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E. Abstract

Although it has long been speculated that forest fires and insect outbreaks may be correlated, there has been little quantitative evidence that there exist statistically significant spatiotemporal correlations between these two contagious disturbances.  The suggestions are that insect outbreaks may leave forests vulnerable to forest fires (Schmid et al., 1974; Parker et al., 1993, Knight, 1987), that forest fires may inoculate forests against certain insect outbreaks (Veblen et al., 1994), and that forest fires and insect outbreaks may act synergistically to determine forest composition (McCullough et al., 1998).  However, quantitative empirical studies of the correlation between these two important agents of forest disturbance are limited, both in the number of studies published and in the scope of their treatment.  Understanding the spatiotemporal correlations and the dynamical interplay between insect outbreaks and forest fires will allow for better management of Yellowstone National Park (YNP) as well as other high priority conservation sites throughout North America.  Specifically, this study will examine the spatial pattern of insect outbreaks in YNP for the period 1968-1988 in order to determine the extent to which previous insect infestation affected the dynamics of the 1988 Yellowstone fires.  Additionally, by comparing insect propagation within YNP before 1988 and after 1988, this study will determine to what extent landscape heterogeneity affects the propagation of contagious disturbances.
II. OVERVIEW

A. Statement of Issue

Throughout history, insect outbreaks and forest fires have proven themselves powerful agents of forest disturbance and mortality.  Last year in the United States alone, over 16.1 million acres of forest (USDA, 2003) were damaged or destroyed by insect pests
 and another 6.9 million acres of forest (NIFC, 2003) were lost to forest fires despite active programs across the United States to control insect outbreaks and to manage forest fires.  It is often stated in the literature that insect outbreaks and forest fires are not independent disturbances.  Of particular concern is the idea that extensive insect damage may leave forests more vulnerable to forest fires.  Determining to what extent insect infestations do affect the frequency or severity of forest fires is an important issue, both for our basic understanding of forest dynamics and also for our approach to land management and conservation.

1. Importance and relevance to the Park—This proposed research will address three areas of concern for YNP: 1) the extent to which insect outbreaks affect the dynamics of forest fires in Yellowstone, both in cases of typical fires occurring annually and also in cases of extreme fire events, such as occurred in the summer of 1988 2) the degree to which the heterogeneous environment created by the 1988 Yellowstone fires affects recent and current propagation of insect outbreaks within YNP 3) to what extent satellite imagery can compliment airborne measurements for detection of insect outbreaks within YNP.

The first question to be addressed in this research is two-pronged: How do insect outbreaks within Yellowstone National Park (YNP) affect the frequency and severity of typical forest fires within the park and how does this compare to the role of insect damage in cases of extreme fire events such as the 1988 Yellowstone fires.  Specifically, how did insect outbreaks (primarily Spruce Budworm and Mountain Pine Beetle) within YNP in the 20 years prior to 1988 affect the dynamics of the 1988 Yellowstone fires and the intensity of the burn?  The extent to which insect infestations affect forest fire frequency and intensity has been a matter of debate throughout the twentieth century.  One scenario of particular concern is that infested trees will experience extensive needle death, and that this canopy of dead needles will increase the probability of a stand replacing canopy fire (Knight, 1987; McCullough et al., 1998).  On the other hand, it is believed that as soon as the needles fall off the trees, the decrease in canopy fuel will lead to a decrease in the risk of a stand replacing canopy fire (Despain, 1990).  That insect outbreaks do not predispose forests to fires is also supported by a recent analysis of forest fires and insect outbreaks in the White River National Forest of northwestern Colorado in which it was demonstrated that an area extensively infested by spruce beetles in the 1940s was no more likely in subsequent years to be affected by fire (Bebi et al., 2003).  A third suggestion is that insect outbreaks may open up the canopy and allow for the proliferation of understory herbs (Ried, 1989).  The increased moisture associated with these understory herbs is thought to retard the spread of low-severity surface fires into these infested regions.  Experimental evidence that beetle infested stands were relatively impenetrable to surface fires tend to support this hypothesis (Kulakowski et al., 2003).  The large scale and detailed data regarding the 1988 Yellowstone fires along with the historical record of insect outbreaks within YNP presents an unprecedented opportunity to determine to what extent insect outbreaks within YNP affected the dynamics of this particular set of extreme fire events.  In addition, historical records of forest fires in other years will allow us to compare the role of insect damage as a driver of fire behavior under more typical conditions.  By adding to our understanding of what factors predispose forest stands to stand replacing canopy fires, this information will allow for better park management in areas where park assets or other factors make fire suppression a management goal.

The second question to be addressed is: How are insect outbreaks affected by landscape heterogeneity?  Although many had feared that a devastating fire such as that in 1988 would leave YNP a homogeneous wasteland, the post-fire landscape was, in fact, an incredibly diverse patchwork of burnt and unburnt areas (Christensen et al., 1989; Turner et al., 1994).  This degree of landscape heterogeneity has almost certainly affected the dispersal of forest insects throughout the park and in ways that may only become apparent long after the fire as tree stand recover and insect pests return.  Just as fire fighters use fire breaks to control the spread of forest fires, understanding how burnt regions affect the propagation of Yellowstone insects may help develop new methods of damage control to supplement the existing arsenal of biological and chemical pest controls.  Similar control of insect spread via ‘barrier zones’ has been successfully used to combat spread of the gypsy moth in the Appalachian Mountains (Sharov, et al., 1998) and may prove useful in a variety of contexts.

The third issue to be addressed is:  To what extent can satellite imagery compliment airborne measurements for detection of insect outbreaks within the park?

Whereas the Landsat satellite has been very successful in detecting damage due to large forest fires, it is not clear that satellite technology has the resolution to detect the beginning stages of a large insect outbreak, in which the defoliation might be confined to only a few isolated trees.  On the other hand, satellite imagery is less expensive and may offer a greater degree of standardization than maps drawn by hand.  In addition to comparing Landsat data with hand drawn, airborne measurements, comparison of images from two different instruments, those on the Landsat satellite and the more recent ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) instrument on the Terra satellite, will inform future decisions regarding the best methods for documenting park disturbances.

2. Importance and relevance to Science—This proposed research will address two major issues of interest to the scientific community: (1) How do contagious disturbances interact and how do their interactions shape forest succession, and (2) how is insect propagation affected by landscape heterogeneity.

Large infrequent disturbances such as forest fires and insect outbreaks have long been the subject of study for their ability to shape the long term structure of ecosystems.  These disturbances not only have tremendous capacity to alter ecosystem structure and function, but they have serious economic consequences as well.  The ‘memory’ inherent in the slow regeneration of forests after disturbance leads us to consider that future disturbance may be strongly affected by the legacy of previous disturbance patterns (Peterson, 2002).  These non-linear and complex interactions between different disturbance agents over historical time periods are a crucial component for understanding the forest ecology of frequently disturbed environments.  Additionally, with recent simulations suggesting that the terrestrial ecosystem may play an important role in potential future climate change (Cox et al., 2000), its clear that understanding the complex role of terrestrial ecosystem response to climate change will require a better understanding of forest disturbances and their potential interactions (Dale et al., 2001; Ayers et al., 2000).  In this regard, Yellowstone National Park, with its extensive historical datasets, provides a unique opportunity to study disturbance interactions in a relatively natural environment.

The study of insect dispersal has a long history starting with early work by Skellam (1951) using simple diffusion equations to model to spread of organisms (in particular, muskrats) across a landscape.  These reaction-diffusion models have been recently supplemented by integrodifference equation models (Kot at al., 1996) that account for rare, but ecologically important, long-range dispersal events.  These mathematical models are surprisingly accurate considering the near complete lack of organismic biology accounted for; their power lies in the fact that on a landscape level, the populations may be described as a statistical ensemble of individuals whose individual actions do not affect the collective spread of the population.  Whereas the vast majority of the research in this field has assumed a homogeneous environment of potential habitat, recent attention has focused on the issue of organism dispersal in a heterogeneous environment in which organisms may be slowed or prohibited from traveling due to landscape features such as streams or mountains.  An excellent example of this is that of insect propagation in a heterogeneous environment such as the recently burned YNP.  This well-documented system gives us an excellent opportunity to test existing models and to develop new models as necessary to understand how insects disperse in a complex landscape.  Because of the mathematical complexity of these model calculations, the heterogeneity considered in the literature is typically highly idealized, consisting of a regularly striped environment of habitat and non-habitat (Shigesada et al.,1997; Kinezaki at al., 2003).  It is important to determine to what extent the existing theory is robust to the inclusion of a more realistic pattern of heterogeneity.

B. Literature summary

The literature relevant to this research study may be divided into four categories:  (1) literature relevant to the general study of insect/fire interactions (2) literature relevant to the 1988 Yellowstone fire (3) literature relevant to insect propagation and the effects of landscape heterogeneity and (4) literature relevant to the remote sensing of insect defoliation.

(1) The existing literature on the interactions between insect infestation and forest fires is extensive, although a vast majority of the research has been focused on potential mechanisms of interaction between insect damage and forest fires while relatively little work has been done to quantify the significance of these interactions.  One of the first attempts to do this was done by Veblen et al. (Veblen et al., 1994).  In this analysis, Veblen used dedrochronologic techniques to map out patterns of fire, avalanche, and spruce beetle disturbance in the Marvin Lakes Valley of Colorado. Consistent with a general belief that younger stands are less susceptible to insect outbreaks, Veblen found that young Picea populations will not support a spruce beetle outbreak and therefore regions of recent fire and current spruce beetle outbreaks were non-overlapping.  No analysis was made of the extent to which spruce beetle infestation predisposed the forest to burning.  More recently, Bebi et al. (2003) studied the interaction between spruce beetles and forest fires in northwest Colorado and, specifically, quantified the degree to which large forest fires in 1879 affected spruce beetle outbreaks in the 1940s.  As with Veblen, Bebi found that forests that had burned in 1879 were less affected by the spruce beetle outbreaks of the 1940s.  Additionally, Bebi found no evidence of increased fire frequency in the areas affected by the 1940s spruce beetle outbreak.  

(2) The existing literature on the 1988 Yellowstone Fire and its aftermath is considerable, due to the severity of the event and the excellent quality of the existing data (Rothermal et al., 1994; Turner et al., 2003 and references therein).  Naturally, much of this research involves a close analysis of post-fire recovery and subsequent successional development (Christensen et al., 1989; Knight et al., 1989; Franke, 2000).  On the issue of how forest conditions developed prior to such a devastating fire season, there has been considerable debate on the extent to which fire suppression within the park contributed to its severity.  Nevertheless, evidence suggests that the behavior and extent of the 1988 Yellowstone fires were driven more by drought and wind than by an excess in fuel (Christensen et al., 1989) and, moreover, there is convincing evidence that similarly extensive fires swept through the park in the early eighteenth century (Romme et al., 1989).  On the extent to which insect outbreaks in particular affected the spatial pattern of the 1988 fires, we have not found any relevant literature.  That the insect data for the 20 years prior to the 1988 fires has never been digitized suggests that this question has never been studied.

(3) As mentioned previously, the earliest studies of the spatial propagation of organisms was done by Skellam (1951) who recognized that ecology might benefit from adopting the abstract analysis that had revolutionized physics in the form of the kinetic theory of gases.  This work formed the foundation for a host of reaction-diffusion models in which individuals were considered to execute random walks while the population spread out across the landscape.  One of the first attempts to consider heterogeneity in the landscape was simply to divide the region of interest into segments which would be considered separately, with each solid angle ‘wedge’ (for radial propagation) or habitat patch (for transverse propagation) representing a particular gradation in habitat quality (Andow et al., 1990a; Andow, et al., 1990b).  Another method for incorporating landscape heterogeneity is to model insect dispersal as it crosses a single region of inhospitable habitat, frequently referred to as a ‘barrier zone’.  These barrier zones are used in pest management efforts where regions of non-habitat (or enhanced interspecific competition) may be artificially created ahead of the wave front of a large insect outbreak.  Marsula et al. (1994) tried to calculate the minimum necessary width of a barrier zone using a reaction-diffusion model for insect dispersal.  As with all reaction-diffusion calculations, this failed to account for the occasional long-distance dispersal event (frequently an inadvertent result of human agriculture) that is the crucial element for species such as the gypsy moth.  Sharov (1998) attempt to overcome this weakness by considering the initiation of new colonies at varying distances ahead of the population front.  A second line of thought on propagation in a heterogeneous landscape involves the exploitation of percolation theory and cellular automata theory.  In the limit of extreme heterogeneity, it may be more useful to think of dispersal as occurring between isolated patches.  In this case, the most relevant literature comes from an examination of landscape connectivity (Keitt et al. 1997; Bunn et al., 2000; Urban et al., 2001) in the context of a graph-theoretic perspective.  A good recent review of all of these perspectives and their applications to invasive spread is the essay by With (2002).

(4) Satellite imagery has been used for many years in the mapping of large forest fires where the sudden transition from green to black provides a clear signal in the visible spectrum while the heat of the fire itself provides a signature in long-wave radiation (for a good review of how Landsat imagery was used in mapping the 1988 Yellowstone fires, see Turner (Turner et al., 1994)).  Recent efforts have extended this technology to the detection of insect outbreaks.  For example, Landsat Thematic Mapper data was used to quantify spatial patterns of hemlock decline in northern New Jersey (Royle and Lathrop, 2002).  In this study, the Landsat data and the change-detection analysis was verified by a system of ground-based measuring stations, and the technique was found to be 82% accurate in correctly classifying stages of hemlock health.  A similar study using Landsat imagery was used to study successional development after large outbreaks of Siberian silkmoth in southern Siberia (Kharuk et al., 2003).  As these studies demonstrate, satellite imagery is an effective and very powerful tool for studying long-term changes resulting from insect outbreaks, and one that may prove useful for future ecological monitoring within YNP.

C. Scope of study

The scope of this study will be limited to the data that is presently available on insect outbreaks and forest fires from approximately 1968 to the present.  Of particular focus will be the causes and effects of the 1988 Yellowstone fires.

D. Intended use of results

The results will be used to better inform park scientists on the interactions between insect outbreaks and forest fires within YNP.  Additionally, the analysis regarding remote sensing may be used to direct future efforts in the early detection and monitoring of insect outbreaks within the park. 
III. OBJECTIVES

The objectives and hypotheses that we will address are threefold.  They are:

(1) Determine to what extent, if any, prior insect outbreaks within YNP affected the course or dynamics of the 1988 Yellowstone fires.

(2) Understand how the landscape heterogeneity of the 1988 Yellowstone fires has affected and continues to affect the propagation of contagious disturbances through the park, particularly the spread of insect pests.

(3) To determine to what extent satellite imagery may be used to supplement airborne measurements for the detection of and monitoring of insect outbreaks within YNP.

IV. METHODS

A. Description of study area
The proposed study area is the entire Yellowstone National Park region.
B. Procedures (including field methods and analysis)
The general procedure for objectives (1) and (2) above will involve scanning the insect damage maps which are presently available for the years 1968-1988 and using CAD software (available at Harvard University) to convert these scanned images into digital files.  These digital files will be analyzed using a combination of ArcGIS and the statistical software R.  

Objective (3) will require us to analyze satellite imagery for the park (probably from the Landsat satellite or from the Aster instrument on the Terra satellite) using the ENVI software package.  Our first task will be to determine what spectral bands are most effective in detecting forest cover changes due to insect damage.  By optimizing a detection algorithm, we can then proceed to compare satellite data with airborne or ground based measurements for similar time periods.  It will also be important to estimate how many high-quality images are obtained of the park in any given period, as cloud-cover and other factors may impact to what extent satellite imagery may be used as a reliable tool for analysis.   

C. Collections

Nothing will be collected, sampled, or removed from the park in the course of this study.

D. Analysis

The analysis for this project may be divided by the three objectives listed above.

(1) To fully study the issue of space-time correlations between insect outbreaks and forest fires, we will use two separate techniques.  One method is to use statistical measures of space-time correlation drawn from the field of spatial statistics, including an analysis using Ripley’s K function and its various derivative functions.  A second method is to use autoregressive generalized linear models to study the effect that insect outbreaks at a particular location had at various time lags to forest fires at that location.  

(2) Because the complexity of the theory will likely make analytic analysis of insect propagation within YNP unreasonable, we will be most interested in testing to what extent existing predictions for insect dispersal are verified by the data available for YNP.  Moreover, by constructing Monte Carlo simulations using the actual mapping of burnt and non-burnt areas within YNP and comparing these results with the data, it may be possible to determine under what conditions burnt regions act as true barriers to insect dispersal.

(3)  The analysis of the spectral imagery will depend to some extent on the quality of the available data.  Nevertheless, once the classification scheme has been developed for the recognition and mapping of insect outbreaks within YNP, we will use standard statistical methods to determine how accurate this classification procedure is in identifying regions of insect outbreak.  Of particular interest will be to determine how large an area of defoliation must exist before it is detectable using these remote sensing techniques.  In this regard, different detectors may perform very differently and this may help inform future decisions regarding which satellite systems are most useful for this purpose. 

E. Schedule

We expect that this analysis will be completed by the winter of 2005.

F. Budget 

This project is fully funded.

Graduate Student stipend  (Harvard)   


                                $24,000

Remote Sensing software  (YERC)                                                                        $1,800

Travel   (YERC)                                                                                                      $815

________________________________________________________________________

Total                     $26,615

V. PRODUCTS

A. Publications and reports.(A report of our results, detailing our conclusions regarding the role of insect outbreaks in the fire regime of Yellowstone National Park will be submitted to the Yellowstone Center for Resources at the completion of this study.  Additionally, we will submit our results to a peer-reviewed journal for consideration.  A separate report on our findings regarding the utility of remote sensing in the detection of insect damage in YNP will be submitted to the Yellowstone Center of Resources.  

B. Collections.(No specimens will be collected during this study.

C. Data and other materials.( In order to facilitate future research on these issues, we will also submit all of the digitized insect data in ArcGIS format, as well as any maps produced in the analysis of satellite data within the park. 
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VII. SUPPORTING DOCUMENTATION AND SPECIAL CONCERNS

A.-F. Not applicable.

G.  We do not foresee NPS assistance beyond making the existing fire data available and making the existing (paper) maps of insect damage available for digitization at Harvard University.  This digitization will be completed in cooperation with the Yellowstone Center for Resources and all maps will be returned to park headquarters upon completion of the digitization portion of the project.

H. Not applicable.
� This includes damage from only five of the major forest pests, the European Gypsy Moth, the Southern Pine Beetle, the Mountain Pine Beetle, the Spruce Budworm and the Western Spruce Budworm.





1

