.2075      0.2890      0.6383      0.0289      0.0112      0.0644 
    
    iappl    0.31203     1.00000     0.34275     0.84491    -0.74620    -0.53593    -0.26313 
             0.2075                  0.1638      <.0001      0.0004      0.0219      0.2914 
    
    aerat    0.26440     0.34275     1.00000     0.59419     0.01181     0.04766    -0.45126 
             0.2890      0.1638                  0.0093      0.9629      0.8510      0.0602 
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    rndply   0.11893     0.84491     0.59419     1.00000    -0.36200    -0.32367    -0.32650 
             0.6383      <.0001      0.0093                  0.1399      0.1901      0.1861 
 
    ibudg   -0.51445    -0.74620     0.01181    -0.36200     1.00000     0.58889     0.25066 
             0.0289      0.0004      0.9629      0.1399                  0.0101      0.3157 
 
    nfert   -0.58271    -0.53593     0.04766    -0.32367     0.58889     1.00000     0.11025 
             0.0112      0.0219      0.8510      0.1901      0.0101                  0.6632 
 
    grubs   -0.44470    -0.26313    -0.45126    -0.32650     0.25066     0.11025     1.00000 
             0.0644      0.2914      0.0602      0.1861      0.3157      0.6632 
 
 
CBE - Correlation Coefficients 4 km buffer zones - all independent variables 
 
                                       The CORR Procedure 
 
  16  Variables:    om       rain     age      asp      ta       tu       tw       juxt     juxw 
                    juxu     iappl    aerat    rndply   ibudg    nfert    grubs 
 
                                       Simple Statistics 
 
   Variable           N          Mean       Std Dev           Sum       Minimum       Maximum 
 
   om                18       4.82778       1.37191      86.90000       2.50000       6.30000 
   rain              18       3.94444       0.93760      71.00000       2.00000       6.00000 
   age               18      22.61111      21.12467     407.00000       4.00000      69.00000 
   asp               18       2.75000       1.10147      49.50000       1.00000       4.50000 
   ta                18     185.55556      71.50337          3340     112.00000     357.00000 
   tu                18       0.45333       0.29023       8.16000       0.22000       1.21000 
   tw                18       0.24111       0.11442       4.34000       0.13000       0.45000 
   juxt              18      43.42222       2.25533     781.60000      41.00000      49.00000 
   juxw              18      36.17778       9.73590     651.20000      24.30000      52.20000 
   juxu              18      49.35556      12.45728     888.40000      32.40000      66.20000 
   iappl             18       0.88889       1.64098      16.00000             0       5.00000 
   aerat             18       1.27778       0.89479      23.00000             0       3.00000 
   rndply            18         35444         20996        638000         18000         90000 
   ibudg             18          2677     753.60467         48192          1400          3800 
   nfert             18       3.65444       0.70038      65.78000       2.78000       5.00000 
   grubs             18       0.34389       0.25778       6.19000             0       0.91000 
 
                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
            om      rain       age       asp        ta        tu        tw      juxt      juxw 
 
om       1.00000  -0.44232   0.58171  -0.23454  -0.07680  -0.20633   0.20289   0.15321   0.31450 
                   0.0661    0.0113    0.3489    0.7620    0.4114    0.4194    0.5439    0.2037 
 
rain    -0.44232   1.00000   0.10873   0.15664   0.14965   0.13907   0.17607   0.06182   0.33173 
         0.0661              0.6676    0.5348    0.5534    0.5821    0.4846    0.8075    0.1787 
 
age      0.58171   0.10873   1.00000   0.00822   0.08680  -0.08718   0.62148   0.27577   0.69908 
         0.0113    0.6676              0.9742    0.7320    0.7309    0.0059    0.2680    0.0012 
 
asp     -0.23454   0.15664   0.00822   1.00000   0.25693   0.20425   0.03734   0.14918   0.10230 
         0.3489    0.5348    0.9742              0.3034    0.4162    0.8831    0.5547    0.6863 
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ta      -0.07680   0.14965   0.08680   0.25693   1.00000   0.96177   0.70494   0.16647   0.60192 
         0.7620    0.5534    0.7320    0.3034              <.0001    0.0011    0.5091    0.0082 
 
tu      -0.20633   0.13907  -0.08718   0.20425   0.96177   1.00000   0.65490  -0.04595   0.42450 
         0.4114    0.5821    0.7309    0.4162    <.0001              0.0032    0.8563    0.0791 
 
tw       0.20289   0.17607   0.62148   0.03734   0.70494   0.65490   1.00000   0.12800   0.69407 
         0.4194    0.4846    0.0059    0.8831    0.0011    0.0032              0.6127    0.0014 
 
juxt     0.15321   0.06182   0.27577   0.14918   0.16647  -0.04595   0.12800   1.00000   0.41569 
         0.5439    0.8075    0.2680    0.5547    0.5091    0.8563    0.6127              0.0862 
 
juxw     0.31450   0.33173   0.69908   0.10230   0.60192   0.42450   0.69407   0.41569   1.00000 
         0.2037    0.1787    0.0012    0.6863    0.0082    0.0791    0.0014    0.0862 
 
juxu     0.51713   0.20123   0.65738  -0.07202   0.24494   0.17904   0.63647   0.20015   0.62352 
         0.0280    0.4233    0.0030    0.7764    0.3273    0.4772    0.0045    0.4258    0.0057 
 
iappl    0.28103   0.03398   0.03092   0.24408   0.03565   0.04158  -0.17474  -0.41731   0.11582 
         0.2586    0.8935    0.9031    0.3290    0.8883    0.8699    0.4880    0.0849    0.6472 
 
aerat    0.26648   0.15971   0.59733   0.19397   0.00112  -0.14194   0.15768   0.11336   0.55849 
         0.2851    0.5267    0.0089    0.4406    0.9965    0.5742    0.5321    0.6543    0.0160 
 
rndply   0.25440   0.05810   0.14895   0.21111   0.20255   0.15071  -0.05115  -0.34146   0.34623 
         0.3083    0.8189    0.5553    0.4004    0.4202    0.5505    0.8403    0.1655    0.1593 
 
ibudg   -0.37229   0.07071  -0.03167  -0.01906   0.20215   0.20037   0.26195   0.17183   0.01578 
         0.1282    0.7804    0.9007    0.9402    0.4211    0.4253    0.2937    0.4954    0.9504 
 
nfert   -0.37511  -0.22982  -0.11991  -0.09722  -0.18980  -0.16734  -0.14496   0.02258  -0.29898 
         0.1251    0.3589    0.6356    0.7011    0.4507    0.5069    0.5660    0.9291    0.2281 
 
grubs   -0.42398  -0.06720  -0.64266  -0.00052   0.34452   0.43996  -0.05859   0.15859  -0.29630 
         0.0795    0.7911    0.0040    0.9984    0.1615    0.0677    0.8174    0.5296    0.2325 
 
                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
               juxu       iappl       aerat      rndply       ibudg       nfert       grubs 
 
    om       0.51713     0.28103     0.26648     0.25440    -0.37229    -0.37511    -0.42398 
             0.0280      0.2586      0.2851      0.3083      0.1282      0.1251      0.0795 
 
    rain     0.20123     0.03398     0.15971     0.05810     0.07071    -0.22982    -0.06720 
             0.4233      0.8935      0.5267      0.8189      0.7804      0.3589      0.7911 
 
    age      0.65738     0.03092     0.59733     0.14895    -0.03167    -0.11991    -0.64266 
             0.0030      0.9031      0.0089      0.5553      0.9007      0.6356      0.0040 
 
    asp     -0.07202     0.24408     0.19397     0.21111    -0.01906    -0.09722    -0.00052 
             0.7764      0.3290      0.4406      0.4004      0.9402      0.7011      0.9984 
 
    ta       0.24494     0.03565     0.00112     0.20255     0.20215    -0.18980     0.34452 
             0.3273      0.8883      0.9965      0.4202      0.4211      0.4507      0.1615 
 
    tu       0.17904     0.04158    -0.14194     0.15071     0.20037    -0.16734     0.43996 
             0.4772      0.8699      0.5742      0.5505      0.4253      0.5069      0.0677 
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    tw       0.63647    -0.17474     0.15768    -0.05115     0.26195    -0.14496    -0.05859 
             0.0045      0.4880      0.5321      0.8403      0.2937      0.5660      0.8174 
 
    juxt     0.20015    -0.41731     0.11336    -0.34146     0.17183     0.02258     0.15859 
             0.4258      0.0849      0.6543      0.1655      0.4954      0.9291      0.5296 
 
    juxw     0.62352     0.11582     0.55849     0.34623     0.01578    -0.29898    -0.29630 
             0.0057      0.6472      0.0160      0.1593      0.9504      0.2281      0.2325 
 
    juxu     1.00000     0.20204     0.22387     0.02232    -0.39788    -0.59602    -0.23264 
                         0.4214      0.3718      0.9299      0.1020      0.0090      0.3529 
 
    iappl    0.20204     1.00000     0.34275     0.84491    -0.74620    -0.53593    -0.26313 
             0.4214                  0.1638      <.0001      0.0004      0.0219      0.2914 
 
    aerat    0.22387     0.34275     1.00000     0.59419     0.01181     0.04766    -0.45126 
             0.3718      0.1638                  0.0093      0.9629      0.8510      0.0602 
 
    rndply   0.02232     0.84491     0.59419     1.00000    -0.36200    -0.32367    -0.32650 
             0.9299      <.0001      0.0093                  0.1399      0.1901      0.1861 
 
    ibudg   -0.39788    -0.74620     0.01181    -0.36200     1.00000     0.58889     0.25066 
             0.1020      0.0004      0.9629      0.1399                  0.0101      0.3157 
 
    nfert   -0.59602    -0.53593     0.04766    -0.32367     0.58889     1.00000     0.11025 
             0.0090      0.0219      0.8510      0.1901      0.0101                  0.6632 
 
    grubs   -0.23264    -0.26313    -0.45126    -0.32650     0.25066     0.11025     1.00000 
             0.3529      0.2914      0.0602      0.1861      0.3157      0.6632 
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Buffer Zones Extracted and Then Classified (CAE) 
 
CAE - Correlation Coefficients 10 km buffer zones - all independent variables 
 
                                       The CORR Procedure 
 
  16  Variables:    om  rain  age  asp  ta  tu  tw  juxt  juxw  juxu   iappl  aerat  rndply    

     ibudg  nfert grubs 
 
                                       Simple Statistics 
 
   Variable           N          Mean       Std Dev           Sum       Minimum       Maximum 
 
   om                18       4.82778       1.37191      86.90000       2.50000       6.30000 
   rain              18       3.94444       0.93760      71.00000       2.00000       6.00000 
   age               18      22.61111      21.12467     407.00000       4.00000      69.00000 
   asp               18       2.75000       1.10147      49.50000       1.00000       4.50000 
   ta                18     533.33333     257.73539          9600     150.00000     972.00000 
   tu                18       0.26111       0.18752       4.70000       0.06000       0.72000 
   tw                18       0.17556       0.13967       3.16000       0.02000       0.45000 
   juxt              18      56.90000      17.52323          1024      24.90000      82.40000 
   juxw              18      56.44444      17.16564          1016      18.60000      77.80000 
   juxu              18      69.50000      11.50079          1251      40.50000      83.10000 
   iappl             18       0.88889       1.64098      16.00000             0       5.00000 
   aerat             18       1.27778       0.89479      23.00000             0       3.00000 
   rndply            18         35444         20996        638000         18000         90000 
   ibudg             18          2677     753.60467         48192          1400          3800 
   nfert             18       3.65444       0.70038      65.78000       2.78000       5.00000 
   grubs             18       0.34389       0.25778       6.19000             0       0.91000 
 
                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 

    om      rain     age      asp      ta       tu       tw      juxt     juxw      
 
om       1.00000 -0.44232  0.58171 -0.23454  0.35058  0.38104  0.41542  0.46757  0.35389 
                  0.0661   0.0113   0.3489   0.1538   0.1187   0.0865   0.0504   0.1497 
 
rain    -0.44232  1.00000  0.10873  0.15664  0.16098  0.17770  0.16869 -0.00501  0.19168 
         0.0661            0.6676   0.5348   0.5234   0.4805   0.5034   0.9843   0.4461 
 
age      0.58171  0.10873  1.00000  0.00822  0.44210  0.56871  0.82714  0.79451  0.64708 
         0.0113   0.6676            0.9742   0.0662   0.0138   <.0001   <.0001   0.0037 
 
asp     -0.23454  0.15664  0.00822  1.00000 -0.38385 -0.12104 -0.30397  0.06751  0.03127 
         0.3489   0.5348   0.9742            0.1158   0.6324   0.2201   0.7901   0.9020 
 
ta       0.35058  0.16098  0.44210 -0.38385   1.00000 0.87001  0.63017  0.40749  0.62518 
         0.1538   0.5234   0.0662   0.1158            <.0001   0.0051   0.0933   0.0055 
 
tu       0.38104  0.17770  0.56871 -0.12104  0.87001  1.00000  0.52574  0.48574  0.64968 
         0.1187   0.4805   0.0138   0.6324   <.0001            0.0250   0.0410   0.0035 
 
tw       0.41542  0.16869  0.82714 -0.30397  0.63017  0.52574  1.00000  0.54720  0.51075 
         0.0865   0.5034   <.0001   0.2201   0.0051   0.0250            0.0188   0.0303 
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juxt     0.46757 -0.00501  0.79451  0.06751  0.40749  0.48574  0.54720  1.00000  0.66991 
         0.0504   0.9843   <.0001   0.7901   0.0933   0.0410   0.0188            0.0024 
 
juxw     0.35389  0.19168  0.64708   0.03127  0.62518  0.64968  0.51075  0.66991  1.00000 
         0.1497   0.4461   0.0037    0.9020   0.0055   0.0035   0.0303   0.0024 
 
juxu     0.15670  0.14893  0.25873 -0.31065  0.73274  0.49184  0.48762  0.28593  0.77078 
         0.5346   0.5553   0.2999   0.2096   0.0005   0.0382   0.0401   0.2500   0.0002 
 
iappl    0.28103  0.03398  0.03092  0.24408 -0.25777 -0.27294  -0.24866  0.03355  0.21444 
         0.2586   0.8935   0.9031   0.3290   0.3018   0.2732    0.3197   0.8949   0.3928 
 
aerat    0.26648  0.15971  0.59733  0.19397  0.40462  0.43277   0.40582  0.61263  0.61880 
         0.2851   0.5267   0.0089   0.4406   0.0958   0.0728    0.0947   0.0069   0.0062 
 
rndply   0.25440  0.05810  0.14895  0.21111 -0.03834 -0.07439 -0.15434  0.36326  0.31853 
         0.3083   0.8189   0.5553   0.4004   0.8800   0.7693   0.5409   0.1384   0.1977 
 
ibudg   -0.37229  0.07071 -0.03167 -0.01906  0.15170  0.11528  0.14630  0.19145 -0.25860 
         0.1282   0.7804   0.9007   0.9402   0.5479   0.6487   0.5624   0.4466   0.3001 
 
nfert   -0.37511 -0.22982 -0.11991 -0.09722 -0.07251 -0.09598 -0.02925  0.10365 -0.04419 
         0.1251   0.3589   0.6356   0.7011   0.7749   0.7048   0.9083   0.6823   0.8618 
 
grubs   -0.42398 -0.06720 -0.64266 -0.00052 -0.45743 -0.34047 -0.59991 -0.68022 -0.79743 
         0.0795   0.7911   0.0040   0.9984   0.0563   0.1668   0.0085   0.0019   <.0001 
 

Pearson Correlation Coefficients, N = 18 
Prob > |r| under H0: Rho=0 

 
               juxu       iappl       aerat      rndply       ibudg       nfert       grubs 
     om      0.15670     0.28103     0.26648     0.25440    -0.37229    -0.37511    -0.42398 
             0.5346      0.2586      0.2851      0.3083      0.1282      0.1251      0.0795 
 
    rain     0.14893     0.03398     0.15971     0.05810     0.07071    -0.22982    -0.06720 
             0.5553      0.8935      0.5267      0.8189      0.7804      0.3589      0.7911 
 
    age      0.25873     0.03092     0.59733     0.14895    -0.03167    -0.11991    -0.64266 
             0.2999      0.9031      0.0089      0.5553      0.9007      0.6356      0.0040 
 
    asp     -0.31065     0.24408     0.19397     0.21111    -0.01906    -0.09722    -0.00052 
             0.2096      0.3290      0.4406      0.4004      0.9402      0.7011      0.9984 
 
    ta       0.73274    -0.25777     0.40462    -0.03834     0.15170    -0.07251    -0.45743 
             0.0005      0.3018      0.0958      0.8800      0.5479      0.7749      0.0563 
 
    tu       0.49184    -0.27294     0.43277    -0.07439     0.11528    -0.09598    -0.34047 
             0.0382      0.2732      0.0728      0.7693      0.6487      0.7048      0.1668 
 
    tw       0.48762    -0.24866     0.40582    -0.15434     0.14630    -0.02925    -0.59991 
             0.0401      0.3197      0.0947      0.5409      0.5624      0.9083      0.0085 
 
    juxt     0.28593     0.03355     0.61263     0.36326     0.19145     0.10365    -0.68022 
             0.2500      0.8949      0.0069      0.1384      0.4466      0.6823      0.0019 
    
    juxw     0.77078     0.21444     0.61880     0.31853    -0.25860    -0.04419    -0.79743 
             0.0002      0.3928      0.0062      0.1977      0.3001      0.8618      <.0001 
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    juxu     1.00000    -0.03616     0.27380     0.00068    -0.13465     0.04198    -0.66220 
                         0.8867      0.2716      0.9979      0.5942      0.8686      0.0028 
 
    iappl   -0.03616     1.00000     0.34275     0.84491    -0.74620    -0.53593    -0.26313 
             0.8867                  0.1638      <.0001      0.0004      0.0219      0.2914 
 
    aerat    0.27380     0.34275     1.00000     0.59419     0.01181     0.04766    -0.45126 
             0.2716      0.1638                  0.0093      0.9629      0.8510      0.0602 
 
    rndply   0.00068     0.84491     0.59419     1.00000    -0.36200    -0.32367    -0.32650 
             0.9979      <.0001      0.0093                  0.1399      0.1901      0.1861 
 
    ibudg   -0.13465    -0.74620     0.01181    -0.36200     1.00000     0.58889     0.25066 
             0.5942      0.0004      0.9629      0.1399                  0.0101      0.3157 
 
    nfert    0.04198    -0.53593     0.04766    -0.32367     0.58889     1.00000     0.11025 
             0.8686      0.0219      0.8510      0.1901      0.0101                  0.6632 
 
    grubs   -0.66220    -0.26313    -0.45126    -0.32650     0.25066     0.11025     1.00000 
             0.0028      0.2914      0.0602      0.1861      0.3157      0.6632 
 
 

CAE - Correlation Coefficients 8 km buffer zones - all independent variables 
 
                                       The CORR Procedure 
 
  16  Variables:    om       rain     age      asp      ta       tu       tw       juxt     juxw 
                    juxu     iappl    aerat    rndply   ibudg    nfert    grubs 
 
 
                                       Simple Statistics 
 
   Variable           N          Mean       Std Dev           Sum       Minimum       Maximum 
 
   om                18       4.82778       1.37191      86.90000       2.50000       6.30000 
   rain              18       3.94444       0.93760      71.00000       2.00000       6.00000 
   age               18      22.61111      21.12467     407.00000       4.00000      69.00000 
   asp               18       2.75000       1.10147      49.50000       1.00000       4.50000 
   ta                18     359.77778     193.09174          6476     103.00000     713.00000 
   tu                18       0.26333       0.18667       4.74000       0.06000       0.70000 
   tw                18       0.17444       0.13214       3.14000       0.03000       0.40000 
   juxt              18      56.76667      17.16460          1022      25.20000      81.50000 
   juxw              18      55.80000      17.02939          1004      18.00000      76.60000 
   juxu              18      69.07778      11.14775          1243      40.90000      82.80000 
   iappl             18       0.88889       1.64098      16.00000             0       5.00000 
   aerat             18       1.27778       0.89479      23.00000             0       3.00000 
   rndply            18         35444         20996        638000         18000         90000 
   ibudg             18          2677     753.60467         48192          1400          3800 
   nfert             18       3.65444       0.70038      65.78000       2.78000       5.00000 
   grubs             18       0.34389       0.25778       6.19000             0       0.91000 
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                      Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
            om      rain       age       asp        ta        tu        tw      juxt      juxw 
 
om       1.00000  -0.44232   0.58171  -0.23454   0.31537   0.37631   0.42175   0.47082   0.34462 
                    0.0661    0.0113    0.3489    0.2024    0.1238    0.0813    0.0486    0.1614 
 
rain    -0.44232   1.00000   0.10873   0.15664   0.14127   0.19605   0.14929  -0.00487   0.19526 
         0.0661              0.6676    0.5348    0.5761    0.4356    0.5544    0.9847    0.4375 
 
age      0.58171   0.10873   1.00000   0.00822   0.43567   0.61119   0.77613   0.79532   0.62712 
         0.0113    0.6676              0.9742    0.0707    0.0070    0.0002    <.0001    0.0053 
 
asp     -0.23454   0.15664   0.00822   1.00000  -0.34807  -0.15019  -0.36575   0.05383   0.03261 
         0.3489    0.5348    0.9742              0.1569    0.5519    0.1355    0.8320    0.8978 
 
ta       0.31537   0.14127   0.43567  -0.34807   1.00000   0.91714   0.70024   0.46491   0.58188 
         0.2024    0.5761    0.0707    0.1569              <.0001    0.0012    0.0519    0.0113 
 
tu       0.37631   0.19605   0.61119  -0.15019   0.91714   1.00000   0.66469   0.54811   0.64454 
         0.1238    0.4356    0.0070    0.5519    <.0001              0.0026    0.0185    0.0039 
 
tw       0.42175   0.14929   0.77613  -0.36575   0.70024   0.66469   1.00000   0.54755   0.46817 
         0.0813    0.5544    0.0002    0.1355    0.0012    0.0026              0.0187    0.0501 
 
juxt     0.47082  -0.00487   0.79532   0.05383   0.46491   0.54811   0.54755   1.00000   0.64486 
         0.0486    0.9847    <.0001    0.8320    0.0519    0.0185    0.0187              0.0039 
 
juxw     0.34462   0.19526   0.62712   0.03261   0.58188   0.64454   0.46817   0.64486   1.00000 
         0.1614    0.4375    0.0053    0.8978    0.0113    0.0039    0.0501    0.0039 
 
juxu     0.19201   0.15295   0.29876  -0.30660   0.63909   0.49098   0.52981   0.32497   0.79168 
         0.4453    0.5446    0.2285    0.2159    0.0043    0.0385    0.0237    0.1882    <.0001 
 
iappl    0.28103   0.03398   0.03092   0.24408  -0.33127  -0.29060  -0.31769  -0.00536   0.23723 
         0.2586    0.8935    0.9031    0.3290    0.1793    0.2421    0.1989    0.9832    0.3432 
 
aerat    0.26648   0.15971   0.59733   0.19397   0.42391   0.46603   0.39192   0.59926   0.61689 
         0.2851    0.5267    0.0089    0.4406    0.0796    0.0513    0.1077    0.0086    0.0064 
 
rndply   0.25440   0.05810   0.14895   0.21111  -0.06625  -0.07319  -0.18181   0.33066   0.33280 
         0.3083    0.8189    0.5553    0.4004    0.7939    0.7729    0.4703    0.1802    0.1772 
 
ibudg   -0.37229   0.07071  -0.03167  -0.01906   0.25419   0.15310   0.21854   0.21573  -0.28082 
         0.1282    0.7804    0.9007    0.9402    0.3087    0.5442    0.3836    0.3899    0.2590 
 
nfert   -0.37511  -0.22982  -0.11991  -0.09722   0.01347  -0.07022  -0.01904   0.10645  -0.05315 
         0.1251    0.3589    0.6356    0.7011    0.9577    0.7819    0.9402    0.6742    0.8341 
 
grubs   -0.42398  -0.06720  -0.64266  -0.00052  -0.39786  -0.37973  -0.55729  -0.66721  -0.79523 
         0.0795    0.7911    0.0040    0.9984    0.1020    0.1201    0.0163    0.0025    <.0001 
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                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
               juxu       iappl       aerat      rndply       ibudg       nfert       grubs 
 
    om       0.19201     0.28103     0.26648     0.25440    -0.37229    -0.37511    -0.42398 
             0.4453      0.2586      0.2851      0.3083      0.1282      0.1251      0.0795 
 
    rain     0.15295     0.03398     0.15971     0.05810     0.07071    -0.22982    -0.06720 
             0.5446      0.8935      0.5267      0.8189      0.7804      0.3589      0.7911 
 
    age      0.29876     0.03092     0.59733     0.14895    -0.03167    -0.11991    -0.64266 
             0.2285      0.9031      0.0089      0.5553      0.9007      0.6356      0.0040 
 
    asp     -0.30660     0.24408     0.19397     0.21111    -0.01906    -0.09722    -0.00052 
             0.2159      0.3290      0.4406      0.4004      0.9402      0.7011      0.9984 
 
    ta       0.63909    -0.33127     0.42391    -0.06625     0.25419     0.01347    -0.39786 
             0.0043      0.1793      0.0796      0.7939      0.3087      0.9577      0.1020 
 
    tu       0.49098    -0.29060     0.46603    -0.07319     0.15310    -0.07022    -0.37973 
             0.0385      0.2421      0.0513      0.7729      0.5442      0.7819      0.1201 
 
    tw       0.52981    -0.31769     0.39192    -0.18181     0.21854    -0.01904    -0.55729 
             0.0237      0.1989      0.1077      0.4703      0.3836      0.9402      0.0163 
 
    juxt     0.32497    -0.00536     0.59926     0.33066     0.21573     0.10645    -0.66721 
             0.1882      0.9832      0.0086      0.1802      0.3899      0.6742      0.0025 
 
    juxw     0.79168     0.23723     0.61689     0.33280    -0.28082    -0.05315    -0.79523 
             <.0001      0.3432      0.0064      0.1772      0.2590      0.8341      <.0001 
 
    juxu     1.00000     0.00597     0.26956     0.03194    -0.17344    -0.00213    -0.70797 
                         0.9813      0.2794      0.8999      0.4913      0.9933      0.0010 
 
    iappl    0.00597     1.00000     0.34275     0.84491    -0.74620    -0.53593    -0.26313 
             0.9813                  0.1638      <.0001      0.0004      0.0219      0.2914 
 
    aerat    0.26956     0.34275     1.00000     0.59419     0.01181     0.04766    -0.45126 
             0.2794      0.1638                  0.0093      0.9629      0.8510      0.0602 
 
    rndply   0.03194     0.84491     0.59419     1.00000    -0.36200    -0.32367    -0.32650 
             0.8999      <.0001      0.0093                  0.1399      0.1901      0.1861 
 
    
    ibudg   -0.17344    -0.74620     0.01181    -0.36200     1.00000     0.58889     0.25066 
             0.4913      0.0004      0.9629      0.1399                  0.0101      0.3157 
 
    nfert   -0.00213    -0.53593     0.04766    -0.32367     0.58889     1.00000     0.11025 
             0.9933      0.0219      0.8510      0.1901      0.0101                  0.6632 
 
    grubs   -0.70797    -0.26313    -0.45126    -0.32650     0.25066     0.11025     1.00000 
             0.0010      0.2914      0.0602      0.1861      0.3157      0.6632 
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CAE - Correlation Coefficients 6 km buffer zones - all independent variables 
                                       The CORR Procedure 
 
  16  Variables:    om       rain     age      asp      ta       tu       tw       juxt     juxw 
                    juxu     iappl    aerat    rndply   ibudg    nfert    grubs 
 
                                       Simple Statistics 
 
   Variable           N          Mean       Std Dev           Sum       Minimum       Maximum 
 
   om                18       4.82778       1.37191      86.90000       2.50000       6.30000 
   rain              18       3.94444       0.93760      71.00000       2.00000       6.00000 
   age               18      22.61111      21.12467     407.00000       4.00000      69.00000 
   asp               18       2.75000       1.10147      49.50000       1.00000       4.50000 
   ta                18     211.44444     128.80456          3806      74.00000     490.00000 
   tu                18       0.27111       0.19938       4.88000       0.07000       0.71000 
   tw                18       0.16778       0.12412       3.02000       0.04000       0.36000 
   juxt              18      57.77222      16.29070          1040      25.80000      79.90000 
   juxw              18      54.95556      15.25170     989.20000      21.50000      75.40000 
   juxu              18      68.90000       8.15872          1240      51.10000      81.20000 
   iappl             18       0.88889       1.64098      16.00000             0       5.00000 
   aerat             18       1.27778       0.89479      23.00000             0       3.00000 
   rndply            18         35444         20996        638000         18000         90000 
   ibudg             18          2677     753.60467         48192          1400          3800 
   nfert             18       3.65444       0.70038      65.78000       2.78000       5.00000 
   grubs             18       0.34389       0.25778       6.19000             0       0.91000 
 
                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
            om      rain       age       asp        ta        tu        tw      juxt      juxw 
 
om       1.00000  -0.44232   0.58171  -0.23454   0.28704   0.41515   0.41180   0.45466   0.30531 
                   0.0661    0.0113    0.3489    0.2481    0.0867    0.0895    0.0580    0.2179 
 
rain    -0.44232   1.00000   0.10873   0.15664   0.16290   0.16398   0.18084   0.00567   0.21208 
         0.0661              0.6676    0.5348    0.5184    0.5156    0.4727    0.9822    0.3982 
 
age      0.58171   0.10873   1.00000   0.00822   0.46223   0.71309   0.70991   0.76921   0.60646 
         0.0113    0.6676              0.9742    0.0534    0.0009    0.0010    0.0002    0.0076 
 
asp     -0.23454   0.15664   0.00822   1.00000  -0.25147  -0.11652  -0.38723   0.07860   0.04727 
         0.3489    0.5348    0.9742              0.3141    0.6452    0.1124    0.7566    0.8522 
 
ta       0.28704   0.16290   0.46223  -0.25147   1.00000   0.93073   0.81099   0.48231   0.57583 
         0.2481    0.5184    0.0534    0.3141              <.0001    <.0001    0.0427    0.0124 
 
tu       0.41515   0.16398   0.71309  -0.11652   0.93073   1.00000   0.83584   0.61715   0.65100 
         0.0867    0.5156    0.0009    0.6452    <.0001              <.0001    0.0064    0.0034 
 
tw       0.41180   0.18084   0.70991  -0.38723   0.81099   0.83584   1.00000   0.50083   0.47896 
         0.0895    0.4727    0.0010    0.1124    <.0001    <.0001              0.0343    0.0443 
 
juxt     0.45466   0.00567   0.76921   0.07860   0.48231   0.61715   0.50083   1.00000   0.57472 
         0.0580    0.9822    0.0002    0.7566    0.0427    0.0064    0.0343              0.0126 
 
juxw     0.30531   0.21208   0.60646   0.04727   0.57583   0.65100   0.47896   0.57472   1.00000 
         0.2179    0.3982    0.0076    0.8522    0.0124    0.0034    0.0443    0.0126 
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juxu     0.19366   0.28375   0.39536  -0.29259   0.52253   0.47907   0.61363   0.30223   0.77905 
         0.4413    0.2538    0.1044    0.2387    0.0261    0.0443    0.0068    0.2229    0.0001 
 
iappl    0.28103   0.03398   0.03092   0.24408  -0.39522  -0.33581  -0.38827   0.02452   0.19299 
         0.2586    0.8935    0.9031    0.3290    0.1045    0.1731    0.1113    0.9231    0.4429 
 
aerat    0.26648   0.15971   0.59733   0.19397   0.39850   0.47957   0.35544   0.59377   0.59190 
         0.2851    0.5267    0.0089    0.4406    0.1014    0.0440    0.1477    0.0094    0.0097 
 
rndply   0.25440   0.05810   0.14895   0.21111  -0.10603  -0.10467  -0.20206   0.38301   0.29527 
         0.3083    0.8189    0.5553    0.4004    0.6754    0.6794    0.4214    0.1167    0.2342 
 
ibudg   -0.37229   0.07071  -0.03167  -0.01906   0.30831   0.21402   0.26154   0.22807  -0.25336 
         0.1282    0.7804    0.9007    0.9402    0.2132    0.3938    0.2945    0.3627    0.3104 
 
nfert   -0.37511  -0.22982  -0.11991  -0.09722   0.02633  -0.02102  -0.06403   0.07464  -0.03009 
         0.1251    0.3589    0.6356    0.7011    0.9174    0.9340    0.8007    0.7685    0.9056 
 
grubs   -0.42398  -0.06720  -0.64266  -0.00052  -0.32462  -0.40766  -0.49665  -0.61822  -0.76906 
         0.0795    0.7911    0.0040    0.9984    0.1887    0.0931    0.0360    0.0062    0.0002 
 

juxu       iappl       aerat      rndply       ibudg       nfert       grubs 
 
    om       0.19366     0.28103     0.26648     0.25440    -0.37229    -0.37511    -0.42398 
             0.4413      0.2586      0.2851      0.3083      0.1282      0.1251      0.0795 
 
    rain     0.28375     0.03398     0.15971     0.05810     0.07071    -0.22982    -0.06720 
             0.2538      0.8935      0.5267      0.8189      0.7804      0.3589      0.7911 
 
    age      0.39536     0.03092     0.59733     0.14895    -0.03167    -0.11991    -0.64266 
             0.1044      0.9031      0.0089      0.5553      0.9007      0.6356      0.0040 
 
    asp     -0.29259     0.24408     0.19397     0.21111    -0.01906    -0.09722    -0.00052 
             0.2387      0.3290      0.4406      0.4004      0.9402      0.7011      0.9984 
 
    ta       0.52253    -0.39522     0.39850    -0.10603     0.30831     0.02633    -0.32462 
             0.0261      0.1045      0.1014      0.6754      0.2132      0.9174      0.1887 
 
    tu       0.47907    -0.33581     0.47957    -0.10467     0.21402    -0.02102    -0.40766 
             0.0443      0.1731      0.0440      0.6794      0.3938      0.9340      0.0931 
 
    tw       0.61363    -0.38827     0.35544    -0.20206     0.26154    -0.06403    -0.49665 
             0.0068      0.1113      0.1477      0.4214      0.2945      0.8007      0.0360 
 
    juxt     0.30223     0.02452     0.59377     0.38301     0.22807     0.07464    -0.61822 
             0.2229      0.9231      0.0094      0.1167      0.3627      0.7685      0.0062 
 
    juxw     0.77905     0.19299     0.59190     0.29527    -0.25336    -0.03009    -0.76906 
             0.0001      0.4429      0.0097      0.2342      0.3104      0.9056      0.0002 
 
    juxu     1.00000     0.01274     0.19822     0.03770    -0.20803    -0.15911    -0.74989 
                         0.9600      0.4304      0.8819      0.4075      0.5283      0.0003 
 
    iappl    0.01274     1.00000     0.34275     0.84491    -0.74620    -0.53593    -0.26313 
             0.9600                  0.1638      <.0001      0.0004      0.0219      0.2914 
 
    aerat    0.19822     0.34275     1.00000     0.59419     0.01181     0.04766    -0.45126 
             0.4304      0.1638                  0.0093      0.9629      0.8510      0.0602 
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    rndply   0.03770     0.84491     0.59419     1.00000    -0.36200    -0.32367    -0.32650 
             0.8819      <.0001      0.0093                  0.1399      0.1901      0.1861 
 
    ibudg   -0.20803    -0.74620     0.01181    -0.36200     1.00000     0.58889     0.25066 
             0.4075      0.0004      0.9629      0.1399                  0.0101      0.3157 
 
    nfert   -0.15911    -0.53593     0.04766    -0.32367     0.58889     1.00000     0.11025 
             0.5283      0.0219      0.8510      0.1901      0.0101                  0.6632 
 
    grubs   -0.74989    -0.26313    -0.45126    -0.32650     0.25066     0.11025     1.00000 
             0.0003      0.2914      0.0602      0.1861      0.3157      0.6632 

 
 
CAE - Correlation Coefficients 4 km buffer zones - all independent variables 
                                       The CORR Procedure 
 
  16  Variables:    om       rain     age      asp      ta       tu       tw       juxt     juxw 
                    juxu     iappl    aerat    rndply   ibudg    nfert    grubs 
 
                                       Simple Statistics 
   Variable           N          Mean       Std Dev           Sum       Minimum       Maximum 
 
   om                18       4.82778       1.37191      86.90000       2.50000       6.30000 
   rain              18       3.94444       0.93760      71.00000       2.00000       6.00000 
   age               18      22.61111      21.12467     407.00000       4.00000      69.00000 
   asp               18       2.75000       1.10147      49.50000       1.00000       4.50000 
   ta                18     114.66667      57.02631          2064      54.00000     231.00000 
   tu                18       0.32778       0.19887       5.90000       0.10000       0.62000 
   tw                18       0.20111       0.13315       3.62000       0.06000       0.45000 
   juxt              18      58.57778      16.03619          1054      28.20000      80.20000 
   juxw              18      55.97778      17.58353          1008      21.80000      88.30000 
   juxu              18      69.81111       9.26479          1257      57.10000      85.80000 
   iappl             18       0.88889       1.64098      16.00000             0       5.00000 
   aerat             18       1.27778       0.89479      23.00000             0       3.00000 
   rndply            18         35444         20996        638000         18000         90000 
   ibudg             18          2677     753.60467         48192          1400          3800 
   nfert             18       3.65444       0.70038      65.78000       2.78000       5.00000 
   grubs             18       0.34389       0.25778       6.19000             0       0.91000 
 
                           Pearson Correlation Coefficients, N = 18 
                                   Prob > |r| under H0: Rho=0 
 
            om      rain       age       asp        ta        tu        tw      juxt      juxw 
 
om       1.00000  -0.44232   0.58171  -0.23454   0.50464   0.66841   0.53503   0.43906   0.26731 
                   0.0661    0.0113    0.3489    0.0327    0.0024    0.0221    0.0683    0.2836 
 
rain    -0.44232   1.00000   0.10873   0.15664  -0.00917  -0.06064   0.04764   0.05234   0.22685 
         0.0661              0.6676    0.5348    0.9712    0.8111    0.8511    0.8366    0.3653 
 
age      0.58171   0.10873   1.00000   0.00822   0.50835   0.85056   0.56504   0.75137   0.56175 
         0.0113    0.6676              0.9742    0.0312    <.0001    0.0145    0.0003    0.0153 
 
asp     -0.23454   0.15664   0.00822   1.00000  -0.21258   0.00403  -0.49736   0.03713   0.10433 
         0.3489    0.5348    0.9742              0.3970    0.9873    0.0357    0.8837    0.6804 
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ta       0.50464  -0.00917   0.50835  -0.21258   1.00000   0.81512   0.77353   0.77834   0.62679 
         0.0327    0.9712    0.0312    0.3970              <.0001    0.0002    0.0001    0.0054 
 
tu       0.66841  -0.06064   0.85056   0.00403   0.81512   1.00000   0.62125   0.91196   0.69034 
         0.0024    0.8111    <.0001    0.9873    <.0001              0.0059    <.0001    0.0015 
 
tw       0.53503   0.04764   0.56504  -0.49736   0.77353   0.62125   1.00000   0.55498   0.34368 
         0.0221    0.8511    0.0145    0.0357    0.0002    0.0059              0.0168    0.1626 
 
juxt     0.43906   0.05234   0.75137   0.03713   0.77834   0.91196   0.55498   1.00000   0.66016 
         0.0683    0.8366    0.0003    0.8837    0.0001    <.0001    0.0168              0.0029 
 
juxw     0.26731   0.22685   0.56175   0.10433   0.62679   0.69034   0.34368   0.66016   1.00000 
         0.2836    0.3653    0.0153    0.6804    0.0054    0.0015    0.1626    0.0029 
 
juxu     0.37896   0.35559   0.57808  -0.18849   0.61900   0.54411   0.66882   0.48355   0.72819 
         0.1209    0.1476    0.0120    0.4538    0.0062    0.0196    0.0024    0.0420    0.0006 
 
iappl    0.28103   0.03398   0.03092   0.24408  -0.27449  -0.04406  -0.29824  -0.10963   0.11958 
         0.2586    0.8935    0.9031    0.3290    0.2703    0.8622    0.2293    0.6650    0.6365 
 
aerat    0.26648   0.15971   0.59733   0.19397   0.41578   0.61523   0.25400   0.55511   0.57207 
         0.2851    0.5267    0.0089    0.4406    0.0862    0.0066    0.3091    0.0168    0.0131 
 
rndply   0.25440   0.05810   0.14895   0.21111   0.02209   0.18621  -0.11781   0.25517   0.23663 
         0.3083    0.8189    0.5553    0.4004    0.9307    0.4594    0.6415    0.3068    0.3445 
 
ibudg   -0.37229   0.07071  -0.03167  -0.01906   0.24574   0.08249   0.19884   0.26285  -0.20997 
         0.1282    0.7804    0.9007    0.9402    0.3256    0.7449    0.4290    0.2920    0.4030 
 
nfert   -0.37511  -0.22982  -0.11991  -0.09722  -0.05684  -0.04123  -0.18892   0.06971  -0.02457 
         0.1251    0.3589    0.6356    0.7011    0.8227    0.8710    0.4528    0.7834    0.9229 
 
grubs   -0.42398  -0.06720  -0.64266  -0.00052  -0.34905  -0.57219  -0.47316  -0.58749  -0.63731 
         0.0795    0.7911    0.0040    0.9984    0.1557    0.0131    0.0473    0.0104    0.0044 
 
               juxu       iappl       aerat      rndply       ibudg       nfert       grubs 
 
    om       0.37896     0.28103     0.26648     0.25440    -0.37229    -0.37511    -0.42398 
             0.1209      0.2586      0.2851      0.3083      0.1282      0.1251      0.0795 
 
    rain     0.35559     0.03398     0.15971     0.05810     0.07071    -0.22982    -0.06720 
             0.1476      0.8935      0.5267      0.8189      0.7804      0.3589      0.7911 
 
    age      0.57808     0.03092     0.59733     0.14895    -0.03167    -0.11991    -0.64266 
             0.0120      0.9031      0.0089      0.5553      0.9007      0.6356      0.0040 
 
    asp     -0.18849     0.24408     0.19397     0.21111    -0.01906    -0.09722    -0.00052 
             0.4538      0.3290      0.4406      0.4004      0.9402      0.7011      0.9984 
 
    ta       0.61900    -0.27449     0.41578     0.02209     0.24574    -0.05684    -0.34905 
             0.0062      0.2703      0.0862      0.9307      0.3256      0.8227      0.1557 
 
    tu       0.54411    -0.04406     0.61523     0.18621     0.08249    -0.04123    -0.57219 
             0.0196      0.8622      0.0066      0.4594      0.7449      0.8710      0.0131 
 
    tw       0.66882    -0.29824     0.25400    -0.11781     0.19884    -0.18892    -0.47316 
             0.0024      0.2293      0.3091      0.6415      0.4290      0.4528      0.0473 
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    juxt     0.48355    -0.10963     0.55511     0.25517     0.26285     0.06971    -0.58749 
             0.0420      0.6650      0.0168      0.3068      0.2920      0.7834      0.0104 
 
    juxw     0.72819     0.11958     0.57207     0.23663    -0.20997    -0.02457    -0.63731 
             0.0006      0.6365      0.0131      0.3445      0.4030      0.9229      0.0044 
 
    juxu     1.00000    -0.00417     0.22738    -0.01106    -0.28662    -0.44375    -0.55908 
                         0.9869      0.3642      0.9652      0.2489      0.0651      0.0159 
 
    iappl   -0.00417     1.00000     0.34275     0.84491    -0.74620    -0.53593    -0.26313 
             0.9869                  0.1638      <.0001      0.0004      0.0219      0.2914 
 
    aerat    0.22738     0.34275     1.00000     0.59419     0.01181     0.04766    -0.45126 
             0.3642      0.1638                  0.0093      0.9629      0.8510      0.0602 
 
    rndply  -0.01106     0.84491     0.59419     1.00000    -0.36200    -0.32367    -0.32650 
             0.9652      <.0001      0.0093                  0.1399      0.1901      0.1861 
 
    ibudg   -0.28662    -0.74620     0.01181    -0.36200     1.00000     0.58889     0.25066 
             0.2489      0.0004      0.9629      0.1399                  0.0101      0.3157 
 
    nfert   -0.44375    -0.53593     0.04766    -0.32367     0.58889     1.00000     0.11025 
             0.0651      0.0219      0.8510      0.1901      0.0101                  0.6632 
 
    grubs   -0.55908    -0.26313    -0.45126    -0.32650     0.25066     0.11025     1.00000 
             0.0159      0.2914      0.0602      0.1861      0.3157      0.6632 
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Appendix E

Raw Data  

 Local-Scale, Golf Course Management and Spatial Pattern Variables. 

 
Local-scale and golf course management variables for nine golf courses and two generations of white grubs. 

 Fall 2000 – Spring 2001 Fall 2001 – Spring 2002 
 Golf Course Golf Course 
Variables             KK SH WN CG  FC KM NN WC JR KK SH WN CG  FC KM NN WC JR

om% 3.1                2.5 2.5 4.6 6.3 5.0 5.7 4.8 6.0 4.4 3.1 3.2 6.1 6.2 5.5 6.0 6.2 5.7
rain1 5                  6 4 4 2 5 4 5 4 3 3 4 3 3 4 4 4 4
age 4                 4 5 6 15 25 32 40 68 5 5 6 7 16 26 33 41 69

asp2 4.5                3.5 3.0 2.0 3.5 1.0 4.5 4.0 3.0 2.0 3.0 2.5 3.5 1.0 1.0 2.5 2.0 3.0
iappl3 1                  0 0 2 0 1 5 0 0 0 0 0 2 0 0 5 0 0
aerat4 1                  0 2 1 1 1 2 2 2 0 0 2 0 1 1 2 2 2

rndplay5 45                 18 32 22 33 33 90 29 24 22 22 34 20 33 32 90 36 24
ibudg6 380 275 350 140 330 275 150 275 300 266 266 350 140 330 266 150 275 300
nfert7 6.6 8.8 11.0 6.6           8.8 6.6 6.6 4.4 8.8 8.8 8.8 11.0 6.6 8.8 6.6 6.6 8.8 8.8

 

    1 = Rainfall index calculated for a nine-week period, June through July.  If rainfall ≥ 2.5 cm/week then the course received a score  
         of ‘1’.  However, if the golf course received < 2.5 cm/week then it received a score of ‘0’.  The index is the sum of scores for the  
         golf course during the nine week period. 

                      2 = Shading index, referred to as aspect, measures the predominant orientation to the path of the sun of the sampled fairways of a  
            golf course.  If the fairway had a East-West orientation (full sun most of the day) then it received a weight of ‘1’; If the fairway  
         had a Northeast-Southwest or Northwest-Southeast orientation (full sun for part of the day) then it received a weight of ‘0.5’.   
         However, if the fairway had a predominantly North-South orientation (brief sunlight during the day) it received a weight of ‘0’.   
         The shading index (aspect) is the sum of the weights of sampled fairways per course. 
    3 = Number of insecticide applications per season. 
   4  = Number of core aerification events per season. 
    5 = Annual rounds of play x 1000. 

          6 = Portion of the golf course budget (percent) allocated for the purchase of insecticides x $10. 
    7 = Kg nitrogen fertilizer/100 m2/season.
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Spatial pattern metrics for nine golf courses, two classification techniques (CPBZ and CBZ) 
and 4 buffer zones. 

 

 Spatial Pattern Metrics 
 CPBZ CBZ 
Golf  
Course 

 Variable 5 km 4 km 3 km 2 km 5 km 4 km 3 km 2 km 

KK ta 1277  850 613 357  150 103 79 58  
 tu 0.67  0.72 0.98 1.21 0.06 0.06 0.07 0.1 
 tw 0.21 0.2 0.27 0.4 0.02 0.03 0.04 0.06 
 juxt 43.3 43.3 43.2 43.3 40.8 41.1 47.7 45.6 
 juxu 50.6 48.9 46.4 50.8 40.5 40.9 51.1 57.1 
 juxw 33.9 34.2 37.5 41.2 18.6 18.0 21.5 21.8 

SH ta 1143  761 460  154  336 204 127  66  
 tu 0.49 0.51 0.51 0.36 0.14 0.13 0.13 0.15 
 tw 0.18 0.19 0.21 0.15 0.06 0.05 0.06 0.07 
 juxt 43.7 43.6 43.6 42.9 51.9 51.8 52.2 54.8 
 juxu 48.1 44.4 44.1 33.9 74.2 74.2 74.8 70.6 
 juxw 30.9 30.7 29.6 26.2 58.8 58.3 59.0 60.0 

WN ta 597  458 223  128  565 411 220  90  
 tu 0.22 0.24 0.21 0.28 0.2 0.22 0.2 0.18 
 tw 0.13 0.14 0.1 0.13 0.14 0.15 0.13 0.12 
 juxt 43.4 43.4 43.1 42.5 47.7 47.4 47.7 48.5 
 juxu 58.2 51.4 38.2 32.4 74.8 72.2 66.3 59.3 
 juxw 28.2 27.6 25.6 29.1 55.1 54.9 54.4 55.3 

CG ta 816 458 235  112  340 182 74  54  
 tu 0.31 0.26 0.21 0.22 0.14 0.12 0.09 0.13 
 tw 0.16 0.14 0.12 0.13 0.09 0.08 0.06 0.1 
 juxt 42.8 42.4 43.0 43.5 24.9 25.2 25.8 28.2 
 juxu 65.5 61.0 60.2 59.0 67.7 67.1 65.5 68.7 
 juxw 31.2 28.5 27.1 24.3 46.4 46.6 46.2 46.6 

FC ta 689 470 248  143  580 417 246  170  
 tu 0.23 0.23 0.22 0.25 0.26 0.25 0.28 0.48 
 tw 0.11 0.12 0.11 0.16 0.12 0.15 0.16 0.28 
 juxt 43.4 43.6 43.4 43.6 69.1 69.4 69.2 69.6 
 juxu 36.2 36.1 31.8 33.7 69.3 68.7 65.4 62.0 
 juxw 26.4 25.2 24.1 25.9 50.6 49.4 48.9 48.4 

KM ta 790 521 263  155  900 591 318  144  
 tu 0.4 0.4 0.35 0.4 0.33 0.36 0.34 0.28 
 tw 0.28 0.26 0.24 0.28 0.36 0.37 0.36 0.45 
 juxt 42.5 42.0 42.1 41.2 53.4 53.8 54.6 56.8 
 juxu 70.3 66.7 65.2 59.1 83.1 82.8 81.2 81.0 
 juxw 38.5 38.7 36.9 38.9 57.6 57.1 55.1 51.1 

NN ta 1600 1075 428  208  427 255 127  98  
 tu 0.47 0.44 0.38 0.51 0.18 0.18 0.17 0.41 
 tw 0.33 0.3 0.21 0.21 0.11 0.09 0.07 0.12 
 juxt 44.6 44.5 43.6 41.0 73.3 71.0 73.0 67.3 
 juxu 64.8 61.0 59.1 51.4 70.6 71.5 71.1 70.3 
 juxw 44.4 44.1 43.6 43.3 74.4 74.4 70.0 69.5 
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Spatial pattern metrics for nine golf courses (continued). 

 

WC ta 938 717 474  217  972 713 490  231  
 tu 0.4 0.45 0.45 0.4 0.72 0.7 0.71 0.62 
 tw 0.19 0.21 0.24 0.26 0.23 0.25 0.31 0.32 
 juxt 42.3 42.7 42.8 49.0 68.6 69.7 70.3 80.2 
 juxu 66.4 59.7 58.3 57.7 76.1 74.3 73.7 85.8 
 juxw 48.3 46.8 46.6 52.2 77.8 76.6 75.4 88.3 

JR ta 981 660 385  196  530 362 222  121  
 tu 0.33 0.36 0.37 0.45 0.32 0.35 0.45 0.6 
 tw 0.78 0.68 0.52 0.45 0.45 0.4 0.32 0.29 
 juxt 43.2 43.7 44.3 43.8 82.4 81.5 79.0 76.2 
 juxu 68.3 66.7 67.6 66.2 69.2 70.0 71.0 73.5 
 juxw 44.6 44.2 44.0 44.5 68.7 66.9 64.1 62.8 

ta = total turf area (ha) 

tu = total turf area-to-total urban area ratio (ta/u) 

tw = total turf area-to-total woods area ratio (ta/w) 

juxt = turf interspersion-juxtaposition index (%) 

juxu = urban interspersion-juxtaposition index (%) 

juxw = woods interspersion-juxtaposition index (%) 
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Appendix F

 
Mallow’s C(p) Statistics  

Classified Peninsula Image with Subsequent Extraction of Buffer Zones (CBE) 
 

CBE - - Mallow’s C(p) 10 km buffer zones variables = om age tw juxw juxu aerat (from 
Pearsons) 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                     C(p) Selection Method 
 
                Number in 
                  Model          C(p)    R-Square    Variables in Model 
 
                       1      -2.5553      0.4130    age 
                       2      -0.6929      0.4201    age aerat 
                       2      -0.6526      0.4180    age juxu 
                       2      -0.6515      0.4179    age tw 
                       2      -0.6294      0.4168    om age 
                       2      -0.5556      0.4130    age juxw 
                       1       0.3459      0.2642    juxw 
                       1       0.3796      0.2625    tw 
                       2       0.8631      0.3403    tw aerat 
                       2       0.9656      0.3350    om tw 
                       2       1.0227      0.3321    tw juxw 
                       3       1.2042      0.4253    om age aerat 
                       3       1.2391      0.4236    age tw juxu 
                       3       1.2443      0.4233    age juxu aerat 
                       3       1.2481      0.4231    om age juxu 
                       3       1.2663      0.4222    age tw aerat 
                       3       1.2984      0.4205    age juxw juxu 
                       3       1.2994      0.4205    age juxw aerat 
                       3       1.3215      0.4193    om age tw 
                       3       1.3338      0.4187    age tw juxw 
                       2       1.3524      0.3152    om juxw 
                       3       1.3705      0.4168    om age juxw 
                       1       1.5270      0.2036    aerat 
                       2       1.5909      0.3029    om aerat 
                       2       1.6267      0.3011    juxw aerat 
                       2       1.7598      0.2943    tw juxu 
                       3       1.8574      0.3918    om tw aerat 
                       1       1.9925      0.1798    om 
                       2       2.0313      0.2803    om juxu 
                       3       2.2570      0.3713    om tw juxw 
                       2       2.2803      0.2676    juxw juxu 
                       1       2.3225      0.1628    juxu 
                       3       2.4183      0.3631    tw juxw aerat 
                       3       2.4762      0.3601    om tw juxu 
                       2       2.5075      0.2559    juxu aerat 
                       3       2.6820      0.3495    om juxw aerat 
                       3       2.6879      0.3492    tw juxu aerat 
                       3       2.8744      0.3397    om juxu aerat 
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                       3       3.0089      0.3328    tw juxw juxu 
                       4       3.0806      0.4317    age tw juxw juxu 
                       4       3.1216      0.4296    om age juxu aerat 
                       4       3.1766      0.4268    age juxw juxu aerat 
                       4       3.1892      0.4261    age tw juxu aerat 
                       4       3.1976      0.4257    om age tw juxu 
                       4       3.1995      0.4256    om age juxw aerat 
                       4       3.2003      0.4255    om age tw aerat 
                       4       3.2007      0.4255    om age juxw juxu 
                       3       3.2063      0.3227    om juxw juxu 
                       4       3.2438      0.4233    age tw juxw aerat 
                       4       3.3144      0.4197    om age tw juxw 
                       3       3.5852      0.3032    juxw juxu aerat 
                       4       3.6832      0.4008    om tw juxw aerat 
                       4       3.7031      0.3998    om tw juxu aerat 
                       4       4.1988      0.3743    om tw juxw juxu 
                       4       4.4127      0.3634    tw juxw juxu aerat 
                       4       4.5740      0.3551    om juxw juxu aerat 
                       5       5.0361      0.4340    age tw juxw juxu aerat 
                       5       5.0538      0.4331    om age juxw juxu aerat 
                       5       5.0655      0.4325    om age tw juxw juxu 
                       5       5.1141      0.4300    om age tw juxu aerat 
                       5       5.1911      0.4260    om age tw juxw aerat 
                       5       5.6443      0.4028    om tw juxw juxu aerat 
                       6       7.0000      0.4358    om age tw juxw juxu aerat 
 
 

CBE - - Mallow’s C(p) 8 km buffer zones variables = om age tw juxw juxu aerat (from 
Pearsons) 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                     C(p) Selection Method 
 
                Number in 
                  Model          C(p)    R-Square    Variables in Model 
 
                       1      -2.7062      0.4130    age 
                       2      -0.8419      0.4201    age aerat 
                       2      -0.7930      0.4175    age tw 
                       2      -0.7793      0.4168    om age 
                       2      -0.7615      0.4159    age juxu 
                       2      -0.7126      0.4134    age juxw 
                       1      -0.1164      0.2784    tw 
                       1      -0.0067      0.2727    juxw 
                       2       0.4800      0.3514    om tw 
                       2       0.5280      0.3489    tw aerat 
                       2       0.7464      0.3375    tw juxw 
                       2       0.8542      0.3319    om juxw 
                       3       1.0566      0.4253    om age aerat 
                       3       1.1155      0.4223    age juxu aerat 
                       3       1.1241      0.4218    age tw aerat 
                       3       1.1315      0.4215    age tw juxu 
                       3       1.1575      0.4201    om age juxu 
                       3       1.1579      0.4201    age juxw aerat 
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                       3       1.1851      0.4187    om age tw 
                       3       1.2046      0.4177    om age juxw 
                       3       1.2066      0.4175    age tw juxw 
                       3       1.2375      0.4159    age juxw juxu 
                       2       1.2971      0.3089    juxw aerat 
                       1       1.3224      0.2036    aerat 
                       2       1.4118      0.3029    om aerat 
                       2       1.4122      0.3029    tw juxu 
                       3       1.5097      0.4018    om tw aerat 
                       1       1.6260      0.1879    juxu 
                       1       1.7818      0.1798    om 
                       2       1.8316      0.2811    juxw juxu 
                       3       1.8388      0.3847    om tw juxw 
                       2       1.8645      0.2794    om juxu 
                       2       1.9116      0.2770    juxu aerat 
                       3       2.1494      0.3685    tw juxw aerat 
                       3       2.2377      0.3640    om tw juxu 
                       3       2.2710      0.3622    om juxw aerat 
                       3       2.3604      0.3576    tw juxu aerat 
                       3       2.6218      0.3440    om juxu aerat 
                       3       2.7281      0.3385    tw juxw juxu 
                       3       2.7476      0.3375    om juxw juxu 
                       4       3.0071      0.4279    om age juxu aerat 
                       4       3.0528      0.4255    om age juxw aerat 
                       4       3.0564      0.4254    om age tw aerat 
                       4       3.0668      0.4248    age tw juxu aerat 
                       4       3.1074      0.4227    age juxw juxu aerat 
                       4       3.1097      0.4226    om age tw juxu 
                       4       3.1132      0.4224    age tw juxw juxu 
                       4       3.1239      0.4218    age tw juxw aerat 
                       3       3.1542      0.3163    juxw juxu aerat 
                       4       3.1573      0.4201    om age juxw juxu 
                       4       3.1803      0.4189    om age tw juxw 
                       4       3.3280      0.4112    om tw juxw aerat 
                       4       3.4340      0.4057    om tw juxu aerat 
                       4       3.8306      0.3851    om tw juxw juxu 
                       4       4.1343      0.3693    tw juxw juxu aerat 
                       4       4.1761      0.3672    om juxw juxu aerat 
                       5       5.0049      0.4280    om age tw juxu aerat 
                       5       5.0052      0.4280    om age juxw juxu aerat 
                       5       5.0434      0.4260    age tw juxw juxu aerat 
                       5       5.0527      0.4255    om age tw juxw aerat 
                       5       5.1018      0.4230    om age tw juxw juxu 
                       5       5.3215      0.4116    om tw juxw juxu aerat 
                       6       7.0000      0.4283    om age tw juxw juxu aerat 
 

CBE - - Mallow’s C(p) 6 km buffer zones variables = om age tu juxw juxu aerat (from 
Pearsons) 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
                                     C(p) Selection Method 
                Number in 
                  Model          C(p)    R-Square    Variables in Model 
 
                       2       0.8073      0.5701    tu juxw 
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                       2       1.6878      0.5405    age tu 
                       3       2.3362      0.5859    tu juxw aerat 
                       3       2.4403      0.5824    age tu juxw 
                       3       2.7367      0.5724    tu juxw juxu 
                       3       2.7820      0.5709    om tu juxw 
                       1       3.4853      0.4130    age 
                       3       3.5465      0.5452    age tu juxu 
                       3       3.6226      0.5427    om age tu 
                       3       3.6822      0.5407    age tu aerat 
                       4       3.7168      0.6067    tu juxw juxu aerat 
                       4       4.0052      0.5970    age tu juxw aerat 
                       4       4.1961      0.5906    om tu juxw aerat 
                       4       4.3271      0.5862    om age tu juxw 
                       4       4.3799      0.5844    age tu juxw juxu 
                       4       4.7144      0.5732    om tu juxw juxu 
                       2       5.0780      0.4267    age juxw 
                       2       5.2751      0.4201    age aerat 
                       2       5.3721      0.4168    om age 
                       5       5.4454      0.6158    age tu juxw juxu aerat 
                       2       5.4513      0.4142    age juxu 
                       5       5.4599      0.6153    om tu juxw juxu aerat 
                       4       5.4651      0.5480    om age tu juxu 
                       4       5.5465      0.5452    age tu juxu aerat 
                       4       5.6043      0.5433    om age tu aerat 
                       5       5.7021      0.6072    om age tu juxw aerat 
                       2       6.2698      0.3867    tu juxu 
                       5       6.2741      0.5880    om age tu juxw juxu 
                       3       6.7734      0.4369    tu juxu aerat 
                       3       6.7972      0.4361    age juxw aerat 
                       3       6.8191      0.4354    age juxw juxu 
                       6       7.0000      0.6307    om age tu juxw juxu aerat 
 
 

CBE - -Mallow’s C(p) 4 km buffer zones variables = om age tu aerat (from Pearsons) 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                     C(p) Selection Method 
 
                    Number in 
                      Model          C(p)    R-Square    Variables in Model 
 
                           2       1.0511      0.5615    age tu 
                           3       3.0013      0.5632    age tu aerat 
                           3       3.0464      0.5617    om age tu 
                           1       3.4724      0.4130    age 
                           4       5.0000      0.5633    om age tu aerat 
                           2       5.2623      0.4201    age aerat 
                           2       5.3593      0.4168    om age 
                           3       7.1053      0.4253    om age aerat 
                           2       7.4123      0.3478    tu aerat 
                           3       7.5218      0.4114    om tu aerat 
                           2       8.5529      0.3095    om tu 
                           2       8.7490      0.3029    om aerat 
                           1       9.7049      0.2036    aerat 
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                           1      10.0046      0.1936    tu 
                           1      10.4155      0.1798    om 
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Mallow’s C(p) Statistics  
Buffer Zones Extracted and Then Classified (CAE) 

 
 
CAE - - Mallow’s C(p) 10 km buffer zones variables = om age ta tw juxt juxw juxu aerat 
(from Pearsons) 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                     C(p) Selection Method 
 
            Number in 
              Model          C(p)    R-Square    Variables in Model 
 
                   4       6.2791      0.7846    age ta juxt juxu 
                   3       6.9221      0.7447    ta juxt juxu 
                   4       7.0956      0.7723    ta tw juxt juxu 
                   4       7.1290      0.7718    om ta juxt juxu 
                   3       7.3201      0.7387    age ta juxu 
                   5       7.6051      0.7947    om age ta juxt juxu 
                   5       7.7659      0.7923    om ta tw juxt juxu 
                   2       7.8245      0.7009    juxt juxu 
                   6       7.9917      0.8191    om age ta tw juxt juxw 
                   5       8.2507      0.7850    age ta juxt juxu aerat 
                   5       8.2591      0.7849    ta tw juxt juxw juxu 
                   5       8.2768      0.7846    age ta tw juxt juxu 
                   5       8.2788      0.7846    age ta juxt juxw juxu 
                   7       8.3371      0.8440    om age ta tw juxt juxw juxu 
                   4       8.4605      0.7517    ta juxt juxw juxu 
                   3       8.4864      0.7211    age juxt juxu 
                   4       8.6235      0.7492    om age ta juxu 
                   3       8.6536      0.7186    ta tw juxw 
                   4       8.6957      0.7481    age ta tw juxu 
                   4       8.7957      0.7466    age ta juxw juxu 
                   5       8.7970      0.7768    age ta tw juxt juxw 
                   2       8.8072      0.6861    tw juxw 
                   5       8.8332      0.7762    om ta juxt juxw juxu 
                   4       8.9014      0.7450    ta juxt juxu aerat 
                   8       9.0000      0.8642    om age ta tw juxt juxw juxu aerat 
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CAE - - Mallow’s C(p) 8 km buffer zones variables = om age tw juxt juxw juxu aerat(from 
Pearsons) 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                     C(p) Selection Method 
 
              Number in 
                Model          C(p)    R-Square    Variables in Model 
 
                     2       1.3804      0.7149    juxt juxu 
                     2       1.8286      0.7053    age juxu 
                     3       1.9267      0.7459    age tw juxu 
                     3       2.3436      0.7370    age juxt juxu 
                     3       2.9080      0.7249    om juxt juxu 
                     3       2.9111      0.7249    juxt juxw juxu 
                     4       3.1019      0.7634    age tw juxw juxu 
                     2       3.1947      0.6762    tw juxw 
                     4       3.2137      0.7610    age tw juxt juxu 
                     1       3.2513      0.6324    juxw 
                     3       3.2620      0.7174    age juxw juxu 
                     2       3.3363      0.6732    juxt juxw 
                     3       3.3725      0.7150    juxt juxu aerat 
                     3       3.3803      0.7149    tw juxt juxu 
                     2       3.6484      0.6665    age juxw 
                     3       3.7161      0.7077    om age juxu 
                     3       3.8102      0.7057    age juxu aerat 
                     4       3.8758      0.7469    om age tw juxu 
                     4       3.8904      0.7466    age tw juxu aerat 
                     2       4.0543      0.6579    om juxw 
                     5       4.1485      0.7837    age tw juxt juxw juxu 
                     4       4.2007      0.7400    age juxt juxw juxu 
                     4       4.2416      0.7391    om age juxt juxu 
                     4       4.3166      0.7375    age juxt juxu aerat 
                     3       4.3379      0.6945    tw juxt juxw 
                     4       4.4741      0.7342    om juxt juxw juxu 
                     2       4.4785      0.6489    juxw juxu 
                     3       4.6053      0.6888    juxt juxw aerat 
                     3       4.7348      0.6860    om tw juxw 
                     4       4.8233      0.7267    juxt juxw juxu aerat 
                     4       4.8575      0.7260    tw juxt juxw juxu 
                     5       4.8633      0.7685    age tw juxw juxu aerat 
                     4       4.8789      0.7256    om tw juxt juxu 
                     3       4.8800      0.6829    tw juxw aerat 
                     4       4.8964      0.7252    om juxt juxu aerat 
                     3       4.9070      0.6823    om juxt juxw 
                     3       4.9643      0.6811    age juxw aerat 
                     3       4.9649      0.6811    om juxw juxu 
                     3       4.9667      0.6811    tw juxw juxu 
                     3       5.0611      0.6791    age tw juxw 
                     5       5.0888      0.7637    age tw juxt juxu aerat 
                     5       5.0972      0.7635    om age tw juxw juxu 
                     4       5.0997      0.7209    om age juxw juxu 
                     3       5.1117      0.6780    age juxt juxw 
                     2       5.1342      0.6349    juxw aerat 
                     5       5.1584      0.7622    om age tw juxt juxu 

 113



                     4       5.1827      0.7191    age juxw juxu aerat 
                     3       5.3649      0.6726    om age juxw 
                     4       5.3723      0.7151    tw juxt juxu aerat 
                     4       5.5537      0.7112    tw juxt juxw aerat 
                     4       5.6837      0.7084    om age juxu aerat 
                     5       5.8508      0.7475    om age tw juxu aerat 
                     3       5.8752      0.6617    om juxw aerat 
                     6       6.0158      0.7866    age tw juxt juxw juxu aerat 
                     5       6.0543      0.7431    age juxt juxw juxu aerat 
                     5       6.0727      0.7427    om age juxt juxw juxu 
                     4       6.1346      0.6988    om tw juxt juxw 
                     6       6.1380      0.7840    om age tw juxt juxw juxu 
                     4       6.2059      0.6973    age juxt juxw aerat 
                     5       6.2267      0.7395    om age juxt juxu aerat 
                     4       6.2279      0.6968    om juxt juxw aerat 
                     4       6.2784      0.6957    age tw juxt juxw 
                     4       6.2795      0.6957    om tw juxw juxu 
                     4       6.3980      0.6932    om tw juxw aerat 
                     5       6.4060      0.7356    om juxt juxw juxu aerat 
                     5       6.4697      0.7343    om tw juxt juxw juxu 
                     3       6.4743      0.6490    juxw juxu aerat 
                     4       6.5306      0.6904    age tw juxw aerat 
                     5       6.7163      0.7290    tw juxt juxw juxu aerat 
                     4       6.7260      0.6862    om age tw juxw 
                     4       6.7748      0.6852    om age juxw aerat 
                     4       6.8344      0.6839    tw juxw juxu aerat 
                     4       6.8494      0.6836    om age juxt juxw 
                     6       6.8529      0.7687    om age tw juxw juxu aerat 
                     5       6.8648      0.7259    om tw juxt juxu aerat 
                     4       6.9622      0.6812    om juxw juxu aerat 
                     5       7.0404      0.7221    om age juxw juxu aerat 
                     6       7.0550      0.7644    om age tw juxt juxu aerat 
                     3       7.3104      0.6311    om juxu aerat 
                     2       7.3644      0.5874    om juxu 
                     5       7.3926      0.7146    om tw juxt juxw aerat 
                     5       7.5496      0.7113    age tw juxt juxw aerat 
                     6       7.9517      0.7453    om age juxt juxw juxu aerat 
                     5       7.9610      0.7025    om age tw juxt juxw 
                     2       7.9752      0.5743    juxu aerat 
                     7       8.0000      0.7869    om age tw juxt juxw juxu aerat 
 

CAE - - Mallow’s C(p) 6 km buffer zones variables = om age ta tu tw juxt juxw juxu aerat 
(from Pearsons) 
                                      The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                     C(p) Selection Method 
           Number in 
             Model          C(p)    R-Square    Variables in Model 
 
                  4       1.3581      0.8400    tu tw juxt juxw 
                  3       1.6244      0.8012    ta juxt juxu 
                  4       2.3035      0.8238    age tu juxt juxu 
                  4       2.4980      0.8205    om ta juxt juxu 
                  5       2.5058      0.8545    om tu tw juxt juxw 
                  5       2.5098      0.8545    age ta tu juxw aerat 
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                  4       2.5427      0.8197    ta juxt juxu aerat 
                  4       2.7728      0.8158    age ta juxt juxu 
                  4       2.8881      0.8138    age ta tu juxw 
                  4       2.9562      0.8126    ta juxt juxw juxu 
                  5       2.9917      0.8462    tu tw juxt juxw aerat 
                  3       3.0431      0.7769    tu juxt juxu 
                  5       3.1825      0.8430    ta tu tw juxt juxw 
                  5       3.1902      0.8428    age tu tw juxt juxw 
                  5       3.3450      0.8402    tu tw juxt juxw juxu 
                  5       3.3772      0.8396    om ta juxt juxu aerat 
                  4       3.3855      0.8053    age tu tw juxw 
                  5       3.3987      0.8393    age ta tu tw juxu 
                  5       3.4199      0.8389    age tu juxt juxw juxu 
                  3       3.4207      0.7705    age tw juxu 
                  4       3.4237      0.8046    ta tu juxt juxu 
                  4       3.4546      0.8041    ta tw juxt juxu 
                  4       3.4897      0.8035    om tu juxt juxu 
                  4       3.5982      0.8017    age tu juxw juxu 
                  3       3.6480      0.7666    age tu juxu 
                  5       3.7011      0.8341    age ta tw juxt juxw 
                  5       3.7018      0.8341    age ta tu juxw juxu 
                  2       3.7245      0.7311    juxt juxu 
                  4       3.7887      0.7984    age tw juxt juxu 
                  4       3.8038      0.7981    om tu tw juxw 
                  5       3.8364      0.8318    om age tu juxt juxu 
                  5       3.8414      0.8317    om ta juxt juxw juxu 
                  5       3.8772      0.8311    age tu juxt juxu aerat 
                  4       3.9272      0.7960    tu juxt juxw juxu 
                  5       3.9317      0.8302    ta tw juxt juxw juxu 
                  3       3.9986      0.7606    tu tw juxw 
                  4       4.0276      0.7943    tu juxt juxu aerat 
                  5       4.0558      0.8280    age tu tw juxt juxu 
                  5       4.1016      0.8272    age ta juxt juxu aerat 
                  6       4.1681      0.8603    om tu tw juxt juxw aerat 
                  3       4.1692      0.7577    ta tw juxw 
                  5       4.2060      0.8255    om age ta juxt juxu 
                  5       4.2559      0.8246    age ta tu juxt juxu 
                  5       4.2733      0.8243    om tu juxt juxw juxu 
                  6       4.2867      0.8583    age ta tu juxt juxw aerat 
                  5       4.3249      0.8234    age ta juxt juxw juxu 
                  5       4.3384      0.8232    ta tw juxt juxu aerat 
                  5       4.3664      0.8227    om tu juxt juxu aerat 
                  5       4.3732      0.8226    age ta tu tw juxw 
                  6       4.3958      0.8564    om age ta tu juxw aerat 
                  4       4.4042      0.7879    ta tw juxt juxw 
                  5       4.4087      0.8220    ta tu juxt juxu aerat 
                  6       4.4298      0.8558    om tu tw juxt juxw juxu 
                  6       4.4364      0.8557    age ta tu juxw juxu aerat 
                  6       4.4364      0.8557    age ta tu tw juxw aerat 
                  5       4.4655      0.8210    ta juxt juxw juxu aerat 
                  4       4.4674      0.7868    age tu juxu aerat 
                  6       4.4715      0.8551    om ta tu tw juxt juxw 
                  5       4.4758      0.8208    om ta tu juxt juxu 
                  5       4.4817      0.8207    om ta tw juxt juxu 
                  6       4.4971      0.8547    om age tu tw juxt juxw 
                  5       4.5840      0.8190    om age ta tu juxw 
     . 
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     . 
     . 
           .  

   3       4.6003      0.7503    tw juxt juxu 
                  3       4.6189      0.7500    age ta juxu 
                  3       9.7953      0.6615    om ta juxw 
                  3       9.8074      0.6613    ta tu juxu 
                  3       9.8199      0.6610    tu juxw juxu 
                  3       9.8756      0.6601    tw juxu aerat 
                  1       9.8893      0.5915    juxw 
                  5       9.9811      0.7267    om tu juxt juxw aerat 
                  9      10.0000      0.8632    om age ta tu tw juxt juxw juxu aerat  
 
 
 
 

CAE - - Mallow’s C(p) 4 km buffer zones  variables = om age tu tw juxt juxw juxu aerat (from 
Pearsons) 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                     C(p) Selection Method 
 
            Number in 
              Model          C(p)    R-Square    Variables in Model 
 
                   7       7.4336      0.7775    om age tu tw juxt juxw juxu 
                   5       7.5468      0.6804    om age tu juxt juxw 
                   2       8.1558      0.5245    age juxw 
                   6       8.9539      0.6944    om age tu tw juxt juxw 
                   8       9.0000      0.7877    om age tu tw juxt juxw juxu aerat 
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Appendix G

Multiple Linear Regression of C(p) Selected Variables on White Grubs 
Classified Peninsula Image with Subsequent Extraction of Buffer Zones - CBE 

 
MLR 10 km buffer zones C(p) variables = age 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
                                      Analysis of Variance 

Sum of          Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     1        0.46655        0.46655      11.26    0.0040 
         Error                    16        0.66308        0.04144 
         Corrected Total          17        1.12963 
 
 
                      Root MSE              0.20357    R-Square     0.4130 
                      Dependent Mean        0.34389    Adj R-Sq     0.3763 
                      Coeff Var            59.19753 
 
 
                                      Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        0.52121        0.07138       7.30      <.0001 
              age           1       -0.00784        0.00234      -3.36      0.0040 
 

Regression equation 
 
log10(grubs+1) = 0.52121 - (0.00784 * age) 
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MLR 8 km buffer zones C(p) variables = age 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     1        0.46655        0.46655      11.26    0.0040 
         Error                    16        0.66308        0.04144 
         Corrected Total          17        1.12963 
 
                      Root MSE              0.20357    R-Square     0.4130 
                      Dependent Mean        0.34389    Adj R-Sq     0.3763 
                      Coeff Var            59.19753 
 
 
                                      Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        0.52121        0.07138       7.30      <.0001 
              age           1       -0.00784        0.00234      -3.36      0.0040 
 

Regression equation 
 
log10(grubs+1) = 0.52121 - (0.00784 * age) 
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MLR 6 km buffer zones C(p) variables = tu juxw 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     2        0.64395        0.32198       9.94    0.0018 
         Error                    15        0.48568        0.03238 
         Corrected Total          17        1.12963 
 
 
                      Root MSE              0.17994    R-Square     0.5701 
                      Dependent Mean        0.34389    Adj R-Sq     0.5127 
                      Coeff Var            52.32510 
 
 
                                      Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        0.74141        0.18723       3.96      0.0013 
              tu            1        0.76194        0.20232       3.77      0.0019 
              juxw          1       -0.02026        0.00560      -3.62      0.0025 
 

Regression equation 
 
log10(grubs+1) = 0.74141 + (0.76194 * tu) - (0.02026 * juxw) 
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MLR 4 km buffer zones C(p) variables = age tu 
 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     2        0.63434        0.31717       9.61    0.0021 
         Error                    15        0.49529        0.03302 
         Corrected Total          17        1.12963 
 
                      Root MSE              0.18171    R-Square     0.5615 
                      Dependent Mean        0.34389    Adj R-Sq     0.5031 
                      Coeff Var            52.84036 
 
                                      Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        0.35613        0.09707       3.67      0.0023 
              age           1       -0.00743        0.00209      -3.55      0.0029 
              tu            1        0.34361        0.15243       2.25      0.0396 
 

Regression equation 
 
log10(grubs+1) = 0.35613 - (0.00743 * age) + (0.34361 * tu) 
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Multiple Linear Regression of C(p) Selected Variables on White Grubs 

Buffer Zones Extracted and Then Classified - CAE 
 

 

MLR 10 km buffer zones C(p) variabless = age juxu 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     2        0.76430        0.38215      15.69    0.0002 
         Error                    15        0.36532        0.02435 
         Corrected Total          17        1.12963 
 
                      Root MSE              0.15606    R-Square     0.6766 
                      Dependent Mean        0.34389    Adj R-Sq     0.6335 
                      Coeff Var            45.38118 
 
                                      Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        1.31122        0.23248       5.64      <.0001 
              age           1       -0.00616        0.00185      -3.32      0.0046 
              juxu          1       -0.01191        0.00341      -3.50      0.0032 
 

Regression Equation 
 
log10(grubs+1) = 1.31122 - (0.00616 * age) - (0.01191 * juxu) 
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MLR 8 km buffer zones C(p) variables = juxt juxu 
                                        

    The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     2        0.80754        0.40377      18.80    <.0001 
         Error                    15        0.32208        0.02147 
         Corrected Total          17        1.12963 
 
                      Root MSE              0.14653    R-Square     0.7149 
                      Dependent Mean        0.34389    Adj R-Sq     0.6769 
                      Coeff Var            42.61090 
 
                                      Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        1.63772        0.22815       7.18      <.0001 
              juxt          1       -0.00734        0.00219      -3.35      0.0044 
              juxu          1       -0.01270        0.00337      -3.77      0.0019 
 

Regression equation 
 
log10(grubs+1) = 1.63772 - (0.00734 * juxt) - (0.01270 * juxu) 
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MLR 6 km buffer zones C(p) variables = tu tw juxt juxw 
 
                                       The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     4        0.94884        0.23721      17.06    <.0001 
         Error                    13        0.18078        0.01391 
         Corrected Total          17        1.12963 
 
 
                      Root MSE              0.11793    R-Square     0.8400 
                      Dependent Mean        0.34389    Adj R-Sq     0.7907 
                      Coeff Var            34.29177 
 
 
                                      Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        1.37836        0.13656      10.09      <.0001 
              tu            1        1.25724        0.31566       3.98      0.0016 
              tw            1       -1.49173        0.42500      -3.51      0.0038 
              juxt          1       -0.00592        0.00233      -2.54      0.0247 
              juxw          1       -0.01425        0.00261      -5.46      0.0001 
 

Regression equation (a) 
  
log10(grubs+1)= (1.37836 + (1.25724*tu) - (1.49173*tw) - (0.00592*juxt) - (0.01425*juxw)) 
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  MLR 6 km buffer zones C(p) variables = age ta tu juxw 
 

Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     4        0.91929        0.22982      14.20    0.0001 
         Error                    13        0.21034        0.01618 
         Corrected Total          17        1.12963 
 
 
                      Root MSE              0.12720    R-Square     0.8138 
                      Dependent Mean        0.34389    Adj R-Sq     0.7565 
                      Coeff Var            36.98899 
 
                                      Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        1.12347        0.13036       8.62      <.0001 
              age           1       -0.01322        0.00353      -3.75      0.0024 
              ta            1       -0.00275        0.00107      -2.56      0.0238 
              tu            1        2.69599        0.86663       3.11      0.0083 
              juxw          1       -0.01147        0.00281      -4.09      0.0013 
 

Regression equation (b) 
 
log10(grubs+1)= (1.12347 - (0.01322*age) - (0.00275*ta) + (2.69599*tu) - (0.01147*juxw)) 
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MLR 4 km buffer zones C(p) variables = om age tu tw juxt juxw juxu 
  

 The REG Procedure 
                                         Model: MODEL1 
                                   Dependent Variable: grubs 
 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     7        0.87825        0.12546       4.99    0.0115 
         Error                    10        0.25138        0.02514 
         Corrected Total          17        1.12963 
 
 
                      Root MSE              0.15855    R-Square     0.7775 
                      Dependent Mean        0.34389    Adj R-Sq     0.6217 
                      Coeff Var            46.10454 
 

Parameter Estimates 
 
                                   Parameter       Standard 
              Variable     DF       Estimate          Error    t Value    Pr > |t| 
 
              Intercept     1        0.99994        0.57113       1.75      0.1105 
              om            1       -0.13352        0.05236      -2.55      0.0288 
              age           1       -0.01181        0.00401      -2.94      0.0147 
              tu            1        3.24854        1.00644       3.23      0.0091 
              tw            1       -1.15002        0.58123      -1.98      0.0761 
              juxt          1       -0.01603        0.00722      -2.22      0.0506 
              juxw          1       -0.01920        0.00587      -3.27      0.0084 
              juxu          1        0.02057        0.01065       1.93      0.0822 
 

Regression Equation 
 
log10(grubs+1) = 0.99994 - (0.13352 * om) - (0.01181 * age) + (3.24854 * tu) - (1.15002 * tw)  

- (0.01603 * juxt) - (0.01920 * juxw) + (0.02057 * juxu) 
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