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Background 
 

Changes in climate and land use have potentially significant impacts on ecosystem dynamics.  Societal 
concern over these impacts necessitates research that can explicitly quantify the rates, extent, and consequences 
of change.  Documented increases in the extent and density of woody ecosystems worldwide have been the 
subject of considerable research attention.  This is due in part to the ubiquity of dynamic ecosystems, and in part 
to the significant consequences that ecosystem dynamics have on a variety of processes, including 
biogeochemical cycling, hydrological cycling, fuel accumulation and fire behavior, forage production, and 
biodiversity.  In the Greater Yellowstone Ecosystem (GYE), repeat historical photos document that conifer 
forests have significantly expanded into adjacent grasslands and shrublands, and conifer woodlands have 
increased in density.   

Despite the documentation, knowledge of the extent, rates, determinants, and consequences of conifer 
cover increase remain under-developed.  This study presents a thorough examination of the phenomenon of 
conifer cover increase in the GYE.  We used a variety of methods and data to answer fundamental questions 
about where conifer cover increase was occurring, how widespread and rapid the changes were, and what the 
consequences were for carbon storage.  For this final study report, we will focus on the results of these analyses. 
Our first objective was to examine both the overall rate of change in the GYE, and the inherent variability in the 
rates of change as influenced by biophysical setting.  We expected that rates of conifer cover increase would be 
highly variable because of the complexity of vegetation, disturbance regimes, climate, and abiotic gradients in 
the GYE.  

Our second objective was to examine techniques for scaling the results of aerial photo analysis to the 
entire study area.  More specifically, the goal was to accurately quantify the extent of conifer cover increase in 
the GYE between 1985 and 1999 using satellite imagery and statistical techniques.  We developed an improved 
approach for classification of conifer forests in the GYE that enabled a more accurate representation of the often 
subtle changes associated with conifer cover increase.    

Our third objective was to determine the consequences of conifer cover increase for carbon source/sink 
dynamics.  For this, we developed detailed vegetation maps for two time periods and quantified the land cover 
change dynamics associated with conifer cover increase, fire, logging, and forest regeneration.  Then, based on 
field samples of forest structure and composition, we analyzed changes in aboveground carbon stocks as a result 
of these changes. 

In summary, this study presents a comprehensive assessment of the methods and data required to 
quantify an important vegetation dynamic over a large, complex region.  Previous research on the subject falls 
short of doing this because of methodological and data constraints.  We expect that this research lays the 
foundation for more detailed studies in other regions, and that collectively these studies will improve our 
understanding of dynamic ecosystem processes and consequences.  
 
Key Words:  Research – change detection, carbon cycling 
  Geographical Area -  North America, temperate forest 
  Remote Sensing – aerial photographs, Landsat 

Methods/Scales – GIS, regional scale 



Questions, Goals, Approaches 
 
Questions 
NASA ESE Science Questions Addressed: Land cover/use change; consequences of change in land cover/use. 
 
Proportion of Study Devoted to Social Science: 0% 
 
Proportion of Study Devoted to Key Themes: carbon - 50 %; water - 0%, nutrients -0 %, GOFC - 50%, 
biodiversity – 0%. 
 
Goals 
Timetable: 
 
             2002                   2003      2004  
 Task    S      S      F      W     S      S     F      W      S      S      F    W 
 
Aerial photo reference data     ------------------------- completed ------------------------------- 
Collect field data along  
   rapid change transects ------------------------- completed ------------------------------- 
Develop methods for assessing   
   Consequences  ------------------------- completed ------------------------------- 
Finalize Landsat classification   
   methods and do cover maps for 
   1950, 1975, 1985, 1994, 2000 ----------------------   completed ------------------------------- 
Analyze consequences of   
   vegetation change ---------------------------------- completed ------------------------------- 
Make results available  -------------------------------- completed ------------------------------- 
 
Progress During Period 
 With the aid of a one-year extension, we completed the major facets of the project during this time 
period.  
 
Additional Resources 
Hansen, A.J.  Development of Land Use Change Protocols for The Greater Yellowstone Network.  National 

Park Service Inventory and Monitoring Program.  $50,000 for 2004. 
Brown, K. and A. Hansen.  A Landscape Approach to Aspen Restoration:  Understanding the Role of 

Biophysical Setting in Aspen Community Dynamics.  USFS Northern Rockies Fire Lab, CESU, NPS.  
$150,000 for 2002-2004. 

Hansen, A.J.  A decision support system to understand interactions between wildfire and rural residential 
development.  USGS.  $92,000. 2002 

 
Key Findings 

• The structure and composition of conifer forests and conifer-grassland ecotones in the GYE are rapidly 
changing. 

• Rates and frequency of change are highly variable according to biophysical setting.  Proximity to seed 
source and microsite conditions are key factors. 

• New understanding of variability in conjunction with improved remote sensing techniques enable 
quantification of the extent of change. 

• Conifer cover increase accounts for a significant carbon sink, though previous literature estimates for the 
northern Rocky Mountains are likely high. 



• Temporal duration of a forest carbon sink remains in question due to the risk of fire.  Almost half of 
conifer cover increase between 1985 and 1999 occurred in areas that were moderately or significantly 
departed from their historical fire regime. 

• More research is necessary to understand the relationships between conifer cover increase, carbon 
storage, fuel accumulation, and risk of fire.  

• More studies such as this are needed to document changes in conifer forests in many other regions, and 
improve estimates of regional, national, and global carbon dynamics. 

 
Key Products 

• Data set of 2,000+ aerial photo interpretation plots for the years 1971-1999 that documents the rates of 
conifer cover change across the study area. 

• Maps of satellite-derived percent conifer cover for 1985 and 1999. 
• Maps of satellite-derived vegetation type and seral stage for 1985 and 1999. 
• Vegetation change matrix between 1985 and 1999.  
• Maps of live aboveground biomass and carbon for 1985 and 1999. 
• Maps of extent and distribution of conifer cover increase and decrease between 1985 and 1999. 

 
Narrative Statement on Results 
 
I.  Frequency, rates, and biophysical variation of conifer cover increase in the Greater Yellowstone 
Ecosystem 

  
Approach: 
  We analyzed a time series of aerial photos to quantify change in percent conifer cover across the study 
area between 1971 and 1999.  Sample locations were selected with a stratified random design based on 
vegetation type and biophysical setting.  We determined the overall percentage of samples with conifer cover 
increase and the overall rate and extent of change.  We then quantified the variability in the frequency and rate 
of conifer cover increase by Chi-square analysis and multiple comparisons. 
 
Results: 
  From the complete sample of aerial photos, the frequency of conifer cover increase was 22.4%, 
including both conifer expansion into non-forested areas (4.9%) and conifer densification (17.5%).  From the 
subset of samples that were not recently burned, logged, or otherwise disturbed, we estimated that the area of 
conifer forest increased by 7% between 1971 and 1999.  After further reducing the data set only to samples that 
were eligible for conifer cover increase between 1971 and 1999, we calculated the overall frequency of conifer 
cover increase across the GYE at 38.3%.  The overall rate of conifer cover increase for this subset was 0.22% 
(+/- 0.03 SE) per year.  Over the 28 years of analysis, this rate of change equated to an average conifer cover 
increase of 6.2%. 
  The frequency and rates of conifer cover increase varied greatly among sampling transects.  Conifer 
cover increase was absent or rare in several transects, and widespread in others.  Three transects, all from the 
Paradise Valley region north of Yellowstone National Park (YNP) in Montana, had frequencies of change over 
50%.  Two transects had rates of conifer cover increase under 0.10% per year, and two other transects had no 
conifer cover increase.  Of the six lowest ranked transects in terms of rate of conifer cover increase, 3 were 
within YNP. 
  The frequency and rate of conifer cover increase varied significantly across a gradient of elevation.  The 
rate of conifer cover increase was significantly higher for samples between 1,751-3,000 m than for samples 
above 3,000 m.  Above 3,000 m, only 9% of samples exhibited conifer cover increase, compared to samples 
between 1,751-2,000 m, where 48% exhibited conifer cover increase.  In contrast, the frequency and rates of 
conifer cover increase did not vary significantly by solar aspect.  Accounting for the interactive effect of 
elevation and solar aspect revealed a significantly higher rate of conifer cover increase for lower elevation plots 
on northerly aspects compared to higher elevation plots on northerly aspects.  Lower elevation, northerly aspect 



samples were the most likely to exhibit conifer cover increase, at 47%, compared to higher elevation, northerly 
aspect samples which were the least likely, at 31%. 
  The distance to the nearest conifer stand was a strong determinant of the frequency and rate of conifer 
cover increase.  The average annual rate of increase generally declined as the distance to the nearest conifer 
stand increased.  The frequency of conifer cover increase was generally higher than expected for distances less 
than 90 m, and lower than expected for distances greater than 90 m.  The vegetation type also accounted for 
significant variability in the frequency and rates of conifer cover increase.  Low density conifer woodlands 
exhibited conifer cover increase at a significantly higher rate than other vegetation types.  Grasslands-
shrublands had a significantly lower rate of conifer cover increase than other vegetation types.   
  Finally, the interaction between vegetation type and biophysical setting accounted for significant 
variability in the frequency and rate of conifer cover increase.  The rate of conifer cover increase was 
significantly higher for lower elevation, northerly aspect conifer woodlands than for all grassland-shrubland 
strata.  Conifer woodlands exhibited conifer cover increase at least as much as expected for all strata, and far 
more than expected for lower elevations.  Grasslands-shrublands exhibited conifer cover increase less than 
expected across all strata, and far less than expected at higher elevations. 

 
Significance: 
  Conifer cover increase was widespread across the GYE during the period 1971-1999, occurring in 
nearly one-quarter of all samples.  Of that increase, densification of conifer woodlands was more than 3 times as 
common as expansion of conifer forests into grasslands-shrublands.  Apart from fire, logging, and other vectors 
of forest loss, the area of conifer forest cover increased by approximately 7% over the 28-year time span.  
Further, nearly 40% of eligible samples increased in percent conifer cover, amounting to approximately 10% of 
the eligible area.  These results strongly suggest that the structure and composition of conifer forests and 
conifer-grassland ecotones in the GYE are rapidly changing. 
  While these measures of overall change across the GYE are noteworthy, they are equally important in 
revealing the widespread lack of conifer cover increase in most locations.  Greater than 60% of all eligible 
samples did not increase in conifer cover between 1971 and 1999.  We expected that elevation and aspect, as 
proxies for temperature, precipitation, solar radiation, and evaporative demand, would strongly influence the 
frequency and rate of change, but we were surprised that neither variable alone was a strong determinant.  
While lower elevation samples did increase more rapidly than higher elevation samples, the trend across 
elevation classes was inconsistent, suggesting that temperature and precipitation alone were not strongly 
limiting factors for conifer cover increase.  We did, however, observe a threshold drop in frequency above 
3,000 m, as samples were 5 times less likely to exhibit conifer cover increase than samples between 1,751 and 
2,000 m.  The extreme temperatures, short growing seasons, and blister rust disease at these higher elevations 
are likely explanations for this pattern.  Conversely, more favorable temperatures and longer growing seasons at 
lower elevations likely explain the higher rate of conifer cover increase between 1,751 and 2,000 m.   
  The interaction between elevation and aspect strongly governs plant available moisture conditions.  
Lower elevations generally have longer growing seasons and higher average temperatures, but they are also 
associated with drier climates.  Conversely, higher elevations typically have shorter growing seasons and lower 
average temperatures, but moisture is generally adequate, if not excessive in the case of persistent snowpack.  
Therefore, because of the wide range in elevations and aspects across the study area, elevation and aspect 
combined were significantly related to the frequency and rate of conifer cover increase in the GYE.   
  While moisture and temperature gradients are important factors for patterns of conifer cover increase, 
the proximity to conifer forest is also important to consider.  We identified a threshold decrease in the frequency 
of conifer cover increase for distances greater than 60 m from the nearest conifer stand.  Within the 28-year 
span of observations, conifer cover increase was approximately twice as likely to occur on sites within 60 m 
from the nearest conifer stand as on sites further than 180 m.  There are several likely explanations for this 
observed trend.  Most importantly, nearby conifer forests provide a seed source for conifer seedling 
establishment and therefore sites near conifer forest are more likely to exhibit conifer cover increase.  Given 
adequate conditions for reproduction, seedling establishment, growth, and survival, conifer forests develop 
biological inertia as the number of individuals increase and seed sources become abundant.   



  The type of surrounding vegetation is another factor that influences the frequency and rate of conifer 
cover increase.  The rate of conifer cover increase was significantly higher for conifer woodlands than for either 
conifer forests or grasslands-shrublands.  In fact, densification of conifer woodlands occurred on more than 
50% of all eligible sites, while expansion of conifers into grassland-shrubland occurred on only 13% of eligible 
sites.  This result is likely related to the importance of proximity to conifer forest for seed availability and site 
improvement.  Site amelioration improves soil moisture conditions and the probability of seedling survival 
through shade, buffer from the elements, and protection from browsing and trampling.  The significant 
difference in frequency of increase between conifer woodlands versus conifer forests suggests that as the 
canopy nears closure, less light, nutrients, and water are available for understory seedlings and saplings.  Lower 
density conifer woodlands are therefore more dynamic and more likely to exhibit conifer cover increase than 
higher density conifer forests. 

 
II.  The extent and distribution of conifer cover increase in the Greater Yellowstone Ecosystem 

 
Approach: 
  We used a combination of aerial photos, satellite imagery, and statistical methods to quantify conifer 
cover across the study area for 1985 and 1999.  We developed reference data from a time series of aerial photos, 
including percent conifer cover, to determine the rates of conifer cover increase.  Based on these reference data, 
we used satellite imagery to map conifer cover across the study area for 1985.  From satellite image change 
detection, we determined the extent of conifer cover increase between 1985 and 1999, and then estimated 1999 
conifer cover based upon the rates of change. 

 
Results: 
  A regression model for percent conifer cover explained a large amount of the variation in the data, with 
an R2 of 0.73.  The validation of the regression model against withheld data, by regression between observed 
and predicted values, yielded an R2 of 0.72.  The map of 1985 percent conifer cover revealed that grassland-
shrubland dominated the lower elevation valleys to the north and south of Yellowstone National Park.  Higher 
conifer cover forest predominated within Yellowstone National Park and the surrounding higher elevation 
mountain ranges, while lower conifer cover forest predominated in the lower elevation forests outside 
Yellowstone National Park and adjacent to the grassland-shrubland valleys.   
  The total area of conifer cover increase in the GYE between 1985 and 1999 was 685,075 ha.  Conifer 
expansion resulted in the conversion of 90,323 ha of grassland-shrubland to conifer woodland.  The majority of 
conifer expansion (63%) occurred at lower elevations (< 2,316 m), where it was slightly more common on 
northerly aspects (51%).  Conversely, at higher elevations, expansion was more common on southerly aspects 
(57%).  Conifer densification resulted in the cover increase of existing conifer forest on 594,752 ha.  The spatial 
distribution of conifer densification was skewed towards lower elevations (54%) and northerly aspects (54%).  
At lower elevations, densification was more common on northerly aspects (58%), while at higher elevations, it 
was more common on southerly aspects (51%).  Cumulatively, the area of conifer cover increase between 1985 
and 1999 represented 16% of the entire classified study area, and was especially evident in the lower elevation 
conifer forests outside of Yellowstone National Park. 

 
Significance: 
  The use of a continuous classification approach for mapping conifer forests across a large, complex 
region like the GYE is a substantial improvement over the use of a categorical classification approach.  Previous 
categorical classifications of conifer woodlands in the GYE resulted in low accuracy due to the high biophysical 
variability represented by this class.  In contrast, by isolating the 95% of the study area that fell along the 
gradient between pure coniferous and pure grassland-shrubland, and then developing a continuous 
classification, we were able to depict more accurately the inherent variability of this mixed class.   
   By determining the extent of conifer cover increase from satellite image change detection, and the rate 
of conifer cover increase from aerial photo interpretation, we were able to quantify subtle changes that would 
otherwise be difficult or impossible to detect over a region as large as the GYE.  The results of this study 
provide us with a more complete picture of the extent and distribution of conifer cover increase in the GYE.  



This is the first study that we know of to quantify conifer cover increase with remote sensing across a region as 
large and complex as the GYE.  Assuming that rates of change over the last several decades are indicative of 
future change, we would expect significant future changes in the structure and composition of forests, 
grasslands, and shrublands of the GYE.  Projected over 100 years, for example, the rates of change that we 
observed translate into 55% to 72% increases in conifer cover in some locations. 
  Conifer expansion between 1985 and 1999 occurred on approximately 2% of the study area, primarily at 
or near lower elevation forest-grassland ecotones.  This is due in part to lower elevations having longer growing 
seasons and more favorable conditions, and in part to lower elevation forests of the GYE being more heavily 
impacted by fire suppression and grazing.  The remainder of conifer expansion between 1985 and 1999 
occurred at or near higher elevation forest-grassland ecotones.  Conifer density increased between 1985 and 
1999 on approximately 13% of the study area.  Conifer densification accounted for the vast majority of the total 
area of conifer cover increase.  Unlike conifer expansion, there was not a strong elevation trend in the 
distribution of conifer densification, with only a slight majority of the change occurring in lower elevation 
forests.     
  Overall, the area that increased in conifer cover represented only a small fraction of the total area that 
was eligible for conifer cover increase.  This is likely a function of several factors.  First, conifer growth rates in 
the GYE are relatively slow given harsh climatic and abiotic conditions.  Therefore, change over a 14-year time 
period can be rather subtle.  Second, given this subtlety, spectrally discriminating change at a spatial resolution 
of 30 m is challenging.   
  The method presented here for continuous classification of conifer cover and quantification of change in 
conifer cover offers excellent potential for use at larger spatial extents and in other regions experiencing similar 
forest dynamics.  Conifer cover increase is a widespread phenomenon, yet we lack information on its rates and 
extent.  Thus there is a pressing need for easily implementable approaches such as this one.  We have 
demonstrated the utility of this approach for the GYE, despite the limited 14-year span of satellite imagery and 
slow conifer growth rates.  With a longer time series of satellite imagery in warmer and/or wetter regions with 
higher rates of change, this method could be expected to yield even more accurate results. 

 
III.  The contributions of conifer cover increase and decrease to carbon dynamics in the Greater 

Yellowstone Ecosystem 
 

Approach: 
  We used a combination of aerial photos, satellite imagery, field data, allometric equations, and statistical 
methods to map GYE vegetation cover and quantify the reservoirs and fluxes of aboveground carbon between 
1985 and 1999.  We developed training data from aerial photos, including dominant vegetation type, seral stage, 
and percent composition of conifer for 1971, 1985, and 1999 and used these to quantify the rates of conifer 
cover increase.  The spectral and biophysical characteristics of these training sites were analyzed with 
classification tree analysis (CTA), and used to generate categorical maps of vegetation type and seral stage for 
both 1985 and 1999.  The structural and compositional characteristics of forest stands were quantified from 
field data, and we drew on published allometric equations to estimate aboveground biomass.  We then 
developed statistical functions to relate aboveground biomass to vegetation type, seral stage, and percent conifer 
cover.  We converted aboveground biomass estimates to carbon content, extrapolated aboveground carbon 
content across the study area for 1985 and 1999, and quantified the net change between 1985 and 1999. 

 
Results: 
  The vegetation map for 1985 revealed that 3 vegetation classes comprised 82% of the study area: 
grassland-shrubland (34%), conifer woodland (30%), and mature/old-growth mixed conifer (18%).  The 
remaining 18% of the study area consisted of smaller fractions of mature/old-growth Douglas-fir (5%), 
hardwood forest (5%), mature/old-growth whitebark pine (3%), seedling/sapling seral stage (3%), and pole seral 
stage (2%).   
  While the majority of the study area did not change between 1985 and 1999, there were some important 
vegetation changes.  Seral stage regressed on 337,394 ha of forest land due primarily to fire and logging.  These 
changes were mostly distributed at higher elevations (75%) across all aspects (53% on northerly aspects).  



Meanwhile, seral stage advanced on 59,833 ha of forested areas that were disturbed (e.g., by fire or logging) 
before 1985, primarily at lower elevations (84%) and northerly aspects (60%).  In addition to these changes, we 
determined that conifer expansion between 1985 and 1999 resulted in the conversion of 90,323 ha of grassland-
shrubland to conifer woodland, and conifer densification resulted in the density increase of existing conifer 
forest on 594,752 ha.  The net result of all of these vegetation dynamics was that by 1999, the dominance of the 
3 primary vegetation classes dropped by about 3 percent.  Conifer cover decrease, largely attributable to fire and 
logging, contributed to a 5% increase in grassland-shrubland, a 114% increase in seedling/sapling, a 6% 
decrease in conifer woodland, a 6% decrease in pole stage, and an 11% decrease in mature/old-growth conifer. 
   Changes in the extent and density of conifer forest resulted in substantial aboveground live carbon gains 
between 1985 and 1999.  Conifer expansion across 90,323 ha increased aboveground live carbon by 274 kg C 
ha-1 yr-1, resulting in net carbon sequestration of 25 Gg C yr-1.  Conifer densification across 594,752 ha 
increased aboveground live carbon by 579 kg C ha-1 yr-1, resulting in net carbon sequestration of 344 Gg C yr-1.   
  Meanwhile, changes in seral stage between 1985 and 1999 resulted in even greater changes in 
aboveground live carbon on a per hectare basis.  Seral stage advancement on 59,833 ha increased aboveground 
live carbon by 699 kg C ha-1 yr-1, resulting in net carbon sequestration of 42 Gg C yr-1 over the entire study area.  
Seral stage regression on 337,394 ha decreased aboveground live carbon by 3,180 kg C ha-1 yr-1, resulting in a 
net carbon loss of 1,073 Gg C yr-1 over the entire study area. 
  Overall, as a result of all vegetation cover change between 1985 and 1999, live carbon stocks decreased 
by 143 kg C ha-1 yr-1.  The net loss of live carbon as a result of these changes was 662 Gg C yr-1.  Despite the 
live carbon gain of 369 Gg C yr-1 provided by conifer expansion and densification, as well as seral stage 
advancement, the GYE was a net source of carbon during the period 1985-1999. 

 
Significance: 
  Fourteen years of vegetation dynamics in the GYE resulted in substantial changes in conifer forest 
structure and composition, and consequent changes in aboveground carbon stocks.  We quantified the dynamics 
associated with both seral stage changes and conifer cover increase.  The most pronounced changes between 
1985 and 1999 were those associated with seral stage regression, largely as a result of fire and logging, that 
resulted in significant loss of aboveground carbon stocks.  Conifer cover increase was also pervasive and 
accounted for significant aboveground carbon sequestration.  Overall, however, a carbon sink associated with 
conifer cover increase accounted for only a fraction of the total carbon source associated with fire and logging, 
and thus between 1985 and 1999 the GYE was a net carbon source. 
  The widespread fires of 1988 in and around Yellowstone National Park, coupled with other fires 
between 1985 and 1999 and logging activity during that same time period, combined to regress approximately 
7% of the study area from later successional forest types back to early successional cover types.  The majority 
(75%) of these changes occurred in higher elevation forests that are typically characterized by multi-centennial 
fire return intervals, suggesting that 20th century fire suppression had little to do with these events.  The 
remaining 25% of these changes, however, occurred in lower elevation forests that are historically characterized 
by frequent, low intensity fire regimes or mixed frequency and intensity fire regimes.  
  Our results demonstrate that while conifer cover increase was widespread, it was not occurring 
uniformly across all biophysical settings.  Between 1985 and 1999, conifer expansion into non-forest 
ecosystems occurred on only 2% of the study area.  For all conifer cover increase, we determined that 
approximately 40% of eligible samples did show an increase between 1971 and 1999, at highly variable rates.  
Given these facts, it is likely that previous studies significantly overestimated the amount of carbon sequestered 
by conifer cover increase and the contribution to the “missing sink.” 
  Overall, during the period 1985 – 1999, the GYE was a net carbon source of 662 Gg C yr-1.  On a per 
hectare basis across the entire study area, this was equivalent to the loss of 143 kg C ha-1 yr-1.  Conifer cover 
increase between 1985 and 1999 did offset 34% of the carbon released by fire and logging, but harsh abiotic and 
climatic conditions in the GYE limit the extent and rates of increase.  Therefore, despite a carbon sink provided 
by conifer cover increase and seral stage advancement, the widespread occurrence of stand replacement fires 
between 1985 and 1999 provided a greater source of aboveground carbon.  These results suggest that detailed 
analyses from other regions might cast light on important carbon source/sink dynamics.  Given widespread 



woody encroachment in a variety of ecosystems worldwide, it is critical to accurately quantify the rates, extent, 
and consequences for carbon in these systems.    
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