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Abstract

	 The Forest Vegetation Simulator (FVS) is a suite of computer modeling tools for predicting the long-term effects of alternative 
forest management actions. FVS was developed in the early 1980s and is used throughout the United Sates and British Colum-
bia. The Third FVS conference, held February 13–15, 2007, in Fort Collins Colorado, contains 20 papers. They describe the use 
of FVS on the stand and landscape scale, and to analyze fuels management in the presence of insects and fire. Several papers 
compare FVS predictions of the effects of insects and disease to field measurements. FVS is continually evolving and improving 
in technology and capability to meet the needs of its ever increasing user community. Papers describe new methods for data 
acquisition and preparation for input to FVS, new economic analysis capabilities within FVS, new methods for simulating forest 
regeneration, new developments in calculating growth and mortality, and future plans for incorporating the effects of climate change in 
model simulations.

Keywords: forest management, forest planning, growth and yield, vegetation dynamics, habitat modeling, carbon inventory, prog-
nosis model, landscape dynamics, fire, fuels, climate change, economics, forest health
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Dedication_ _______________________________________________________
		  These proceedings are dedicated to Al Stage, Emeritus Scientist who passed away 

July 12, 2008. Al was one of the giants in forest biometrics research and forest growth dy-
namics modeling in the world. His broad breadth of knowledge, analytical skills, creativity 
and curiosity, and his sheer love of science, made him a consummate forest scientist. It is 
noteworthy that his most productive year measured in refereed journal papers was 2007, 
many years after becoming an Emeritus Scientist. He had more work to do and many more 
papers planned than his lifetime permitted.

		  Al was best known for the creation of the Prognosis Model for Stand Development, 
first published in 1973. This model is the core of what is currently known as the Forest 
Vegetation Simulator (FVS), the most widely used forest growth model in the world. Al’s 
vision, his quiet but persuasive prodding, and his firm grasp of biophysical, mathematical, 
and statistical concepts are at the foundation of FVS. Many who had the pleasure of work-
ing closely with him stand in awe of his achievements; the fervor and pace with which Al 
attacked forestry research was exhausting!

Albert R. Stage

Al Stage showing how to use your thumb as an 
angle guage in variable plot sampling (photo 
by Kim Iles).
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Vegetation Simulation and Our  
Changing World: Keynote Address
Corbin Newman 
Director of Forest Management 
USDA Forest Service 
Washington, DC 
Current affiliation, Regional Forester 
Southwestern Region 
USDA Forest Service

In: Havis, Robert N.; Crookston, 
Nicholas L., comps. 2008. Third Forest 
Vegetation Simulator Conference; 2007 
February 13–15; Fort Collins, CO. Pro-
ceedings RMRS-P-54. Fort Collins, CO: 
U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research 
Station. 

Summary_ ________________________________________________________
	 Prior to the 1990s, a primary focus of vegetation management on National Forest 
System (NFS) lands was commodity production. While the production of goods is still 
important, the last 20 years has seen an emphasis in the restoration of ecosystem func-
tion and resiliency.  This is illustrated by a decline of more than 80% in NFS timber 
production since the late 1980s. The current Forest Service focus on ecological restora-
tion reflects both changing public values, and the current ecological conditions on NFS 
lands. Ecological restoration is not restoring land to some predetermined point in time, 
but to create conditions within the ecosystem that restores its health and resiliency to 
natural forces and disturbances that affect it while meeting societal needs.

	 The shift from commodity production to restoring ecosystem resiliency has occurred in 
the context of concern for the effects of climate change on forests, a decade-long drought 
in parts of the West, and a multi-decade increase in forest density. In many parts of the 
country, increases in forest density have been in progress since the late 19th century. 
Forest growth greatly exceeds removals on NFS lands in the Interior west. When dense 
forests combine with extended drought, the ecological stress sets the stage for increased 
insect epidemics and wildfire. There has been a major shift in fire regime from low to 
high severity, and the intensity of wildfire has increased. At the same time, there has 
been an unprecedented expansion of residential development into wild lands.

	 There has been a compelling political call to action, and key socio-political forces are 
shifting. There is broader recognition of climate change and the need for action to address 
it. There is a growing recognition of the need to actively manage NFS lands to restore 
and protect important ecosystem services such as carbon sequestration and bio-energy. 
The Forest Service has responded with dramatically increased forest fuels treatments 
and vegetation treatments focused on density management, and a robust Forest Health 
Protection program on federal and non-federal lands. A major strategy of National Forest 
management has been to focus on ecosystem restoration and fuels treatment.

	 Today, more than ever, FVS is ready to provide the vegetation management tools 
needed by planners to analyze alternative futures, by decision makers to understand the 
effects of actions they contemplate, by collaborative groups to explore common ground 
around treatments, and by land management agencies to understand the consequences 
of policies they consider. FVS has grown to meet the needs of field practitioners, and 
evolved to address the emerging forest management issues such as biomass and carbon 
sequestration. Most importantly, FVS has remained dedicated to the user. The confer-
ence and the proceedings document the contemporary uses and state-of-the-art of FVS, 
and look into the near future applications and model development goals.

	 Enjoy the conference.

"FVS has grown to meet the needs 
of field practitioners, and evolved to 
address the emerging forest man-
agement issues such as biomass 
and carbon sequestration. Most 
importantly, FVS has remained 
dedicated to the user."
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FVS and Global Warming: A Prospectus 
for Future Development
Nicholas L. Crookston1 
Gerald E. Rehfeldt1 
Dennis E. Ferguson1 
Marcus Warwell1

Abstract—Climate change—global warming and changes in precipitation—will cause changes in 
tree growth rates, mortality rates, the distribution of tree species, competition, and species inter-
actions. An implicit assumption in FVS is that site quality will remain the same as it was during 
the time period observations used to calibrate the component models were made and that the site 
quality will not be affected by climate change. This paper presents evidence of the impacts of climate 
change on forests and argues that FVS needs to be revised to account for these changes. The changes 
include modification of the growth, mortality, and regeneration establishment models, all of which 
need to account for changes in site quality and genetic adaptation. Criteria for modifying the model 
recognize that the model’s applications and uses will not diminish and need to be supported. The 
new process, climate change, needs to be recognized by the model because it influences all of the 
processes FVS currently represents. Plans are being made to address this major task.

Introduction_______________________________________________________
	 This paper is a call to action. A key use of FVS is to forecast the species and size 
distribution of forest stands over time, given proposed management regimes. This and 
other uses are documented by two previous symposium proceedings (Teck and others 
1997; Crookston and Havis 2002) and other key documents (Dixon 2003; Crookston and 
Dixon 2005). Typical applications of FVS are clearly within the time span of predicted 
significant climate change (Rehfeldt and others 2006; IPCC 2007a). 
	 FVS needs to be modified so that it can be useful in the face of changing climate 
(Monserud 2003). The key uses of FVS will be in even greater demand as forest managers 
try to cope with climate change in addition to ever increasing demands for wood, habitat, 
and other ecosystem services. How to manage forests over the rest of this century and 
into the next is an open question that cannot be addressed with forest growth models that 
are both insensitive to climate change and are designed for century long projections.
	 Necessary changes to FVS touch all aspects of the base model as climate change in-
fluences the processes the model represents (Crookston and Dixon 2005; IPCC 2007b). 
In this paper we present research that shows how one scenario of climate change is 
predicted to alter the climate for some important species (Rehfeldt and others 2006) 
and present some recent exploratory work showing how it might influence the carrying 
capacity of forested lands in the Western United States as measured by stand density 
index (Reineke 1933), one of the key variables used in FVS to predict mortality. In ad-
dition we review recent exploratory work that relates growth increment to precipitation 
and temperature and discuss the role genetics might play in predicting growth. After 
the need for modifying FVS is clearly documented and some of the exploratory work is 
presented, we discuss the design criteria for a new climate-based variant and discuss 
our ideas on how this model might take shape. 

In: Havis, Robert N.; Crookston, 
Nicholas L., comps. 2008. Third Forest 
Vegetation Simulator Conference; 2007 
February 13–15; Fort Collins, CO. Pro-
ceedings RMRS-P-54. Fort Collins, CO: 
U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research 
Station.
1	 Operations Research Analyst, Ge-
neticist (Retired), Research Forester, 
and Geneticist, respectively,USDA For-
est Service, Rocky Mountain Research 
Station, Forest and Woodland Ecosys-
tems Program, Moscow, ID; e-mail: 
ncrookston@fs.fed.us.
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Change In Species Distributions______________________________________  
	 Climate is the major factor controlling species distributions (Holdridge 1947). Rehfeldt 
and others (2006) published maps of the climate profiles for individual species and plant 
associations. Figure 1 depicts the current and projected locations of the climate profiles 
for Pinus ponderosa, Larix occidentalis, Pseudotsuga menziesii, and Picea engelmannii 
for contemporary climate and at three points in the future. A species climate profile is a 
model that predicts the presence of a species according to climate metrics. The maps were 
produced by relating current species distributions as recorded in the Forest Inventory 
and Analysis (FIA) data to the climate variables predicted using a model of the climatic 
normal period of 1960 to 1990 (Rehfeldt 2006). Future distributions of species’ climate 
profiles were made by predicting the future locations using forecasted climates. The 
forecasted climates were based on the average of two global circulation models run for 
a “business as usual” scenario of 1 percent increase in greenhouse gases per year over 
this century. The two models are from the Hadley Center (HadCM3GGa1) (Gordon and 
others 2000) and Canadian Center (CGCM2_ghga) (Flato and Boer 2001). 
	 It appears that for some species, for example P. menziesii, the future does not seem too 
bleak (yet likely understated in these figures; see the discussions in Rehfeldt and others 
2006), but for others, the forecast is not very positive (P. engelmannii, for example). The 
point is that the locations of the climate profiles change, some more than others, and 
that the change is clearly within the period of typical one-century long FVS projections. 
We conclude that species composition is likely to be influenced in ways not contemplated 
with the current FVS model formulation and that the magnitude of the change is likely 
to be large and widespread. 

Carrying Capacity, Maximum Stand Density Index_ ______________________
	 As part of our preliminary work on modifying FVS, we worked out a model of maxi-
mum stand density index (MaxSDI) (Reineke 1933) computed using the Western U.S. 
FIA data as a function of two climate measures, mean annual precipitation (MAP) and 
the number of degree days above 5 °C (DD5). SDI is the equivalent trees per acre (TPA) 
at a quadratic mean diameter (QMD) of 10 inches (there is a metric version as well that 
does not have an exact linear conversion), expressed as follows: SDI = TPA (QMD/10)1.605. 
SDI is used in the mortality models in some FVS variants. As the tree density reaches 
a proportion of the maximum tabulated in the model for a site, the model increases 
the mortality rate so that the established upper limits of SDI are not exceeded. In this 
context, MaxSDI is used as a measure of the site carrying capacity. The climate-derived 
MaxSDI equation is:

	 MaxSDI b b MAP DD bb= 0 5 (1-exp(-(  ) ))    (1 3
2 exp   )DD5 	 (1)

where b0 = 1.901, b1 = 0.003489, b2 = 1.861, b3 = -0.000775, with a residual standard error 
of 181.5 where all coefficients are significant with P < 0.01. Observations used to fit this 
model are those subplots (from the FIA data) that carry the highest SDI measurements 
across several climate gradients. Briefly, the procedure for one climate variable was 
to create 300 bins of observations corresponding to 300 fixed intervals along a climate 
gradient (MAP, for example). In each bin, the identity of the 99th percentile observation 
of SDI was recorded. This procedure was completed independently for each of 35 climate 
variables used by Rehfeldt and others (2006). The lists of subplot identities were then 
combined and all duplicates were removed. 
	 Figure 2 illustrates the equation’s response surface. At the lower end of the precipita-
tion gradient, MaxSDI increases with increased precipitation, but at the upper end there 
is no increase in carrying capacity. In fact, there is some evidence that at the highest 
precipitations, MaxSDI falls as precipitation increases. This can be seen by inspecting 
the residual plot that shows that MaxSDI is over predicted at high levels of precipita-
tion. For the purposes of this paper, we left the equation form as shown with an upper 
asymptote on precipitation. The response of MaxSDI to heat is different in that higher 
heat results in higher MaxSDI until an optimum is reached and then additional heat 
causes decreases in MaxSDI. The equation captures some important components of 
climate and plant interactions. 
	 The quotient of DD5 divided by MAP is sometimes called annual moisture index 
(Rehfeldt and others 2006), but may be better referred to as an annual dryness index 
(ADI) because as the amount of heat increases for a fixed amount of moisture, the numeric 
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Figure 1—Modeled climate profiles of four forest tree species for the contemporary climate and for the decades beginning in 2030, 2060, and 
2090 (left to right) (reprinted from Rehfeldt and others 2006, p. 1146).
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Figure 2—The top graphs predicted values of MaxSDI (Equation 1) plotted over mean annual precipitation (MAP) and degree days >5 °C (DD5). 
In the rest of the panels, gray is the observed data and black is the predicted. The middle row left panel displays the residuals with a flat reference 
line and a diagonal line that illustrates bias. The predicted values are plotted over the predictor variables in the middle right and lower left panels. 
The last plot (lower right) is predicted plotted over annual dryness index (ADI) even though that variable was not included in the regression. 
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value of the index increases. We plotted MaxSDI over ADI to illustrate the relationship 
(fig. 2, lower right), but we did not directly include this ratio as a predictor.
	 Figure 3 maps the predicted change in MaxSDI for areas currently considered forested 
or woodlands (Brown and others 1998) in the Western United States using Equation 1. 
The period of change is from climate normal period (1961 to 1990), to the year 2060 as 
predicted by the climate model of Rehfeldt (2006). The projected changes are quite large 
and beg a question regarding how much the equation is being used to extrapolate into 
future climates. Figure 4 (left) is a scatter plot of the observations used to calibrate Equation 1 
designed to show the range of MAP and DD5 measurements. Four example locations 
were picked to illustrate that in some cases, for example, in the Olympic Mountains of 
western Washington State the current climate is quite unique in the Western United 
States, with very high precipitation and low heat. Increases in DD5 and MAP indicated 
by the short vector do indeed suggest that the model is being used to extrapolate beyond 
contemporary experience. But the other three locations are within the range of data and 
exemplify a large percentage of the mapped changes. The right side of figure 4 charts 
the MaxSDI values for all four locations now and in the future. In general, increases 
in MaxSDI are consistent with areas that are currently cold and wet that will become 
warmer and still have enough precipitation to support forests. Decreases in MaxSDI are 
generally consistent with places that are already hot, are projected to become hotter, and 
any increase in precipitation will not significantly offset the increase in heat. This work 
does not account for changes in species composition that may be necessary to actually 
see any gains in MaxSDI or that might result from loses. 
	 MaxSDI is not used in every variant of FVS as some use basal area maximum (Crookston 
and Dixon 2005). Note that while these two measures are not identical, they are strongly 
related and there is little doubt that conclusions reached by studying MaxSDI apply to 
maximum basal area as well.

Change in Growth Rates ____________________________________________
	 Growth increment in FVS is a function of three basic factors: tree size (represented 
by diameter, height, age, or these in some combinations), competition (measured by 
stand density and basal area in larger trees), and site quality (measured as site index or 
habitat type, slope, elevation, and other factors). The model formulations are designed 
to predict increment as tree size, competition, or both change, but not designed to allow 
for site quality to change assuming that it will remain constant over time. As we have 
shown, that assumption under climate change is not defensible. Crookston and others 
(2007) did a preliminary analysis of the diameter increment of P. menziesii. They refit 
the increment equation in FVS (Wykoff 1990; Stage and Wykoff 1998) by replacing the 
static site quality measurements with mean annual temperature and precipitation. 
Although preliminary, plots made using the equation provide some insights (fig. 5). First, 
the FIA data used to calibrate the equation did not support the notion that growth will 
decline with temperature increases, although it will increase with increased precipita-
tion. This result defies growth theory. Surely, as temperature increases beyond the limits 
of a tree to cope, the result will be lower growth. Furthermore, the adaptive response 
of individual trees, measured by the response for individual genotypes, determines the 
individual growth response to climate change (Langlet 1936; Rehfeldt and others 1999; 
2002, 2003). Genetics research supports a bell-shaped curve for growth response on a 
temperature gradient, with different maxima for each genotype. 
	 We conclude that a combination of information from genetics research, growth theory, 
and observations like those from FIA will need to be combined to realistically model 
growth. Proper modeling of mortality is also necessary. The growth rates of trees that 
recently died are normally not recorded and are therefore observations of growth for 
dying trees are rare in the data used to calibrate the growth model. Statistical analyses 
of these data lead to model parameterizations that do not reflect slowing of growth as 
trees die. The mortality model, therefore, also needs to be adjusted so that trees are 
predicted to die as conditions change from those that support growth to conditions that 
do not support growth. 
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Figure 3—Predicted change in the MaxSDI for areas currently considered forest or woodlands for the 1960–1990 climate normal period 
to the year 2060, using the spline model of Rehfeldt (2006) and the average of the predictions of two global circulation models run under a 
“business as usual” scenario. 
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Figure 4—The left side is a scatter plot of the observations used to calibrate Equation 1 with the predicted change in MAP and DD5 from current 
climate to 2060 indicated with short vectors for four example locations. The bar chart on the right shows the predicted change in MaxSDI for the 
four locations. Changes predicted for the Olympic Mountains are slightly beyond the range of the data while the others are within the range of 
observations.

Figure 5—The left side is a scatter plot of the observations used to calibrate a diameter increment equation and the right side is the response of increment 
to mean annual temperature (MAT) and MAP (from Crookston and others, in press). 
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FVS Components and Ideas for Change________________________________

Design Criteria

	 In contemplating the design of a new FVS methodology that is sensitive to climate 
change, several factors come to mind. 

The overall needs met by current FVS variants will remain; sensitivity to climate •	
change must be added.
There should be no “built in” climate change scenario. FVS must be programmed •	
to use the outputs produced by these models and users need the ability to choose 
the climate change scenario they wish to run. 
The model should be consistent with current variants when run under a no climate •	
change scenario. While this is an important goal, it will be hard to reach as differ-
ences in predictions are inevitable. 
Research indicates that genetics play a major role in determining the growth of •	
trees when site conditions change. Some species, for example P. menziesii, are 
genetic specialists where sub populations of the species are closely tuned to the 
climatic regime to which they are adapted. FVS will need to take into account the 
climate associated with the sub-population of a species; it will not be sufficient to 
account for climate at the species level.
There are several extensions to FVS that represent insect pests, pathogens, and •	
notably fire and fuels (for an overview, see Crookston and Dixon 2005, p. 64). These 
extensions make use of many of the same static measures of site quality, notably 
habitat type/plant association and forest type, used by the base model. Any changes 
in the base model that represent changing site quality should be made in a way 
that the extensions can use the results.

Meeting these design criteria is a tall order and likely beyond the scope of first versions. 
Here are our speculative ideas on how to proceed.  

Diameter and Height Increment

	 The preliminary analysis of increment presented above offers suitable direction to 
take for every species in FVS, however, it is likely that different climate variables will 
be important among species. We plan to compile and analyze contemporary observations 
of growth on individual trees using currently known methods to represent competition 
and size while introducing new methods to represent site through climate. (see Froese 
2003 for a first attempt at this work). While this approach promises to capture the effect 
of climate on increment, it will not capture the effect of changing CO2 or other resources 
that control tree growth. 
	 Some species have strong genotypic adaptation to narrow portions of the environmen-
tal range evident for the species as a whole and that this variation is directly related to 
growth (Monserud and Rehfeldt 1990). Almost all of the available observations of growth 
record the species of the tree, not the genotype. Crookston and others (2007) addressed 
this issue and offered a possible solution for P. menziesii that would work for other species 
where sufficient data are available from common garden experiments. While a structure 
that accommodates these kinds of relationships can be included, data to calibrate the 
relationships are not generally available for many species. Including what is known 
about these relationships must be an objective of this work. 

Mortality

	 Many current mortality models in FVS use MaxSDI as a key driver. The preliminary 
analysis described above holds some promise that climate can be used to predict MaxSDI. 
Warming temperatures and changes in precipitation can then have direct influences on 
mortality rates. In addition, the recent work of Rehfeldt and others (2006), plus some 
as yet unpublished results, indicate that species’ realized niche space can be predicted 
using climate. We believe that climate changes can be translated into changes in the 
likelihood that a species can exist at a given location. Reductions in the probability that a 
species exists would increase the probability of mortality, and visa versa. This approach 
leaves unanswered the role of interspecific competition. Currently growing trees (trees 
that provide us with contemporary evidence) generally have potential niche spaces that 
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are significantly larger than those evident in inventory data. An empirically calibrated 
model like the one we envision would miss this factor. We see no solution to this issue 
other than to press on and push for the installation of the necessary field studies that 
would allow us to measure the difference between realized and potential niche. In cases 
where the relationships are already known, they can be taken into account in the model. 
Other cases will need to wait for the necessary evidence.

Regeneration Establishment

	 This model component predicts the number and species of newly established trees on 
a site. A model that purports to appropriately represent climate change in forecasts of 
forest species and size composition must contain a reasonable establishment model. We 
intend to use the same general information used to model mortality, but in a complimen-
tary way. Stands that are under stocked will be restocked with species that have high 
probability of existing in the climate regime. The current methods used in FVS to model 
establishment contain two approaches. In the so called “full establishment” model, the 
model predicts the number, size, and species of trees one would expect to find at a given 
time past a disturbance of know character. In the other, users specify this information 
thereby simulating what they expect to occur. Our first step will be to include the partial 
model but our longer term plan is to provide a full establishment model. An important 
assumption of this effort is that when trees of a given species are established, they will 
be of proper genetic characteristics for the climate to which they are established. 

Conclusions_______________________________________________________
	 Climate is changing (IPCC 2007a); climate affects birth, growth, and mortality of 
trees; FVS represents those processes, and therefore FVS must be adapted to use climate 
measures as predictor variables. Otherwise, FVS will lack relevance to forest managers 
that it has had in the past. The lack of relevance will be directly tied to the fact that FVS 
will be ignoring a key process (climate change) that directly influences key processes 
the model is designed to represent. Furthermore, we understand this to be the case, so 
modification of the model is essential if FVS is to be viewed as containing the scientific 
evidence relevant to its purposes and uses. Therefore, plans are being made to rebuild 
FVS so that forest managers will continue to have this important tool for aiding their 
management planning and activities. It will help inform foresters and other natural 
resource managers about the implications climate change will have on the ecosystems 
they are charged with managing. 
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Abstract—As the number of state and regional climate change agreements grows, so does the 
need to assess the carbon implications of planned forest management actions. At the operational 
level, producing detailed stock estimates for the primary carbon pools becomes time-consuming and 
cumbersome. Carbon reporting functionality has been fully integrated within the Forest Vegetation 
Simulator (FVS), allowing users to produce carbon reports along with traditional FVS output. This 
added capability can be easily used by managers familiar with FVS and requires just a few additional 
keywords. All methodologies and computations are consistent with Intergovernmental Panel on 
Climate Change and U.S. standards. In this paper we present a current carbon inventory for the 
Kane Experimental Forest, an Allegheny hardwood forest located in northwestern Pennsylvania. 
Future carbon stocks are also projected using the new carbon budgeting capabilities of FVS. 

Overview__________________________________________________________
	 Quantification of forest carbon stocks became an important research issue with the 
advent of the Kyoto Protocol, which permits some carbon uptake from afforestation and 
reforestation to be counted against a country’s carbon emissions. Although the United 
States did not ratify the protocol, the nation’s forest carbon stocks are reported as part 
of the overall carbon accounting under the U.N. Framework Convention on Climate 
Change. The United States also has a voluntary greenhouse gas reporting program 
covered under section 1605(b) of the Energy Policy Act. Under this program, business 
entities may report their overall emissions budgets; forest carbon sequestration is also 
reported. The program has carbon accounting rules and guidelines (available at http://
www.eia.doe.gov/oiaf/1605/aboutcurrent.html) that are consistent with IPCC (Penman 
and others 2003) good practice guidance for carbon accounting. 
	 Recently, the increasing number of climate change agreements and action plans 
at scales ranging from local to international has led to a greater need for information 
on forest carbon stocks now and in the future. While estimates and tools (Proctor and 
others 2005; Smith and others 2004; U.S. EPA 2006) are available at the county, state 
and national level, developing carbon estimates from inventory data for multiple forest 
stands or entire forests is generally a lengthy and unwieldy process. As forest carbon 
markets continue to emerge, the question of how forest management practices positively 
or negatively affect carbon storage becomes increasingly important to answer. Assessing 
the probable carbon consequences of forest management alternatives, while not difficult 
in a technical sense, is time consuming and cumbersome and so is often impractical for 
landowners and managers. The difficulty in accounting for the carbon in harvested wood 
presents an additional challenge.
	 Because of this increased demand for forest carbon information, a tool was needed to 
calculate forest carbon stocks at smaller scales. The following criteria were established: 
the tool should be accessible to managers and allow the flexibility to assess the carbon 
outcomes of forest management treatments, and the estimates produced must meet 
current U.S. carbon accounting rules and guidelines. In: Havis, Robert N.; Crookston, 
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Development History________________________________________________
	 The development of carbon accounting capabilities within FVS first began in 2003 
when Nick Crookston and Dennis Gammel created a prototype to examine the prospect 
of using the model’s output to predict forest carbon storage. They found that using the 
Fire and Fuels Extension (FFE) to FVS for carbon accounting was promising, but their 
prototype brought up questions as to how carbon reporting should be added to the model. 
A few years later in 2005, development of carbon accounting capabilities within FVS 
took off quickly once a collaboration was established between scientists at the Northern 
Research Station and the staff at the Forest Management Service Center. Initial consul-
tations to determine the broad outlines of the project included Coeli Hoover, Stephanie 
Rebain, Rich Birdsey, Nick Crookston, Gary Dixon, Linda Heath, and Jim Smith. It was 
agreed that many of the necessary components of a stand-level carbon estimate were 
already being tracked and reported through the Fire and Fuels Extension (Reinhardt 
and Crookston 2003), and so rather than creating a post-processor the carbon reporting 
functions would be contained within the FFE and requested using keywords. In the 
summer of 2005, Rebain met with Hoover, Heath, and Smith to work out the specifics of 
which variables would be reported and which computation methods would be used, locate 
documentation for default assumptions, and finalize report design. All methodologies are 
consistent with U.S. carbon accounting rules and guidelines and the Intergovernmental 
Panel on Climate Change (IPCC) Good Practice Guidance for Land Use, Land Use Change, 
and Forestry. Don Robinson and Sarah Beukema of ESSA Technologies completed the 
necessary programming for the carbon reports. The new FVS carbon reports were avail-
able in the fall of 2006. Complete documentation of the carbon reporting methods and 
assumptions is provided in the Fire and Fuels Extension Addendum document (http://
www.fs.fed.us/fmsc/fvs/documents/gtrs_ffeaddendum.php).

Report Structure and Options________________________________________
	 There are two reports that can be requested: the Stand Carbon Report and the Har-
vested Carbon Report. The Stand Carbon Report includes the major carbon pools as 
defined by the U.S. Carbon Accounting Rules and Guidelines and the IPCC Good Practice 
Guidance: aboveground live tree, belowground live tree (coarse roots), belowground dead 
tree, standing dead trees, down dead wood, forest floor, and understory (shrubs/herbs). 
In addition, the merchantable portion of live tree carbon is reported, as well as total 
stand carbon, total carbon removed and carbon released from fire (if harvests or fires 
are simulated). The user has a choice of measurement units: pool sizes can be reported 
in tons per acre or metric tons per hectare. Biomass is assumed to be 50% carbon for all 
pools except forest floor, which is 37% carbon (Smith and Heath 2002). Carbon pools in 
the Stand Carbon Report are defined and calculated as follows:

	Total Aboveground Live: carbon in live trees, including stems, branches, and foli-•	
age but excluding roots. Choice of calculation methods: either default FVS-FFE 
methods or Jenkins and others (2003).
	Merchantable Aboveground Live: carbon in the merchantable portion of live trees; •	
choice of calculation method as above.
	Belowground Live: carbon in coarse roots of live trees; carbon in fine roots is as-•	
sumed to be part of the soil pool, not currently reported in FVS. Computed from 
Jenkins and others (2003).
	Belowground Dead: carbon in coarse roots of dead or cut trees. Computed from •	
Jenkins and others (2003); default root decay rate can be adjusted by the user.
	Standing Dead: carbon in dead trees, including stems and any branches or foliage •	
still present, but excluding roots. Calculated with FVS-FFE methods.
	Down Dead Wood: all woody surface material regardless of size; FVS-FFE method.•	
	Forest Floor: all surface organic material excluding wood (litter and duff); FVS-•	
FFE method.
Herbs and Shrubs: FVS-FFE method.•	

Other categories reported are Total Removed Carbon including carbon removed through 
cutting live or dead trees and hauling away surface fuel, and Carbon Released from Fire, 
which includes carbon in fuel consumed by simulated wildfires, prescribed burns, and 
pile-burns. An example of the Stand Carbon Report is shown in figure 1.
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	 The Harvested Carbon Report tracks the fate of carbon in harvested merchant-
able volume, including salvaged logs (biomass is assumed to be 50% carbon). Carbon in 
merchantable biomass is allocated into various pools and followed over time; for example, 
a product in use may be discarded, transferring carbon from the product pool into the 
landfill pool. Both merchantability specifications and allocation to harvested carbon 
pools differ by FVS variant; the breakpoints between pulpwood and sawtimber are 9 
inches diameter at breast height (dbh) for softwoods and 11 inches dbh for hardwoods by 
default (these can be adjusted by the user). Carbon in harvested merchantable biomass 
is allocated following the methods of Smith and others (2006) to the following pools:

	Products in use•	
	Products in landfills•	
	Carbon emitted from combustion with energy capture•	
	Carbon emitted from combustion or decay without energy capture •	

	 Carbon in the first two categories of the Harvested Carbon Report is summarized in 
the Merchantable Carbon Stored column of the report, while the Merchantable Carbon 
Removed column reflects all of the carbon in merchantable biomass that was removed 
from the stand. Over time, more of the carbon removed in a particular harvest will shift 
to one of the emissions categories. An example of the Harvested Carbon Report is given 
in figure 2. While carbon removed from the stand is reported in the year of harvest in 
the Stand Carbon Report, the carbon contained in earlier removals is not included, nor 
is the carbon accounted for once it leaves the stand. If harvesting is simulated, a user 
must request both reports and add the Merchantable Carbon Stored from the Harvested 
Carbon Report and Total Stand Carbon from the Stand Carbon Report columns to es-
timate total carbon sequestered. Both reports may be sent to an external database or 
spreadsheet using the database extension of FVS.

Figure 2—Screen shot of sample Harvested Carbon Report (units are metric tons/hectare).

Figure 1—Screen shot of sample Stand Carbon Report (units are metric tons/hectare).
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Getting There from Here—Carbon Keywords

	 The keywords needed to generate carbon reports can be found in the FFE menu in 
Suppose. Three main keywords relate to the carbon accounting functionality. CarbRept 
requests the Stand Carbon Report and CarbCut requests the Harvested Carbon Report. 
As with other reports, the user needs to specify the year the report should start, the dura-
tion of the reporting period, and the reporting interval. The CarbCalc keyword is used to 
select the biomass prediction method, reporting units, annual decay rate of coarse roots, 
and dbh breakpoints for sawtimber and pulpwood. Figure 3 shows the CarbCalc window 
in Suppose. Both reports can be sent to an external database or spreadsheet using the 
CarbRpts keyword in the database extension menu in Suppose. Carbon reports can be 
generated during any simulation and the effects of management actions are reflected in 
the carbon pool estimates. For example, when the YardLoss keyword is used to adjust 
the amount of slash left after a thinning or harvest, the amount of carbon in the down 
dead wood pool is also adjusted. Similarly, a salvage harvest changes the estimates of 
carbon in the harvested and standing dead pools. The down dead wood and forest floor 
carbon stocks are derived from variant-specific FFE default values, but can be replaced 
with inventory data.

The Kane Experimental Forest Carbon Inventory

	 The Kane Experimental Forest (KEF) is an Allegheny hardwood (cherry-maple) 
forest of approximately 1,700 acres, located in northwestern Pennsylvania. During the 
summer of 2006, the forest was the site of a systematic inventory that replicated the 
original forest survey conducted in 1932. Plots 1/10th acre in size were located 10 chains 
(660 ft) apart on a grid covering the entire forest; all live and dead trees 1 inch dbh and 
over were measured. Down dead wood was tallied on transects through the center of each 
plot, and forest floor samples were collected on each plot. Additional data not related 
to the carbon inventory were also taken. In total, 153 plots were tallied. The inventory 
provided an opportunity to assess the feasibility of collecting the additional data required 
for a full carbon accounting as well as testing the carbon reporting capabilities of FVS. 
Current carbon stocks for KEF are given in table 1. All estimates are based on inventory 
data with the exception of the forest floor carbon stocks (these estimates will be updated 
when the data are available). The data were easily converted into FVS-ready files using 
the database extension. Without the carbon reporting capability of the FFE, the baseline 
carbon stock estimates shown in table 1 would have been produced by using allometric 
equations to compute the aboveground biomass of each sample tree in a plot, repeating 
the process for the belowground biomass, producing per acre estimates for each plot, 

Figure 3—Screen shot of CarbCalc dialog box in Suppose.
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then aggregating to compartment estimates to produce a forest-wide average. Separate 
computations would be required for the down dead wood and forest floor pools. While 
feasible for a small number of plots, producing the current carbon estimates for KEF  
would have taken several weeks using this approach. For a user with FVS-ready data 
files, generating carbon estimates that are consistent with current carbon reporting 
guidance can now be done quickly and without specialized knowledge.
	 Increasingly, forest managers are being asked to consider the potential carbon conse-
quences of forest management actions. The possibility of earning income from the sale of 
carbon credits further highlights the need for information on projections of forest carbon 
stocks in the future. While there are multiple carbon registries at this time, many require 
that forest carbon storage be “additional”—that is, above and beyond business as usual, 
to receive credit as an emission offset. Determining this baseline level of carbon storage 
can be difficult, but this is another area where the carbon reporting functions can help 
managers. As an illustration, the data from KEF were used to run projections of carbon 
stocks over the next 25 years, with and without simulated management. These projections 
are a test exercise and are not fine-tuned to reflect actual management prescriptions, 
although they are a general approximation of Allegheny hardwood management. The 
test version of the revised northeast variant was used “out of the box”; for the growth 
only scenario no regeneration was added other than that from stump sprouts included 
in the base model (a main reason for the relatively short projection period). For the 
management scenario, stands were treated if they were between 85 and 120 years old 
and fully stocked. Approximately one-third of the basal area was removed (assuming a 
thinning from below using a ThinBBA keyword in FVS) and regeneration was added after 
thinning; seedling numbers were based on data from regeneration surveys conducted 
during the inventory. Stands that were untreated were grown as in the base projection; 
two compartments that are described as probable old growth were reserved from 
harvest. Table 2 shows the carbon stocks from these projections; the estimates from the 
management projection include the carbon in wood products and landfills. By default 
in the eastern FVS variants, branches and tops of cut stems are left in the stand and 
transferred to the down dead wood pool. Modifications to this setting using the YardLoss 
keyword will alter the distribution of carbon among pools accordingly. This is a short-
term simulation; the same management practice may have different carbon outcomes 
over different time frames, depending on stand growth patterns and product types. If 
the model is carefully calibrated for local conditions, then long-term simulations may 
be run to investigate these tradeoffs.

Table 2—Projected carbon stocks on the Kane Experimental Forest. 
Simulation was for testing purposes; model was not calibrated 
to site conditions.

	 Growth only	 With management
Year	 (tons C/acre)	 (tons C/acre)

2006	 75	 73
2011	 81	 77
2016	 87	 81
2021	 94	 85
2026	 99	 88
2031	 104	 91

Table 1—Carbon stocks on the Kane Experimental Forest in 
2006.

Pool	 Tons C/acre	 Tons C forest-wide

Live tree a	 60.2	 42,147
Dead tree b	 5.8	 4,059
Down dead wood	 2.2	 1,561
Forest floor	 6.2	 4,371
Total	 74.5	 52,137

	 a All live biomass including coarse roots.
	 b All dead biomass including coarse roots and standing dead trees.



22	 USDA Forest Service Proceedings RMRS-P-54. 2008 

Hoover and Rebain	 The Kane Experimental Forest Carbon Inventory: Carbon Reporting with FVS

Summary_ ________________________________________________________
	 By building on the existing capabilities of the FFE, we were able to integrate easy-
to-use, comprehensive carbon accounting capabilities into FVS. Managers familiar with 
the model are now able to quantify carbon stocks and assess the carbon implications of 
different management practices alongside more management objectives by using just a 
few additional keywords. The estimates produced by the model are consistent with U.S. 
carbon accounting rules and guidelines and cover all pools except for soil carbon. Users 
can also track carbon in harvested wood products or carbon released in fuels consumed 
by fire. A test of the new carbon reports was conducted utilizing recent inventory data 
from the Kane Experimental Forest. Current carbon stocks on the Forest are estimated 
to be 74.5 tons/acre and are projected to increase to 104 tons/acre by 2031. 
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Abstract—Natural resource managers use a variety of computer-mediated presentation methods 
to communicate management practices to the public. We explored the effects of using the Stand 
Visualization System to visualize and animate predictions from the Forest Vegetation Simulator-
Fire and Fuels Extension in presentations explaining forest succession (forest growth and change 
over time), fire behavior, and management options. We used an experimental design with purposive 
samples of three populations: rural mountain residents, town residents, and student groups. We 
compared participants’ knowledge gain and attitudes after a visualized, animated presentation 
to knowledge gain and attitudes after a non-visualized, non-animated presentation. Participants 
gained substantial information (statistically significant) from both visualized and nonvisualized 
presentations. Mountain residents gained significantly more information from the visualized, ani-
mated presentation than from the non-visualized, non-animated presentation. While not statistically 
significant, mountain residents tended to score slightly higher than town residents and students on 
all knowledge topics. The groups viewing the visualized, animated presentations rated the visuals 
significantly more attractive and the presentations easier to follow than did the groups viewing the 
non-visualized, non-animated presentations. We found no significant differences within or between 
groups in perception of the USDA Forest Service, and no significant differences in agreement that 
models, such as FVS-FFE, added to the credibility of the Forest Service. 

	 This research was published in a refereed journal in 2006. The citation is Zimmerman, 
Donald E.; Akerelrea, Carol; Smith, Jane Kapler; O’Keefe, Garrett. 2006. Communicat-
ing Forest Management Science and Practices Through Visualized and Animated Media 
Approaches to Community Presentations: An Exploration and Assessment. Science Com-
munication. 27(4): 514–539. It  is available online at: http://www.fs.fed.us/fmi/products/
zimmerman_et_al_2006.pdf.
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Abstract—A simulation system was developed to explore how fuel treatments placed in random 
and optimal spatial patterns affect the growth and behavior of large fires when implemented at dif-
ferent rates over the course of five decades. The system consists of several command line programs 
linked together: (1) FVS with the Parallel Processor (PPE) and Fire and Fuels (FFE) extensions that 
pauses the simulation during each cycle and transfers data to and from other system components; 
(2) a component to create the spatial landscape file with fuel model logic to select fuel models not 
available in FFE; and (3) a command line version of FlamMap utilizing the Minimum Travel Time 
fire growth method and Treatment Optimization Model to identify treatments, simulate wildfires, 
and evaluate the performance of the fuel treatments. Simulations were performed for three study 
areas: Sanders County in western Montana, the Stanislaus National Forest in California, and the 
Blue Mountains in eastern Oregon utilizing the Inland Empire, Western Sierra, and Blue Mountain 
FVS variants. Several limitations of FVS were identified during the project. Understory vegetation 
important for fuel modeling is not simulated in FVS, and the cap of 10,000 stands in PPE limited the 
size of the analysis areas. This simulation system required a large time commitment for data develop-
ment, multiprocessor computer hardware to perform the simulations, and a range of technical expertise 
that is more specialized than land management agencies are currently staffed to handle. The system 
was successful in meeting the project’s requirements. The research nature of this simulation system 
suggests it is probably not practical to run in most places for operational planning uses. 

Introduction_______________________________________________________
	 Local or stand level changes in fire behavior resulting from fuel treatments are well 
documented (Agee and Skinner 2005; Cram and others 2006; Graham 2003; Graham 
and others 2004; Pollet and Omi 2002; Raymond and Peterson 2005;). Designing fuel 
treatments for landscapes (essentially a collection of stands composed of a variety of 
fuels and topography) creates additional challenges (Finney and others 2007), especially 
if there are constraints to the proportion of the landscape that can be treated. Finney 
(2007) has reported an algorithm to apply a mathematically derived treatment pattern to 
realistic complex landscapes. Additionally the effects and scheduling of treatments through 
time further complicates the issues. Testing these concepts with real fires on real landscapes 
is not feasible. So we developed computer simulations for modeling fires and fuel treatments 
at the landscape level through a period of time that would allow forest dynamics to modify 
treatments and dynamically schedule retreating stands as necessary.
	 Modeling forest fuel changes over time within a stand requires first modeling the 
dynamics of vegetation growth and death as well as the derivation of dead and live fuel 
components from the vegetation. The Fire and Fuels Extension (FFE) (Reinhardt and 
Crookston 2003) to the Forest Vegetation Simulator (FVS) (Wykoff and others 1982) 
allows the effects on surface and aerial fuels for stand level treatments to be modeled 
over time. This extension explicitly represents:

Dead fuel production from live vegetation components (litterfall, branchwood)•	
Deterioration of dead fuels•	
Dynamics of live fuel components (regeneration, canopy fuels).•	
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	 Here we report on the methods, tools, limitations, and assumptions of using FFE 
to simulate stand level fuel changes and fuel treatments and the interactions with 
landscape level fire behavior over five decades. We used FVS with FFE and Parallel 
Processor Extension (PPE) (Crookston and Stage 1991) to simulate forest stand dynam-
ics, and linked with external methods to select and schedule treatments and simulate 
wildfires. The results illustrate that the rate of fuel treatment (percentage of land area 
treated per decade) competes against the rates of fuel recovery to determine how fuel 
treatments contribute to multi-decade cumulative impacts on fire behavior. Using fuel 
treatment prescriptions that involve thinning and prescribed burning, fuel treatment 
arrangements that are optimal in disrupting the growth of large fires require at least 
1 to 2 percent of the landscape to be treated each year. Randomly arranged units with 
the same treatment prescriptions require about twice that rate to produce the same fire 
growth reduction. The results also show that the topological fuel treatment optimization 
tends to balance maintenance of previously treated units with treatment of new units. 
Complete results of the study are presented in Finney and others (2007).

Methods and Assumptions___________________________________________
	 The overall system flow diagram is shown in figure 1. This system consisted of FVS 
with a modified version of PPE which controlled the system by calling various other 
components as command line programs. Some of these command line programs are also 
available as features in version 3 of FlamMap (Finney 2006) while others were specifi-
cally developed for this simulation system. In general, data were transferred between 
components with files written to the computer’s hard drive. The components shown in 
figure 1 are explained in detail below.

Data Preparation and Study Sites

	 Simulations were done at three study sites using the FVS variants described in table 
1. While the study was designed to investigate landscape level fire behavior, the methods 
dictated a need for stand level detail. Relatively small, homogeneous polygons were used 
as stands to eliminate the need to divide polygons with treatments. Nearest neighbor 
techniques, such as Crookston and others (2002) which was used in the Blue Mountains, 
were used to assign forest inventory FVS tree lists to individual forested stands. Non-

PPE_FFESelData
list

PPE_FFERdAccess
list

PPE_MoreActivities
list

Initiate PPE_FFE

ComputePriority.exe
selects stands for treatment

Modified PPE-FFE
controls the simulation

MakeNewActivities.exe
creates new FVS activities

Figure 1—General flow of simulation system. Dashed boxes are the major components, parallelograms are data files used to transfer 
data between components.
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burnable (rock, water), grass, and shrub polygons were not assigned tree lists and were 
assumed to be static surface fuel models. A rasterized polygon/stand theme (StandID 
grid) was developed as an index for stand parameters when developing the landscape 
(LCP) files (Stratton 2006) from FVS outputs. 

Modifying the Parallel Processor Extension

	 PPE (Crookston and Stage 1991) extends FVS to allow a list of stands in a landscape 
to be processed one cycle at a time. PPE can model dynamic interactions between adjacent 
stands, and place landscape-level constraints and goals on management activities. How-
ever, PPE has very limited ability to relate stands topologically, and FFE functionality 
was not available within PPE.
	 For this study PPE was modified (PPE-FFE) as follows (fig. 2): 

1.	 FFE was added; 
2.	 PPE changed to pause after implementing trial treatments for every stand and 

a.	 Output a table of stand and fuel conditions with and without treatment 
(PPE_FFESelData in figs. 1, 2, and 3), 

b.	 Call a generic program (user developed) named “ComputePriority.exe” which 
selects which stands to treat, 

c.	 Wait for ComputePriority.exe to complete and produce a list of stands selected 
for treatment(PPE_FFERdAccess in figs. 1, 2, and 3); 

3.	 When ComputePriority.exe terminates, PPE implements the stand-level 
treatments;

4.	 PPE changed to call an optional generic program (user developed) named “Mak-
eNewActivities.exe” which accepts any new FVS activities before finishing the 
cycle (for example, wildfires).

	 For ComputePriority.exe to evaluate trial treatments, prescriptions must be identified 
for every stand where the potential for treatment exists. In other words, a treatment must 
be specified for every stand that could possibly receive a treatment. We used a series of 
If/Then statements to develop a FVS keyword file (an example is found in appendix A) 
to deal with a wide variety of possible stand conditions that would affect the choice of 
treatment prescription. While treatments were designed to modify surface and aerial 
fuels, they had to be silviculturally feasible. 
	 FFE functions were modified as follows:
The CANCALC keyword with the minimum tree height parameter set to 0.6 m (2 ft) was 
used for all variants, defaults were used for the other CANCALC fields; 
The default fuel pool initialization was used for the Montana study site, while initial-
ization values were developed for the Stanislaus N.F. and Blue Mountains study sites 
using the FUELINIT keyword.
No FVS growth/mortality multipliers or insect and disease extensions were invoked for 
these simulations. The modifications made for this study have since been incorporated 
into the production versions of these programs.

ComputePriority.exe 

	 ComputePriority.exe is a command line executable that must be developed by the 
user. The program must use this name so that PPE-FFE can interact with it. The only 
requirements for ComputePriority.exe are to pass a list of stands to treat to PPE-FFE 
and terminate after each trial cycle so flow control returns to PPE-FFE and finishes the 
current FVS cycle (fig. 3). In our system, ComputePriority.exe first reads a text file that 
contains arguments for other programs required to prioritize treatments and manipulate 
files as described below. 

Table 1—Study sites. 

Site Area Number of FVS polygons FVS variant 
Blue Mountains, WA 54,600 ha 5,752 Blue Mountain. (BM) 
Sanders County, MT 51,700 ha 9,699 Inland Empire (IE) 
Stanislaus NF, CA 40,500 ha 7,754 Western Sierra (WS) 
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Figure 2—Details of modified PPE-FFE component. Solid boxes are processes within the major component, diamonds are branch points.
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Figure 3—Details of the ComputePriority.exe component and its relation to PPE-FFE.
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	 Convert Stands to Spatial Grids—FVS stand level output is converted to a ras-
ter LCP file using the program fvs2lcp.exe (fig. 3). Topographic features remain static 
through the simulation and user supplied slope, aspect, and elevation grids are read into 
fvs2lcp.exe to be included in the final LCP files. For each FVS cycle two LCP files are 
created, an untreated LCP file and an ideal LCP file, in which every stand was treated 
according to the FVS prescription. Both LCP files reflect treatments and forest dynamics 
from previous cycles. The ideal LCP file reflected the results of the FVS trial treatments 
at year 4 of the FVS 10 year cycle. This allowed for all activities to be completed and 
enough simulation time to pass so that short-term consequences of activities (for example, 
thinning causing temporary increases in fine fuel loading) would not unduly influence 
results. The untreated LCP used year 1 stand conditions with changes only due to FVS 
growth and mortality functions from the previous cycle (fig. 4).
	 Stand values from PPE-FFE for both treated and untreated conditions are passed 
to fvs2lcp.exe via a text file, PPE-FFESelData.txt (table 2). This file contains a table of 
stand-polygon values for canopy cover, stand height, canopy bulk density, and canopy 
base height that fvs2lcp.exe assigns to raster cells by cross referencing the polygon in-
dex identification with a raster representation of the polygon locations (StandID grid) 
containing the index values. A single fuel model was selected for the stand as described 
below and assigned to the landscape. 
	 Our program deviated from the FFE surface fuel model logic because the fuel models 
assigned to stands by FFE were found to be inadequate for the treatment optimization. 
The original 13 Fire Behavior Prediction System fuel models (Anderson 1982) used in 
FFE do not adequately describe natural variability in surface fuels across large landscapes, 
or realistically describe a treatment’s effect on live and dead surface fuels. (Scott and 
Burgan 2005) 

10 year FVS cycle

1        2       3        4       5        6        7       8        9      10

Untreated stand conditions
Thinning treatments

Prescribed burn treatments
Random wildfires

Treated stand conditions

Figure 4—Timeline of PPE-FFE activities within one FVS cycle.

Table 2—Variables from PPE_FFESelData.txt. 

Stand value FVS event monitor name Purpose 
Stand ID n/a Link to StandID grid 
Year n/a Used in fuel model logic 
SelCode SELECTED Trial treatment or untreated values   
CBH CRBASEHT Directly applied to LCP 
CBD CRBULKDN Directly applied to LCP 
Canopy cover ACANCOV Directly applied to LCP 
Stand height ATOPHT Directly applied to LCP 
1hrLoad FUELLOAD(1,1)+FUELLOAD(7,7) Used in fuel model logic 
10hrLoad FUELLOAD(2,2) Used in fuel model logic 
100hrLoad FUELLOAD(3,3) Used in fuel model logic 
1000hrLoad FUELLOAD(4,6) Used in fuel model logic 
Habitat type HABTYP Used in fuel model logic (IE variant only) 
Forest type FORTYP Used in fuel model logic 
RTPA RTPA Used in fuel model logic 
Fire flag FIRE Used in fuel model logic 
Last treatment FIREYEAR Used in fuel model logic 
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	 The Scott and Burgan (2005) fuel models realistically place more weight on live 
fuels, both herbaceous (grasses, herbs) and woody (shrubs). Since FVS does not provide 
growth models for non-tree vegetation, surrogates for live woody fuels were used. Basic 
live fuel parameters, including live woody loading and fuel bed depth, were developed 
using habitat type as the surrogate for the IE variant, elevation and aspect for the WS  
variant, and forest type for the BM variant. These live fuel parameters were reduced 
in stands where canopy covers exceeded 50 percent and following fuel treatment. After 
treatment, the live fuel parameters followed a straight line recovery to pretreatment 
values 20 years after treatment. An example of the fuel model logic for the IE variant is 
shown in appendix B.

	 Fire Behavior—Fire behavior was calculated with a command line version of 
FlamMap for each LCP file cell under the target fuel moisture and wind conditions. Fire 
behavior was calculated for both LCP files in order to contrast fire behavior produced 
in each stand with and without treatment. Fire behavior output is stored as ASCII grid 
files for further use in treatment selection and wildfire simulation (Finney 2002). The 
fire behavior is represented as elliptical dimensions of fires in each cell that capture the 
orientation and shapes of fires needed for computing fire growth. 

	 Treatment Optimization Model—The treatment optimization model (TOM) identi-
fies optimal treatment locations as described in Finney (2007) given the constraints of 
maximum treatment linear dimension and the total proportion of the landscape desired 
for treating. Extreme target weather conditions were used so that potential crown fire 
activity was considered when identifying treatment locations. The treatment optimiza-
tion outputs an ASCII grid file of the treated cells. Because of the similar fire behavior 
of all cells in a stand and the optimization method, the treated cells tend to clump into 
logical treatment units (fig. 5). The treatments were not a fixed size, only the user sup-
plied maximum linear dimension constrained their size.  

Convert Treatment Grid to Stands—Further processing by ComputePriority.exe 
converts the treatment grid into a list of treated stands for PPE-FFE to implement. 
The treatment ASCII grid is compared to the StandID grid and the stand is considered 
treated if more than a specified percentage of the cells in a stand are indicated as treated 
in the treatment output grid. After trial and error, the threshold value of 40 percent was 
found to produce a polygon map that closely approximated the gridded representation 
of the treatment units (for example, if 40 percent or more of the cells in a polygon were 
selected for treatment, the entire polygon was identified for treatment). These results 
are passed to PPE-FFE in the file PPE_FFERdAccess.txt, a list of all stands with a flag 
specifying which stands were selected for treatment (figs. 1, 2, and 3).

Figure 5—3-D display of treated cells identified by the treatment optimization model.
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MakeNewActivities.exe

	 Once the stands are selected for treatment, PPE-FFE simulates the scheduled ac-
tivities, models the consequential stand growth, fire and fuel dynamics, and fire effects. 
However, before it starts this loop over stands, it calls another external generic program 
called MakeNewActivities.exe (fig. 6). Like ComputePriority.exe, MakeNewActivities.
exe is a user-defined executable with a static name for PPE-FFE to interact with. From 
the FFE-FVS point of view, using an external program to simulate wildfire behavior is 
the functional equivalent of making new activities and entering them into the activity 
schedules for the appropriate stands. 

	 Simulating Random Wildfires—For our simulation system we used MakeNewAc-
tivities.exe to model random wildfires on the treated landscape. MakeNewActivities.exe 
then creates SIMFIRE and FLAMADJ keywords for burned stands so PPE-FFE could 
model stand level fire effects. The treated landscape is created by overlaying the ideal 
elliptical dimension values on the untreated elliptical dimension grids where stands 
were selected for treatment. Since both the ideal and untreated elliptical dimension 
values were generated once with FlamMap, these simulated wildfires burn under the 
same extreme wind and fuel moisture conditions that the treatments were designed to 
be effective with. 
	 Random wildfires are simulated using a command line version of the Minimum Travel 
Time fire growth model found in version 3 of FlamMap (Finney 2006). The number of 
wildfire simulations is calculated from a user-supplied annual fire probability from the 
script.txt file. Random ignition locations are placed on the treated landscape for each 
year in the FVS cycle. A fire duration value, also from script.txt, is used with the treated 
landscape elliptical dimension grids to establish a fire perimeter for each ignition. The 40 
percent rule described previously was used to select which stand polygons were burned 
in the simulated wildfires (for example, a stand was indicated as “burned” if 40 percent 
or more of the cells were within the wildfire area). All burned stands are identified in a 

to Modified PPE-FFE

fire growth
from random

ignitions

wildfire
grid
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MakeNewActivities.exe

treated
elliptical
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Figure 6—Details of the MakeNewActivities.exe component and its relation to 
PPE-FFE.
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table written to an output file PPE_MoreActivities.txt; two FVS keywords are used to 
indicate the fire behavior that occurred. The SIMFIRE keyword was for year 3 of the 
cycle, after treatments have been completed in PPE-FFE (fig. 4). Even though the post 
treatment conditions contained in the file PPE_FFESelData.txt are for year 4 of the 
cycle, these stand conditions do not include the random wildfire effects since the treated 
LCP file is created before the random wildfires are scheduled. Parameters for FLAMADJ 
keyword (flame length, percent crowning, and scorch height) are also calculated for each 
stand burned by wildfires. 

Other Processes

	 Several other applications were used after the simulation to evaluate response vari-
ables for the simulated treatments. One of those applications calculated what we called 
the endtime value. The endtime value is the average fire arrival time for the leeward 
row of cells in the landscape. In effect this measured the time it took for a simulated fire 
to burn the entire landscape from a line ignition along the windward landscape border. 
Dividing the treated landscape endtime value by the untreated landscape endtime value 
provide a relative average spread rate, which was used to compare results.

Results___________________________________________________________
	 Our simulation system was successful in meeting the goals of the project, we uti-
lized an spatially explicit method (TOM) to select stands for treatment over multiple 
FVS cycles. We used a 16-processor shared memory computer to meet the needs of the 
multi-threaded treatment optimization and wildfire models. Simulations spanning five 
FVS cycles, 10 years each, required between six hours and several days depending on 
maximum treatment size and number of cells in the landscapes. Except during devel-
opment, we excluded the random wildfire simulations from MakeNewActivities.exe 
because it added too much variability to the results of the treatment effects, which was 
the primary objective of the study. Effectiveness of the treatments varied by study site 
and several examples of the Montana study site results are given below. Full results of 
the project are documented in Finney and others (2007).
	 Figure 7 shows the effects of treatment size compared to randomly treated stands on 
the relative average spread rate. The amount of treatment between cycles and treatment 
sizes was constant. The topological placement of treatments by the treatment optimiza-
tion algorithm out performed random treatments, especially in the earlier cycles of the 
simulations. For a given total amount of treated area, the size of the treatments had 
minimal influence on the relative average spread rate. 
	 As shown in figure 8, the optimal rate of treatment was approximately 20 percent per 
decade; however, even lower treatment rates were also effective at reducing the relative 
average spread rate. Treatment rates of 30 percent or more showed small improvements 
in the early cycles, but matched the 20 percent rate in cycles 3 through 5. Effect of treat-
ment for all the treatment rates was greatest the first decade and leveled out after the 
second decade. 

Discussion________________________________________________________
	 The landscape files describing the fuel conditions are important to acquiring meaningful 
results. Since the treatment optimization process was used to identify a relatively small 
proportion of the landscape for treatment, the accuracy of the current fuel conditions 
and the validity of the treatment effects on fire behavior are paramount to simulating a 
realistic treatment scenario. This points out the need for quality up-to-date information 
relevant to the issues for making science based decisions. We found the significance of 
live fuels in the Scott and Burgan (2005) fuel models and lack of understory vegetation 
modeling in FVS problematic. We developed simplistic surrogates for shrub cover 
(appendix B), but did not attempt a systemic evaluation of these surrogates. 
	 In figure 4 it is apparent that FVS activities scheduled in PPE-FFE always occur in 
a specific year of the cycle. For example, thinnings are always scheduled for year 1 and 
wildfires for year 3. This is not very realistic as one would expect some random wildfires 
to occur prior to treatments and logistical considerations usually dictate management 
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Figure 8—Relative average spread rate across the Prospect Ck. landscape, Sanders Co., MT for five 
10-year FVS cycles. All scenarios used a maximum treatment dimension of 800 m. Treatments imple-
mented at a rate of 20 percent per cycle produced overall reductions in average fire spread rate similar 
to higher treatment rates.
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Figure 7—Relative average spread rate across the Prospect Ck. landscape, Sanders Co., MT for five 
10-year FVS cycles. All scenarios treated 20 percent of the landscape per cycle. Treatment patterns 
developed with the treatment optimization methods preformed better than treating random stands, es-
pecially in the earlier cycles. Treatment unit size had little effect on the average fire spread rate.
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activities be completed over several years. This issue could be minimized by shortening 
the FVS cycles, exploring more realistic methods of scheduling FVS activities, or both. 
	 Treatment optimization techniques required significant computational capacity when 
used for these large (50,000 ha) areas. However advances in computer capacity during 
the life of the project suggested that smaller (25,000 ha) landscapes could be simulated 
on common multiprocessor desktop computers. 
	 We achieved our results while limiting simulation landscapes to 10,000 stands, the 
current limit of PPE. While this limit could be increased, FVS is not multi-threaded to 
take advantage of multiple processors and PPE-FFE portions of the simulation would 
occupy a larger proportion of the simulation time. On our 16-processor computer, 15 of 
the processors were idle while PPE-FFE was executing, which was approximately 30 
percent of the total simulation time. Recent advances in multi-processor computers would 
easily allow fast mid-scale simulations or large simulations with 100,000 or more stands 
if PPE-FFE were multi-threaded. Multi-threading would also allow more detailed simu-
lations with a large number of small stands since the treatment optimization technique 
selects treatments at the individual raster cell level.
	 In theory, larger landscapes could be simulated with our existing system by utilizing 
larger stands, larger LCP grid cells, and larger maximum treatment dimensions since 
all of these control computational requirements. However, some modifications to the 
system (the 40 percent rule, for example), larger treatment units, and coarser results 
should be expected. 
	 Once a landscape was calibrated, prescriptions developed, and otherwise debugged, 
subsequent runs were easily created by editing the script.txt file for user defined inputs 
such as maximum treatment size or treatment rate. 
	 The endtime value, and thus relative spread rate, proved an effective measure of 
landscape fire behavior. As shown in Finney and others (2007), burn probability and 
fire size distribution would also be equally effective measures. Burn probability, fire 
sizes, and fire spread rate reflect very similar trends because slower spreading fires are 
smaller after a fixed period of time, which translates to a smaller probability of burning 
any part of the landscape within a given time period. 
	 While successful in a research setting, the level of expertise and data availability may 
limit this type of simulation in operational or project level planning. This project required 
large efforts in acquiring, preparing, and organizing the data for these simulations. 
Imputing FVS tree lists into thousands of different stands was adequate for our proof of 
concept study, but is likely not suitable for planning projects where the accuracy of the 
individual stand vegetation is important. The suite of expertise required to develop and 
operate the system is also beyond the capability of most management teams. A variety 
of ecologists, computer programmers, fire behavior specialists, and geo-spatial analysts 
were needed to develop and operate the system and evaluate the results. In addition, fire 
behavior and FVS skills were required to develop and debug the complex interactions 
between system components and customize prescriptions and fuel logic for individual 
study sites. 
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Appendix A: Sample FVS Prescription_________________________________

	 Keyword file for western Montana study site showing the prescription logic used for all stands with tree lists. 
Code explanation:

	 SizCls (size class)
		  1—sawtimber
		  2—poletimber
		  3—seedling/sapling
	 ForTyp (forest type)
		  201—Douglas-fir
		  221—ponderosa pine
		  241—western white pine
		  281—lodgepole pine
		  321—western larch

IF         0
Selected EQ Yes AND Year GE 2005 AND SizCls EQ 3
Then
ThinBTA      0   640.  0.9500    0.    6.    0.   999.
IF         0
Selected EQ Yes AND Year GE 2005 AND SizCls EQ 3 AND FuelLoad(1,3) GE 2.5
Then
Fmin
PileBurn      0     1    80     5    90     1
End
IF         0
Selected EQ Yes AND Year GE 2005 AND SizCls EQ 2 AND (ForTyp EQ 201 OR ForTyp EQ 221)
Then
ThinBBA      0   130.  1.0000    0.   999.    0.   999.
Fmin
SimFire      1   12.00     2   70.0
End
IF         0
Selected EQ Yes AND Year GE 2005 AND SizCls EQ 2 AND ForTyp GT 221
Then
ThinBBA      0   150.   0.90    0.   999.    0.   999.
Fmin
PileBurn      1     1    70     5    90     3
End
IF         0
Selected EQ Yes AND Year GE 2002 AND SizCls EQ 1 AND (ForTyp EQ 201 OR ForTyp EQ 221 &
OR ForTyp EQ 241 OR ForTyp EQ 321)
Then
ThinBBA      0   140.  0.9000    0.   999.    0.   999.
Fmin
SimFire      1   12.00     2   70.0
End
IF         0
Selected EQ Yes AND Year GE 2002 AND SizCls EQ 1 AND ForTyp EQ 281
Then
ThinBBA      0    0.  0.9000    0.    20.    0.   999.
Fmin
SimFire      1   12.00     2   70.0
End
IF         0
Selected EQ Yes AND Year GE 2002 AND SizCls EQ 1 AND (ForTyp GE 250 AND & 
NOT (ForTyp EQ 281 OR ForTyp EQ 321)) 
Then
ThinBBA      0   150.  .95000    0.   999.    0.   999.
Fmin
PileBurn      1     1    80     5    90     1
End
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Appendix B: Sample Fuel Model Logic_________________________________

Logic Used to Select Fuel Models for the Western Montana Study Site. 

	 Variables used for this logic were from the text file PPE-FFESelData.txt described 
in table 2. Some of both the original 13 (Anderson 1982) and Scott and Burgan (2005) 
fuel models were used in this method.
	 First, live woody fuel loading and fuel bed depth were determined from the shrub 
constancy and average coverage for the stand habitat type (Cooper and others 1991; 
Pfister and others 1977). 

Shrub type	 Live woody load, Mg/ha (T/ac) 	 Fuel bed depth, m (ft)

Tall shrubs	 6.6 (3.0)	 0.9 (3.0)
Medium shrubs	 4.4 (2.0)	 0.6 (2.0)
Low shrubs	 2.2 (1.0)	 0.3 (1.0)
No significant shrubs	 0.0 (0.0)	 0.1 (0.4)

If more than 40.5 trees/ha (100 trees/acre) were cut (RTPA) and no fuel treatment was 
accomplished, assign a slash fuel model (11, 12, 13, SB1, SB2, SB3, or SB4) by compar-
ing 1hrLoad, 10hrLoad, and 100hrLoad.
	 Else–modify live woody fuel loading and fuel bed depth for recent treatments and 

high canopy cover with one of the following rules:

If the last treatment is less than 20 years old, reduce live woody fuel loading •	
and fuel bed depth by the ratio (Year–Last Treatment)/20.
If canopy cover is greater than 70 percent, multiply live woody fuel loading and •	
fuel bed depth by 0.333.
If canopy cover is between 50 percent and 70 percent, multiply live woody fuel •	
loading and fuel bed depth by 0.666.

	 If canopy cover is less than 30 percent, assign fuel model as follows:

1.	If live woody fuel loading is greater than 0.0 and fuel bed depth is greater than 
0.6 m (2.0 ft), assign fuel model GS2.

2.	If live woody fuel loading is greater than 0.0 and fuel bed depth is less than or 
equal to 0.6 m (2.0 ft), assign fuel model GS1.

3.	If live woody fuel loading is 0.0, assign fuel model GR1.

	 Else–If forest type is Ponderosa Pine, assign fuel model as follows:

1.	 If canopy cover is less than or equal to 50 percent, assign fuel model 2.
2.	 If canopy cover is greater than 50 percent and 1hrLoad is greater than 9.62 

Mg/ha (4.36 T/ac), assign fuel model TL8.
3.	 If canopy cover is less than or equal to 50 percent and 1hrLoad is less than 

or equal to 9.62 Mg/ha (4.36 T/ac), assign fuel model 9.
	 Else–assign a fuel model (5, 8, 10, GS1, GS2, SR1, SR2, SR5, TU1, TU5, 

TL1, TL3, TL4, TL5, or TL7) by comparing 1hrLoad, 10hrLoad, 100hrLoad, 
live woody fuel loading, and fuel bed depth.

The content of this paper reflects the views of the authors, who are responsible for the facts and accuracy of the information presented herein.
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Abstract—The Westwide Pine Beetle Model and the Fire and Fuels Extension were used to simulate 
a mountain pine beetle outbreak under different fuel treatment scenarios on a 173,000 acre landscape 
on the Deschutes National Forest. The goal was to use these models within ArcFuels to analyze the 
interacting impacts of bark beetles and management activities on landscape fuel dynamics. Issues 
pertaining to modeling the complex inter-relationships of fire, bark beetles, and fuel dynamics are 
discussed, including: thinning effects on inter-stand bark beetle migration; relationships between 
beetle migration and survivorship; tree mortality source (e.g., fire vs. bark beetle) and its relation-
ship to the tree’s subsequent fuel deterioration dynamics; fire effects on beetles and beetle behavior 
in fire-affected landscapes. Ideas for future model development are presented.

Introduction_______________________________________________________
	 Bark beetles and wildfire play a major role in determining forest succession patterns 
in the extensive pine-dominated forests of the Western United States. Historically, many 
dry pine forest landscapes typically experienced frequent low severity fires that controlled 
stand densities and surface fuel loads (Graham and others 2004) and thus infrequently 
experienced large stand-replacing fires. Native bark beetle populations exhibited cyclic 
patterns of endemic and epidemic activity. During endemic periods (between outbreaks), 
bark beetles generally kill patches of trees weakened by fire, disease, or other stressors. 
Bark beetle outbreaks, which occur sporadically when conditions are favorable, cause 
increased mortality of trees that under endemic conditions would be considered less 
vulnerable. Silvicultural practices and fire suppression over the past 100+ years has 
resulted in landscape-scale stand structures that are experiencing an increase in both 
the frequency and severity of wildfire and bark beetle outbreaks in pine forests of the 
Western United States (Hessburg and others 1994). Future climate change may foster 
conditions conducive to wildfire (Meehl and others 2007) and may contribute to future 
increases in the severity of bark beetle outbreaks (Carroll and others 2006).
	 In response to concerns over the undesirable impacts of large wildfires, bark beetle 
outbreaks, and the potential interactions between the two, many land management 
agencies have adopted strategies calling for stand treatments over wide areas in the 
Western United States. These treatments include thinning, re-introduction of natural 
and prescribed fire, and mechanical fuels reductions. Many would agree that such treat-
ments can have beneficial effects, moderating wildfire intensity and extent and, at least in 
the short-term, reducing within-stand beetle-caused tree mortality. However, it remains 
unclear what effects these treatments might have on landscape-scale bark beetle dynamics 
and effects on fuel load and fire behavior. Models such as the Westwide Pine Beetle Model 
(WWPBM) (Beukema and others 1997; Smith and others 2002, 2005)—a landscape-scale 
bark beetle contagion and tree-effects model—coupled with the Fire and Fuels Extension 
(FFE) (Reinhardt and Crookston 2003) are useful tools to investigate the landscape-scale 
fuels treatments and their effects on the dynamics of fire/bark beetle interactions.
	 Evaluating risks of tree mortality from fire and bark beetles at a landscape scale is 
a complex problem. Ager and others (2006) discuss many of the issues. The WWPBM and 
FFE can be used to help analyze possible future scenarios by projecting how, where, and to 
what extent fire and bark beetle “risk factors”—potential tree mortality, fuel loading, torch-
ing index, etc.—might manifest on a landscape under a variety of management scenarios. 

In: Havis, Robert N.; Crookston, 
Nicholas L., comps. 2008. Third Forest 
Vegetation Simulator Conference; 2007 
February 13–15; Fort Collins, CO. Pro-
ceedings RMRS-P-54. Fort Collins, CO: 
U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research 
Station.
1	 Systems Analyst, ITX, Inc., Fort Col-
lins, CO; e-mail: dmcmahan@fs.fed.us.
2	 Operations Research Analyst, West-
ern Wildland Environmental, Threat 
Assessment Center, Prineville, OR.
3	 Forest Pathologist, Forest Health 
Protection, Bend, OR; e-mail: hmaffei@
fs.fed.us.
4	 Research Biological Scientist, USDA 
Forest Service, Forest and Range 
Sciences Laboratory, LaGrande, OR; 
e-mail: jlhayes@fs.fed.us.
5	 Program Manager, Forest Health 
Technology, Enterprise Team, Fort Col-
lins, CO; e-mail: elsmith@fs.fed.us.



USDA Forest Service Proceedings RMRS-P-54. 2008	 41 

Modeling Bark Beetles and Fuels on Landscapes: A Demonstration of ArcFuels . . .	 McMahan, Ager, Maffei, Hayes, and Smith

	 In this paper, we present an application of the WWPBM and the FFE on a landscape 
in the Deschutes National Forest on the east side of the Cascades in central Oregon. 
We used these models to analyze the effects of an aggressive thinning strategy on sub-
sequent dynamics of a simulated bark beetle outbreak. We also examined the effects 
of these thinning regimes and a simulated beetle outbreak on near-term potential fire 
behavior and fuel loads. The simulations were conducted and analyzed within ArcFuels 
(Ager 2005), a customized ESRI ArcMap project, which facilitates the linking of Forest 
Vegetation Simulator (FVS) inputs and outputs with geographic information systems 
(GIS) and numerous post-processing applications. Our aims are to (1) foster discussion 
about how our models simulate the inter-relationships between fire, bark beetles, and 
fuel dynamics; and (2) demonstrate the types of questions that can be addressed by the 
models and the types of analyses that are facilitated by ArcFuels. Model strengths and 
weaknesses are discussed.

Analysis Area______________________________________________________
	 The Five Buttes planning area spans approximately 173,000 acres of predominately 
forested land (90 percent) located on the Deschutes National Forest in south-central Or-
egon (fig. 1). The planning area encompasses the Davis Late Successional Reserve (LSR) 
along with designated wilderness, roadless areas, and general forest that is managed for 
a number of resources. The Davis LSR was established in the Northwest Forest Plan and 
is managed to maintain and/or create old-growth habitat for the federally listed north-
ern spotted owl (Strix occidentalis caurina) (USDA Forest Service and BLM 1994). The 
area contains a diverse array of forest types. It is dominated by mixed conifer, lodgepole 
pine, and ponderosa pine plant association groups (PAG) in its eastern reaches, and dry 
mountain hemlock PAG in the west. The 2003 Davis fire burned approximately 24,000 
acres (~15 percent of forested area) of mostly mixed conifer stands in the northeastern 
quadrant of the analysis area (fig. 1), destroying approximately 30 percent of the habitat 
of the northern spotted owl within the Davis LSR. 

Simulation Details__________________________________________________
	 The study area contained 5,291 mapped polygons, 135 of which were classified as 
non-forest (meadows, rock, and water). Polygons within the 2003 Davis fire were assumed 
to be bare ground. The non-forest and Davis fire polygons were excluded from the fuel 
treatment scenarios and the WWPBM, leaving 132,340 acres or 76 percent of the entire 
area being simulated as forested. 
	 We conducted four simulation scenarios by combining a thin or no-thin treatment 
scenario (TRT, NoTRT) with post-treatment bark beetle outbreak or a no-beetle scenario 
(+B, –b). Simulations were run using the SORNEC (Southern Oregon, Northeast Califor-
nia) variant of FVS, together with the Parallel Processing Extension (PPE) (Crookston 
and Stage 1991), the FFE, the WWPBM, and the Database (Crookston and others 2007) 
extensions. Tree regeneration was not simulated. Simulations were run for seven 3-year 
cycles with an assumed starting year of 20001. The short cycle length invokes frequent 
communication between the WWPBM and the FFE, which occurs only at FVS cycle 
boundaries. 
	 The thinning scenarios treated stands in the mixed conifer type where current stand 
density index (SDI) exceeded 55 percent of the maximum stand density index (MaxSDI) 
(Dixon 2007). This threshold SDI (236) (Cochran and others 1994) is generally accepted 
as a density above which competition can sufficiently weaken trees, causing them to be 
susceptible to bark beetle attack. We note that this thinning scenario is hypothetical and 
that operational or other constraints would prohibit treatments on such a large scale. 
The prescription is compatible with the management goals within and around the Davis 
LSR to protect large pine and Douglas-fir from bark beetles and wildfire (Maffei and 
Tandy 2002; USDA 2007). The thinning prescription was simulated in year 2003 and 
left a residual SDI of 35 percent of the MaxSDI. The prescription favored the retention 
of large pine and Douglas-fir. 
	 In the beetle outbreak [+B] scenarios, a seven-year long “severe” bark beetle outbreak 
was imposed during simulation years 2005 through 2011. Tree mortality from endemic-
levels of beetles was simulated before and after the outbreak. The no-beetle outbreak 
scenarios [–b] did not include either outbreak or endemic beetle-caused tree mortality. 
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In the [TRT+B] scenario, a sanitation cut (WWPBM keyword SANITIZE) concurrent 
with the thinning was also imposed in thinned stands to remove all recently beetle-killed  
trees and their beetles2. 
	 Beetle populations are simulated in the WWPBM in terms of “beetle kill potential” 
(BKP), expressed in units of square feet. One unit of BKP is equivalent to an amount 
of beetles, or “beetle pressure” capable of killing one square foot of host tree basal area. 
On an annual time step, the WWPBM simulates various BKP dynamics, including its 
re-allocation among stands (“dispersal”), reductions during dispersal (“in-flight” BKP 
“mortality”), tree selection and attack, and within-tree increases (“reproduction”). We 
initialized BKP into the landscape (keyword BMHIST) at the beginning of the simula-
tion by assigning to stands containing significant density of host trees3 an amount of 
BKP equal to one percent of the host basal area in the stand. All pines were considered 
hosts. This BKP initialization rate approximately represents endemic levels of beetles 
and provides the “seed” BKP for a subsequent simulated outbreak induced via keyword 
VARYRAIN.
	 The FFE was used to generate potential fire and fuel reports. No fires were simulated. 
FVS keyword details are provided in the appendix. Simulations were built and analyzed 
within ArcFuels. This customized ArcGIS interface was used to build keyword files and 
to join FVS model outputs to geodatabase layers for rapid and spatial analysis of model 
outputs.

Figure 1—Five Buttes planning area showing land types and the 2003 Davis fire. Stands selected for thinning (“Treated”) in the treatment simula-
tions (TRT) are shown in green.
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Results___________________________________________________________

Thinning 

	 One-third of the forested area met the prescription criteria, resulting in 1,705 stands 
being treated in simulation year 2003 in the TRT+B and TRT–b scenarios. This set of 
stands we call the overstocked mixed conifer (OMC) stands. They comprise ~87 percent 
of the unburned mixed conifer PAG. Of these, only 47 stands met the criteria for a sani-
tation cut (see endnote 2). Nevertheless, sanitation removed 56 percent of landscape 
total BKP (from 25,656 to 11,204 ft2). Thinning reduced average stand basal area 
from 188 to 64 ft2 acre–1 in 2003 in the OMC stands; average stand basal area in all other 
(non-OMC) stands was 136 ft2 acre–1 in 2003.

Beetle Dynamics

	 The simulated bark beetle outbreak began in year 2005, peaked in 2010, and was nearly 
ended by 2012. Thinning reduced landscape average beetle-caused mortality (table 1 
and fig. 2). In the TRT+B scenario, beetle-caused tree mortality was nearly eliminated 
in thinned (OMC) stands (fig. 3). In the NoTRT+B scenario, OMC stands (stands that 
would have been thinned under the TRT scenario) experienced greater beetle-caused 
mortality on average than other stands in the landscape (fig. 3). In the TRT+B scenario, 
unthinned (non-OMC) stands on average experienced beetle-caused mortality greater 
than they experienced in the NoTRT+B scenario (fig. 3). Over 40 percent of unthinned 
stands (1,092 stands) in the TRT+B scenario experienced a two percent or more increase 
in beetle-killed host basal area above what they experience in the NoTRT+B scenario 
(fig. 4c). 

Fire-related Metrics

	 In simulations without beetles, potential volume mortality from a severe fire was reduced 
in thinned stands by ~77 percent, from 3,607 to 8,23 ft3 acre–1 in 2003 (data not shown). The 
landscape average potential volume mortality was reduced in 2003 by 33 percent, from 
2,728 to 1,821 ft3 acre–1. Thinning completely eliminated active crown fire and condi-
tional surface fire potential in all treated stands through 2006 (fig. 4b); active  crown 
fire potential returned to only a few treated stands beginning in simulation year 2009. 
The simulated beetle outbreak caused slight increases in acres projected to have active 
crown fire in both of the +B scenarios (TRT+B, NoTRT+B) relative to their no-beetle (–b) 
counter-scenarios (TRT-b, NoTRT–b) (fig. 4a). 
	 FFE estimates of fuel loadings and fuel model change frequently over time in response 
to thinning treatments and beetle dynamics. These shifts occur as BKP migrates from 
thinned stand to other stands across the landscape. 

Discussion________________________________________________________

Overview

	 In the WWPBM, BKP is dispersed among stands where it “attacks” host trees and 
“reproduces” in successfully killed trees. Factors controlling how BKP is allocated from 
one stand to another include: distance between stands, target-stand total basal area, 
host basal area, and a variety of stand rating values representing stresses to tree vigor. 
In our simulations, only three stressors were invoked: (a) random lightning strikes, 
set at the default values of two random strikes per 1,000 acres per year (this creates 
stressed “focus” trees for BKP); (b) dwarf mistletoe severity, provided via input tree lists; 
and most importantly, (c) the climate-related, outbreak-inducing stress event, invoked 
via keyword VARYRAIN. Other WWPBM rating values were not invoked. Stands with 
high total and host basal area and low vigor ratings attract BKP during dispersal; at-
tractiveness diminishes exponentially as the distance between source and target stands 
increases. All stands are potential sources and targets of BKP each year. Analyses of 
dwarf mistletoe effects are not presented here.
	 The imposition of the climate-related stress event occurs landscape-wide; all stands 
experience the stress event. However, not all stands experience the stress to the same 
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Figure 2—Landscape average basal 
area mortality from bark beetles dur-
ing a simulated bark beetle outbreak 
in two different simulation scenarios. 
Thinning 1/3 of the landscape (TRT+B 
scenario) reduced simulated beetle-
caused mortality by approximately 36 
percent (between 2003 and 2012). Points 
represent 3-year cumulative basal area 
mortality through the end of each x-axis 
period-year.

Figure 3—Beetle-killed basal area (ft2 
acre–1) for two simulations: NoTRT+B, 
TRT+B. Results from each simulation 
are partitioned into two groups of stands: 
Overstocked Mixed Conifer (OMC) 
stands and other (non-OMC) stands. All 
OMC stands (dashed lines) are cut in 
the TRT+B scenario. Plotted values are 
stand-area weighted landscape averag-
es. Points on the graph represent 3-year 
cumulative basal area mortality through 
the end of each x-axis period-year. OMC 
stands in the NoTRT+B scenario (open 
circles) experience significantly more 
mortality on average than other stands 
in the NoTRT+B scenario (filled circles). 
Mortality in OMC stands is reduced to 
negligible levels upon being thinned 
(long arrow). Other, non-OMC stands 
experience on average greater mortality 
in the thinned (TRT+B) scenario (filled 
squares) relative to what they experience 
in the unthinned (NoTRT+B) scenario 
(short arrow).

Table 1—Average cumulative basal area beetle killed per acre  
(ft2 acre–1) during simulation period 2003–2011 for two suites 
of stands under two simulation scenarios. The overstocked 
mixed conifer (OMC) stands are cut in the TRT scenarios and 
not cut in the NoTRT scenarios. Non-OMC stands are not cut 
in either scenario.

Scenario	 OMC stands	 Non-OMC stands

NoTRT+B	 24.3	 8.9
TRT+B	 0.4	 13.2
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A

B

Figure 4—(A) Landscape total acres classed as having “Active” crown fire potential for the four simula-
tion scenarios. Treatments significantly reduce “Active” acreage while beetles slightly increase “Active” 
acreage. (B) Acres of active crown fire (“Active”) and conditional surface fire (“Cond”) for OMC stands 
under TRT+B and NoTRT+B scenarios. Trajectory for untreated landscape is for increasing acres cat-
egorized as “Active” and decreasing acreage categorized as “Conditional surface.” Thinning treatments 
reduced both classes to negligible levels.

magnitude—more dense stands experience it more harshly. The event simulates a decrease 
in tree defense capabilities (the amount of BKP required to kill a tree decreases) and an 
increase in BKP survivorship (per unit of BKP being dispersed), thereby promoting the 
outbreak. The factors most strongly controlling where BKP is allocated in the landscape 
under these conditions are total and host basal area.

Thinning Effects on BKP “Migration”

	 In our simulations, thinning stands greatly reduces within-stand beetle-caused tree 
mortality (figs. 3 and 5b). However, because we imposed a “severe” climate-related stress 
event across the landscape to promote the beetle outbreak, BKP is nevertheless being 
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“encouraged” by the stress event to find and attack remaining host trees, even when the 
landscape is thinned. A striking conclusion from these simulations is that by thinning a 
significant portion of the landscape, BKP is effectively “pushed” into other stands where 
its effect was less under the NoTRT+B scenario (figs. 5a–c). Similar results are presented 
and discussed in Ager and others (2007).
	 We know of no published research designed to study the effects of thinning treatments 
on areas beyond the area thinned. In our simulations, BKP is able to “find” and “attack” 
remaining host trees in the landscape, and in some cases, at a magnitude greater than 
that experienced when the landscape is not thinned. Consistent with the design of the 
WWPBM, simulated BKP is reallocated from thinned stands to other unthinned stands. 
This is largely the result of the density relationships built into the model’s attractiveness 
algorithms. If a stand were thinned to a low enough total density, BKP would “migrate” 
from it to denser stands. This model behavior can be exhibited even if the absolute 
amount and proportion of host in the stand to which it is reallocated is less than in the 
source stand. What is not clear is the degree this prediction represents real-world be-
havior. Assuming that conditions instigating an outbreak are primarily exogenous—for 
example, climate-instigated—and assuming landscapes are intensively managed (our 
simulation thinned nearly one-third of the forested landscape), then to what degree will 
beetles in such a landscape find remaining hosts? If, prior to thinning, endemic beetles 
exist primarily in stands that are scheduled to be thinned, to what degree will remaining 
“unharvested” beetles remain in the thinned stands versus migrate to other stands when 
exogenous environmental conditions promote an outbreak? Answers to these questions 
could help us understand and properly interpret these model results. 

Figure 5—Simulated beetle-killed basal area (BAK, ft2 acre–1) from simulation years 2003–2011 (inclusive) from two scenarios: (A) 
NoTRT+B; (B) TRT+B. Image (C) depicts the difference between the NoTRT and the TRT scenarios. In (C), negative values (orange) 
depict where beetle-killed basal area (2003–2011) has increased post-treatment (versus no treatment) by more than 15 ft2 acre–1. Green 
and purple are where beetle-killed basal area has decreased post treatment (versus no treatment). Note: In (C), no color overlay is 
used to depict BAK values between –15 and +15 (continued on next page).

A
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Figure 5—Simulated beetle-killed basal area (continued).
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BKP Survivorship in Relation to Migration Distance

	 During dispersal, BKP is reduced (simulating in-flight BKP mortality). Current 
WWPBM structure contains algorithms that control BKP survivorship rates as a func-
tion of the severity of the VARYRAIN-induced stress event. As the severity of the event 
increases, BKP survivorship increases (in other words, the amount of BKP “dying” 
decreases). However, the WWPBM does not adjust BKP mortality as a function of the 
distance BKP travels as it “migrates” from stand-to-stand. In the model, potentially 
unlike beetles in a real-world landscape, BKP can just as efficiently “find and attack” a 
host that is five miles away, for example, as it can a host that is in a neighboring stand4. 
This explains in part why significantly more hosts are beetle-killed in some stands in 
the treated landscape than those stands experience in an unthinned landscape. Adjust-
ing BKP to mimic beetle survivorship as it migrates long distances is a phenomenon 
currently not modeled in the WWPBM. Ideally this differential survivorship—assuming 
it exists at all—should be built into the model, but parameterization is a problem given 
our limited understanding of beetle survivorship over space and time.

Beetles and Fuel Dynamics

	 To the degree that the simulated bark beetle dynamics are valid, we found that our 
simulated, landscape-scale, fire behavior risk factors are significantly affected by bark 
beetle dynamics. Spatial distribution of standing and surface fuels significantly differs 
among the simulation scenarios as a result of treatments and simulated beetle activity 
(figs. 5c and 6). In our simulations, stands experiencing significant beetle mortality 
(+B scenarios) contain more snags and greater surface fuels, in the short term, than the 
same stands have in the no-beetle (–B) scenarios, a result of beetle-caused mortality (fig. 
6). Further, because of the “redistribution” of BKP, and its concomitant tree mortality 
resulting from the thinning treatments (fig. 5c), the simulated thinned landscape (TRT+B) 
experiences significant “shifts” in patterns of beetle-caused snags and fuel loadings rela-
tive to the unthinned (NoTRT+B) landscape. 
	 Modeling fuel loads and fuel dynamics in conjunction with disturbance agents (such 
as bark beetles) compels us to consider relationships between the cause of a tree’s de-
mise and its subsequent fuel dynamics. Snag fall-down rate and deterioration has been 
the subject of considerable research because of the role snags play in fuel dynamics and 
their value to wildlife (reviewed in Laudenslayer and others 2002). While some studies 
have focused on deterioration of beetle-killed trees (Hinds and others 1965; Keen 1955; 
Mielke 1950), few comparative studies of deterioration have been completed for trees 
killed by other agents. Although some disturbance agents such as root disease or severe 
fire likely hasten fuel deterioration, there exists few data quantifying such relationships. 
Thus, with regard to bark beetle effects on snag and fuel dynamics, questions remain: 
to what degree do the mechanical injuries of attack, larval feeding on phloem, borings 
from associated beetles and other predators, together with infection from blue stain fungi 
affect snag fall-down and wood decay rates? Furthermore, other disturbance agents may 
have different effects on tree and snag deterioration. Incorporating these effects into our 
landscape projections of fuel dynamics remains a challenge.
	 Currently in FVS, when the FFE inherits dead trees from the WWPBM (or from any 
extension, for that matter) it does not “know” the source of the tree’s mortality. In the  
FFE, all dead trees are treated the same. Although it would be possible to build into the 
FFE recognition of tree mortality sources, the task is not a straightforward one, because 
the ultimate “cause” of tree mortality often involves more than one agent. For example, 
suppose a prescribed under burn kills a tree already stressed by root disease and dwarf 
mistletoe. To what agent is the source of mortality attributable? If mortality is attribut-
able to more than one agent, how should that be accounted for in the FFE? These difficult 
issues have precluded FFE developers from making such considerations. Nevertheless, 
various mortality agents can and likely do play a significant role in determining snag 
and fuel dynamics. Elucidation and elaboration of some of these relationships into the 
FFE may improve its estimates of snag and fuel dynamics.
	 In addition to potentially affecting fall-down rates, fuel decay rates, and fuel load-
ing, beetles affect the spatial arrangement of fuels. Stands experiencing a bark beetle 
infestation exhibit a rapidly changing canopy fuel dynamic, with large proportions of 
stand canopies (needles) changing from “green” to “red” in a span of one to two years, 
typically followed by relatively rapid needle fall. The spatial arrangement of fuels is an 
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Figure 6—Difference in surface fuel loading (tons per acre) in simulation year 2018 between the TRT–b scenario and the TRT+B scenario. Nega-
tive values (yellow, orange, red, and purple) depict where surface fuels have increased due to beetle-caused tree mortality. Note: No color overlay 
is used to depict values between –2.5 and +2.5 tons per acre.

important component of fire behavior fuel models. Currently used fuel models may or 
may not be adequate to accurately model fire dynamics associated with beetle-caused 
canopy fuel changes. These relationships are beginning to be investigated (Page and 
others 2006). Again, additional studies may help us improve our modeling estimates 
of beetle-caused tree mortality effects on fire behavior via the development of new or 
modified fire behavior fuel models.

Fire Effects on Beetles

	 There are many questions pertaining to potential post-fire effects on beetle dynamics. 
A number of researchers have investigated post-fire effect relationships (for example, Am-
man and Ryan 1991; Boyle and others 2004; McHugh and others 2003; Ryan and Amman 
1996; Sieg and others 2006; Wallin and others 2003). These effects could be at the tree or 
stand level. Currently, the WWPBM is designed to account for the stresses experienced 
by trees surviving a fire. The rating value due to fire is a function of the proportion of 
crown length scorched. Fire-scorched trees in the WWPBM are more attractive to BKP 
and are easier for BKP to kill. Although the WWPBM handles this relationship, integra-
tion with the FFE is incomplete5. Once complete, the relationships will need testing and 
refinement. A number of questions will need to be addressed, such as: Over what range of 
conditions will these relationships between fire-damage and beetle-attractiveness hold? 
Is percent crown scorch the best metric to use to calibrate a tree’s rating value? Should 
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fire-caused root damage effects be incorporated into the model? Under what conditions 
does fire-stress cause trees or stands to be less attractive to beetles? How do fire-killed 
trees contribute toward a stand’s attractiveness to bark beetles? How do these relation-
ships vary amongst different tree and beetle species and across forest types? Does the 
seasonality of fire affect this dynamic (Ganz and others 2003)? How does fire intensity 
affect bark beetle brood survival (Safranyik and others 2001)? The state of knowledge 
in these areas is immature. Fowler and Sieg (2004) provide a good review of current 
research regarding fire-pest mortality relationships in ponderosa pine and Douglas-fir. 
A detailed discussion of these issues is beyond the scope of this paper. As our knowledge 
base improves, so will our models.

Concluding Remarks________________________________________________
	 Landscape scale analyses of management scenarios aimed at ascertaining risks to 
resources are becoming increasingly important to land managers. To support these 
analyses, the models and software used for multi-stand level simulation continue to 
develop and are increasingly accessible. The FVS and its several extensions—the PPE, 
FFE, Structural Stage model, and WWPBM, to name but a few—continue to evolve 
and be valuable modeling tools. The PPE, for example, can now be used to “pause” FVS 
simulations, allowing other programs to run between cycles to provide updated informa-
tion for use by FVS in the next simulation cycle. The database capabilities of FVS-DB, 
and geodatabase capabilities of ESRI ArcGIS naturally invite connection. ArcFuels is 
an application that greatly facilitates the joining of these two data structures. Within 
ArcFuels, FVS-DB stand and tree tables are easily linked to geospatial data. Data ele-
ments such as PPE’s AREALOCS6 supplemental records are easily derived from a GIS 
and readily imported into FVS via ArcFuels. Microsoft Access database tables can easily 
be parsed and joined to geodatabases, enabling easy map rendering of FVS model outputs. 
Although we did not run FLAMMAP7 simulations in this analysis, ArcFuels streamlines 
the process of moving data through FVS into FLAMMAP (Finney and others 2004). More 
importantly, however, are the insights gained by exploring the landscape-scale spatial 
dynamics of management and modeling estimations, explorations which are becoming 
evermore important as land managers are increasingly faced with prioritizing manage-
ment activities across the landscape.
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Endnotes
1	 Our choice of year 2000 to be our beginning-of-simulation year is based on the vintage of the inventory data. 

Readers should not construe our choice of simulation years to directly correspond to actual years. For example, 
we simulate that the Davis fire, which occurred in 2003, has already happened in simulation year 2000.

2	 Without WWPBM sanitation cuts, BKP in beetle-killed trees would remain in thinned stands, because dead 
trees are not eligible to be removed via base-FVS thinning keywords. Because actual thinning activities would 
likely remove at least some beetle-killed trees, we imposed sanitation cuts if stands were thinned. Our sanitation 
cuts required a minimum sanitation removal volume of 10 cubic feet per acre (in trees greater than or equal 
to 6 inches DBH), and had a 90 percent removal efficiency. We also ran two additional simulations: a TRT+B 
without sanitation run and a NoTRT+B with sanitation, so that we could analyze the effects of the sanitation 
cut alone. Results from these additional scenarios are not presented here. Note that removal of dead trees via 
base-FVS keyword SALVAGE will not remove BKP. 

3	 In this context, “significant” amounts of host means that the stand: (a) had greater than 50 square feet of basal 
area per acre of host trees and greater than 100 square feet per acre of total basal area, if the stand was class 
as a “mixed conifer” PAG; or (b) was not a mixed conifer PAG but met the above criteria and had (i) greater 
than 100 trees per acre in lodgepole pine greater than nine inches DBH or (ii) greater than 50 percent of total 
basal area was composed of host and greater than 50 percent of the host was ponderosa pine.

4	 This statement deserves elaboration, because it may seem counter-intuitive or inaccurate to those who under-
stand the attractiveness algorithms built into the WWPBM.  This statement is true given that the two stands 
in question have the same attractiveness scores. Because attractiveness decreases exponentially as distance 
between “source” and “target” stands increases, a stand farther away must have much more (and/or larger) host 
than a nearby stand for their attractiveness scores to be equal.  But because the BKP survivorship function is 
independent of the distance over which BKP is allocated, two “target” stands having equal attractiveness scores 
(relative to the “source” stand) will receive the same amount of BKP regardless of the distance between the 
source and each of the target stands. Thus, while stand attractiveness is highly sensitive to distance between 
source and target stands, BKP “migration” (its dispersal, once allocated) is uniformly “efficient.” 

5	 Under its current structure, the WWPBM recognizes fire effects only from fires simulated within its own fire 
subroutines. Currently, the WWPBM does not recognize fires simulated by the FFE.

6	 PPE keyword AREALOCS invokes reading of supplemental records containing stand spatial information: x- and 
y-coordinates of stand centroids and stand area.

7	 FLAMMAP is a fire behavior mapping and analysis program that simulates potential fire behavior character-
istics (spread rate, flame length, fireline intensity, etc.) over a landscape.

The content of this paper reflects the views of the authors, who are responsible for the facts and accuracy of the information presented herein.
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Abstract—The purpose of this analysis was to use long term permanent plots to evaluate the 
short-term predictive capability of the Western Root Disease Model extension (WRDM) of the Forest 
Vegetation Simulator (FVS) in central Oregon mixed-conifer forests in project planning situations. 
Measured (1991–2002) structure and density changes on a 100-acre unmanaged area in south-
central Oregon were compared to those predicted by the Southern-Oregon Northern-California 
variant (SORNEC) of FVS and the WRDM. Within the study area there were 149 variable-radius 
plots within 12 stands. Predictions were assessed using five variables that were collectively chosen 
to represent changes in stand density, stand structure, and are commonly used in project planning. 
For each indicator variable, projections were made using SORNEC alone and then with the WRDM. 
Projections were made at both the stand and plot level.
	 Where Armillaria root disease was present, the WRDM better predicted root disease impact 
than projections using SORNEC alone. Plot projections with the WRDM reduced the unexplained 
variation an average of 35% over projections made with SORNEC alone. Root disease impacts were 
generally overestimated using the WRDM as compared to measured changes. The correlations 
between the predictions and what was measured were much higher and always significant (p < 
.0.05) using plots and usually not significant using stands. The level of effort needed to parameter-
ize and troubleshoot the WRDM creates significant barriers to its use as a project planning tool. 
Improvements that could reduce these barriers and thus, make the WRDM more attractive to 
project planners would be to provide users with a set of key parameters that are calibrated, offer 
full automation of the post-run data summaries, and make the root disease distribution and spread 
more transparent. 

Introduction_______________________________________________________
	 Armillaria root disease, caused by the pathogen Armillaria ostoyae, is common in the 
mixed-conifer forests throughout western North America and central Oregon. Inventory 
plot data indicates that it occurs on approximately 25% of the overall acres of mixed-
conifer forests in central Oregon (Simpson 2007). Mortality from this disease creates 
significant gaps in the forest and can change forest successional pathways in affected 
areas (Fields 2004; Filip and others, in preparation; Shaw and Kile 1991). Additionally, 
this disease may limit the effectiveness of proposed treatments, reduce productivity, 
increase susceptibility to bark beetles and other pests, and limit the number of suitable 
management options (Williams and others 1986).
	 The Western Root Disease Model (WRDM) extension of the Forest Vegetation Simu-
lator (FVS) was designed to simulate the impact of Armillaria root disease and other 
root diseases at the stand- or inventory plot-level over time (Frankel and others 1998). 
The WRDM has been used in several environmental assessments and project planning 
efforts in central Oregon where root disease is an important disturbance agent. FVS and 
the WRDM were used to calibrate yield predictions in the mixed-conifer forests for the 
Deschutes National Forest Land and Resource Management Plan (USDA Forest Service 
1990). FVS and the WRDM were also used to analyze how the presence of root disease 
would affect hazardous fuel accumulation and the development and retention of key struc-
tural elements of the Northern Spotted Owl (Strix occidentalis var. caurina) habitat under 
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various proposed management scenarios in a late successional reserve on Sisters Ranger 
District, Deschutes National Forest (Maffei and Tandy 2002). Results from this analysis 
played an important role in the successful outcome of a legal challenge of the project.
	 Few analyses have been conducted that evaluate the accuracy of the WRDM predic-
tions using long-term permanent plots and none of these have been located in central 
Oregon. The most comprehensive comparison has been conducted by Frankel and others 
(1998) in the mixed-conifer forests of the Stanislaus and Eldorado National Forests in 
California. They compared predicted changes in stand density (trees per acre and basal 
area per acre) and mortality (trees per acre and volume per acre) over 13 years to actual 
measured changes for 26 permanent 0.1-acre fixed-area plots. Comparisons were made 
using the base FVS model alone and the base FVS model plus the S-type annosus-model 
subroutines in the WRDM. Frankel and others (1998) found that predictions using the 
root disease model, on average, corresponded well to the measured values while the 
base model significantly underestimated the impacts of annosus. Further, initializing 
root disease from the damage codes resulted in better predictions than initializing using 
the keyword RRINT. However, correlation coefficients between the measured and pre-
dicted plot values were significant but not strongly correlated. They found the Pearson 
product-moment correlation (r) between the predicted change in basal area and what was 
measured was r = 0.59 when the root disease model was initialized with the RRTREIN 
keyword and a correlation of r = 0.14 when the base model was used alone (calculated 
from results table in Frankel and others 1998). Frankel and others (1998) speculate 
that this difference could be explained by “the small plot size [which] made the model 
simulations more variable; one tree killed or not killed on a plot is a high percentage of 
the volume of a very small plot.”

WRDM Overview

	 The WRDM provides a dynamic representation of the spatial epidemiology of three 
types of root diseases: laminated root rot caused by Phellinus weirii, annosus root disease 
caused by Heterobasidion annosum, and Armillaria root disease. It is a conceptual spatial 
model based on a simplified characterization of root disease epidemiology including: the 
geometry of its spread, root colonization, and impact on susceptible trees. The root disease 
center is assumed to expand or contract at its perimeter. Root disease spread is modeled 
based on the assumption that the distribution of root disease in a stand can be characterized 
as a number of circular root disease centers, each containing both infected and uninfected 
trees. Host trees become infected within a center when their roots contact the infected 
portion of the roots of live- or dead-infected trees. Infection spreads at a constant rate 
throughout the tree’s root system until enough of the root system is infected to kill the 
tree (assumed default 10%). The root system is also represented as circular. After tree 
death the model tracks and decays the inoculum level of the dead root system. Everything 
else being equal, the larger the root system, the longer the inoculum remains.
	 Critical information when running the root disease model includes: 

1.	 The type of root disease. Only one type may be selected since the WRDM does 
not simulate multiple root diseases at the same time.

2.	 The proportion of the plot/stand area in acres to be modeled as being inside the 
root disease center(s). This must be specified by the user as the model does not 
infer it.

3.	 The density of infected trees if the area is to be modeled as one center. This can be 
either be parameterized by the user or read from damage codes in the tree list file.

Unless damage codes from the tree list file are processed, the model randomly assigns 
infection to trees within the root disease center. The model also defaults to 25% of the 
stand area in root disease centers, unless the user defines the proportion of area infected. 
Stump and dead tree information can be provided to further define the disease simula-
tion environment. However, this additional information is not collected as part of the 
standard stand exam inventory procedures.
	 Predicted impacts vary depending on how initial conditions are defined in the model. 
Sensitivity analysis of the WRDM by a number of investigators (Goheen and Thompson 
1998; Marsden 1992a,b; Smith and Zhang 1997) provides the following guidance on 
critical sensitive variables during model initialization and calibration: 
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The model is most sensitive to the type of root disease simulated.•	
The size or proportion of the area inside root disease centers has a very significant •	
effect on model results. In general, the greater the area inside the root disease 
centers, the greater the impact the root disease will have.
In the WRDM, root disease centers are randomly placed within a stand unless •	
coordinates are provided.
When root disease occurs in numerous small centers or when the edges of centers •	
are not readily discernible on the ground, the stand should be modeled as one 
disease center.
Accuracy of the model run will be further improved if individual tree information •	
regarding root disease infection and severity are obtained in the field and included 
(via keyword RRTREIN) in the run. 
 At least 20 runs with 20 different random seeds (keyword RSEED) should be used •	
for each projection to achieve +/– 4% of the “true” average. Changing some keywords 
can change the random variates throughout the model, so some variation exists 
when using the same seed, but different keywords.

	 The purpose of this analysis was to use local permanent plots in order to evaluate 
the short-term predictive capability of the WRDM in project planning situations. We 
evaluated this question by addressing the following questions:

How accurately does the WRDM predict 11-year changes in stand structure and •	
density compared to measured data when data normally available to project man-
agers are used?
Does the WRDM allow for better comparisons of alternatives compared to using •	
SORNEC alone?
How easy is the WRDM to use?•	
How easy is managing and interpreting WRDM output?•	

Methods__________________________________________________________

Study Area 

	 The data used for this analysis came from a 100-acre unmanaged administrative study 
area. This area was part of a larger (200‑acre) administrative study designed to evalu-
ate and compare silvicultural treatment systems with no management (Filip and others 
1995, in preparation). In the portion of the study area being modeled in this analysis, 
planned treatments were not implemented due to wildlife and recreation restrictions. 
The study area is about 25 miles NW of Klamath Falls, OR, USA and encompasses some 
of the most productive sites for white fir (Abies concolor), Shasta red fir (A. magnifica 
var. shastensis), Douglas-fir (Pseudotsuga menziesii var menziesii), and ponderosa pine 
(Pinus ponderosa) in south-central Oregon. Elevation ranges from 4,900 to 5,300 ft with 
an E aspect and 15 to 35% slope. Site index at 50 yr ranges from 65 to 90 for white fir 
and 59 to 93 for Douglas-fir (Cochran 1979). The plant association is white fir/chinquapin 
(Castanopsis chrysophylla)‑boxwood (Pachistma myrsinites)‑prince’s pine (Chimaphila 
umbellata) at the lower slopes and Shasta red fir‑white fir/chinquapin‑prince’s pine/
long‑stolon sedge (Carex pensylvanica) at the upper elevation (Hopkins 1979). 
	 The entire study area is infected with Armillaria ostoyae with mortality patches 
abundant and varying in size from a few scattered trees to several acres (fig. 1). 
Healthy‑appearing groups of trees occur among the mortality patches. The species of 
Armillaria causing mortality has been identified as A. ostoyae (NABS I) as determined 
by genetic testing (Reaves and McWilliams 1991).
	 The study area encompassed 12 stands (average = 13.8 ac., range = 9-20 ac.) and 147 
variable-radius plots. The variable-radius plots were established in 1991 using a 40 BAF 
and remeasured in 2002. Individual tree measurements included dbh, live crown ratio, 
and tree condition and were collected according to Pacific Northwest Region stand exam 
procedures (USDA Forest Service 1991). Trees under 5.0 in. dbh were recorded on a fixed 
1/100th acre plot. Plots were remeasured in 2002 for tree dbh and condition. Each plot 
was also given a root disease severity rating (RDSR) in 1991 (Hagle 1985), which was 
based on a visual above-ground estimation of the level of canopy reduction caused by 
root disease. The higher the RDSR, the more severe the impacts of root disease on the 
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canopy cover of a plot. Thirty-two of the plots had no detectable root disease (RDSR = 0) 
while the remaining 115 plots had light to severe root disease (RDSR = 1–9) (table1). The 
percentage of stand area with visible root disease ranged from 14 to 100%, as determined 
based on the number of plots with RDSR >0. The average plot root disease severity rating 
was 3. 

WRDM Calibration 

	 We were interested in testing the predictive capability of the WRDM when it was 
parameterized using only data likely to be available to project planners. The WRDM was, 
therefore, initialized using the standard stand examination data (as described above) 
we collected in the study, and where necessary, developing initialization logic that could 

Figure 1—Typical Armillaria 
root disease center in the study 
area. 
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be fully deduced from the stand exams. No additional stem maps or root disease center 
maps were provided for the simulations. Using these inferences we parameterized in-
dividual plots and stands only when we thought the process could be automated. This 
was because it is highly unlikely project planners are going to perform hand calibration 
on the large numbers of stands and plots that are typically modeled in project planning. 
The keywords and settings we used to initialize and calibrate the WRDM are as follows 
(Marsden 1992a,b; Smith and Zhang 1997): 

Armillaria •	 root disease was identified as the root disease type (keyword 
RRTYPE = 3) 
The root disease in the stand or plot was assumed to occur as one center since the •	
edges of the centers in the study area were not readily discernible on the ground 
(typical of root disease centers in mixed-conifer forests in central Oregon).
For individual variable-radius plot projections, the total size of the area to be mod-•	
eled was approximated as 1 acre (keyword SAREA).
For stand projections, the total size of the area to be modeled was approximated as •	
a constant 15 acres (keyword SAREA = 15) to more adequately describe the study 
units compared to the default of 100 acres. 
For projections, the acres in root disease (keyword RRINT) were assumed to be •	
the stand size (15 acres) multiplied by the proportion of variable-radius plots in 
the stand where Armillaria root disease occurred (RDSR >1). Thus, if half of the 
plots had a RDSR >1, the area in root disease was set at 7.5 acres compared to the 
WRDM default of 25%. Thus, the stand acres in root disease were, on average, 7.5 
acres in size with a range from 2–15 acres. Since projections are sensitive to the 
acres in root disease in a stand and there was variation in the incidence of root 
disease between stands, this adjustment to the default was preferable to setting 
it to a constant for all stands (e.g., 15 acres).
For plot level projections, variable-radius plot were assumed to be a single root •	
disease center (keyword RRINT) except when there was no measured root disease 
on the plot (RDSR = 0 or 1). On plots with RDSR = 0 or 1, some root disease was 
assumed to occur within the modeled area because root disease was widespread 
throughout the rest of the stand. Since there was no electronically accessible in-
formation (the usual situation for vegetation management projects) with respect 
to the relative location of infected plots to uninfected plots, the default value of 
25% was used. 
The density of infected trees was estimated from the damage codes on individual •	
measured trees (keyword RRTREIN). 
The model was run with default values for bark beetles since preferential bark •	
beetle activity was observed inside the root disease centers.

Model Runs and Post Run Processing

	 Simulations were made using the Southern Oregon Northern California (SORNEC) 
version of base FVS along with version 3.1 of the WRDM. Twenty runs were made for each 
projection (including those that were made using the base model only). In each of these 
projections only the random seed was changed (keyword RSEED). Outputs from the 20 
projections were then averaged in a spreadsheet. Measured data were also summarized 
in SORNEC so that the algorithms used to compute canopy cover for the measured data 
would be identical to those computed by the projections. The average 11-year change 
(measured and predicted) was then calculated for each indicator variable and exported 
to the SPSS statistical software program for further analysis. 

Analysis

	 Wildlife habitat is a crucial management concern in mixed-conifer forest types on 
the eastern slopes of the Cascades. Usually, mixed-conifer forests east of the Cascade 
crest are under the jurisdiction of the Northwest Forest Plan (Thomas and others 1990). 
Therefore, we evaluated the predictive capability of the model with variables that are 
useful for demonstrating the effect of root disease in late successional habitat, as well 
as displaying changes in risk of this habitat to insects, diseases, and wildfire. Because 
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the stands are primarily white fir, variables that collectively represent stand structure 
and density were chosen as most important and designated as evaluation variables. The 
indicator variables are calculated as FVS event monitor custom variables from the plot 
measurements (year 1991 and 2002) and 11-year projections of the 1991 measurements. 
Indicator variables are as follows:

1.	 Total canopy cover2 (TOT) (dbh ≥ 5.0 in.; proportion of total % cc, x = 55, min = 
38, max = 81).

2.	 Canopy cover of pole-size trees (PT) (dbh 5.0–8.9 in.; proportion of total % cc, x = 
14 min =0, max = 30).

3.	 Canopy cover of medium-size trees (MT) (dbh 9.0–20.9 in. proportion of total % 
cc, x =  49, min = 31, max = 64).

4.	  Canopy cover of large-size trees (LT) (dbh 21.0 ≥ in.; proportion of total % cc,  
x = 31 min = 11 max = 52).

5.	 Stand basal area (ba/acre).
6.	 Total trees per acre (tpa) ≥5.0 in. dbh.

	 These diameter class groupings and a fifth grouping consisting of small trees <5.0 in. 
dbh, are routinely used to describe forest structure and density. Combined with species 
composition, site productivity, and other factors, they form the building blocks of the 
assessment process. The process has been adopted and is currently being used to evalu-
ate forest ecosystem health, viable wildlife habitat, and to identify hazardous conditions 
caused by various disturbance agents. Changes in these variables also indirectly represent 
changes in other variables of interest including: stand basal area, wood fiber volume, 
and fuel loads.
	 For each of the size class groups, 11-year projections (with SORNEC and SORNEC 
+ WRDM) were compared with the measured results and performed in the following 
formats: 

1.	 Individual inventory plots as the primary modeling unit.
2.	 Stands as the primary modeling unit.
3.	 Plots grouped by RDSR measured in 1991

	 The performance of the model as a predictor of the impact of Armillaria root disease 
on forest structure and density was based on assessment of both the accuracy and the 
precision of the WRDM projections of the predictor variables and was based on the fol-
lowing analyses:

1.	 The accuracy of the WRDM was assessed in terms of the significance and strength 
of the positive correlation between the predicted- and the measured-changes for 
the indicator variables. The model was considered to have performed well if these 
correlations were significant, positive, and at least moderate in strength (r > 0.40). 
Pearson’s product-moment correlation (r) was used to designate the simple cor-
relation between the measured and predicted variables. The significance of the 
correlation was tested at the 0.05 level. Correlations would not be expected to be 
much higher than SORNEC projections for structural components less affected 
by root disease. 

2.	 The accuracy of WRDM predictions was based on whether the average value of the 
predictions is significantly different from the measured value (p < 0.05). As with 
the correlation coefficients analysis, accuracy would be expected to increase when 
the WRDM is used, especially for structural components most severely impacted 
by root disease. A paired sample t-test was used to compare the mean projected 
value of the indicator variables using the WRDM with the measured values and 
with projections using SORNEC alone. 

3	 The WRDM correctly predicts the impact on structure. Weighting the strength of 
the correlation of all the indicator variables equally may not be an appropriate 
assessment of model performance. Alternatively, it is desirable that WRDM pre-
dictions are assigned relative to the amount of potential root disease impact that 
each structural element within the stand is likely to incur. The greatest positive 
impact on the correlation coefficient (r) (between the projected and measured 

2	 Canopy cover was calculated from algorithms in FVS (SORNEC) for both measured and projected plots. 
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data), when the WRMD is used over SORNEC alone, is expected to occur in the 
pole- and mid-sized class structural groups because they are assumed to be more 
severely impacted by root disease than larger trees (Fields 2004). The assump-
tion that different structural groups will experience different levels of impacts 
from Armillaria root disease in our study is further supported by the negative 
significant (at the 0.05 level) correlation between RDSR in the pole and medium 
sized tree and RDSR together with the lack of a significant correlation for the 
large tree structure class (fig. 2) in the 1991 data.

Figure 2—Measured relationship between percent canopy cover and plot 
root disease severity ratings (RDSR) for the pole sized tree structural class 
(5.0–8.9” dbh), the medium-sized tree structural class (9.0–20.9” dbh), and 
the large tree structural class (≥21.0 dbh) in 1991.
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Results___________________________________________________________
	 On average, root disease caused a decline in stand density as well as caused significant 
changes in stand structure. Average decline in canopy cover at the plot-level over the 11 
year measurement period were 13, 0, 13, and 5%, for TOT (≥5.0 in. dbh), LT (large-size 
trees ≥21.0 in. dbh), MT (medium-size trees 9.0–20.9 in. dbh), and PT (pole-size trees 
5.0–8.9 in. dbh), respectively (table 2). Average decline in basal area was 70 ft2/ac. The 
largest proportional decline in the total canopy cover (38%) occurred in MT and PT size 
classes while the least occurred in the LT size class (0%) (table 2). Irregardless of initial 
RDSR, the presence of root disease increased the variability in 11 year changes in the 
indicator variables over what would have been predicted by SORNEC alone. The WRDM 
projections appeared to reflect this variability (fig. 3).

Precision of WRDM

	 Projections using WRDM were generally more highly correlated with the measured 
changes than predictions using SORNEC alone (table 3) though none of the correlations 
could be considered strong. The strength of the correlation between WRDM predictions 
and measured changes depended on the primary modeling unit (stand or plot) as well as 
the size-class group. Plot-level predictions of 11-year changes of the 5 variables represent-
ing changes in stand density and structure tended to be more highly correlated with the 
measured data than the stand level predictions. For example, the average reduction in the 
unexplained variance was 0.49 and 0.34 for the plot and stand projections, respectively 
and the one to one correlations between WRDM predicted and measured 11-year change 
was significant (at the 0.05 level) for all predicted variables at the plot level but for only 
three variables at the stand level (table 3). On average, plot predictions with the WRDM 
reduced the unexplained variation by an additional 35% over predictions made with 
SORNEC alone (table 3). For the plot predictions using the WRDM, Pearson correlation 
coefficients ranged from r = 0.41 to r = 0.69 with significant, but not strong, one-to-one 
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Figure 3—Comparisons of 11-year change in % canopy cover by root disease severity rat-
ing (RDSR) for 147 variable radius plots: (1) Measured, (2) SORNEC predictions, and (3) 
SORNEC + WRDM predictions.



64	 USDA Forest Service Proceedings RMRS-P-54. 2008 

Maffei, Filip, Chadwick, and David	 Western Root Disease Model Simulation versus Plot Remeasurement: 11 Years of Change . . .

correspondence between what was predicted and what was measured on individual plots. 
For infected plots, the initial RDSR appeared to have little, if any, relationship to the 
correlation between the predicted and measured values indicating a lack of bias. There 
was no correlation (r = 0) between the predicted and measured change for plots with no 
initial root disease (RDSR = 0) (measured) for any of the indicator variables. 

Accuracy of WRDM Projections

	 WRDM projections at both the stand and plot level did not meet our criteria as an 
accurate predictor of 11-year change except in the case of stand projections using the LT 
and PT structure class variables. Overall, the WRDM tended to over predict the impact of 
Armillaria root disease while SORNEC did not predict any impact. Paired t-test results 
were all significant (two-sided p-value <0.05) for comparisons at the plot-level across 
all size classes for both measured data vs. SORNEC projections and measured data vs. 
WRDM projections (table 2). At the stand level, paired t-test results were insignificant 
for the PT and MT (p = 0.123 and 0.159 respectively) size classes, indicating that the 
WRDM is accurately predicting canopy cover changes in these size classes at the stand 
level (table 3). Thus, for stands, WRDM projections were acceptably accurate, for the LT 
and MT size classes; i.e. those most severely impacted by root disease (table 2). 

	 Impact on Stand Structure—WRDM projections were better predictors of the 
measured 11 year changes in stand structure than projections with SORNEC alone. For size 
classes (medium (MT) and Pole (PT)) most severely impacted by root disease, the addition 
of the WRDM decreased the unexplained variation by an average of 32% (table 3). In 
general, correlations with the measured data were much stronger with WRMD projec-
tions than projections with SORNEC alone. The exception to this was seen in the large Tree 
(LT) structural class where there was no improvement in the correlation (r) (table 3). 
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Discussion________________________________________________________  
	 The use of WRDM simulates changes in stand structure and density better when 
Armillaria is present, than the use of FVS alone. The WRDM is a more precise and 
more accurate predictor of the impacts of Armillaria root disease on stand structure and 
density, especially for variables that represent the structural classes most impacted by 
the disease. Even when correlations were not significant at the stand level, the addition 
of the WRDM resulted in trends in the right direction while use of SORNEC drove the 
projections in the wrong direction in many cases. Given the choice of using the WRDM or 
SORNEC without the WRDM, we therefore conclude that using the WRDM is preferable 
in projects where Armillaria root disease is an important management consideration. 
	 While correlation coefficients were similar to the results by Frankel and others (1998), 
the precision of the projections, on average, is much lower. The lower accuracy in our 
study could potentially be caused by number of factors including: (1) different inventory 
methods (fixed plots vs. variable radius plots; plot center located in the middle of the root 
disease center vs. plot center located on a grid); (2) different root disease (annosus root 
disease vs. Armillaria root disease); and (3) random chance. The lower precision when 
projections were made at the stand level vs. projections at the plot level was puzzling 
since we would have expected the opposite. We hypothesize that the cause might be that 
the smaller plot sizes impose limitations on variability in the placement of root disease 
centers as well as the location of infected trees relative to susceptible non-infected trees. 
Limited variability in these spatial elements might limit potential variability in spread 
rates. 
	 Although we believe it is preferable to use the WRDM in situations where root disease  
is an important factor, a number of characteristics are a significant deterrent to its use 
for routine project planning:

1.	 The level of technical expertise required to properly initialize, run the model, 
and interpret the output is very high. The WRDM models the process of spread 
and mortality by individually simulating the many sub-processes thought to be 
involved. These many processes are governed by numerous random variates and 
parameters, many of which the user (even those who are advanced) have no way  
to measure or validate. In addition to the complex parameterization requirements, 
a fairly extensive knowledge of how the model works is necessary (for example 
the importance of changing the random seed). 

2.	 The WRDM is difficult to troubleshoot. Identifying areas where functions in the 
model could be better parameterized or improved is difficult because the user 
cannot see the distribution of centers, infected trees, and spread scenario for an 
individual run

3.	 The predictive capability of the WRDM predictions is disappointing given the 
model’s complexity, especially with respect to the level of precision attained with 
stand projections and the level of accuracy attained with plot projections. While 
the WRDM generally did a better job than SORNEC alone, the performance of 
the model was not outstanding over the timeframe we evaluated. Whether it is 
even possible (given the high natural variation in the field and limited available 
spatial data) to modify the model to achieve consistently better performance 
remains a question.

4.	 Data summarization outside of the model is required for the initialization process 
and the data output. For example, we had to export and summarize the results of 
the 20 runs outside of FVS. While not an overwhelming task, it is another step 
where errors could occur. 

	 The barriers to using the WRDM raise questions with regard to its routine use in 
project planning. Some of these include: Does the predictive capability of the WRDM 
justify the level of proficiency it takes to use it? If not, do we improve the existing model 
to the point at which it is both easier to run and achieves better predictions? Or, would 
a simpler model structure be preferable and better serve project planning needs? While 
providing answers, these questions are outside the scope of this paper, we suggest that  
mitigated by the following: 

1.	 Provide users with a set of key parameters calibrated to the mixed-conifer forest 
communities in central Oregon. A sensitivity analysis (with this data set and 
others) may enable us to refine parameterization and better initialize the model 
for similar mixed-conifer forests in central Oregon. A set of keywords provided to  
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users specifically tailored to these forests would save time and reduce the amount 
of expertise required from the user to run the model.

2.	 Fully automate post-run data summaries and key parts of the initialization process. 
For example, since we know that multiple runs are required to achieve a good 
average prediction, the WRDM could be modified so that it automatically varies 
the random seed a set number of times and summarizes the average of all the 
projections so that the user does not have to perform these operations manually. 
The area in root disease could also be internally calculated based on the number 
of plots with root disease damage codes. 

3.	 Provide the user an option to make root disease distribution and spread trans-
parent. Perhaps a user-selected option could generate a simple map of the root 
disease centers and individual infected trees. 
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Abstract—Oak decline has been recorded on oak forests throughout the Ozark Plateau of Mis-
souri since the 1970s, but severe drought in the late 1990s, combined with the advancing age of the 
Ozark forests, has intensified the levels of crown dieback and mortality beyond historical levels. 
The purpose of this project was to determine whether the Forest Vegetation Simulator (FVS) model 
could accurately predict the effect of oak decline on the Mark Twain National Forest (MTNF). Forest 
Inventory and Analysis (FIA) data were used to benchmark mortality magnitude and to adjust FVS 
growth projections. Data from inventory cycles 3 (1976–1977), 4 (1986–1987), and 5 (1999–2003) 
were available for approximately 150 oak stands on the MTNF. These data were translated into 
FVS-ready format and projected with and without the Oak Decline Event Monitor (ODEM) addfile. 
Actual growth and mortality versus projected values were compared. In the absence of harvesting or 
other major disturbance, baseline mortality per size class in a healthy forest is generally constant 
and departure from this constant may indicate unsustainable forest conditions. We compared cur-
rent mortality rates to calculated mortality rates between inventory cycles 3 and 4 (i.e. prior to the 
latest decline events) to indicate whether mortality rates increased between inventory periods. This 
paper describes the FVS adjustments and methodology used; assesses the usefulness of FIA data 
and application of the ODEM addfile for this project; and discusses how FVS tools and comparison 
of baseline mortality rates could be used to predict future trends in Missouri oak forests.

	 The characteristics of the oak forests that dominate southern Missouri have been 
largely determined by human activities on the landscape. From 1870 to 1930, most of the 
natural shortleaf pine (Pinus echinata Mill.) and oak-pine woodlands were eliminated by 
extensive logging followed by annual burning and overgrazing. Around 1930, fire sup-
pression and conservation efforts allowed trees, particularly oaks, to begin to reclaim the 
land. The resultant forested landscape is much different in composition and structure 
than the presettlement forest. Many of these stands have a similar time of origin and 
grow on degraded soils. By the end of the 1900s, a large proportion of the landscape was 
characterized by aging oak forests, which were predisposed to decline (Law and others 
2004; Lawrence and others 2002).
	 Widespread crown dieback, growth reduction, and mortality in oak forests on the Ozark 
Plateau of Missouri were documented in the 1970s and 80s, particularly following periods 
of drought that incited decline (Law and Gott 1987). A severe drought from 1999–2001, 
combined with the advancing age of the Ozark forests, has intensified the spread and 
severity of oak decline and mortality (Starkey and others 2004). Although components 
of the oak decline complex have been present in the Ozark Region for decades, recent 
mortality has exceeded historic trends. With the unprecedented levels of mortality being 
observed, land managers in southern Missouri have many questions about the current 
and future conditions of oak stands affected by decline. The purpose of this project was 
to use Forest Inventory and Analysis (FIA) data and Forest Vegetation Simulator (FVS) 
projections to address some of those questions, particularly related to past and current 
mortality rates and anticipated future conditions.
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Data and Methods__________________________________________________

Source of Data

	 In Missouri, the 3rd FIA periodic inventory was collected from 1969–1972. Subsequently, 
data for the Mark Twain National Forest (MTNF) was also gathered in 1976–1977. The 
4th FIA periodic inventory cycle for Missouri was completed in 1989 with most of the 
data on the MTNF collected from 1986–1987. Both the 3rd and 4th inventory data were 
gathered in accordance with a 10-point sample design distributed over approximately 
an acre of ground around plot center (NCRS 1969, 1986). All trees 5.0 inches dbh and 
larger were tallied on a variable radius plot (37.5 basal area factor prism). Trees less 
than 5.0 inches dbh were tallied on a fixed radius plot (1/300 acre). In 1999, FIA began 
the 5th inventory cycle for Missouri with a new annualized survey design (NCRS 1999). 
Under this sampling scheme, four subplots 1/24 acre in size are used to measure trees 
5 inches dbh and larger. A microplot 1/300 acre in size was co-located within the major 
plot, offset from plot center, to gather information on trees less than 5 inches dbh. For 
the annualized system, 1/5 of all FIA plots are visited each year so that a complete cycle 
is measured every 5 years.
	 We acquired FIA data for cycles 4 and 5 in FVS-ready format through the Internet 
using the Forest Inventory Mapmaker program (Miles 1992). Cycle 3 data was not readily 
available. It was obtained directly from the North Central Research Station FIA Unit 
and required subsequent effort to convert to FVS-ready format.
	 We considered the data from each inventory cycle as unique condition class samples. 
There were 911 ‘total’ plots assembled and utilized for various aspects of the study. The 
data were used to: calibrate the FVS model; determine the biological maximums expected 
for stand density and tree size attainment; and construct regeneration input response 
files.
	 North Central FIA also provided a plot number “crosswalk” that enabled us to match 
center points of sample plots among the 3rd, 4th, and 5th FIA inventory cycles. We restricted 
our data scope to oak forests of the Mark Twain National Forest residing within the 
Ozark Plateau in south-central Missouri. This corresponds to forestlands in the Northwest 
Ozark, Southwest Ozark, and Eastern Ozark FIA Survey Units. Through this screen-
ing, we were able to identify 154 ‘common’ plots on the MTNF that were remeasured in 
FIA cycles 3 (1976–1977), 4 (1986–1987), and 5 (1999–2003). After filtering to exclude 
disturbed plots, non-oak forest types, small diameter stands, and other anomalous plots 
(such as cycle 3 plots that were measured during 1969–1971), there were 100 ‘base’ plots 
available for analysis. For each of these plots, we had field measurements from the same 
plot center for each of the three inventory cycles spanning a 25-year period.

Adjustments to FVS Base Model

	 A subset of FIA plots were used for FVS self-calibration procedures. Plots contain-
ing trees with repeat measurements of diameter provide an empirical basis to rescale 
the large-tree diameter increment models within FVS. These data were available from 
the cycle 3 and 4 periodic inventories. There were 557 ‘calibration’ plots utilized for this 
purpose. The scaling values derived from these plots are listed in table 1. Given that 
repeat diameter measurements were not available for some species (e.g. eastern redcedar 
(Juniperus virginiana Lam.)), calibration scale factors were not computed.
	 Multipliers (i.e. ReadCorD keyword values) less than one indicate that the observed 
tree growth was less than that predicted by the Central States variant of FVS. Internal 
algorithms use the multipliers to adjust the predicted large-tree diameter growth to 
match the rates observed from the calibration data set.
	  Initially, we pursued comparative analysis based on merchantable tree volume. Sound-
ness factors were needed to compute net volume from gross. This required an estimate 
of tree defect to be applied to gross tree dimensions. We consulted with the MTNF and 
other sources to develop an FVS “addfile” (i.e. an auxiliary keyword file) that applied 
defect deductions to enable determination of net cubic and board foot volume per acre. 
Upon further evaluation, we chose to display resultant basal area per acre estimates in 
this paper. We deduced that stand basal area better described overall stand structure.
	 It was important to set stand density bounds to limit FVS modeled projections to 
reflect actual growth capacity as exhibited by oak stands on the MTNF. Stocking charts 
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can be utilized in consort with a growth and yield model such as FVS to display man-
agement regimes (Puuri and others 1986). The biological relationship to the average 
maximum density (AMD) or the effects of density on growth is evident. The upland 
central hardwoods stocking chart, introduced by Gingrich (1967), has become one the 
forest manager’s most useful tools. The “A” line on the chart was developed from stands 
of average maximum density, and the “B” line was developed from open-grown trees. 
The upper extent of the Gingrich chart defines overly dense conditions at 110 stocking 
percent. Stocking relates the area occupied by an individual tree to the area occupied by 
a tree of the same size growing in a fully stocked stand of like trees. Visual inspection 
of the Gingrich chart indicates an approximate basal area maximum of 140 ft2/acre for 
larger average diameter stands. An examination of the FIA plots from MTNF reinforced 
using this value to set the basal area maximum for the projection runs.
	 The “TreeSzCp” keyword addfile sets the biological limits for maximum diameter 
and height for a given tree species. The specified diameter acts as a surrogate for age to 
invoke senescence mortality. Tree size limits were derived using FIA tree measurement 
data from the total plot set on the MTNF. Adjustments were made based on input from 
the Forest.

Estimating Natural Regeneration

	 In order to obtain an accurate FVS prediction of future stand composition, it is neces-
sary to provide FVS with information about the expected regeneration that will occur 
after long periods of time in the absence of disturbance. An estimation procedure was used 
that compared measured observations of regeneration as related to stand parameters (i.e. 
ecological strata, stand size, canopy density) to predict the expected regeneration. For 
this study, potential tree species for regeneration were divided into nine possible shade 
tolerance and maximum height attainment groups (e.g. high shade tolerance/mid-story 
height attainment group, low shade tolerance/overstory height attainment group). The 
total plot set was used to determine the typical distribution of advance regeneration in 
each of the nine potential shade tolerance/height attainment groups for four different 
ecological strata/stand size/canopy density classes. An FVS addfile was created to de-
termine the ecological strata and size/density class of each plot; then, input the target 
amount of advance regeneration as small saplings from the appropriate shade tolerance/
height attainment group.

Assigning Plots to Ecological Strata

	 Early on, it became readily apparent that in order to make meaningful comparisons, 
the plots needed to be assigned to distinct strata. Although we had remeasurement data 
for specific stands, the variable plot design of the periodic inventories prevented valid 
tree-by-tree or plot-by-plot comparisons over time. Per acre tree expansion factors vary 

Table 1— Large-tree diameter growth. Calibration scale 
factors computed from cycle 3 and cycle 4 
FIA data.

 	 Total	 Mean
Tree	 tree 	 ReadCorD
species	 records	 multiplier

Shortleaf Pine	 417	 0.511
Pignut Hickory	   18	 0.851
Black Hickory	   10	 0.669
Slippery Elm	   10	 0.566
White Oak	 803	 0.512
Red Oak	   42	 0.365
Black Oak	 674	 0.503
Scarlet Oak	 316	 0.445
Blackjack Oak	   39	 0.585
Post Oak	 222	 0.620
Misc. Hardwood	   62	 0.499
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based on changes in tree diameter. Inferences of tree and plot dynamics become obscure 
as a result. However, given a large enough plot sample size, strata-based conclusions 
could be drawn.
	 In brief, the 100 base plots were assigned to strata based on slope exposure (aspect) 
and productive capacity (site index). Aspect was defined as southerly (113–292 degrees) 
or northerly (0–112 or 293–360 degrees). High site quality was classified as site index 
values greater than 70; low was 70 or below. Since black oak was not always the tree 
species measured for site index, each plot was adjusted to a relative black oak site in-
dex as averaged over the three inventory cycles. To simplify tracking the results, sites 
with northerly aspect and high site quality were designated as “good sites” and sites 
with southerly aspect with low site quality were designated as “poor sites.” Sites with 
northerly aspect and low site quality responded similarly to sites with southerly aspect 
and high site quality so they were combined into one stratum designated as “moderate 
sites”.
	 Additional details regarding model adjustments, regeneration estimates, and 
ecological stratifications used for this study can be found in an interoffice publication 
(Vandendriesche 2006).

Assigning Plots to Mortality Groups

	 Although FIA field crews had gathered information on tree damaging agents and the 
associated severity, quantifiable measures to identify oak decline events were limited. 
Another method was needed to determine the threshold between endemic levels of tree 
mortality versus epidemic. Endemic implies being constantly present in a particular 
region and generally considered under control. In contrast, epidemic refers to out of 
control situations where the vector is spreading rapidly among many individuals. To that 
end, a process of evaluation presented by Manion and Griffin (2001) that distinguishes 
between endemic and epidemic conditions was pursued. Their basic tenet for assessing 
the likelihood of a self-sustaining forest is as follows:

We propose that healthy forests depend on quantitatively predictable tree death as a 
continuous process linked to forest structure and growth. Quantifying a baseline mortality 
value by forest structure analysis using the Law of de Liocourt allows estimation of forest 
health by comparing the observed mortality to a baseline value.

	 In quantitative terms, the baseline mortality per dbh class can be used with estimates 
of dbh growth rates to determine an annual mortality rate needed for stand equilibrium. 
A given number of trees must die within a dbh class to allow space for the survivors to 
progress to the next larger dbh class. This number can be transformed into a rate or 
percentage for all dbh classes.
	 In application of the Manion and Griffin method, 125 FIA ‘mortality’ plots were used 
that were resident from cycle 3 through cycle 5 (i.e. 154 common plots, minus 29 that 
had experienced disturbance, mainly cutting treatments). Note that for this part of the 
analysis we were able to use an additional 25 common plots that were of smaller size class 
or were slightly “off-cycle” from the cycle 3 measurement period. Mortality inferences were 
based upon the cycle 3 measurements. This period pre-dates the drought years that triggered 
intensification of oak decline. “Past diameter” and “mortality tree” data is included in each 
FIA remeasurement dataset; as such, we were able to extrapolate cycle 2 trees per acre 
values from the cycle 3 data set. The resulting stand table is presented as table 2.
	 Notice the general trend of approximately twice as many trees per acre from the 
largest to the next smallest diameter class for cycle 2 data. The computed q-slope across 
all diameter classes equals a 2.038 factor. Think of this as a survivability factor. Con-
versely, a mortality factor would equal one minus the inverse of the q-slope. Expressing 
the baseline relative mortality as a percent equals 50.932 (that is: (1-1/2.038)*100). Thus, 
approximately one-half of the trees need to die for the survivors to progress to the next 
larger diameter size class. Knowing the average annual diameter growth rate of the 
trees allows calculation of the baseline relative mortality. For oak forests on the MTNF, 
a baseline relative mortality rate of 2.183 percent was computed. The observed mortal-
ity rate derived from the data set was 1.582 percent. According to Manion and Griffin, 
this indicates an evolving forest structure that will trend toward the baseline relative 
mortality rate.
	 Applying these same methods to cycles 4 and 5 data rendered the results shown 
in table 3. The reconstruction of cycle 2 from cycle 3 data represents the 1966 to 1976 
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growth measurement period. FIA cycle 3 to cycle 4 equates to the 1976 to 1986 growth 
period. Cycle 4 to cycle 5 spans the 1986 to 2001 measurement interval. Notice that 
the observed relative mortality exceeds baseline relative mortality during the past two 
FIA measurement cycles. This correlates well to the observed higher incidence of oak 
decline.
	 As a point of comparison, Manion and Griffin reported annual baseline mortality for 
Adirondack Park, New York, in 1996 at 3.0 percent. Buckman (1985) computed an annual 
measured mortality rate of 2.7 percent for National Forests in Michigan and Wisconsin. 
Based on these findings, and specifically on values obtained from the cycle 3 data set, for 
this study we chose a value of 2.0 percent annual mortality (in terms of trees per acre) 
from reconstructed cycle 2 to cycle 3 as the threshold to indicate stands of low mortality 
occurrence versus those of high mortality incidence.
	 Recall that three ecological strata were identified for this project based on aspect and 
site index: poor, moderate, and good. Using the 2.0 percent baseline relative mortality 
threshold to aid in determining low versus high mortality incidence, the plots repre-
sented in the FIA data set were distributed as shown in table 4. Thus, six combinations 
of ecological strata and mortality groups were identified for analysis.

Table 2—Stand table displaying trees per acre in each 2-inch dbh size class from 
FIA cycle 2 to cycle 3 with associated diameter growth, baseline mortality 
estimates, and observed mortality percent.

	 DBH		  DBH	 Annual	 Annual	
	Size class	 Trees/Ac	 Growth/Yr	 Baseline	 Observed	 Trees/Ac
	(inches)	 Cycle 2	 (inches)	 Mort %a	 Mort %b	 Cycle 3

	 2	 381.953	 0.011	 0.391	 2.286	 384.592
	 4	 130.578	 0.024	 0.851	 1.102	 118.281
	 6	 59.799	 0.040	 1.414	 0.542	 61.196
	 8	 36.070	 0.058	 2.044	 0.355	 32.860
	 10	 20.369	 0.082	 2.877	 0.524	 22.284
	 12	 12.631	 0.097	 3.394	 0.576	 14.359
	 14	 5.900	 0.112	 3.909	 0.802	 8.117
	 16	 2.456	 0.129	 4.489	 1.156	 3.470
	 18	 1.092	 0.143	 4.963	 1.392	 1.485
	 20	 0.551	 0.163	 5.638	 2.595	 0.700
	 22	 0.213	 0.176	 6.073	 2.676	 0.311
	 24	 0.086	 0.203	 6.972	 4.419	 0.124
	 26	 0.058	 0.213	 7.302	 1.552	 0.048
	 28	 0.056	 0.226	 7.730	 2.500	 0.049
	 30	 0.016	 0.243	 8.287	 1.250	 0.037
	 32	 0.006	 0.263	 8.938	 10.000	 0.022
Total:	 658.552	 0.062	 2.183	 1.582	 647.935

	 a Annual Baseline Mortality % = A predictable level of relative mortality caused by biotic and 
abiotic factors interacting with stocking competition essential for maintenance of a balanced 
healthy forest. Baseline mortality is linked to forest structure (Law of de Liocourt, Manion and 
Griffin, 2001) and growth (measured diameter increment).
	 b Annual Observed Mortality % = Sum of the total number of dead trees per diameter size 
class observed in the field at any point in time divided by the initial live tree stocking, divided 
by the growth measurement period. Note that mortality is expressed in terms of diameter class 
rather than years.

Table 3—Calculated mortality rates (baseline versus observed) during the three 
measurement periods. 

Measure period	 Annual baseline mortality	 Annual observed mortality

	 percent	 percent
1966–1976	 2.183	 1.582
1976–1986	 2.981	 3.267
1986–2001	 2.974	 3.324
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Table 4—Distribution of the base FIA plots among productivity class and mortality 
group.

	 Number of stands in each mortality group
Productivity	 Available	 Low mortality	 High mortality
	 Class	 number of stands	 (<2% per yr)	 (>2% per yr)

Good	 15	 14	 1
Moderate	 49	 34	 15
Poor	 36	 26	 10

Total:	 100	 74	 26

Oak Decline Event Monitor

	 The Oak Decline Event Monitor (ODEM) addfile (Courter 2005) is an auxiliary key-
word file that applies the effects of oak decline during FVS simulations of stand growth. 
Individual plots are evaluated with a probability/risk rating system to determine the 
susceptibility of the stand to the effects of oak decline. Based on research data from the 
southeastern United States (including the Missouri Ozarks), the likelihood of an oak 
decline event depends on many factors including proportion of basal area in the target 
species groups, condition of the stand, site quality, stand age, and occurrence of previ-
ous oak decline events (Oak and others 1996). These factors are used within the ODEM 
addfile to calculate the probability/risk of a decline event.
	 An oak decline event is scheduled in the FVS cycle if a drawn random number is less 
than or equal to the estimated probability in that cycle. If an event is scheduled, oak 
decline mortality is targeted for the red oak (Quercus rubra L.), white oak (Q. alba L.), 
and hickory (Carya sp.) species groups at the end of that FVS cycle. Oak decline induced 
mortality is determined by the stand risk rating with greater mortality and crown reduction 
scheduled for stands with elevated risk. Within the ODEM addfile, mortality and crown 
reduction values are applied through use of the “FixMort” and “Prune” keywords.

Analysis Process

	 After the data were prepared and the various processing components assembled, 
we were able to use FVS in two ways: (1) to capture static information from the data 
sets; and, (2) to project the existing data sets into the future. We compared measured 
changes in basal area and species composition to FVS predicted changes in basal area 
and species composition over the three periods of remeasurement. We compared different 
combinations of processing components (i.e., with and without model adjustments and 
the ODEM addfile) to determine which resulted in stand projection closest to measured 
trends. We then selected the “best” combination of processing components and used FVS 
to project poor sites 100 years into the future.

Analysis and Discussion_ ___________________________________________

Static Use from Three Measurement Cycles

	 FVS was used to summarize various growth parameters for the base plot set from the 
three ecological strata and two mortality groups. The “good site/high mortality” category 
had only one stand. Strata based inferences could not be drawn for this site-mortality 
combination, so it was excluded from further consideration (fig. 1).
	 For low mortality plots, measured trends indicate that basal area per acre steadily 
increased from cycle 3 to 4 to 5. For high mortality stands, basal area per acre remained 
mostly constant from cycle 3 to 4 but then rebounded for cycle 5. On these sites, tree 
mortality made space for associated species to fill in the gaps over the 25-year period. 
Recall that we used the reconstructed cycle 2 to cycle 3 mortality rate to distinguish 
stands of observed high mortality versus those of low mortality occurrence. Thus by our 
definition of mortality groupings, the “high mortality” sites were already experiencing 
increased casualty at the beginning of cycle 3
	 In order to observe how the distribution of species changed over time, we calculated 
the basal area within seven species groups of particular interest. We considered scarlet 
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oak (Q. coccinea Muenchh.) and black oak (Q. velutina L.) as one unique species group, 
white oak as another species group, and all other oaks (Quercus sp.) as a third group. 
All hickories were considered in the hickory group. All other hardwoods, such as cherry 
(Prunus sp.), ash (Fraxinus sp.), dogwood (Cornus sp.), etc., were grouped together. 
Shortleaf pine was the predominant conifer recorded; however, eastern redcedar was 
observed in cycle 5. Pine and cedar were kept as separate species groups. In figure 2, 
the proportion of total basal area in each of these species groups is shown for the “poor” 
sites at each of the three measurement periods.
	 On poor sites with high mortality, the proportion of basal area in scarlet and black 
oak decreased in successive measurement cycles. Conversely, the proportion of basal 
area in white oak increased. This trend is consistent with the silvicultural predictions 

Figure 1—Measured basal area per acre of all trees equal to or greater than 5 inches dbh on good, moderate, and poor sites over three FIA inven-
tory cycles. The bar for sites with high mortality is beside the bar for sites with low mortality for each cycle.

Figure 2—Measured basal area per acre of all trees equal to or greater than 5 inches dbh on poor quality sites over three FIA inventory cycles 
displayed by tree species representation.
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of tree species response to oak decline (Shifley and other 2006). On poor sites with low 
mortality, basal area in scarlet and black oak increased during each cycle. White oak 
also increased. The identifiable differences in response pattern between the high and 
low mortality groups indicate that the criteria we used to distinguish mortality groups 
were meaningful.

FVS Modeling: Choosing “Best” Combination

	 Because data were available for the same 100 base plots over a 25-year period, we 
were able to compare the actual measured basal area per acre values to the predicted 
basal area estimates when we projected the stands for 25 years under four different 
combinations of the FVS model. The combinations we compared were:

FVS without adjustments•	
FVS without adjustments, with the Oak Decline Event Monitor (ODEM) addfile•	
FVS with adjustments as described in the methods section of this paper•	
FVS with adjustments as described in the methods section, with the ODEM addfile•	

	 From this comparison (table 5), it was clear that FVS without adjustment consistently 
resulted in a considerable overestimation of basal area, even after a period as short as 25 
years. When the ODEM addfile was applied, predicted values improved as compared to 
the observed values. For the best prediction of basal area attainment, adjustment alone 
for low mortality plots and adjustment plus the ODEM addfile for high mortality plots 
achieved those results. This indicates that even with adjustment, FVS cannot be expected 
to accurately predict the epidemic levels of mortality that will occur from an oak decline 
event. Ideally, FVS should be configured to adjust for an inherent level of tree mortality 
and the ODEM addfile should be used if you want to simulate the potential outcome of 
an oak decline event. Use of projected values with and without the ODEM addfile could 
indicate mortality bounds (endemic vs. epidemic). If climatic conditions such as drought 
exist, you would expect a pending oak decline event.
	 In order to determine which processing combination provided a better prediction of 
the future species composition, we compared the predicted basal area of the same spe-
cies groups previously described to the measured basal area from cycle 5. The predicted 
basal area was derived from FVS projections of cycle 3 data forward 25 years to cycle 
5 under the various adjustments to the base FVS model described above. The results 
of this comparison for the poor site/high mortality stratum are shown graphically in 
figure 3. The species composition that was measured in cycle 5 was quite different from 
the composition projected by any version of the model. Although a 25-year projection by 
various model configurations predicted different amounts of basal area, the proportion of 

Table 5—Measured basal area per acre of all trees equal to or greater than 5 inches dbh in cycle 5 versus predicted basal area from cycle 3 data 
projected to cycle 5 by various versions of the FVS model.

					     Cycle 5—FVS		  Cycle 5—FVS
				    Cycle 5—FVS	 without adj.	 Cycle 5—FVS	 with adj.
		  Cycle 3	 Cycle 5	 without adj.a	 + ODEMb	 with adj.c	 + ODEMd

	 Number	 measured BA	 measured BA	 projected BA	 projected BA	 projected BA	 projected BA
Site grouping	 of sites	 (ft2/acre)	 (ft2/acre)	 (ft2/acre)	 (ft2/acre)	 (ft2/acre)	 (ft2/acre)

Poor Site,	 10	 66.0	 80.5	 110.8	 96.6	 90.0	 82.1
   High Mortality				    (+30.3)e	 (+16.1)	 (+9.5)	 (+1.6)
Moderate Site,	 15	 56.8	 68.4	 94.0	 70.9	 78.5	 64.0
   High Mortality				    (+25.6)	 (+2.5)	 (+10.1)	 (–4.4)

Poor Site,	 26	 60.3	 85.3	 104.0	 91.9	 86.4	 71.7
   Low mortality				    (+18.7)	 (+6.6)	 (+1.1)	 (–13.6 )
Moderate Site, 	 34	 59.1	 78.1	 99.3	 89.6	 86.1	 72.5
   Low mortality				    (+21.2)	 (+11.5)	 (+8.0)	 (–5.6)
Good Site,	 14	 64.6	 95.2	 108.7	 99.9	 92.2	 72.5
   Low mortality				    (+13.5)	  (+4.7)	 (–3.0)	 (–22.7)
	 a FVS base model without adjustments.
	 b FVS base model with Oak Decline Event Monitor (ODEM). Note that ODEM has a random component, so values vary from run to run.
	 c FVS base model with adjustments as described in the methods section of the paper.
	 d FVS base model with adjustments, with ODEM included as an addfile.
	 e The figures in parentheses represent the difference between the cycle 5 measured value and the cycle 5 value as predicted by that version of the model. 
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the basal area in any species group was affected very little by the various combinations 
of the model. Similar results were obtained for the other ecological stratum.
	 Some of the differences between measured and modeled species composition may be 
due to the changes in sampling design from cycles 3 and 4 to cycle 5. Since the same center 
pin was used in all inventories, the trees measured in cycle 5 included some of the same 
trees measured in cycle 3 and 4. However, not all the trees were the same because the 
subplot configurations were different between the periodic and annual sampling designs. 
It is also worth noting that the species composition predicted by all combinations of the 
model is quite similar to the original composition in cycle 3. Over a 25-year projection, 
the various FVS combinations did not predict a major shift in species composition because 
most of the basal area of trees over 5 inches dbh is comprised of the original trees. Over 
a longer projection, we would expect to see diverging species composition by the various 
processing combinations of the FVS model due to the application of different mortality 
rates and regeneration inputs.

Future: Projecting Current Data 100 Years

	 After determining that the FVS model with adjustments provided reasonable estimates 
of stand growth, we simulated the development of the poor sites, with both high and low 
mortality levels, for 100 years into the future. The poor sites with high mortality were 
projected from cycle 5 for 100 years using the FVS model with adjustments (fig. 4). The 
Oak Decline Event Monitor addfile was not applied in this case under the assumption 
that these are “aftermath” stands that have already lost their vulnerable scarlet and black 
oak component. The adjusted FVS model predicts that these stands would increase in 
basal area to a maximum slightly above 120 ft2. It predicts that the white oak and other 
hardwoods would occupy an increasingly large proportion of the basal area. Projecting 
data beyond 50 years is suspect, but if pressed to do so, it is encouraging to see that 
the adjusted model predicts a basal area level and species composition that are similar 
to measured trends. Note that we also produced an iteration of the FVS model without 
adjustments to determine what the predicted basal area would be after 100 years of 
growth. This simulation produced an unrealistically high prediction of basal area.
	 Poor sites, low mortality were also projected from cycle 5 for 100 years (fig. 5). In this 
example, we ran the model with and without the ODEM addfile in order to observe the 
effect of the ODEM addfile on the projection. When the FVS model with adjustments 

Figure 3—Comparison of measured to projected basal area representation of species distribution on poor quality, high mortality sites. Cycle 3 data 
was projected 25 years with the base FVS model and also with various versions of the model to compare the affect on the prediction of species 
composition.
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was used, the predicted pattern of stand development was very similar to the pattern 
predicted for the high mortality stands (fig. 4). This is not surprising, since the average 
basal area of the stands in these two groups was actually quite similar by cycle 5. The 
interesting result here is the effect of including the ODEM addfile in the projection. Over 
a 100-year period, adding the ODEM addfile causes a fairly significant shift in species 
composition. It predicts a much lower proportion of the stand to be composed of either 
the “scarlet/black oak” or “white oak” species group and a much larger proportion of the 
stand in “other hardwoods.” It also holds the basal area below 100 ft2/acre throughout 
the projection. Based on these findings, we recommend that the species related mortality 
impacts within the ODEM addfile be modified to apply a lower level to the “white oak” 
and a higher level to the ‘other hardwoods’ species group.

Summary of Results________________________________________________
	 A study of this magnitude revealed several important findings. Regarding assembling 
data sources, access to FIA data has been streamlined in recent years. A simple truth 
concerning this finding is the more recent the inventory cycle, the more readily available 
the information. Retrieving past data from older periodic inventories can be challenging. 
Knowledge of FVS input files and their associated field formats may be required. As with 
our study, attempting to go back 20 or more years most likely will necessitate a high 
level of interaction with the raw data to produce FVS-ready files. Also, familiarity with 
FIA sampling techniques will be mandatory. Syncing inventory procedures is imperative 
when trying to draw inferences from varying survey designs.
	 When dealing with data collected from variable plot techniques to glean long-term 
trends, use aggregated stratum values, not per plot or per tree progressions. With 

Figure 4—Projected basal area and species composition of poor sites with high mortality from cycle 5 for 
100 years into the future, using the adjusted FVS model. Note that the 100-year projected value using 
FVS without adjustment is also shown for comparison.
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point sampling, tree expansion values change over time as a result of diameter growth. 
Consequently, per acre values differ when comparing repeat measurements. This adds 
complexity in interpreting trend information. Reliable monitoring estimates can only be 
made at the stratum level.
	 The ecological strata recognized by this study were correlated with differences in 
oak-hickory understory recruitment. We found that north aspects having high site pro-
ductivity contained approximately half the oak-hickory small saplings as south aspects 
having low site quality. The ecotones between these (north aspect/low site and south 
aspect/high sites) had similar species compositions in the understory. They had more 
oak-hickory small saplings than the north aspect with high site potential but less than the 
south aspect with low site indices. Forest strata were defined by these ecological classes. 
These findings were valuable in development of regeneration estimation addfiles.

Figure 5—Projected basal area and species composition of poor sites with low mortality from cycle 5 for 
100 years into the future using the FVS model with adjustments and the FVS model with adjustments 
with the ODEM addfile.
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	 Since oak decline as a symptom was not recorded for the different FIA cycles, we 
needed to develop a method to infer the break-point between endemic and epidemic levels 
of mortality. We found the procedure suggested by Manion and Griffin useful insofar 
that it links forest structure to a predictable level of relative mortality. We applied their 
method for estimating baseline mortality per dbh class. Approximately 2 percent of the 
trees per acre per year die on the MTNF. This equates to about one-half of the trees sur-
viving from a given 2-inch dbh class to the next larger class based on measured diameter 
growth and resultant tree survivorship. We used the 2 percent threshold to distinguish 
high from low mortality FIA plots.
	 In exploration of the data for regeneration estimation, we observed that north aspects 
of high site productivity did not commonly have a large amount of oak-hickory regen-
eration. Although these are good sites, they do not intrinsically favor oak-hickory tree 
species development. There is a high level of species diversity that would inherently be 
less susceptible to oak decline impacts. South aspects of low site quality are strongholds 
for oak-hickory development. We focused on these areas for comparing measured trends 
as revealed by three FIA cycles versus modeled effects as portrayed by FVS projections 
for the same time period.
	 Poor sites (south aspect, low site) with high mortality (>2% tpa/yr) as forecast by 
FVS demonstrated similar results in terms of stand basal area per acre as indicated 
by measured FIA data. Forecasts of species composition changes were less successful. 
Losses in the black oak species group (scarlet and black oak) were not as prevalent in the 
modeled runs as in the measured data. This was concluded over the 25-year period span-
ning 1976 to 2001. However, projecting this stand type forward 100 years demonstrated 
a greater loss in the black oaks and also in white oak. This may be an overstatement 
of the effects of oak decline on white oak. Measurement data revealed that white oak 
was less susceptible to oak decline agents and actually filled in the gaps resulting from 
mortality in the black oak species group.

Conclusions and Recommendations_ _________________________________
	 Several conclusions can be drawn from our study of oak decline on the MTNF. The 
objective of this project was to investigate the utility of Forest Inventory Analysis data 
and the Forest Vegetation Simulator to address mortality impacts and resulting stand 
structure from impeding oak decline events. As indicated from our trials comparing the 
FVS model runs with and without adjustment techniques applied, it is recommended to 
pursue adjustment techniques: (1) perform FVS self-calibration, (3) obtain tree defect 
values, (3) derive maximums for stand density and tree attainment, and (3) develop a 
regeneration response. Each of these modifications contributes to crafting a FVS modeled 
run to perform similar to measurement trends. Future projections built on this basis 
can then be substantiated.
	 The Oak Decline Event Monitor addfile was developed specifically to induce effects 
of oak decline during a FVS model run. We found it to be particularly helpful in “scaling 
back” oak stocking when the FVS model was not adjusted, but less useful when the model 
had been fully adjusted to measured conditions. To obtain the most realistic results, we 
recommend always adjusting FVS. If the ODEM addfile is going to be used in conjunc-
tion with the adjustments, the user should consider reducing the levels of mortality it 
applies to white oak and increasing the level for other hardwoods.
	 As with the model runs for poor sites, the modeled runs for the moderate and good 
sites correlated well to actual measurements from cycle 3 to cycle 5. We hypothesize that 
the moderate and good sites would follow similar trends if forecast 100 years into the 
future. This would be a logical extension of this study. Also, calculation and comparison 
of net volume trends may provide additional information important to land managers.
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Abstract—Predictions based on the Gypsy Moth Event Monitor were compared to remeasurement 
plot data from stands receiving gypsy moth defoliation. These stands were part of a silvicultural 
treatment study located in northern West Virginia that included a sanitation thinning, a presalvage 
thinning and paired no-treatment controls. In all cases the event monitor under predicted the initial 
mortality for all stands in terms of trees per acre. Prediction errors, with regards to trees per acre, 
were largest in stands receiving the heaviest defoliation. In terms of basal area prediction, those 
stands receiving the heaviest defoliation had predictions which were too high in the 4- to 5-year 
period following initial defoliation, after which prediction error diminished. For stands receiving 
light defoliation, predicted basal area was lower than in observed stands and this error increased 
with the length of the projection period.

Introduction_______________________________________________________
	 The Gypsy Moth Event Monitor (GMEM) is a keyword set that modifies growth and 
mortality within the Forest Vegetation Simulator (FVS) to simulate the effects of gypsy 
moth infestations. The event monitor classifies the relative susceptibility of a stand 
based on the percentage of susceptible species present within the stand. Outbreaks occur 
stochastically and range in intensity based on stand susceptibility. After an outbreak 
occurs, mortality is increased with the use of the FIXMORT keyword. Additionally, basal 
area growth increment is reduced using the BAIMULT keyword. These modifiers pre-
dominantly impact susceptible species on moderate outbreak levels, but may also impact 
resistant species when outbreaks are more severe. A previous silvicultural treatment 
study in northern West Virginia was designed to moderate the impact of gypsy moth 
infestation (Liebhold and others 1998). The purpose of this study is to compare stand 
density predictions, in terms of basal area and trees per acre, from GMEM modified FVS 
(GMEM-FVS) simulations using remeasurement data from the previous treatment study 
following a gypsy moth outbreak. 

Data______________________________________________________________  
	 The data are from a long-term experimental site located within the West Virginia 
University Research Forest (WVURF) in Preston County, West Virginia. The WVURF is 
a 7,664 acre forest primarily comprised of oak dominated and cove hardwood stands. In 
1989, sixteen stands were selected to investigate the effects of silvicultural treatments 
on the impact of gypsy moth as discussed in detail by Liebhold and others (1998). Each 
stand was comprised of twenty 0.1-acre plots. Eight stands within the study received 
either a sanitation thinning treatment or presalvage thinning treatment. The sanita-
tion thinning treatment was a modified thinning from below, performed on stands with 
less than 50 percent of the basal area comprised of susceptible species, to reduce stand 
susceptibility by removing highly vulnerable trees regardless of value (Gottschalk 1993). 
The presalvage thinning treatment was also a modified thinning from below; however 
it was performed on stands having greater than 50 percent of the basal area comprised 
of susceptible species, to reduce stand vulnerability while attempting to increase stand 
vigor and value. Each of the eight treatment stands were paired with a control comprised 
of similar species. The stands were remeasured annually until 1994, after which they 
were measured periodically until 2004. At each measurement period, tree species, vigor, 
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Table 1—Observed gypsy moth defoliation and tree mortality, by treatment type and stand number, for 
stands located in Preston County, West Virginia.

Treatment type	 Stand number	 Defoliation level	 Actual mortality

	 %
Control	 2, 4, 5, 8, 10, 12	 Light	 25–35
	 14, 16	 Heavy	 50–60
Sanitation thinning	 1, 3, 6	 Light	 20–30
	 7	 Heavy	 20–30
Presalvage thinning	 9, 11	 Light	 12–20
	 13, 15	 Heavy	 30–37

defoliation, and dbh were recorded for every tree. Defoliation varied between stands, 
with stands 7 and 8 of the sanitation thinning treatment and stands 13 through 16 of the 
presalvage thinning treatment, receiving heavier defoliation than other stands within 
the same treatment groups (table 1). In the control stands that received only minimal 
defoliation, cumulative mortality ranged between 25 and 35 percent (in terms of trees 
per acre). The heavily defoliated control stands experienced higher cumulative mortality 
that ranged from 50 to 60 percent. In stands receiving the sanitation thinning treatment, 
mortality ranged from 20 to 30 percent with very little difference between the heavily 
defoliated and lightly defoliated stands. Two distinct populations existed within the 
presalvage treatment stands. The heavily defoliated presalvage treatment stands had 
mortality that ranged from 30 to 37 percent, while the presalvage stands that received 
light defoliation experienced mortality ranging from 12 to 20 percent. 

Methods__________________________________________________________
	 The 1989 data were input into the northeast variant of FVS and projected until 2004. 
The projections were modified by the northeastern key component file of the Gypsy 
Moth Event Monitor. A gypsy moth introduction period of 1985 was used for the event 
monitor, based on literature (Hicks and Mudrick 1994). Outbreaks were stochastically 
determined for each run, using a random seed that was allowed to vary. Output was 
generated on a one-year cycle length. For this analysis, mean response was based on 
twenty simulations for each stand using FVS. Measured in-growth was removed from 
the data set during comparison to reduce confounding results. Simulated stand density, 
in terms of trees per acre (TPA) and basal area per acre (BAAC), was compared to actual 
recorded conditions. 

Results___________________________________________________________

Simulation of Trees Per Acre

	 GMEM-FVS simulations under predicted mortality, for both the stands receiving 
sanitation thinning treatment and their paired control stands (fig. 1). For those sanitation 
treatment stands receiving the heaviest defoliation (Stands 7 and 8), over prediction of 
stand density increased quickly for three years, after which, both the treated stand and 
the paired control leveled off at an over estimation of approximately 38 TPA. Additionally, 
GMEM-FVS over predicted TPA for the sanitation treatment stands and their paired 
controls which received the lightest defoliation (Stands 1 through 6). Prediction errors 
for these stands followed a pattern similar to the heavily defoliated stands; however, the 
prediction error was greater for the untreated stands (Stands 2, 4, and 5). The GMEM 
modified FVS projection for Stand 1 had the smallest prediction error, approximately 
20 TPA. 
	 In most cases, GMEM-FVS simulations over predicted stand density for the stands 
receiving the presalvage treatment and their paired controls (fig. 2). This over prediction 
ranged from less than 20 TPA, under light defoliation conditions for most treated stands 
(Stands 9 and 11), to over 80 TPA for the heavily defoliated control stands (Stands 14 
and 16). Prediction errors were slightly higher in the fourth remeasurement period for 
presalvage treatment stands receiving heavier defoliation (Stands 13 and 15), but this 
error decreased over the rest of the projection period. The largest over prediction of stand 
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Figure 1—Residual (simulated–actual) TPA for stands receiving the sanitation thinning. Dark symbols reflect stands receiv-
ing the sanitation thinning treatment. Symbols of the same shape, but not filled in, are the paired non-treated controls

Figure 2—Residual (simulated–actual) TPA for stands receiving the presalvage thinning treatment. Dark symbols 
reflect stands receiving the presalvage thinning treatment. Symbols of the same shape, but not filled in, are the paired 
non-treated controls.
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density was associated with the untreated control stands that experienced the heaviest 
defoliation (Stands 14 and 16). Prediction errors for these stands were the greatest at the 
fourth remeasurement period and declined over the course of the projection period. 

Simulation of Basal Area per Acre

	 GMEM-FVS simulations generally over predicted BAAC for the sanitation thinning 
treatment stand and its paired control that received the heaviest defoliation (Stands 7 
and 8, figure 3). The over prediction in these stands was greatest in the second through 
fifth remeasurement period, after which this error decreased with time. In all cases, the 
simulations under predicted BAAC for the sanitation thinning treatment stands and 
paired control stands which received the lightest defoliation (Stands 1 through 6). The 
magnitude of this prediction error increased with time.
	 GMEM-FVS simulations over predicted BAAC for presalvage thinning treatment 
and paired control stands by up to 70 ft2/ac. at the fifth remeasurement period, for those 
stands receiving the heaviest defoliation (Stands 13 through 15) (fig. 4). The magnitude 
of this prediction error decreased with time, with the untreated control stands exhibit-
ing higher prediction errors than the paired treated stands. In all cases, the simulations 
under predicted BAAC for presalvage thinning treatment stands and their paired controls 
that experienced light defoliation (Stands 9 through 12). This prediction error increased 
linearly to an under prediction of approximately 30 ft2/ac.

Figure 3—Residual (simulated–actual) basal area per acre for stands receiving the sanitation thinning. Dark symbols 
reflect stands receiving the sanitation thinning treatment. Symbols of the same shape, but not filled in, are the paired 
non-treated controls.
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Figure 4—Residual (simulated–actual) basal area per acre for stands receiving the presalvage thinning treatment. 
Dark symbols reflect stands receiving the presalvage thinning treatment. Symbols of the same shape, but not filled in, 
are the paired non-treated controls. 

Discussion________________________________________________________
	 GMEM-FVS projections increasingly underestimated TPA mortality over the course 
of the projection period, for stands that experienced low defoliation levels. These stands 
exhibited an increase in actual mortality over time, which was continuously underesti-
mated by the scheduled outbreaks simulated in FVS.
	 FVS simulations over predicted TPA at the point of initial mortality, regardless of 
stand treatment, for those stands that experienced high defoliation levels. For the heavily 
defoliated stand receiving the sanitation thinning treatment and its paired control (Stands 
7 and 8), predicted TPA paralleled actual stand development after the initial defoliation 
event. This would indicate that equilibrium in overall stand density was achieved, but at 
a level higher than that in the observed stands. Actual stand mortality increased slowly 
following the initial defoliation event, which the event monitor accurately captured by 
scheduling several outbreaks over the course of the FVS projection period. Presalvage 
thinned stands and their paired controls that experienced high defoliation (Stands 13 
through 16), exhibited little increase in actual mortality after the initial defoliation event. 
GMEM scheduled several outbreaks over the rest of the FVS projection period, which 
reduced the error in TPA associated with the presalvage thinning treatment.
	 The Gypsy Moth Event Monitor relies on the classification of stands into susceptibility 
levels, which scale the impact of outbreak. Stands 7 and 8 experienced high defoliation, 
but were classified as moderately susceptible stands by GMEM. This reduced the impacts 
of outbreaks scheduled by the event monitor and resulted in increased error associated 
with predicted stand density (TPA). This classification limitation reduces the accuracy 
of the event monitor. This suggests that users simulate these stands at multiple sus-
ceptibility classes when they are on the border of a classification level in order to obtain 
more accurate results.
	 Basal area per acre was initially over predicted for stands that experienced high 
defoliation levels. These prediction errors decreased over time due to multiple scheduled 
outbreaks present in the FVS simulations. Stands that experienced light defoliation 
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exhibited little reduction in actual basal area growth over time. Basal area was under 
predicted by the event monitor, which often scheduled one or more outbreaks over the 
FVS simulation period. The outbreaks had a greater effect on the presalvage thinned 
stands and their paired controls, which had a higher susceptibility class within the 
event monitor. This higher susceptibility class resulted in greater prediction error due 
to higher severity outbreaks. 
	 Overall, GMEM-FVS projections performed most accurately on stands where actual 
mortality increased slowly over the course of the simulation. The Gypsy Moth Event 
Monitor modified Forest Vegetation Simulator projections underestimated mortality for 
all stands, especially those that received high defoliation. Additionally, the simulations 
underestimated the basal area per acre reductions that accompanied heavy defoliation 
events. Further analysis is currently underway to determine whether the trends seen in 
this study are also observed for different stands, defoliated by the gypsy moth, throughout 
the Appalachian region.
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Development of State and Transition 
Model Assumptions Used in National 
Forest Plan Revision
Eric B. Henderson1

Abstract—State and transition models are being utilized in forest management analysis processes 
to evaluate assumptions about disturbances and succession. These models assume valid information 
about seral class successional pathways and timing. The Forest Vegetation Simulator (FVS) was 
used to evaluate seral class succession assumptions for the Hiawatha National Forest in Michigan’s 
Upper Peninsula. Forest Inventory and Analysis (FIA) plots located on the Hiawatha were stratified 
by Ecological Land Type and major forest type. A set of algorithms was developed for FVS to grow 
and evaluate the size class of the plot at each time step of the simulation. Results were evaluated to 
determine the amount of time vegetation spends in each state before it succeeds. This information 
was used as basic input for both the Vegetation Dynamics Development Tool and the Spectrum 
forest planning model used by the Hiawatha for its 2006 forest plan revision.

Introduction_______________________________________________________

State and Transition Models

	 State and transition models are used to describe natural processes on a landscape. 
They can be thought of as a series of boxes and arrows that define the flow of resources 
through a process. Consider the model displayed in figure 1.The boxes in the figure 1 
model are the different states a stand passes through over time and include a description 
of the state and the ages, or length of time, that the stand remains in that state before 
transitioning. The arrows are the transitions, and define how resources (in this case land 
area) pass between the states. The solid arrows in this diagram are used to represent  
succession, and the dashed arrows are used to represent disturbance. The probabilities 
associated with the succession transitions describe the likelihood of passage from one 
state to the next when the stand is at the end of the time it spends in the state. The 
probabilities of the disturbances represent the average proportion of the land area that 
passes from one state to the next at each time step. Transitions can be used to describe 
movement between states or within the same state such as the 1 percent disturbance 
associated with state 3. 

Forest Planning (Linear Programming) Models

	 There are two typical linear programming formulations of the forest management 
problem, namely, Model I and Model II (Johnson and Scheurman 1977). National Forests 
have largely used a Model I formulation of their management problem (Chequamegon-
Nicolet National Forest 2004; White Mountain National Forest 2005). Model I is a straight-
forward formulation whereby all possible future management activities are explicitly 
enumerated for each stand being analyzed. The strength of the Model I formulation is 
that exact management plans for each stand can be determined from the solution, and 
results can be mapped if desired. One drawback of the Model I formulation is that it 
is difficult to consider the impacts that result from stochastic events such as fires and 
disease outbreaks. It is also difficult to consider instances of succession.
	 A Model II linear programming (LP) formulation groups together stands regenerated 
in the same period into new management units called “transfer classes.” Modifications of 
the Model II formulation have been used to capture the effects of stochastic disturbance 
and succession events. These modified models are sometimes called Model III (Boychuk 
and Martell 1996). The drawback of a Model II or Model III formulation is that the sto-
chastic nature of disturbance outbreaks and the loss of stand autonomy that occurs with 
grouping acres into transfer classes makes exact mapping of the solution impossible. 
The Hiawatha National Forest used a Model III formulation in its planning process.
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Figure 1—State and transition model example.

Model Synthesis

	 While a Model III LP formulation may capture the effects of disturbance and suc-
cession, it requires users define these parameters. Complete knowledge of disturbance 
and succession is unavailable, but modeling tools have been developed to help determine 
intelligent estimates. Merzenich and Hemstrom (2000) describe a method to test the 
assumptions of a Model III formulation with a state and transition model, the Vegeta-
tion Dynamics Development Tool (VDDT) (ESSA Technologies Ltd. 2005). The VDDT 
model allows for simple succession and disturbance assumption analysis as results are 
obtained quickly in user-friendly format. Refined succession and disturbance probabilities 
can then be input into the Model III formulation and an optimal timber management 
schedule can be determined. The Spectrum linear programming model (USDA Forest 
Service 2000) was used to solve the Model III formulation used in this study.
	 Stand development rates and the length of time spent in each state influence how 
soon a stand can be managed and how likely it is to be disturbed. The Hiawatha National 
Forest formulated desired vegetation conditions based on the amount of area in each state 
and had an objective to achieve and maintain the desired state conditions. To optimize a 
management strategy that allows for the quickest achievement and most robust reten-
tion of the desired state, accurate estimates of the parameters of those states must be 
identified. The Forest Vegetation Simulator (FVS) (Dixon 2003) was the model chosen to 
strengthen the succession assumptions used in the 2006 Hiawatha National Forest Plan 
revision. FVS is an individual tree semi-distance-independent tree growth model that 
can be used to predict stand growth in many parts of the United States (Dixon 2003). 
This study shows how the FVS model can be used to support or supplement specialist-
derived succession assumptions used by the VDDT and Spectrum models.

Objectives_ _______________________________________________________
	 The overall objective of forest planning is to develop a management plan that best 
achieves the forest’s desired conditions. Specifically, there are three key questions to 
answer:

1.	 What are the desired conditions (what should the forest look like in the long-term)?
2.	 What are the natural processes to consider when designing a plan to achieve 

desired conditions?
3.	 How are desired conditions efficiently achieved?

	 The first two questions were addressed by a panel of resource specialists seeking to 
strike a balance between ecological, wildlife, and timber supply issues. Experiential, 
empirical, and scientific data were evaluated to estimate desired conditions and recom-
mend an initial set of natural processes to consider. Assumptions were then tested and 
refined using VDDT. The third question was addressed by using the Spectrum forest 
management model that combined the assumptions derived from the first two questions 
to arrive at an optimal management strategy for achieving desired conditions.
	 The objective of the study was to refine the state classes and succession rates used 
to model the Hiawatha National Forest. To be clear, disturbance probabilities were not 



USDA Forest Service Proceedings RMRS-P-54. 2008	 91 

Development of State and Transition Model Assumptions Used in National Forest Plan Revision	 Henderson 

evaluated in this study. State definitions were initially determined by a panel of resource 
specialists using local knowledge and literature review. FVS was then used to test those 
assumptions. Specifically, each state was evaluated to determine the average length of 
time a stand spends in that state before transitioning to a different state. The ages as-
sociated with each state were modified as appropriate.

Methods__________________________________________________________

The Study Area

	 The Hiawatha National Forest is located in Michigan’s Upper Peninsula. It is com-
prised of approximately 900,000 acres in two distinct geographic units of comparable 
size. The Eastern Unit is located between St. Ignace, Michigan on Lake Michigan and the 
southern shore of Lake Superior’s Whitefish Bay. The Western Unit is located between 
Lake Michigan’s Big Bay de Noc and the town of Munising, Michigan on Lake Superior. 
Figure 2 shows the Upper Peninsula of Michigan and the proclamation boundaries of 
the Hiawatha National Forest.

Ecological Context

	 The Hiawatha National Forest identified eight succession/disturbance systems within 
its boundaries, termed Ecological Land Types (ELT):

1.	 Dry pine (10/20)
2.	 Rich pine (30)
3.	 Rich northern hardwood (40/50/90)
4.	 Transitional (60)
5.	 Shallow acidic wet (70A)
6.	 Shallow basic wet (70B)
7.	 Deep acidic wet (80A)
8.	 Deep basic wet (80B)

Figure 2—Hiawatha National Forest proclamation boundary in Michigan's Upper Peninsula.
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Each ELT has a distinct ecological function. Within each ELT soils are similar, vegeta-
tion growth is similar, and disturbance regimes are similar. However, there is a distinct 
difference between ELTs. A unique set of assumptions, and thus a different VDDT and 
Spectrum model, was developed for each of the ELTs. A map of the ELTs within the 
Hiawatha National Forest proclamation boundary is shown in figure 3. 

Seral Classes

	 The panel of resource specialists identified the successional states that occur within 
each Ecological Land Type. Successional states were combinations of seral stage and 
size classes called “seral classes.” For instance, a “mid” seral stage with a size class of 
“1” was called a “mid-1” seral class. Seral stage was dependent on major forest type and 
consisted of aspen, jack pine, mid and late seral stages. Mid and late seral stages were 
defined differently for each ELT; for example dry pine (10/20) mid seral was an oak/jack 
pine mix, whereas the rich northern hardwood (40/50/90) mid seral was red pine. There 
were five size classes used to determine seral class:

1: Stand is composed of trees 0–4.5 feet in height
2: Trees 4.5 feet tall to 5 inches in diameter
3: Trees 5–9 inches in diameter
4: Trees 9–18 inches in diameter
5: Trees 18 inches and greater in diameter

Within each ELT, up to twenty seral classes were identified. Not all seral stages were 
identified in each ELT.

Figure 3—Hiawatha National Forest Ecological land types.
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Figure 4—Flowchart of Hiawatha National Forest model development.

Model Development

	 The process used by the Hiawatha National Forest to develop models for the 2006 
management plan revision is shown in figure 4. Within each ELT, seral class succes-
sional pathways and disturbance probabilities were determined (Step 1) using resource 
specialist knowledge and literature review. In Step 2, VDDT was used to fine-tune the 
successional pathway portion of the assumptions developed at Step 1. The Spectrum 
linear program model was then used to determine a management scenario to move the 
forest to its desired ecological condition in an economically-efficient way (Step 3). This 
resulted in a set of outputs used by the forest to evaluate the management strategy for 
implications to flora, fauna, economics, and other stakeholders in the forest.

FVS as a Tool to Evaluate Succession Assumptions

	 The processes described in this paper were used between Step 1 and Step 2 of figure 4. 
The succession assumptions used in the VDDT and Spectrum model were tested and 
strengthened with the FVS model.

	 Data Sources—Forest Inventory and Analysis (FIA) plots located on the Hiawatha 
National Forest were stratified by Ecological Land Type (ELT) and major forest type 
and used as input to the FVS model. Data from three FIA cycles was used (1980, 1993, 
and 2001). There were 26 major ELT/forest type groups identified and evaluated that 
had at least six FIA plots on Hiawatha National Forest lands.

	 Calibration—Several FVS calibration exercises were conducted to ensure that the 
FVS Lakes States variant accurately represented growth specific to the Hiawatha Na-
tional Forest. This process is described in detail in a document contained in the Hiawatha 
National Forest planning record (Henderson 2005). Calibration methods used in this 
study were based on methods developed for other forest plan revision efforts, such as 
those used on the Chattahoochee-Oconee National Forest (Keyser and Stephens 2002) 
and the Black Hills National Forest (Vandendriesche 2004). Briefly, the calibration 
dynamics considered in this model consisted of:

Local diameter growth calibration based on single-tree re-measurement in differ-•	
ent FIA cycles.
Evaluation of actual maximum stand density index values entered as a constraint •	
(based on Michigan FIA data).
Evaluation of actual maximum basal area values entered as a constraint (based •	
on Michigan FIA data).
Evaluation of the largest diameter a species of tree will attain (based on state-wide •	
inventory data) and fitting a senescence curve to approximate that maximum size 
(using the TreeSzCp keyword).
Allowing for appropriate in-growth of natural regeneration using the REPUTE •	
software (Vandendriesche 2005) to evaluate in-growth conditions at different 
stand ages.

	 Algorithm Development—State transitions were captured in FVS through the use of 
keywords to track the approximate state of each plot at each time step. Three algorithms 
were developed to address three possible successional trajectories; one for single-species 
even-aged stands (such as aspen or jack pine), one for multiple-species single-aged stands 
(such as balsam fir and white spruce mixed stands), and one for multiple-species, multi-
aged stands (such as a northern hardwoods system). The algorithms are unique to the 
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state definitions developed by the Hiawatha National Forest, so only one (single-species 
even-aged) is included here as an example. Each forest using the methods in this paper 
will need to develop their own algorithms for their own vegetation definitions.
	 For even-aged, single forest type plots:

Determine whether the stand is still the same forest type: •	
If the basal area of the trees in the forest type of interest is less than 30% of  »»
the total basal area of the plot and the number of trees per acre of the forest 
type of interest is less than 20% of the total trees per acre, the plot is removed 
from calculation (it is assumed to have succeeded to a different forest type or 
seral stage).

Determine whether it is regeneration (size class 1):•	
If the plot has not succeeded, then»»
If the average height of the trees between the 30»» th and 70th tree of the forest 
type of interest (based on trees per acre) is less than 4.5 feet and the number of 
trees per acre shorter than 4.5 feet is greater than the number of trees per acre 
taller than 4.5 feet, then the stand is size class 1

Determine size classes 2–5:•	
If the size class is not 1 then»»
The size class (2–5) with the greatest basal area of the forest type of interest is »»
used to designate the size class of the stand

	 Size and Scope of the Analysis—Each of the 26 major forest type groups was run 
through FVS for a 100-year time frame, using five-year time steps. These runs were 
done in the absence of any management practices, and were known as “natural growth 
runs.” Appropriate calibration keywords (discussed above) were used to model more 
realistic growth. The outputs were assumed to represent the conditions of a stand on a 
simple successional trajectory. The keywords developed for the appropriate algorithm 
were added to capture the successional state at each time step.

Results and Discussion_____________________________________________

Quantifying the Outputs

	 Each FIA plot’s state at each point in time was output from FVS. Outputs from all 
plots were then combined and evaluated to determine the average time at which transi-
tions between states occurred. First, outliers and forest type changes were removed from 
the output files. Three metrics were then calculated, graphed and provided for review by 
the specialists on the forest. These consisted of the average state, modal state and the 
number of plots used to calculate the state at all ages represented by the simulation. 
The existing assumptions were then superimposed (graphically) onto the FVS outputs 
to give the specialist panel a visual idea of the differences in the assumptions. Figure 5 
is an example of the aspen successional pathway in the dry pine ELT (10/20). The solid 
diamonds represent the FVS output at each age. The hollow squares are the original 
assumptions that were tested. Each of the 26 successional pathways was run through 
FVS and quantified in this manner.

Updated Assumptions

	 Parts of eight successional pathways were modified based on the FVS outputs. Table 1 
displays the original ages of the successional pathways as well as the revised ages result-
ing from this analysis. Generally, modifications involved a 15–20 year shift in age classes. 
Notable exceptions were the jack pine in the dry pine ELT (10/20) that shifted only 5 years 
and the late seral in the rich northern hardwood ELT (40/50/90) that involved a 60-year 
shift. These shifts were based on a sample of over 40 plots in the dry pine ELT and over 
120 plots in the rich northern hardwood ELT. In other instances, the FVS model runs 
either supported the initial estimates, or there was insufficient data to cause the panel 
to change the assumptions. 
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Discussion

	 This analysis adequately validated the initial assumptions used in the Hiawatha 
National Forest plan revision and is included in the plan project record to serve as sup-
porting documentation. Though most initial assumptions were confirmed, this analysis 
helped modify areas where specialist opinion was not clear. In the end, better assumptions 
about forest processes and growth will lead to a better forest plan and more informed 
management decisions.
	 This study evaluated the amount of time vegetation remains in a specific size class, 
but ignored transitions to different seral stage trajectories. If after growing out of a size 
class the plot was a part of the same seral stage, it was used for further analysis. If the 
plot was a part of a different seral stage, it was ignored. However, timing and proportions 
of seral stage changes can be used as inputs to VDDT and Spectrum to create more re-
alistic models. The FVS analysis presented here, with slight modification, can be used 
to identify proportions and timing of transitions to different seral stages.
	 For future planning projects, FVS may be run prior to the initial resource special-
ist meeting, i.e., before Step 1 of figure 4. This may allow for final decisions to be made 
earlier in the planning process without as many iterations between specialist review and 
model testing. Earlier information can lead to more efficient use of time and an expedited 
planning process.

Figure 5—Average state, Mode state, and plots used to calculate the 
state at different ages.
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Use of FVS for a Forest-Wide Inventory 
on the Spokane Indian Reservation
Ted Hensold1

Abstract—The Forest Vegetation Simulator (FVS) was used with Continuous Forest Inventory 
(CFI) data on the Spokane Indian Reservation to provide predicted yields over a 100-year period 
for 994 1/5 acre plots. The plots were grouped into five strata based on habitat type groupings, 
projected separately, and the stratum results were combined after processing. Results from the 
projections provided information which was useful in management planning. Problems with the 
unbalanced age-class distribution of the forest were shown to be largely compensated for by differing 
rates of the development among the different strata. Although stocking levels and harvest yields 
within most strata fluctuated over time, the variations of forest-wide averages were considerably 
smoother. The results also predicted which components of the forest would likely suffer the highest 
rates of mortality in the near-term, and should receive more management attention. At the outset, 
this study also sought to test several differing options for management, such as precommercial 
thinning, regeneration density, and type of regeneration. However, FVS only demonstrated a dif-
ference in yields in the last case.

Introduction_______________________________________________________
	 The Spokane Indian Reservation has a system of Continuous Forest Inventory (CFI) 
plots which are used to monitor forest growth, mortality, and health problems. The sys-
tem has been in place since 1957, and periodic measurements are used to calculate an 
annual allowable cut for the reservation. 
	 In the most recent inventory (1998), data were projected in the Forest Vegetation 
Simulator (FVS) model (Wykoff and others 1982) to provide a comparison with more 
conventional analysis tools used in the past. To accomplish this, 1/5-acre plot data were 
expanded to a per-acre basis, converted to FVS-ready files, and projected in FVS. Plots 
were projected individually; however, five groupings were used for applying base param-
eters such as habitat type, calibration factors, and management options. The results were 
compiled for each of the five groups in FVSSTAND and then the groups were combined 
in a spreadsheet to present forest-wide results.
	 Three methods were used in the inventory analysis; FVS a semi-distance-independent 
growth and yield model, the Australian formula (Recknagel 1913), a method based on 
growing stock and increment, and the area-volume check, a stand analysis method 
based on area and increment by age class (Davis 1987). These methods were evaluated 
to determine the most accurate and efficient method or combination of methods to set 
an allowable cut.

Objectives for the Analysis_ _________________________________________
	 In analyzing the 1998 CFI data, two objectives were set forth for the task of comput-
ing an annual allowable cut (AAC). The first was to duplicate as nearly as possible the 
chief methods used with the previous (1985) inventory, for comparison purposes. The 
second was to also employ a newer method that might have some advantages over those 
used formerly. 
	 The Austrian formula and the area-volume check methods were used in the 1985 
Inventory Analysis, and were replicated in the 1998 analysis. For a third method of 
analysis, growth was projected on inventory data using the Inland Empire variant of the 
Forest Vegetation Simulator (FVS) model. Projections also included natural mortality 
factors, timber harvests, precommercial thinning and regeneration. However, unlike the 
more conventional analysis methods, FVS projections did not produce an AAC in the 
usual sense, but provided projected yields from timber harvests over time for a given 
management regime. A long term average of the yields projected by FVS was compared 
with the Austrian formula and the area-volume check methods.
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Extending CFI Utility Using FVS_ _____________________________________
	 Using conventional CFI data analysis tools, we are only able to analyze in detail stand 
development over the most recent measurement period. Looking backwards beyond that 
point, conclusions can only be very broadly drawn, and 41 years into the past is as far 
as the Spokane Reservation CFI system goes. The most recent 13-year growth period is 
just a snapshot compared to the long-term perspective needed to evaluate progress in 
forest regulation. The FVS model provides the capability of projecting development of 
inventory plots into the future for a longer period of time to obtain a long-range picture 
of stand dynamics.

Growth

	 Under traditional AAC calculation methods, measured growth rates for the last 
growth period are used in order to determine the cut for the future. The problem, how-
ever, is that growth rates may increase or decrease in the future based on changes in 
stand conditions, weather conditions and other factors. Growth rates in FVS do vary 
according to stand density and development, and this hopefully will indicate imminent 
changes in the forest.

Mortality

	 Mortality is an important component of the AAC calculation. If insects and diseases 
take a larger share of the potential volume in the future, we must harvest less. However, 
none of the other methods offer any way of predicting if mortality in the next period will 
follow suit with the previous period, increase or decrease. A review of mortality measured 
in previous inventories indicates that it is the least stable parameter tracked. FVS does 
simulate mortality in projections, as “background” mortality, mortality based on stand 
density, and from a variety of specific agents.

Harvest Yields
	 One crucial issue in this analysis was the effect that the unbalanced age-class dis-
tribution of the forest might have in determining a level of yield from the forest which 
could be sustained indefinitely without fluctuation or decline. The FVS model provides 
the opportunity to grow plots forward in time, independently, starting at their current 
point of development. Growth and mortality rates can be adjusted, based on that which 
has been measured. Current silvicultural regimes (as well as alternatives) were applied 
to each plot independently. The yields from all plots were then combined, cycle by cycle, 
to project the effects of the existing age-class distribution on long-term harvest yields. 

Calibration
	 The FVS model has built-in functions for the various growth components as well 
as mortality; these are based on site factors (such as habitat type, slope, aspect, eleva-
tion) and stand conditions (density, overstory effects). It also uses measured growth, if 
available, to calibrate growth. In addition, there are user-controlled keywords that can 
be invoked to bring model growth and mortality projections more in line with the rates 
observed in our inventory. 

How FVS Was Used in This Analysis___________________________________
	 The overall approach in this analysis was to provide the tribal decision-makers with 
the range of solutions that resulted from each of these methods, and allow them to select 
an AAC that the data could support and that meets tribal objectives as a whole. 
	 Mindful of the strengths and weaknesses of the FVS model, we proposed to use 
projections to provide some perspective on future trends, especially in areas where the 
other methods fall short. In particular, the following questions were addressed. 
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What yields will current management practices produce over the next 40 to 50 •	
years?
Does FVS forecast an increase in mortality that might impact yields?•	
Will the current age-class distribution of the forest result in a future down-cycle •	
in harvest yields?
Can FVS be used to identify the more vulnerable components of the forest as a •	
means to focus harvest in the coming decade?
Can yields be improved using alternatives to current management on a long-term •	
basis?

Data Conversion___________________________________________________
	 The Bureau of Indian Affairs Northwest Regional Office provided the CFI-to-Suppose 
program that converted CFI plot data into formatted FVS-ready files. The plot header 
data for each plot was read by the program to create one line of data for the FVS stand 
list files (*.slf). The program also read CFI tree data to create an FVS tree file (*.fvs) 
for each plot. FVS allows for up to two different plot sizes for each plot, whereas the 
Spokane CFI uses four plot sizes. Sawtimber is measured on a 1/5-acre plot; poletimber 
on a 1/20-acre minor plot; saplings on 1/80-acre minor plot; and seedlings on 1/240-acre. 
As an additional step, the program expands pole data by four to a 1/5-acre plot basis, 
and the seedling data by three to a 1/80-acre basis.

Stratification_______________________________________________________
	 The FVS model is designed to use stand exam data. This type of inventory differs from 
a CFI in many ways. It would typically be run in aggregation, with many plots making 
up a single data set run as a unit. CFI data is extensive; the plots are widely scattered, 
have widely varying attributes and are not designed to give stand level information. 
Projecting CFI plots in aggregate would give misleading results. So for the purposes of 
these projections, each plot was projected separately as a unit and the results were ag-
gregated at the end.
	 Although CFI plots are not spatially related to each other, many share similar site 
features. These can be a basis for grouping plots for the purposes of calibration, regen-
eration input, growth simulation and management activities. In this analysis, the plots 
were grouped into four strata based on habitat type (Cooper and others 1991; Zamora 
1983). The model did not support all habitat types recognized in the CFI, so type codes 
that were supported by FVS had to be substituted in some cases. These are listed in 
table 1 with data relevant to the groups.

Dry Pine Stratum

	 This grouping represents the driest sites on the reservation, all ponderosa pine 
(Pinus ponderosa) climax. It presents a challenge for the Inland Empire variant of the 
model, since only one of the four habitat types in the group (Pipo/Agsp) is supported by 
the model. To match measured increment, it was necessary to dampen growth in FVS 
considerably using model calibration. 

Pine-Fir Stratum

	 This stratum represents the largest acreage and the most plots of the four, includ-
ing wet ponderosa pine and dry Douglas-fir sites. One or both of these two species 
dominate the stands in this stratum. Western larch (Larix occidentalis) and lodgepole 
pine (Pinus contorta) are also present as small fractions on some of the plots. All three 
habitat types of this stratum are supported by FVS.

Ninebark Stratum___________________________________________________
	 This represents both Douglas-fir/ninebark (Pseudotsuga menziesii/Physocarpus 
malvaceus) and grand fir/ninebark (Abies grandis / Physocarpus malvaceus) types found 
in the inventory. It was a problem that FVS does not recognize the grand fir/ninebark 
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habitat type. This became a significant issue in the input of regeneration—the plots that 
were on Douglas-fir habitat types could not be expected to produce grand fir seedlings; 
the grand fir types would. This was resolved by calculating a count of the grand fir trees 
on the plot in each cycle. If the count was greater than zero and regeneration input was 
prescribed, then natural regeneration called into the routine would include grand fir, 
as well as greater numbers of the other species. Two different management simulations 
were tried, one which allowed for the prospect of planting western larch and ponderosa 
pine, and one which confined regeneration inputs to natural seeding, dominated by the 
more shade tolerant species. 

Wet Grand Fir Stratum

	 These are the wettest sites on the reservation, and the most complex in terms of spe-
cies mixes. Although this group has the smallest number of plots, it was further subdi-
vided into two substrata to enable different treatments for plots with lodgepole pine as 
opposed to those without. This would allow more realistic inputs of regeneration as well 
as varying the other treatments to better reflect actual management practices. Unlike 
the method used for the ninebark stratum, these groups were run as separate strata; 
the set without lodgepole pine included 92 plots, the set with lodgepole pine, 68 plots. 
These two strata also were tried with different regeneration options, one with planted 
ponderosa pine and western larch and the other with only natural seeding. 

Model Calibration, Adjustments, and Inputs_____________________________
	 The Inland Empire variant was built with little data that included sites as dry as 
the Spokane Reservation, and ponderosa pine growth functions are particularly weak 
(William Wykoff, personal communication, September 1999). So that projections would 
better reflect current local conditions, growth and mortality functions were calibrated 
using data from the CFI in the latest measurement period. It should be noted that 
calibration was not determined and applied on a plot-by-plot basis, but rather stratum 
by stratum. 

Large Tree Diameter Growth

	 Each stratum was run through the model for a single cycle using the CALBSTAT 
keyword, to obtain an overall average for the stratum of the scaling factors computed 
for individual plots. These averages were used as permanent scaling factors for each 
stratum with the READCORD keyword and no further scaling or attenuation was al-
lowed (NOCALB).
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Large Tree Height Growth

	 There is no scaling factor calculated for this component and no simple way to compare 
height development with inventory data. However, preliminary runs appeared to attain 
unrealistic standing volumes of timber, even with diameter growth calibrated, so height 
growth seemed suspect.  To look at how heights developed in the model, some bare-ground 
runs were generated, and top-40 heights were tracked and graphed. For a real-world 
comparison, some CFI plots were selected to graph as an age-height scatterplot. Plots 
were selected which had a simple even-aged structure, included a range of stand ages, 
were measured in both 1985 and 1998, showed a reasonable and predictable diameter 
increase from 1985 to 1998, did not have a significant harvest in that period, and had 
at least 40 trees per acre in 1998. 
	 These plots were graphed and compared to the age-height curve of the bare-ground 
FVS runs. This was done for two strata, pine-fir and ninebark. In both cases, FVS heights 
developed more rapidly and attained greater heights than the comparison plots. Early 
growth rates, up to about 50 years of age, were most strikingly different. To scale back 
FVS growth rates, the FIXHTG keyword was used, applying it only to trees 0.1” to 7.5” 
DBH. After several trials, it was found that a multiplier of 0.60 lowered the projected 
height curve into the range of the CFI plot observations for the two strata considered. 
This adjustment was used for all species in all strata. 

Regeneration Inputs

	 The FVS model is capable of automatic natural regeneration inputs, controlled by 
factors such as stand density and habitat typing (Ferguson and others 1991). Initial runs 
were made allowing this input. However, this option seemed to multiply the complexity 
of the runs beyond what was either beneficial or desirable given the objectives at hand. 
Instead, the automatic inputs were suppressed (NOAUTOES) and whenever density 
was reduced to a given level, either by natural conditions or harvest, regeneration was 
invoked using the PLANT or NATURAL keywords. The questions of how much and 
what species of regeneration would be invoked were resolved by running each stratum 
through the Spokane CFI program to generate a regeneration summary. This provided 
an average count of seedlings per acre by species from the seedling subplot. These runs 
were limited to plots that had a seedling/sapling understory. The results yielded some 
rough guidelines as to how much regeneration and what species should be invoked. 
	 This approach has some shortcomings. By limiting the Spokane CFI program sample 
runs to those plots with a seedling/sapling understory, it may have effectively eliminated 
open areas where natural regeneration had failed. Also, using an average for all plots 
might tend to obscure the negative aspects of having some areas with excessive stocking 
and others that are marginally stocked. An ideal solution might be to use a randomized 
input, where regeneration falls within a normal range of distribution around a specified 
mean. However, this was not attempted. 
	 On most sites on the reservation, natural regeneration does not seem to be a prob-
lem when an opening is created. This generalization is most true on the kinds of sites 
represented in the pine-fir stratum and the wet grand fir stratum. In these strata, the 
approach of invoking an average stocking for reproduction when stocking fell below a 
given level seems reasonable. For the other two strata, this approach probably led to some 
underestimation of the growth losses resulting from incomplete or patchy regeneration 
patterns. 

Mortality Functions—Maximum Basal Area

	 In reviewing the preliminary runs, it was apparent that inventory trees fared better 
inside the model than out in the woods. Mortality in projections seemed consistently lower 
than what was seen in the last growth period of the CFI. The 1998 inventory registered 
rates of mortality which, although higher than those from the 1985 inventory, were in 
line with earlier measurements. So it appeared reasonable to calibrate the model to ap-
proximate current mortality, at least into the first growth cycle or two. 
	 The first function that was looked at was maximum basal area. This varies with 
habitat type and controls background mortality in the model. The closer the stand is 
to the maximum, the more trees die. Given the fact that there are still plenty of stands 
in the forest that have not yet been thinned, one might compare the highest basal area 
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CFI plots for each habitat type with those used in the model. This was done, and in all 
cases was found to be lower for the inventory data. To adjust this, the BAMAX keyword 
was used, with the appropriate level specified for each stratum.

Mortality Functions—Mortmult

	 The BAMAX keyword increased mortality slightly, but still fell short of approximat-
ing mortality for some species in some strata. Next, mortality rates, expressed as a 
ratio of cubic-foot mortality to cubic-foot stocking (by species) were compared between 
the 1985–1998 measurement and the first cycle projection in FVS (1999–2008). In the 
two strata where root disease is prevalent, only non-diseased plots were used for the 
comparison, since root disease mortality could be adjusted separately in the Western 
Root Disease Model extension. From these comparisons, multipliers were calculated for 
each species in each stratum. These were fed into the model using the MORTMULT 
keyword.

Mortality Functions—Western Root Disease Model

	 The Western Root Disease Model extension was invoked on plots where root disease 
had been diagnosed in 1998 inventory. For these plots, even with both BAMAX and 
MORTMULT adjustments in the run-stream, it was noted that (compared to 1998 CFI 
results) mortality for Douglas-fir was underestimated in the wet grand fir stratum, 
while mortality for grand fir was underestimated in the ninebark stratum. Using the 
root disease model, mortality was further adjusted using both the TTDMULT and IN-
FMULT keywords. It took several trial iterations varying the multipliers to arrive at 
mortality rates for all species that approximated in the first projection period what had 
been measured in the latest CFI growth period. 

The FVS Run-Streams_______________________________________________
	 The first step in building the FVS run-streams was to create the basic set of keywords 
for each stratum to control program outputs, volume equations, growth and mortal-
ity functions, etc. These keywords were read into a base *.kcp file for each stratum to 
streamline the process of building other runs.

The Management Regime

	 A set of keywords was assembled for each stratum that was designed to simulate 
the full management regime that a stand (or in this case, a plot) might undergo over a 
100-year period. Using condition statements, the model would recognize the particular 
state of development and condition at which a plot entered the simulation; simulate a 
management activity based on that condition; grow the plot forward for 10 years; again 
assess the plot conditions; simulate a new management activity based on the new set of 
conditions (if called for); and repeat this process for ten 10-year projection cycles. During 
the full 100 years of projections, most plots would go through a similar cycle of stand 
development and stand treatments, including precommercial thinning, one or more com-
mercial thinnings, a regeneration harvest (with regeneration added), and an overstory 
removal to reduce stocking of residual trees. What differed between plots was the stage 
of development at which they entered the sequence.

The Event Monitor Function 

	 Since each plot entered the model separately and at its own particular stage of develop-
ment, the management options were invoked through the Event Monitor function of the 
model (Crookston 1990). This function allows the application of a particular treatment 
to be made contingent on the stand meeting a given set of parameters at the beginning 
of each cycle. 
	 The condition statements were designed to recognize the stand conditions that would 
typically initiate a particular treatment in actual management under current regimes. 
They were also designed (for the most part) to be mutually exclusive: for example, if a  
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plot met the conditions for a commercial thinning, it could not, in the same cycle, meet 
the conditions for a regeneration cut or any other management option. Condition state-
ments variously used the following parameters for timing treatments.

Stand age•	
Total basal area per acre•	
Sawtimber basal area per acre•	
Total number of trees per acre•	
Number of trees per acre of saplings and/or pole sizes•	
Ratio of cubic-foot mortality to cubic-foot stocking •	
Stand mistletoe rating•	
Quadratic mean diameter•	

	 Stand age was one of the plot attributes read into FVS in the data conversion, and 
it had an important role in conditioning and ordering management activities. When a 
regeneration harvest was invoked, the stand age of the plot was reset to reflect the age 
of new regeneration. 

Management Activities

	 Simulated treatments were developed through repeated trial runs and examination 
of outputs to determine if treatments were invoked when desired and whether the ap-
plication of the treatments matched what might be expected in actual management. 
The range of treatments that made up the management regime for each stratum were 
essentially the same, except that the conditions required to invoke them, the residual 
densities, regeneration specifications, and so on, were varied as appropriate for the stra-
tum.  Following is a description of each type of treatment included in the management 
regime for each stratum.

	 Initial Input of Regeneration—This was invoked to provide an input of regenera-
tion into the model on plots that began simulations with a light or scattered overstory 
and an unstocked or understocked understory, This was only applied in cycle 1 and was 
designed to provide regeneration for plots that had been subjected to a recent overstory 
reduction and where regeneration had not yet come into the plot.

	 Overstory Removal—This was applied to plots with a stand age less than 31, a 
light to scattered overstory and a well-stocked understory. Overstory was reduced to a 
few reserve trees.

	 Precommercial Thinning, Alternative 1—The condition statement recognizes 
plots with greater than 500 trees per acre from seedling to 5” dbh and invokes a precom-
mercial thinning. This may occur in the same cycle as a commercial harvest.

	 Precommercial Thinning, Alternative 2—This was formulated because the first 
precommercial thinning alternative failed to thin older stands that had dense conditions 
in pole-size trees but fewer than 500 trees per acre in smaller sizes. This is often the case 
in stands on the reservation that have never been thinned and have stagnated before 
reaching commercial size.

	 First Commercial Thinning, Alternative 1—This treatment was applied to stands 
reaching merchantable size for the first time (usually 50 to 80 years old) to reduce stock-
ing in overly dense stands and to harvest volume.

	 First Commercial Thinning, Alternative 2—The previously described first com-
mercial thinning occasionally missed stands with an age less than 50 that nonetheless had 
considerable basal area in sawtimber. These are most likely plots with multiple age/size 
classes, in which the selected stand age call applied to the younger group rather than 
the older group. Plots were thinned to the same target as alternative 1.

	 Second Commercial Thinning—This thinning was applied to slightly older stands, 
usually occurring about 20 years after a first commercial thinning, and leaving a slightly 
higher basal area.

	 Regeneration Cut, Light Stocking—This regeneration harvest was applied to 
plots with stand age greater than 100 (or 80 in the lodgepole stratum) with a low basal 
area. The stand is harvested, leaving some residuals, regeneration is invoked and stand 
age is reset. 
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	 Regeneration Cut, High Mortality—A regeneration cut was applied to older stands 
when the mortality in cubic-foot volume for a cycle exceeded 30 percent of total stocking. 
The stand is harvested, leaving some residuals, regeneration is invoked and stand age 
is reset.

	 Regeneration Cut, Mistletoe—A regeneration cut was applied to older stands 
with a stand mistletoe rating that exceeded 1.8. The stand is harvested, leaving some 
residuals, regeneration is invoked and stand age is reset.

	 Mature Stand Maintenance Thin—This is a light commercial thin for older stands 
that have continued to build basal area after the second commercial thin, but thus far 
not met any conditions for a regeneration cut.

Other Program Control Functions

Some additional constraints were placed on the stand treatments as they were invoked. 
First of all, treatments that removed harvestable volume could not be invoked until at 
least 20 years after the last harvest. This was designed to imitate the 20-year manage-
ment cycle in use on the reservation. Second, each treatment had a particular repeat 
delay set for it. For example, regeneration cuts were permitted at a minimum interval 
of 80 years; precommercial thinnings were on a 40-year interval. Many of the condition 
statements that controlled the management options were based partly on stand age. 
This also had the effect of limiting the possibility that a particular management activ-
ity be repeated.

Management Options_______________________________________________
	 As noted above, one of the objectives for using FVS was to test different management 
options. This was only attempted in a fairly limited way, since an encyclopedic testing 
of management regimes for each of the five plot strata was well beyond the scope of 
an inventory analysis. But it seemed worthwhile to test the sensitivity of the results 
to some simple variations in management, particularly those that addressed changes 
currently under consideration. Some of the options that were considered are outlined 
below. In some cases, it was concluded that FVS was not suited to analyze the option in 
a comparative way. 

Regeneration Unit Size (Uneven-Aged vs. Even-Aged)

	 This was suggested as an appropriate option to test using FVS simulations, since the 
use of even-aged management and specifically even-aged regeneration cuts is currently 
under review for the upcoming management plan. So the comparison would basically be 
between regeneration by group selection vs. regeneration by clearcut with residuals. 
	 However, given the fact that the FVS simulations were based on projecting individual 
fifth-acre plots, it seemed impossible to make any distinction between the group selection 
cut and a larger even-aged regeneration cut. As applied on the reservation, both are done 
leaving some residual stocking, and both are carried out over areas larger than 1/5-acre. 
So this comparison was mooted.

Regeneration Type, Natural vs. Planted

	 For types represented by the two drier inventory strata, natural regeneration has been 
effective on the reservation, and no alternative to that has been seriously considered. On 
wetter types, however, both natural and planted regeneration methods have been used, 
and are the subject of some debate and controversy. In fact, this is an aspect of even-aged 
vs. uneven-aged management that could be tested. Up to the present, planting has been 
considered a viable option only in even-aged management on the reservation. 
	 In this comparison, the key distinction at the plot level is the species and amount of 
regeneration that is introduced in a planted treatment, versus that which is obtained 
by natural seeding. Natural regeneration inputs (tried as “option 1”) were determined 
for each stratum by analyzing the CFI data as previously described. These runs were 
compared to “option 2,” which simulated planting of ponderosa pine and western larch 
in the numbers usually prescribed for planting treatments on the Spokane Reservation. 
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Option 2 also included natural regeneration in reduced numbers from option 1, as based 
on stocking surveys from areas which have been planted on the Spokane Reservation. 

Regeneration Density
	 As noted earlier, some concerns were raised over the use of average figures across the 
board for natural regeneration input. To test the effects of higher versus lower densities, 
some initial runs were tried at varying densities and results were compared. Surpris-
ingly, varying the density of natural regeneration inputs into the model had very little 
effect on long-term volume yields. 

Precommercial Thinning 
	 Another aspect of management that was considered for testing was the relative ef-
ficacy of precommercial thinning. The use of these treatments is not controversial or 
considered for revision. However, precommercial thinning is not uniformly implemented 
on all stands that need treatment. So it seemed worthwhile to try a set of runs without 
precommercial thinning and to compare that to runs with the treatment. If this showed 
a large difference in yields, it might indicate the need to discount yields in accordance 
with the percentage of stands that might not receive the treatment as needed.
	 Precommercial thinning was found to have practically no effect on overall yields. 
Although stand mean diameters were affected, overall yields on a board-foot per acre 
were nearly identical. The results from these last two tests provoked some skepticism 
concerning performance of the model. 

FVS Projection Results and Discussion________________________________
	 The output from the runs was post-processed using the FVSSTAND module. This 
module combined all the plot outputs (which were each projected separately) into sum-
mary tables for an entire stratum. These stratum summaries in turn were combined 
into an “all strata” summary table, which weighted each stratum by the proportion of 
the mapped acres it represented. Charts were produced from these summary tables.
	 The charts show how FVS-projected stocking, harvest yields and mortality change 
over time. Data are displayed for each stratum and for all five strata combined. For the 
wetter sites, which include the ninebark, grand fir, and lodgepole strata, charts show 
trends for two different management options. Option 1 represents current management 
treatments, with input of only natural regeneration when regeneration cuts are made. 
Option 2 (applied only to the wetter sites and not the dry pine and pine-fir strata) uses 
all the same treatments, except that regeneration cuts are accompanied by an input of 
planted ponderosa pine and western larch, as well as natural regeneration in reduced 
numbers. 

Stocking Projections 
	 Figures 1 through 6 show board-foot stocking for each stratum and for the combined 
data weighted by plot proportion. Note the scale of the y-axis differs from chart to chart 
when comparing overall stocking levels. 
	 One thing evident in each stratum is that while stocking varies up to the year 2048, 
after 2048 stocking climbs steadily. This may indicate a tendency in the model to build 
unrealistic volumes, which becomes most pronounced in later projections as real measured 
tree data is gradually replaced by trees that have entered projections as regeneration 
inputs. For this reason, projected volume levels after 2048 may be suspect, although the 
relative difference between option 1 and option 2 are of interest. 
	 Stocking changes over time vary greatly depending on the stratum. The pine-fir 
stratum (fig. 3) shows the most even stocking levels up to 2048, staying between 9,000 
and 10,000 board-feet per acre for that entire period. This might indicate that the pine-
fir stratum currently has the most diverse age-class distribution. The dry pine stratum 
(fig. 2) alone climbs continuously in volume, which may indicate a greater proportion of 
plots in younger age classes. In fact, this stratum has 26 percent of its plots with a stand 
age less than, 60, more than any other stratum.
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Figure 1—Board-foot stocking projec-
tions from FVS, all strata combined.

Figure 2—Board-foot stocking projec-
tions from FVS, dry pine stratum. 

Figure 3—Board-foot stocking projections from FVS, 
pine-fir stratum.
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Figure 4—Board-foot stocking projec-
tions from FVS, ninebark stratum.

Figure 5—Board-foot stocking projec-
tions from FVS, grand fir stratum.

Figure 6—Board-foot stocking projec-
tions from FVS, lodgepole stratum.
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	 The ninebark, grand fir and lodgepole strata (figs. 4, 5 and 6) all decline in volume 
during the first 50 years of projection: ninebark bottoms out at around 2028; the other 
two, 10 to 20 years later. These indicate the period in which mature stands are being 
gradually replaced by younger stands, which produce no measurable board-foot volume 
for 30 to 50 years. The all strata chart (fig. 1) shows that when viewed on a forest-wide 
basis, the various cyclical trends of the individual strata are mutually compensating and 
so the dip in stocking about 30 years in the future is relatively slight.
	 Option 2 in the three strata in which it was tried shows slightly higher volumes overall 
in the last 50 years of projections, and these differences are noticeably higher in the wet 
grand fir and lodgepole strata. It is logical that these differences are not seen until 50 
years into the future, because it would take that long for the differing regeneration inputs 
to finally be expressed in board-foot volume. The improved volumes from option 2 are 
probably attributable to two causes. First, natural regeneration inputs on wetter types 
are more dominated by root disease susceptible species, and the Western Root Disease 
Model component of FVS should be reducing volumes of these species accordingly. Also, 
in the lodgepole stratum, ponderosa pine and larch stocking replaces lodgepole pine in 
option 2, and over time these species do attain greater standing volumes per acre than 
lodgepole pine because of greater height and diameter growth potential.

Harvest Yield Projections

	 The harvest yield projections shown in figures 7 through 12 are expanded from a per 
acre basis to total annual volumes in thousand-board-feet units (MBF). Expansion fac-
tors are based on the current commercial forest acreage estimated for each of the strata. 
Deduction for defect is included. The harvest yield projections made in the FVS model 
are based on simulated management treatments in the model that, as much as possible, 
imitate current practices. These are not designed to show the greatest yields possible in 
either the short- or long-term, but merely reflect what might be expected given continu-
ing management. No attempt was made to optimize yields or create a non-declining and 
even yield pattern. 
	 The harvest charts show an erratically fluctuating yield. This is probably an artifact 
of condition statements for harvest that specify that (a) when given conditions are met for 
any plot, a regeneration cut shall be done immediately, and (b) a plot may not be harvested 
in two consecutive cycles. Most likely, a large percentage of plots are simultaneously 
meeting conditions for regeneration and a large harvest (many plots aggregated) occurs 
in one cycle. Ten years later relatively few plots are eligible for harvest because of the 
number of plots harvested in the previous cycle. One more cycle later, plots regenerated 
20 years earlier are eligible for overstory removal, as well as numerous plots available 
for a second commercial thinning. In reality, all plots theoretically eligible for harvest 
would not be cut in one decade as it takes about 20 years to move through the whole 
reservation. A more realistic harvest level would plot a midpoint through the see-sawing 
levels seen in these charts. 
	 In viewing the harvest volumes associated with each stratum, note that since these are 
expanded by stratum acreages, the magnitude of the total volumes reflect the geographic 
size of the stratum (shown in table 1), as well as volumes per acre. The all strata chart 
(fig. 7) provides an indicator of what the reservation-wide annual harvest might be.
	 The yield patterns shown for the individual strata fluctuate more widely than the 
stocking charts in the previous section. The ninebark stratum (fig. 10) peaks earliest 
at around 2018; lodgepole (fig.12) peaks in 2028; and grand fir (fig. 11) between 2028 
and 2048 (taking the midpoint between peaks). The drier strata fluctuate far less, with 
pine-fir (fig. 9) peaking in 2048 and dry pine (fig. 8) in 2058 or later. When the yields are 
averaged together for all strata (fig. 6), the overall picture appears more stable. 
	 This provides a hopeful sign that, although the age-class distribution is not at all 
balanced in this forest, the current management scheme for prioritizing harvests and  
the rate at which stands on different sites develop might nonetheless provide a yield 
flow from the forests which is does not vary greatly. This is especially true if we chart a 
midpoint between the more widely fluctuating consecutive cycles. Still, overall annual 
yields for the first 50 years of projections average about 2 million board-feet more than 
the average for the second 50 years.  This is most likely due to the current distribution 
of age classes on the reservation forests.
	 The 100-year average of harvest yields simulated under option 1 is about 16.8 million 
board-feet per year. Is that realistic? First of all, consider that yields after 2048 are quite 
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Figure 7—Harvest yield projections from 
FVS, all strata combined.  

Figure 8—Harvest yield projections from 
FVS, dry pine stratum. 

Figure 9—Harvest yield projections from FVS, pine-fir 
stratum.
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Figure 10—Harvest yield projections 
from FVS, ninebark stratum. 

Figure 11—Harvest yield projections from 
FVS, grand fir stratum. 

Figure 12—Harvest yield projections 
from FVS, lodgepole stratum.  
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dependent on model-generated trees. If growth rates for these are overblown, then yield 
could fall off even more than indicated in the second 50 years of the projection period. 
Secondly, the ability to maintain fairly high, even yields for the first 50 years is very 
dependent on mortality trends. Dramatic increases in mortality in the next 20 years 
beyond levels foreseen by FVS could present a choice between accelerating harvest for 
the first 25 years at the expense of the second 25 years, or allowing a diminished level 
of harvest overall for the first 50-year period. 
	 On the wetter sites, option 2 shows higher harvest yields than option 1, with the 
lodgepole stratum showing the greatest differential over time. These distinctions do not 
appear until fairly late in the projections, which is what would one expect given the time 
it would take for the model-generated regeneration to reach mature sizes. If the differ-
ences shown are realistic, they would most likely persist beyond the 100-year projection 
period as long as these regeneration practices are continued. 
	 If we look at the second 50 years of projections alone (since the first 50 years will 
not reflect different harvest yields between options 1 and 2), yields from option 2 are 
noticeably higher than option 1. For the ninebark stratum, option 2 yields over the last 
50 years of projection are 13 percent higher; wet grand fir option 2 yields are 37 percent 
higher; lodgepole option 2 yields are 41 percent higher. 

Mortality Projections

	 Volume loss due to natural mortality is highly dependent on stocking volume for a 
particular stratum or time period. So in order to provide a uniform basis for comparing 
the mortality between strata and between cycles, cubic-foot mortality was converted to 
percent of cubic-foot stocking. 
	 To evaluate how FVS mortality projections compare to the rates recently measured 
in the 1998 CFI, annual cubic-foot mortality for that growth measurement period (gen-
erated from CFI program output) was expanded for a 10-year period and converted to 
a percent of cubic-foot stocking. These are listed as follows for the four main strata and 
for all strata combined. (The wet grand fir mortality percentage includes the plot sets for 
both the grand fir stratum and lodgepole stratum from the FVS projections.) 

Dry pine:	 4.1 percent•	
Pine-fir:	 6.0 percent•	
Ninebark:	 5.5 percent•	
Wet grand fir:	 6.1 percent•	
All strata combined:	 5.8 percent•	

	 In reviewing these comparisons, we find that despite measures to calibrate the model 
to reflect mortality levels measured in 1998 CFI, FVS rates (figs. 13 through 18) are 
still mostly lower than measured rates for the period. The grand fir and lodgepole strata 
(figs. 17 and 18, respectively) are the only exception to this. This might indicate a need 
to discount yield projections posted by FVS in the event that mortality continues at or 
increases from 1985–1998 rates.
	 FVS projects that average mortality for all strata (fig. 13) would peak at around 2018, 
subside slightly, and finally return to that level again about 50 years later. The wetter 
types drive this peaking in the near term; the dry pine (fig. 14) and pine-fir strata (fig. 
15) do not show this trend. The lodgepole stratum (fig. 18) shows the highest mortality 
rate in terms of percent of volume lost, peaking at over 9% in 2018; the grand fir stratum 
(fig. 17) has the second highest level, over 7%. Lodgepole also shows the most widely 
varying trend over the period projected.
	 The comparison between options 1 and 2 on the wetter strata yields some interest-
ing results. It appears that mortality for option 2 rises above that of option 1 at about 
2058 and then drops to about the same level 30 years later. Actual cubic-foot mortality 
volumes are pretty steady for option 2 after 2058. However, as seen in figures 4 through 
6, stocking is steadily rising throughout that period, and so mortality expressed as a 
percent of stocking falls in comparison.
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Figure 13—Mortality as percent of stock-
ing from FVS, all strata combined.

Figure 14—Mortality as percent of 
stocking from FVS, dry pine stratum. 

Figure 15—Mortality as percent of stocking from FVS, 
pine-fir stratum. 
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Figure 16—Mortality as percent of 
stocking from FVS, ninebark stratum.

Figure 17—Mortality as percent of 
stocking from FVS, grand fir stratum.

Figure 18—Mortality as percent of stock-
ing from FVS, lodgepole stratum.
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Conclusions_______________________________________________________
	 In general, FVS was a useful supplement to the traditional annual allowable cut 
computation methods for this CFI analysis. The harvest yields projected by FVS for 
the first 20 years were in line with other AAC computation methods. Long-term FVS 
harvests were considerably higher, however, and may reflect overestimation of growth 
by the model that was not completely corrected by calibration. 
	 The question of how the current age-class distribution of the forest might affect harvest 
yields in the future seemed to be one for which the model was particularly well-suited. 
FVS results projected a great deal of fluctuation in harvest yields for the individual strata. 
However, the combined yields indicated that the dynamic trends of the individual strata 
may balance one another during the transition period to a regulated forest. 
	 Some of the FVS results could be useful for guiding silvicultural treatments in the 
future. In viewing mortality projections, it appears that wetter sites (particularly with 
lodgepole stands) are prone to increased mortality in the next two decades. This would 
support a strategy that makes these areas a high priority for regeneration harvests in 
the near future. Also, the results indicate that planting ponderosa pine and western 
larch vs. natural regeneration on disease prone sites will lead to higher yields.
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Abstract—Recently, several new computer programs have been developed to assist in landscape 
analysis. The “Sequential Processing Routine for Arraying Yields” (SPRAY) program was designed 
to run a group of stands with particular treatment activities to produce vegetation yield profiles for 
forest planning. SPRAY uses existing Forest Vegetation Simulator (FVS) software coupled with a 
user interface that allows easy input of stand types, their associated silvicultural prescriptions, 
and possible timing options. Additionally, two support programs that facilitate data processing 
and interpretation are available. The “Combine” program was developed to summarize data at the 
strata level. This entails compiling output from individual samples (i.e. inventory plots or stands) 
and reporting composite values that can be used by SPRAY during batch processing. The “Yield 
Examination Program” (YEP) provides a graphical display of the vegetation yield profiles. YEP 
imports data from SPRAY output files to populate the data sources used for rendering scatter plots. 
A brief synopsis of each program is presented.

SPRAY Program____________________________________________________
	 Planning at the landscape scale requires grouping many stands of like attributes, 
analyzing numerous vegetation treatment options, and assessing their related outputs. 
The “Sequential Processing Routine for Arraying Yields” (SPRAY) program was designed 
to address this purpose. SPRAY assembles multiple groups of stands with their associ-
ated keyword sets and creates many yield streams within a given processing run. Several 
Forest Vegetation Simulator (FVS) (Dixon 2002) post processors are linked into the data 
processing stream. The FVSStand Alone (Vandendriesche 1997) program generates either 
time or age based yield output. The Compute (Van Dyck 2003) program extracts Event 
Monitor (Crookston 1990) user defined variables from the FVS main output report. The 
Combine program (presented later in the text) determines mode, median, and mean 
values from nominal, ordinal, and interval/ratio data reported by the FVSStand Alone 
and Compute (Van Dyck 2003) post processors. The resultant vegetation yield profile can 
be arrayed based on projection year or stand age. The strength of the SPRAY program is 
its ability to be rapidly modified to run numerous vegetation yield profiles sequentially. 
SPRAY is independent of geographic location.

Suppose Connection

	 The founding principle in the development of the SPRAY program was to utilize 
existing FVS software as much as possible. Then, design a user interface that would 
allow easy input of stand types, their associated silvicultural prescriptions, and possible 
timing options. SPRAY uses Suppose (Crookston 1997) to construct FVS keywords that 
describe basic inventory parameters. Suppose builds the StdIdent, InvYear, ModType, 
StdInfo, Locate, Design, Growth, BAMax, SDIMax, SiteCode, NumCycle, TimeInt, Open, 
TreeData, SPLabel, and Process keywords per plot. SPRAY uses Suppose to create and 
manage these keywords. A base keyword set for the entire inventory data set is gener-
ated through Suppose (fig. 1).
	 For SPRAY, there should be only one stand type label per inventory plot. This is 
done simply by creating a Stand List File {*.slf} containing one primary vegetation group 
code on Record Type C lines. Stand type labels usually characterize the dominant forest 
cover, its relative size class, and associated crown density. The SPRAY program needs 
this label to organize its processing tree. Adding a pointer within the Suppose.loc file to 
the newly created stand list file completes the task.
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SPRAY Setup

	 There are a few initial setup steps prior to running the sequential processing tree. 
The “Setup” menu option on the main SPRAY form provides access to the Common Year, 
Index Strata, and Select Variant configuration forms.

	Common Year—Establishes the inventory year, the number of cycles, and the time •	
interval for each plot in the base keyword file. The inventory year can be derived 
from the most recent year recorded for all plots or it can be supplied by the user.
	Index Strata—Creates a “Spray.key” file containing FVS keywords. Suppose •	
interface lines are removed from the base keyword set. The “Spray.key” file is for-
matted for ‘direct access’ to allow rapid retrieval of specific records. This step also 
creates a complementary “Spray.idx” index file that links stand type labels with 
line numbers in the “Spray.key” file. Thus, a connection is established between 
the “Spray.key” and “Spray.idx” files.
	Select Variant—Designates the FVS geographic variant to use in the simulation •	
runs. Model extension can be chosen as well.

SPRAY Nodes

	 The Sequential Processing Routine uses a treeview similar to the Windows Explorer 
program. SPRAY is designed to process a four-level hierarchical tree. The “tree” is com-
prised of cascading branch “nodes” and each node consists of a label and a set of assigned 
FVS “addfiles” (i.e. auxiliary keyword files) (refer to fig. 2).
	 The base hierarchy for SPRAY begins with an assignment of a root node. Subordinate 
nodes are then declared for vegetative types, silvicultural treatments, and timing op-
tions. Using the “Add Node” menu option will display a new subordinate node. Using the 
“Remove Node” will delete an existing node. Using the “Label Node” will allow renaming 
the current node assignment. Using the “Associate Add-files” will prompt a window to 
appear that allows designating specific keyword component files (a.k.a. FVS addfiles) to 
a path node.

Figure 1—Suppose builds the base project keyword file.
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SPRAY Associates

	 Various pre-built keyword component files (*.kcp) can be assigned to a tree node. Files 
are appended sequentially to the FVS keyword run. As displayed in figure 3, once the 
frame on the right is properly populated with associated addfiles, the list can be saved 
for retrieval at a later time. This aids in quickly assigning FVS *.kcp files to processing 
nodes.
	 After the pathway nodes have been defined (fig. 4) and FVS addfiles assigned, the 
runstream can be processed. The SPRAY program captures user input in two files. The 
“Spray.prj” file contains the FVS variant designated for the projection run and the lay-
out of the pathway nodes. This allows easy retrieval of existing project files (*.prj). The 
“Spray.add” file contains a listing of the associated addfiles per node assignment.
	 The SPRAY program builds a composite keyword file set (“Spray.sim” file) per stand 
type per silvicultural prescription per timing option. Once created, the runstream is 
processed through the specified FVS variant. The FVSStand, Compute, and FireTbl post 
processors can then be called upon to generate report variables. Finally, the Combine 
program synthesizes the output files from the post processing programs into one com-
posite yield profile. The processing continues with the next combination of vegetation 
stand type, silvicultural prescription, and timing option until all combinations have been 
completed. The resultant yield files supply input values to forest planning models.

SPRAY Applications

	 SPRAY provides a shell that brings together the specified FVS variant and several 
post processing programs. SPRAY is independent of geographic location and can be 
setup to run for any area. To date, SPRAY has been used for forest planning efforts on 
18 National Forests located in most regions of the country.
	 SPRAY relies on two support programs that add functionality for processing and 
interpretation of vegetation yield profiles. The “Combine” program was written to take 
output from various FVS post processing programs and merge the resultant values. The 

Figure 2—SPRAY treeview window.
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Figure 3—Assigning FVS addfiles to SPRAY treeview nodes.

Figure 4—SPRAY hierarchical processing tree.  Root Node: Project Area = Black Hill Forest Plan Amendment, 
Phase II (BHP2); Vegetation Node: Stand Type = Ponderosa Pine Cover Type (P)/Seedling Size Class (6L)/
All Density Class (A)/Low Site (L)/No Understory (X); Activity Node: Silvicultural Prescription = Shelterwood 
(B); Timing Node: Entry Interval = 30, 60, 90, 120 years (01). Processing note: FVS addfiles are appended 
sequentially per subordinate node to the base keyword set for the associated inventory plots that represent 
the stand type. Post processing programs such as FVSStand, Compute, and Combine aggregate simulation 
results for each SPRAY branch.
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“Yield Examination Processor” (YEP) provides a visual assessment tool to assist forest 
planning staffs in evaluating vegetation yield profiles.

Combine Program__________________________________________________
	 The “Combine” program was written to facilitate the derivation of pre-eminent values. 
Combine aggregates means, modes, medians, and much more. Forest planning projects 
often require summarizing data at the strata level. This usually involves compiling output 
from individual inventory plots or stands and reporting composite values. Vegetation 
yields can be expressed in quantitative and qualitative terms. Quantitative data, such 
as average trees per acre, basal area, or volume units, are described by continuous vari-
ables that render ‘mean’ or average value estimates. Qualitative data, such as structural 
stage, insect hazard, and fire severity, are described by classification variables that 
render ‘mode’ or count value estimates. The class with the maximum count represents 
the strata condition.
	 Combine is straightforward to use: (1) click the checkbox for the FVS post processing 
output tables you would like to merge, (2) declare the variables to include, (3) define the 
aggregation method per variable, and (4) proceed to combine the results.
	 The window displayed in figure 5 is used to indicate the processing type and the 
current status of a specific variable. Prior to designating variable assignments, it is im-
portant to signify the type of processing to occur with the FVS projection. Two forms of 
data aggregation are available: either a ‘Time Basis’ or ‘Age Basis’ can be chosen. Time 
basis indicates to array the data by projection cycle. Age basis signifies that the resultant 
data should be arranged using stand age.
	 A variable’s assignment can be changed by selecting the variable in the left list box 
and choosing the appropriate method and type in the middle and left list boxes, respec-
tively. Reselecting the variable in the left list box will reveal its updated assignment. 
Once satisfied with the inclusion/exclusion of variables, choosing the “Save” button stores 
the assignments to a parameter list file. Upon return to this form, the “Load” option can 
be use to retrieve the preset configurations.
	 An input window allows specifying the minimum sample size to include in the output 
file. When combining plots using an age basis, it is quite possible to have limited number 

Figure 5—Combine variable 
designation window.
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of samples at younger and older ages. The computed means and modes may be obscured 
by the minimal plot set. It is best to indicate the lowest acceptable sample size to ensure 
adequate interpretation of results.
	 The Combine program supports batch processing. Input parameters can be entered 
from the command line. This capability allows integration of the Combine program with 
the SPRAY program.

YEP Program______________________________________________________
	 The Yield Examination Program (YEP) provides a graphical user interface to allow 
perusing the vegetation yield files built from the SPRAY program. YEP imports tabular 
data from text files and displays the results in scatter plots. The ‘Select X/Y’ form allows 
selecting any available data columns within the yield files (fig. 6).
	 YEP automatically displays a scatter plot of basal area per acre versus stand age. 
A natural log trendline is fit to the data (fig. 7). There are 15 different trendlines avail-
able for viewing. Related coefficients are presented per trendline at the bottom-left of 
the display screen. A hard copy of the scatter plot can be obtained by clicking the ‘Print’ 
button on the main form. The scatter plot is captured and sent directly to the default 
printer specified for the computer. The ‘Combine’ button can be used to merge several 
yield files into one composite for graphing. This can be useful where yield tables are 
delineated by size or density class.

Available Documentation____________________________________________
	 User guides to SPRAY, Combine, and YEP programs (Vandendriesche 2005) can be 
obtained from the USFS Forest Management Service Center Web Page at the following 
address:

http://www.fs.fed.us/fmsc/fvs/documents/gtrs_advance-topics.php

The software is also available at this site.

Figure 6—YEP variable selection window.
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Abstract—The USDA Forest Service, Forest Inventory and Analysis (FIA) program has been in 
continuous operation for over 70 years. FIA’s primary objective is to determine the extent, condition, 
volume, growth, and depletion of timber on the Nation’s forest land. To accomplish this objective, 
FIA collects sample plot information on all ownerships across the United States.
	 The Forest Inventory and Analysis Database (FIADB) (Miles and others 2001), was developed 
to provide users with a nationally consistent format for FIA data. FIADB files can be obtained for 
any State inventory conducted after 1988 for the Eastern United States or 1994 for the Western 
United States. All data in FIADB format can be exported into FVS-ready files for use in the Forest 
Vegetation Simulator (FVS) program. The FIA program is working with a variety of cooperators to 
develop alternative pathways for delivering FIA data to FVS users.

Introduction_______________________________________________________
	 The U.S. Forest Service Forest Inventory and Analysis (FIA) program has been re-
porting forest statistics for over 70 years. These reports are based on a statistical sample 
of field plots collected on all ownerships across the United States. 
	 For clarity, FIA data are classified as being either “periodic” or “annual.” Prior to 
1999, states were periodically inventoried approximately every 10 years. Regional field 
crews would measure all of the plots in a state, then move on to the next state, only 
returning to the initial state when all other states in the region had been inventoried. 
Beginning in 1999, an annual inventory system was established where field crews are 
in every state every year. Under the annual system, from 10 to 20 percent of the plots in 
all states are measured each year. Currently, annual inventory data have been collected, 
and are available, for all states with the exception of Hawaii, Mississippi, New Mexico, 
Oklahoma, Wyoming, interior Alaska, and west Texas. 
	 When the annual inventory system is fully implemented, there will be at least one 
sample plot taken for each 6,000 acres of forestland for the contiguous United States. 
This constitutes a pool of more than 125,000 plots. Each year approximately 15,000 to 
20,000 of these plots will be re-measured. This field data, collected to national standards, 
with strict quality assurance/control standards, is in the public domain and can be freely 
obtained over the Internet.
	 Traditionally FIA data have been used to produce publications of forest statistics 
that could be used in policy analysis and strategic planning. Over the last 25 years an 
increase in computing power and data storage and distribution capabilities has led to 
an increase in the use and application of FIA data. Tools such as the Forest Inventory 
Mapmaker program (Miles 2001) have been developed that allow users to query the FIA 
database over the Internet to produce customized reports. Currently over 24,000 queries 
are completed annually using the Forest Inventory Mapmaker program.
	 Power users, who use FIA data in sophisticated analyses, have requested that FIADB 
formatted data be made available over the web. Last year nearly 8,000 FIADB State 
inventories were downloaded via the FIA Data Mart website. GIS users have requested 
that FIA data be provided in formats that meet their needs. To that end, GIS users can now 
download summarized FIA data in ESRI© shapefile format and are doing so at a rate of 
over 900 downloads per year. FVS users have similarly requested that FIA data be sum-
marized in an FVS-ready format. This paper briefly describes the FIA dataset and efforts 
to provide FIA data in a format that will meet the needs of the FVS community.
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FIA Data Availability_ _______________________________________________

Annual Inventory Data

	 The annual inventory sampling design is fully documented elsewhere (Bechtold and 
Patterson 2005). A brief description is provided here. A grid was superimposed over the 
entire United States. Each cell in the grid is approximately 6,000 acres in size. Under a 
single intensity survey, a single plot is randomly located in each grid cell (in some cases 
double or triple intensity surveys have been implemented when additional funding was 
provided by a State or other land management agency). Field plots are established and 
monumented on all forested plots. An area is considered forested if it is at least one acre in 
size, at least 120 feet wide and at least 10 percent stocked with trees or recently stocked 
with trees; recently burned over areas and harvested lands are considered forestland 
unless there is evidence that the plot will be put to a different land use.
	 Field crews establish four 1/24th-acre subplots at each plot location on which trees 
5 inches in diameter will be measured. Seedlings and saplings, defined as trees less than 
5 inches in diameter, are measured on four 1/300th-acre microplots. Optionally, four 
1/4th-acre macroplots can be used to measure large diameter trees (currently only used 
in parts of the West for trees 24 inches in diameter and larger).

Periodic Inventory Data

	 Data collected prior to the implementation of the annual inventory system is referred 
to as periodic data. These data were collected using a variety of sampling designs. In 
most cases variable radius plots were used. Users should contact the appropriate regional 
FIA unit for additional information regarding the sampling design used in their periodic 
inventories.

Availability of Annual and Periodic Data

	 All core field data are processed and then stored in the FIADB with the exception of 
the exact plot locations and specific ownership information. The latitude and longitude 
stored in the FIADB is correct within at least one mile for at least 95 percent of the 
plots. Up to, but generally far less than, five percent of the plots in a county may have 
their plot locations switched with other similar plots in the county. These procedures 
are commonly referred to as “fuzzing and swapping” and are required to meet FIA’s 
legal requirements to retain landowner confidentiality while providing as much data as 
possible to the public.
	 The FIADB currently contains only data that are collected consistently nation-wide. 
Regional add-ons to the national program are not currently in the FIADB. Many regional 
add-ons will be available in the next version of the FIADB slated for release in the sum-
mer of 2007.
	 FIADB formatted data and information about changes to the format can be found at 
www.fia.fs.fed.us. Data currently available for downloading are identified in table 1.

Distribution of FIA Data in FVS-Ready Format___________________________
	 Currently there are two primary methods of delivering data to FVS users. Forest 
Service personnel have access to FIA data through the Natural Resource Information 
System (NRIS) while non-Forest Service users have access to FIA data through the For-
est Inventory Mapmaker program.
	 The Forest Inventory Mapmaker program has a module that allows users to download 
FIA data in FVS-ready format. The Mapmaker program can be accessed on the Internet 
at the following link http://www.ncrs2.fs.fed.us/4801/fiadb/fim21/wcfim21.asp. To gener-
ate data in FVS-ready format the user will need to:

	 1. Select the report type: Forest Vegetation Simulator (FVS) ready dump files.
	 2. Select the geographic area of interest: (for example, Alabama and Georgia).
	 3. Specify any filter options (for example, Forest type, ownership, stand age).
	 4. Select the appropriate FVS variant (for example, SE = Southeast states).
	 5 Enter a project name.
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	 The module will then return a web page (fig. 1) containing links to the resulting FVS-
ready files. These files include the standard FVS .loc (location), .slf (stand list), and .fvs 
(tree input) files.

Results___________________________________________________________
	 Over the past four years 2,386 retrievals of FIA data in FVS format (table 2) have 
been completed. Nearly all of these retrievals have been for geographic areas defined by 
state or county boundaries. Only 50 retrievals have made use of the feature allowing the 
user to define their geographic area of interest as a circle or polygon. This suggests that 
users may be retrieving entire FIA State datasets and performing additional filtering 
of the data using GIS software and or programs such as Pre-Suppose (Vandendriesche 
and Miles 2005). 
	 More than half (1,246) of the Forest Inventory Mapmaker FVS-ready data retrievals 
employed some degree of filtering. The most common filter was to restrict the data re-
trieved to plots of specific ownerships (465 retrievals) and national forests (363). Filtering 
by forest types (410 retrievals) and stand age (148) was also common.
	 Retrievals have been made for all 48 contiguous states (fig. 2). More than 100 retriev-
als have been completed using data from the inventories of Maine, Wisconsin, Oregon, 
Montana, California, Michigan, Minnesota and Colorado.

Figure 1—Example output from Forest Inventory Mapmaker program.

Table 2—FVS-ready retrievals by retrieval type.

	 Retrieval type	 Number

Circle	 33

Polygon	 17

State/county	 2336

Total	 2386



USDA Forest Service Proceedings RMRS-P-54. 2008	 129 

Forest Inventory and Analysis Data for FVS Modelers	 Miles 

Figure 2—FVS retrievals by state

Conclusion________________________________________________________
	 FVS users of FIA data make up a small but extremely important part of the overall FIA 
user community. It is important to maintain the delivery of FIA data to this user group.
	 An opportunity exists to redesign and improve the delivery of FIA data to the FVS 
community. The Forest Inventory Mapmaker program will soon be replaced by the For-
est Inventory Data On-line (FIDO) suite of programs. FIDO is based on web services 
technology making it possible to deliver FIA data directly to other web-enabled programs. 
The transfer of FIA data to FVS could be streamlined by bypassing the need to create 
text files.
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Forest Vegetation Simulator 
Translocation Techniques with the 
Bureau of Land Management’s Forest 
Vegetation Information System Database
Timothy A. Bottomley1

Abstract—The BLM uses a database, called the Forest Vegetation Information System (FORVIS), 
to store, retrieve, and analyze forest resource information on a majority of their forested lands. 
FORVIS also has the capability of easily transferring appropriate data electronically into Forest 
Vegetation Simulator (FVS) for simulation runs. Only minor additional data inputs or corrections 
are required to transfer FORVIS data to the FVS.

Introduction_______________________________________________________
	 The Bureau of Land Management (BLM) is responsible for the management of ap-
proximately 258 million acres of public land. About 69 million of these acres are forested 
(BLM 2006). The BLM manages these forested lands according to the principles of 
multiple-use and sustained-yield as required by the Federal Land Policy and Manage-
ment Act (FLPMA) of 1976 and the Oregon and California Railroad Act, which covers 
forest lands in western Oregon. National priorities for these forests include maintaining 
and restoring forest health, salvaging dead and dying timber, providing high-quality 
wildlife and fish habitat, and providing economic opportunities in rural communities by 
making timber and other forest products, including biomass, available from vegetation 
management treatments.

Forest Vegetation Information System_________________________________
	 With the exception of its public lands in western Oregon, the BLM uses an agency-
developed database called the Forest Vegetation Information System (FORVIS) to store, 
retrieve, and analyze forest resource data. FORVIS was initially released in 2001, with 
an update (Version 2) released in 2006. FORVIS has distributed databases, stored at 
BLM State Offices, and uses an Informix relational database manager. Users can access 
the FORVIS database through a Microsoft (MS) Access application and an open database 
connectivity (ODBC) driver.
	 FORVIS allows data storage from inventories of various intensities—from photo 
interpretation to individual plot data. The database contains 32 related tables; however, 
only two (“stand_data” and “tree_data”) are needed for retrieving data related to the For-
est Vegetation Simulator (FVS). A view of the BLM FORVIS plot measurement record 
(fig.1) shows a very similar format to the order of data input for the stand list and tree 
data files of an FVS run. This similarity is due to the fact that those applicable tables 
in FORVIS were based on the requirements for the FVS runs.
	 In addition to simulating forest stand growth under a variety of different scenarios, 
the BLM also uses the FVS to make some basic stand-level calculations, such as trees 
per acre, quadratic mean diameter, basal area, stand density index, and volume per 
acre. This use of the FVS negates the need for the BLM to develop and maintain their 
own programs to make these calculations.

In: Havis, Robert N.; Crookston, 
Nicholas L., comps. 2008. Third Forest 
Vegetation Simulator Conference; 2007 
February 13–15; Fort Collins, CO. Pro-
ceedings RMRS-P-54. Fort Collins, CO: 
U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research 
Station.
1	 Forester, USDI Bureau of Land Man-
agement National Science and Tech-
nology Center (recently renamed the 
National Operations Center) Denver, 
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Data Transfer from FORVIS to FVS____________________________________
	 A FORVIS user can select stand and plot data for a specific stand with the option of 
either first viewing or not viewing the raw data. Within the MS Access FORVIS appli-
cation, a command button using a Visual Basic for Application script creates the stand 
list and tree data files. The user must create the location (*.loc) file. The user must also 
select the appropriate FVS variant and nearest National Forest location for the stand 
list file using the FVS SUPPOSE interface.
	 FORVIS also has the capability of electronically transferring and storing some of 
the results of the FVS runs, specifically the stand summary data described previously 
(i.e., year of summary data, trees per acre, quadratic mean diameters, basal area, stand 
density index, and volume).
	 One additional capability of FORVIS is the ArcMap extension created by the BLM 
that allows a link to spatially show much of the data that is in FORVIS.

Data Transfer Issues________________________________________________
	 Issues that have come up in transferring data from old BLM forest inventories are 
primarily the result of using “legacy data.” For example, data collected in the late 1970s 
and early 1980s using the Forest Service’s Stage II protocols result in seedling diameters 
being recorded as 0.00 inches instead of the FVS requirement of 0.01 inches. Addition-
ally, some damage codes have changed. For example, the presence of dwarf mistletoe 
disease was originally recorded as “61.” The FVS utilizes a code of “30” for dwarf mistletoe 
disease. Users must make both of these corrections prior to making a FVS run. These 
edits can be done either while in the FORVIS database or through use of the stand list 
file and the FVS tree data edit functions in SUPPOSE.

Conclusion________________________________________________________
	 The BLM has found the FVS program a very valuable tool in forest resource manage-
ment and has incorporated many of the data requirements for an FVS run in their forest 
inventory database, the Forest Vegetation Information System (FORVIS). Only minor 
issues with data transfer are encountered and these are related to “legacy data.”
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Abstract—Stand exams are the principal means by which timber companies monitor and manage 
their forested lands. Airborne LiDAR surveys sample forest stands at much finer spatial resolution 
and broader spatial extent than is practical on the ground. In this paper, we developed models that 
leverage spatially intensive and extensive LiDAR data and a stratified random sample of field plots 
across two mixed conifer forest landscapes in north-central Idaho. Our objective was to compare 
alternative models for producing unbiased maps of basal area per acre (BAA; ft2/acre), towards 
the greater goal of developing more accurate and efficient inventory techniques. We generated 60 
topographic or stand structure metrics from LiDAR that were used as candidate predictor variables 
for modeling and mapping BAA at the scale of 30m pixels. Tree diameters were tallied in 1/10 and 
1/5 acre fixed-radius plots (N = 165). Four models are presented, all based on 12 predictor variables. 
The first imputes BAA as an auxiliary variable from an imputation model that uses the machine 
learning algorithm randomForest in classification mode, and was developed in a prior study to map 
species-level basal areas of 11 conifer species; the second uses randomForest in regression mode 
to predict BAA as a single response variable from these same 12 predictor variables. The third 
is a linear regression model that predicts ln-transformed BAA using a best subset of 12 different 
predictor variables; the fourth again uses randomForest in regression mode, based on the same 
best subset of 12 variables selected for the linear regression model. We aggregated the pixel-level 
predictions within industrial forest stand boundaries, and then used equivalence plots to evaluate 
how well the aggregated predictions matched independent stand exams (having projected the tree 
growth in FVS and updated the stand tables to July 2003, the time of the LiDAR acquisition). All 
four models overpredicted BAA, but the bias was significant only in the case of the regression model. 
Predictions from the two randomForest models run in regression mode were very similar, despite 
using different predictor variables. We conclude that randomForest can be used to impute or predict 
canopy structure information from LiDAR-derived topographic and structural metrics with sufficient 
accuracy for operational management of conifer forests. In the future, tree lists could be imputed 
from LiDAR-derived canopy structure metrics empirically related to plot-level tree measurements. 
This will allow projections of tree growth at the pixel level across forested landscapes, instead of at 
the stand level as is the current norm.

Keywords: forest inventory; forest management; Forest Vegetation Simulator (FVS); imputation; 
modeling and mapping; randomForest; regression; remote sensing
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Introduction_______________________________________________________

LiDAR Remote Sensing

	 An analysis comparing alternative remote sensing technologies demonstrated that 
LiDAR is more sensitive to forest canopy structure than passive optical imagery (Lefsky 
and others 2001). Canopy structure attributes characterized by LiDAR correlate well 
with stand structure attributes measured in field plots (Lefsky and others 2005a,b). This 
is true even in high biomass forests, where passive optical sensors become saturated. 
Correlations between LiDAR canopy structure metrics and stand structure metrics ap-
pear stronger in coniferous than in deciduous forests, due to the conical architecture of 
conifer trees allowing for greater penetration of LiDAR pulses into the canopy (Lefsky 
and others 2002). 
	 Forest industries have taken note of the groundswell of promising research results 
regarding the utility of LiDAR data for forestry applications. LiDAR surveys are expensive 
but on a per acre basis can be competitive with the cost of traditional forest inventory, as 
labor costs have increased, especially in a market with stiff international competition. 
LiDAR costs are also counterweighted by the potential benefits of having highly detailed 
forest structure information mapped across the entire landscape surveyed. These factors 
have led to increased interest in operational use of LiDAR by forest industries.

Inventory Designs

	 The two industry partners in this project, Potlatch Forest Holdings, Inc. and Ben-
nett Lumber Products, Inc., use similar stand-based inventory systems on their forest 
lands (Dennis Murphy, personal communication). The basic operating units are stands, 
which are delineated from aerial photographs. Trees within the delineated stand bound-
ary are the population of interest and are sampled in randomly placed plots of variable 
radius (fig. 1a). The density of plots within a stand is based on a target sampling error 
for estimating volume. Plot design can vary between stands but generally is consistent 
within stands. Stand level parameters are generated from the plot level data using simple 
random sample estimators that vary depending on plot design. The stand-based inventory 
is updated using the Forest Vegetation Simulator (FVS) at six-month intervals (after the 
spring and fall growing seasons) by processing the original tree list at the plot level.
	 Scanning LiDAR systems provide spatially intensive and extensive canopy height 
measures that could facilitate forest inventory at the much finer scale of pixels rather 
than polygons (fig. 1). To estimate forest structure attributes of interest besides canopy 
height, the LiDAR height measures must be related to field measures of these attributes, 
measured in field plots randomly distributed across the full range of variation. This re-
quires a preliminary stratification to distribute sample plot locations in an objective and 
representative manner within the forested landscape of interest. The sampling intensity 
of LiDAR could dramatically reduce the sampling intensity of inventory plots required, 
provided they are accurately geolocated. The reduced plot count in an inventory that 
uses LiDAR data (fig. 1b) argues for using fixed-radius plots for more accurate canopy 
structure characterization than with variable-radius plots. The field plots can then be 
used as training data, or reference observations, for predicting or imputing the forest 
structure attributes of interest to target pixels across the entire landscape. Neither the 
spatially explicit model inputs nor map outputs would rely on stand boundaries, which 
are subject to change, but could be aggregated to stand units if desired.

RandomForest

	 The randomForest (RF) method is so named because it uses random samples of data 
and variables through multiple model iterations, to generate a large group, or forest, 
of classification and regression trees (CART) (Breiman 2001). The classification output 
from RF represents the statistical mode of many decision tree classifications, hence 
achieving a more accurate and robust model than a CART. Randomly subsetting pre-
dictor variables allows RF to derive variable importance values and prevents problems 
associated with correlated variables and overfitting (Breiman 2001). The RF package 
in R (R Development Core Team 2004) includes two measures of variable importance 
(Liaw and Wiener 2002). The first measure quantifies each variable’s effect on the mean 
squared error (MSE). Variables that markedly lower the MSE have higher importance 
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values as compared to variables the have little effect on the MSE. The second measure, 
the Gini index, is a measure of node purity. Stronger predictor variables produce more 
consistent nodes across the forest of classification trees, thus having a higher Gini index. 
Because RF is nonparametric, the data may be rank-deficient, meaning the data may 
have more variables (columns) than observations (rows), have colinearities, or both. 
Skewed distributions in the response variables are also not a concern.
	 Crookston and Finley (2008) developed the “yaImpute” package in R, which includes 
a method based on RF classification along with several more traditional imputation algo-
rithms methods. Imputation uses empirical relationships between attributes of interest 
(Y variables) measured on a sample of the observations (called reference observations) 
and predictor variables (X variables) available on all observations. These empirical 
relationships are calibrated using the reference observations. Observations that have 
no measured Y variables are termed target observations. A reference observation that 
is the nearest neighbor of a target in the multidimensional space is the source of values 
of Y variables that are imputed to the target. Nearness can be measured several differ-
ent ways, including the most similar neighbor method introduced by Moeur and Stage 
(1995) and the gradiant nearest neighbor method introduced by Ohmann and Gregory 
(2002). The method introduced by Crookston and Finley (2008) that is based on the RF 
classification algorithm identifies a nearest neighbor by first concatenating the forest 
of classification trees across terminal nodes, and then finding the reference observation 
that most often shares terminal nodes with the target observation. In the case of either 
imputation or RF classification in yaImpute, the user defines the number of nearest 
neighbors to use, k, which can vary from 1 to n.
	 Independently of using RF in classification mode for imputation in yaImpute, the 
user can also run RF in regression mode to predict a single Y variable of interest (Liaw 
and Wiener 2002). In regression mode, the random vector takes on numerical values 
rather than class labels, as in classification mode (Breiman 2001). As in classification 
mode, out-of-bag estimation allows importance values to be assigned to the predictor 
variables, thus providing insight on the predictive ability of the model.

Objective

	 Our objective was to relate predictor variables derived from LiDAR to field data 
within field plots placed using a statistically rigorous sampling design to map BAA across 
mixed-conifer forest in north-central Idaho that is actively managed and predominantly 

Figure 1—Conceptual diagrams illustrating a) current inventory design based on polygon units versus and b) proposed 
inventory design based on pixel units. The white dots represent field sample plots, which in a) have variable radius and are 
randomly located within the stand, but in b) have fixed radius and are randomly located within the landscape. The map unit 
in a) is the entire stand, while in b) each pixel is a map unit independent of the stand boundary.
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owned by forest industry. This objective was motivated by our access to stand exam data 
provided courtesy of our industry partners, to independently validate our pixel-level 
predictions, after aggregating them to the stand level.
	 This objective is an important step towards the greater goal of using FVS (Dixon 
2002; Stage 1973) for imputing tree lists to spatial map units, be they cells (pixels) or 
stands (polygons), using LiDAR-derived predictor variables. This would enable forest 
managers to project growth, mortality, and the other processes already incorporated into 
FVS across entire landscapes.

Methods__________________________________________________________

Study Areas

	 The Moscow Mountain (80,789 acres) and St. Joe Woodlands (137,539 acres) study 
areas are situated in north-central Idaho (fig. 2). Conditions at Moscow Mountain are 
drier than at the St. Joe Woodlands, so forest canopies tend to have a more open structure 
on Moscow Mountain. Individual conifer species occur along a temperature/moisture 
gradient as has been described by Daubenmire (1966), beginning at the warm/dry end 
with Pinus ponderosa mostly on Moscow Mountain, to Pseudotsuga menziesii, Larix 

Figure 2—-Study areas in north-central Idaho, with basal area per acre (BAA) predicted by Model 1 mapped in grey 
scale. Maps of BAA predicted by the other three models presented in this paper appear the same. The white dots 
represent field plot locations (N = 165).
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occidentalis, Pinus contorta, Abies grandis, Pinus monticola, Thuja plicata, Tsuga het-
erophylla, Picea engelmannii, Abies lasiocarpa, and ending with Pinus albicaulis at the 
cool/wet end, or the highest elevations in the St. Joe Woodlands. More complex terrain 
at the St. Joe Woodlands (elevation range: 2,093–6,578 ft) than at Moscow Mountain 
(elevation range: 2,549–4,980 ft) produces longer and steeper gradients that drive more 
diverse species composition in the St. Joe Woodlands.

Field Sampling

	 Field sample plot locations were selected using a stratified random design. The 
stratification variables were elevation from a 30 m USGS digital elevation model (DEM), 
solar insolation (Fu and Rich 2000), and a mid-infrared corrected normalized difference 
vegetation index (NDVIc) (Nemani and others 1993) calculated from an Landsat ETM+ 
scene (18 August 2002). The NDVIc has been found to be superior to NDVI for estimat-
ing leaf area index in mixed-conifer forests of northern Idaho (Pocewicz and others 
2004). Plots were geolocated with a Trimble Pro-XR Global Positioning System (GPS). 
A minimum of 150 points were recorded on the ground surface at plot center, and later 
differentially corrected and averaged for a final three-dimensional (3D) point position 
with ±2.6 ft horizontal and ±3.6 ft vertical accuracy (Trimble Pathfinder Office). Plots 
were 1/10 acre at Moscow Mountain and 1/5 acre at the St. Joe Woodlands and of fixed 
radius, with all trees ≥5 inches diameter at breast height (dbh) tallied. The sampling 
design failed to capture rare, late successional conditions, so two plots were randomly 
located within two old-growth stands (one in each study area) to capture the high end 
of the BAA gradient, for a total of 165 plots.
	 Measured tree diameters (N = 5240) were converted to tree basal areas, summed, and 
divided by the plot area to estimate BAA for modeling. Eleven plots at Moscow Mountain 
lacked trees ≥5 inches dbh but were assigned negligible values of 0.4356 ft2/acre (0.1 m2/
ha), to enable their inclusion in the analysis when a natural logarithm (ln) transform 
was applied. 

LiDAR Sampling

	 Horizons, Inc. (Rapid City, SD) flew the Light Distance And Range (LiDAR) survey at 
an altitude of 8,000 ft above mean terrain during the summer of 2003, using an ALS40 
system operating at 1,064 nm and a pulse rate of 20 KHz. Data were delivered in the 
form of unclassified point data. Evans and Hudak (2007) developed a Multiscale Curva-
ture Classification algorithm in ArcInfo Macro Language (AML) to classify the returns 
as either ground or non-ground. The classified ground returns were interpolated into a 
2-m DEM, from which several topographic predictor variables were derived (table 1).
	 Subtracting the 2-m DEM from the unclassified LiDAR returns produced a canopy 
height layer normalized for topography. By definition, returns classified as ground returns 
equaled 0 m in height. Returns greater than 0 m in height were considered non-ground 
returns. Returns greater than 1 m in height were considered vegetation returns. Distri-
butional statistics (min, max, mean, percentiles, variance, skewness, kurtosis, and so on) 
were calculated from the height and intensity values of the vegetation returns. Vegetation 
density was calculated as the percentage of total returns that were vegetation returns. 
The percentage of vegetation returns occurring within each of six defined canopy height 
strata was also calculated. All of these metrics were derived from the LiDAR data in 
30-m bins. The Universal Transverse Mercator (UTM, Zone 11) Easting and Northing 
coordinates were added to produce 60 candidate variables for modeling (table 1). 

Modeling

	 This analysis compares BAA predictions from four alternative models, as described 
below.

	 Model 1—For forestry applications, Y variables are typically measured in plots (for 
example, BAA in this study), while X variables are environmental variables typically 
measured by remote sensing (for example, LiDAR in this study). The field sampled plots 
have both X and Y variables and all map units have X variables. Hudak and others 
(2008) pruned the list of 60 candidate predictor variables (table 1) down to 12 for pre-
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Table 1—Candidate predictor variables and those selected for the four models compared.

Variable Description Models 1 and 2 Models 3 and 4

EAST UTM Easting (meters)
NORTH UTM Northing (meters)
ELEV Elevation (meters) X X
SLP Slope (degrees)
TSRAI Topographic solar radiation aspect index (Roberts and Cooper 1989) X X
SCOSA Percent slope*cos(aspect) transformation (Stage 1976)
SSINA Percent slope*sin(aspect) transformation (Stage 1976)
INSOL Solar insolation (HEMI 2000)
CRR Canopy relief ratio (Pike and Wilson 1971)
HMIN Heights minimum
HMAX Heights maximum
HRANGE Heights range X
HMEAN Heights mean
HAAD Heights average absolute deviation X
HMAD Heights median absolute deviation
HSTD Heights standard deviation
HVAR Heights variance
HSKEW Heights skewness
HKURT Heights kurtosis
HCV Heights coefficient of variation X X
H05PCT Heights 5th percentile X
H10PCT Heights 10th percentile
H25PCT Heights 25th percentile X
H50PCT Heights 50th percentile (median)
H75PCT Heights 75th percentile
H90PCT Heights 90th percentile
H95PCT Heights 95th percentile
HIQR Heights interquartile range
IMIN Intensity minimum
IMAX Intensity maximum
IRANGE Intensity range
IMEAN Intensity mean X
IAAD Intensity average absolute deviation
IMAD Intensity median absolute deviation
ISTD Intensity standard deviation
IVAR Intensity variance X
ISKEW Intensity skewness X
IKURT Intensity kurtosis X
ICV Intensity coefficient of variation
I05PCT Intensity 5th percentile
I10PCT Intensity 10th percentile
I25PCT Intensity 25th percentile
I50PCT Intensity 50th percentile (median)
I75PCT Intensity 75th percentile
I90PCT Intensity 90th percentile
I95PCT Intensity 95th percentile
IIQR Intensity interquartile range
DENSITY Canopy density (vegetation returns/total returns * 100) X X
STRATUM0 Percentage of ground returns = 0 m
STRATUM1 Percentage of non-ground returns > 0 m and <= 1 m in height X
STRATUM2 Percentage of vegetation returns > 1 m and <= 2.5 m in height
STRATUM3 Percentage of vegetation returns > 2.5 m and <= 10 m in height X
STRATUM4 Percentage of vegetation returns > 10 m and <= 20 m in height X
STRATUM5 Percentage of vegetation returns > 20 m and <= 30 m in height X
STRATUM6 Percentage of vegetation returns > 30 m in height X
TEXTURE Standard deviation of non-ground returns > 0 m and <= 1 m
PCT1 Percentage 1st returns
PCT2 Percentage 2nd returns X X
PCT3 Percentage 3rd returns X
NOTFIRST Percentage 2nd or 3rd returns
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dicting species-level basal areas and tree densities of 11 conifer species (in other words, 
22 Y variables). In that analysis, the RF classification method produced more accurate 
results than seven more traditional imputation methods available in yaImpute. The RF 
classification model used to map species-level basal areas and tree densities was applied 
to map BAA as an auxiliary variable, using k = 1 nearest neighbor, and constitutes the 
first map considered in this analysis. 

	 Model 2—The RF algorithm can also be employed as a regression tool, for predicting 
a single Y variable of interest. For this analysis, that variable of interest was BAA, across 
all tree species. The same 12 predictor variables used in Model 1 to impute a BAA map 
using RF in classification mode (Hudak and others, 2008) were also used to map BAA 
using RF in regression mode. 

	 Model 3—A multiple linear regression model was developed for comparison because 
it is the predictive modeling technique most broadly used for relating field and remotely 
sensed data, and has been successfully applied for mapping BAA in this landscape 
(Hudak and others 2006). Regression is much more vulnerable to colinearity problems 
than nonparametric methods such as RF, so the maximum Pearson correlation allowed 
between predictor variables was 0.8. (The maximum Pearson correlation between predictor 
variables included in Model 1 was 0.9; Hudak and others, 2008.) Although RF is resistant 
to problems of colinearity and overfitting in either classification or regression mode, it 
is neither helpful nor instructive to include highly correlated predictor variables in the 
same model. The best subset of twelve predictor variables that satisfied this constraint 
was selected for predicting BAA, after ln transformation to correct the positive skew. 
This necessitated a bias correction (Baskerville 1976) to correct for the bias introduced 
by back-transforming predicted ln (BAA) to the natural scale, following Hudak and oth-
ers (2006).

	 Model 4—The twelve predictor variables selected as the best subset for multiple 
linear regression were used in another RF model run in regression mode. 
	 In summary, the output from four alternative models for predicting BAA were com-
pared: (1) RF in classification mode based on 12 predictor variables used in an imputation 
model (yaImpute) from a prior analysis; (2) RF in regression mode based on the same 12 
variables as in Model 1; (3) multiple linear regression based on a best subset of 12 new 
predictor variables; and (4) RF in regression mode based on these same 12 variables as 
in Model 3.

Mapping

	 Raster layers of the predictor variables selected by the models were generated for both 
study areas at a 30 m resolution using the fishnet command in ArcInfo. The intersect 
command was used to assign the corresponding cell ID to each LiDAR point. The LiDAR 
points then were exported from ArcInfo as a comma-delimited (csv) file containing six 
attributes: bin-ID, bin centroid X coordinate, bin centroid Y coordinate, height (Z coordi-
nate), intensity, and return level. The csv file of LiDAR points was sorted on the Bin-Id 
using the DOS SORT command, then input into a Perl program developed to iteratively 
subset the LiDAR point data by bin-id and calculated the LiDAR metrics within each 
bin. Metrics were calculated within each bin and written to an output csv file. A batch 
file was written in R that looped through each output csv file, creating ArcInfo ASCII 
grids of the metrics selected as predictor variables in R.
	 The yaImpute package (Crookston and Finley 2008) also includes functions to as-
sign values of the response variable(s) to target cells across the landscape, whether by 
imputation, regression or some other predictive model, wherever data for the predictor 
variables exist. A 30-m mapping resolution was used for this analysis.

Validation

	 Predictions of BAA at the 30 m pixel level were aggregated within stand boundaries 
delineated by industry partners Potlatch Forest Holdings, Inc., and Bennett Lumber 
Products, Inc., who also provided stand exam data for 1,024 and 177 stands, respectively. 
Tree growth in the stand exam data was projected forward from the time of inventory 
until July 2003, when the LiDAR survey was conducted. Thus, only the spring growing 
season was included in the 2003 projection. The updated stand projections were then 
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used to validate our predictions aggregated to the stand level using the ZONALMEAN 
function in ArcMap.
	 The regression-based method of equivalence tests (Robinson and Froese 2004; Robinson 
and others 2005) was used to validate predictions extracted from the four maps of BAA. 
Traditionally, models are validated under the null hypothesis of no difference between 
predictions and observations, or that the model is acceptable. However this approach 
is more likely to validate a model with low power (Robinson and Froese 2004). Equiva-
lence tests begin with the null hypothesis that the model is unacceptable, thus shifting 
the burden of proof on to the model to demonstrate validity (Robinson and Froese 2004; 
Robinson and others 2005). The equivalence package in R regresses observations on to 
predictions, and uses bootstrapping to not only test between the similarity of means, 
but the similarity of individual predictions and observations, thus increasing statistical 
power for more robust model validation (Robinson and others 2005). 

Results___________________________________________________________
	 The LiDAR predictor variables selected by Hudak and others (2008) for Model 1 included 
several height distributional metrics (for example, range, average absolute deviation, 
5th and 25th percentiles) (table 1), for which Model 2 assigned importance values (fig. 
3a). The best subset of LiDAR predictors selected for Model 3 included several upper 
canopy density metrics (canopy density in 3rd, 4th, 5th, and 6th strata) (table 1), for which 
Model 4 assigned importance values (figure 3b). The influential topographic predictors 
of elevation and topographic solar radiation aspect index were selected in both cases, as 
was density, coefficient of variation in height, and percentage of second returns (table 1; fig. 3). 
Two predictor variables derived from the intensity values were included in the subsets 
of both the imputation predictors (variance and skewness) and regression predictors 
(mean and kurtosis) (table 1; fig. 3).
	 All four models tended towards overprediction of BAA relative to the independent 
stand exams, although prediction residuals indicate BAA could be overpredicted greatly 
in some stands and underpredicted greatly in some others (fig. 4). The mean BAA from 
the imputation model (Model 1) was the least biased, while the mean predicted by 
multiple linear regression (Model 3) was most biased. The interquartile range of values 
predicted by the imputation and regression models was unrealistically larger than the 
interquartile range predicted by the two RF models in regression mode (Models 2 and 4), 
which closely matches the interquartile range of the stand exams (fig. 4).
	 Equivalence tests were used to validate the pixel-level predictions aggregated to the 
stand level with the stand-based inventories, updated with FVS to the July 2003 time 
of LiDAR acquisition. Each equivalence test regresses observations (stand exams) on 
predictions (aggregated pixels), then bootstraps the data to test the significance of both 
the intercept and slope terms of these simple linear regression models. Results are in-
dicated graphically (fig. 5). The intercept test (gray error bars plotted around the mean 
value, but largely hidden by the black error bars) in each of the equivalence regressions 
does not significantly differ from its expected range (gray shaded region) for any of the 
models, as would be the case if the gray error bars were located outside the shaded region 
(fig. 5). The slope test (black error bars plotted around the solid diagonal line) in each 
of the equivalence regressions does significantly differ from its expected range (dotted 
diagonal lines) in the case of the imputation and regression models (Models 1 and 3), 
but not the two RF models run in regression mode (Models 2 and 4). 

Discussion________________________________________________________
	 Breiman (2001) found that RF did not incorporate randomness into the model quite 
as effectively in regression mode as in classification mode. One could associate non-ran-
domness with bias, which might help explain why BAA imputed as an auxiliary variable 
by RF in classification mode (Model 1) was the least biased of the four models presented 
in this study (figs. 4 and 5). However, BAA predictions from the two RF models run in 
regression mode (Models 2 and 4) were not significantly biased either. In fact, the bias 
was only significant in the case of the multiple linear regression model (Model 3) (fig. 5). 
Although not presented in this paper, Hudak and others (2006) also overpredicted BAA 
using a multiple linear regression model, to an even larger degree than Model 3 in this 
study. The consistently positive and significant bias of these multiple linear regression 
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Figure 3—Importance plots from the randomForest models run in regression mode (Models 2 and 4) using a) 12 predictor 
variables selected for imputation (Model 1), and b) 12 predictor variables selected for multiple linear regression (Model 3). 
Two measures of relative importance are indicated in each case: influence on the mean squared error, and influence on node 
purity. Variables are plotted from the top with importance values in descending order.
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Figure 4—Boxplots comparing paired residuals, quantifying the difference between predicted pixel-level BAA aggregated within 1201 industry 
stands and observed stand-level BAA, for the four predictive models. Thick horizontal lines mark the medians, box ends represent lower and up-
per quartiles, line ends indicate the 5th and 95th percentiles, and dots show stands beyond the 5th and 95th percentiles. The dotted horizontal 
line indicates where model bias equals zero.
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Figure 5—Equivalence plots that graphically indicate whether pixel-level BAA predictions aggregated to the stand level significantly differ from 
stand exams, based on the four models as labeled. The equivalence test regresses observations (stand exams) on predictions (aggregated pixels) 
in a simple linear regression, while bootstrapping the data. If the gray error bar (largely hidden by the black error bar) falls within the shaded gray 
region, then the intercept of the linear model does not significantly differ from its range of expected values. If the black error bar falls between the 
dotted lines, then the slope term of the linear model does not significantly differ from its range of expected values
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models may be an artifact of the ln transformation and subsequent back-transformations, 
which warrants consideration of other methods for adjusting retransformation bias (e.g., 
Duan 2002). More likely, the stand-based inventories themselves are not an unbiased 
representation of the variation in BAA that formed the basis of our sampling design 
across our two study landscapes. BAA may be higher on the non-industrial forest lands 
within our study areas, which would be represented in the sample plots but not the stand 
exam data. We would need to limit the plots used to develop our models to only those 
occurring in industrial forest stands for which we have inventory data, to determine to 
what degree the models may be biased.
	 The three RF models also more satisfactorily reproduced the range of variability in 
the stand exams than the regression model (figs. 4 and 5). The random element of RF 
causes output to vary slightly between separate model runs, while multiple linear regres-
sion output is invariant. However, several runs of the RF models, each consisting of 500 
classification trees, were found to produce very consistent results, so these differences 
were too negligible to alter our results to a degree that would change our interpretation 
or conclusions.
	 Hudak and others (2006) also considered the ten Advanced Land Imager (ALI) reflec-
tance bands as candidate variables to predict basal area and tree density using multiple 
linear regression, but these spectral variables contributed little to the model. Similarly, 
Hudak and others (2008) found that these spectral variables, along with three simple 
vegetation indices, contributed only negligibly to imputation of basal area and tree density 
of 11 individual conifer species. Therefore, we did not pursue using spectral imagery in 
this analysis. Multispectral or hyperspectral imagery could aid discrimination between 
coniferous and deciduous species, or habitat types with variable phenologies. However, 
in the mixed conifer forest within our two study areas, LiDAR data alone appears to be 
sufficient for modeling structural attributes at the species level (Hudak and others, 2008). 
This is important because species can change timber value by a factor of 4 or 5 (Dennis 
Murphy, personal communication). Elevation and aspect play an obviously important role 
in determining vegetation structure and composition in these topographically complex 
landscapes, and can be mapped with unprecedented detail with LiDAR surveys. This 
paper further demonstrates that useful canopy metrics can be obtained from LiDAR 
intensity and density metrics, not just height metrics. In particular, vegetation density, 
or the proportion of total returns that are vegetation returns, is consistently a powerful 
predictor variable (fig. 3).
	 It is interesting that such similar predictions were obtained from the two RF models 
run in regression mode (Models 2 and 4; figs. 4 and 5). The predictor variables selected 
for imputation consisted of several height distribution metrics, some from the lower 
canopy, while the predictor variables selected for multiple linear regression were mostly 
density metrics from the upper canopy. We conclude that the canopy structure variation 
in these coniferous forests can be characterized equally well by different variable com-
binations. The 60 candidate variables considered for our models are likely many more 
than are necessary to develop a satisfactory model. Future research will test this suite 
of candidate variables in other forest types, to evaluate empirically which structural 
metrics have the greatest general utility.
	 LiDAR may prove essential in future forest inventory design. LiDAR data can provide 
the detailed height data that correlate well with tree diameter, basal area, and volume. 
Significantly fewer field plots may be required to build the empirical relationships neces-
sary for predicting these and other attributes of interest to forest managers. Imputation 
of diameter distributions (i.e., tree lists) from independent LiDAR height, density, and 
intensity distributional metrics could provide spatially gridded inputs into FVS. This 
could change inventory designs from being based on stand (polygon) units to being based 
on cell (pixel) units (fig. 1). LiDAR-derived canopy structure layers could provide a more 
objective data source than aerial photos for delineating stands, for the purpose of aggre-
gating gridded map outputs (e.g., BAA) to stand units for managers. Further research 
is needed to quantify the degree to which this may impact overall accuracy, efficiency, 
and cost of managing forested landscapes.
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Conclusion________________________________________________________
	 We found that applying randomForest in either classification or regression mode can 
consistently predict BAA from LiDAR-derived predictor variables. Mean BAA of pixels 
aggregated to the stand level did not significantly differ from independent stand based 
inventories. We recommend that forest industry invest in LiDAR and associated field 
plot surveys for improved forest management. These results move us another step closer 
to our goal of predicting tree lists from LiDAR structure metrics, so that FVS projections 
might be generated within map units across forested landscapes, for more precise forest 
inventory and management.
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Abstract—Diameter increment is an important variable in modeling tree growth. Most facets of 
predicted tree development are dependent in part on diameter or diameter increment, the most 
commonly measured stand variable. The behavior of the Forest Vegetation Simulator (FVS) largely 
relies on the performance of the diameter increment model and the subsequent use of predicted 
dbh in forecasting tree attributes. 
	 Previous research has shown the efficacy of localized inventory data in calibrating model param-
eters when better predictions of individual and stand growth in focal geographic areas are sought. 
A sample-based sensitivity analysis (SA) is proposed as a preliminary step to model calibration, in 
order to identify which variables are most influential in determining predicted outcomes. SIMLab 
software was used for SA of the default dbh increment submodel in FVS-SN; samples were obtained 
from a recent inventory of longleaf pine stands in Fort Bragg, NC. Preliminary results show that 
dbh is by far the most important variable, followed by site index and competition-related predic-
tors. Topographical and other site variables were largely non-influential. Before calibration and 
re-engineering of the submodel, variables conveying redundant or non-influential information may 
be considered for elimination. 

Introduction_______________________________________________________

Project Background 

	 The Fort Bragg military installation is located 10 miles northwest of Fayetteville, 
North Carolina, in the Sandhills Region. Of the 161,597 total acres, an estimated 65,000 
are covered by longleaf pine (Pinus palustris Mill.) dominated forests. Habitat recovery 
efforts for the endangered red-cockaded woodpecker (Picoides borealis) currently are a 
priority at Fort Bragg (Blythe and others 2001). Forest inventory and monitoring are 
needed to assess suitability of forest conditions to the species’ habitat requirements (U.S. 
Fish and Wildlife Service 2003), as well as to provide indicators of overall ecosystem 
integrity and capability of lands to support military training operations. 
	 A 10-year forest inventory program is currently implemented throughout the instal-
lation; in addition, forest stands are annually monitored to update changes resulting 
from natural growth and silviculture treatments. In order to plan for future growth of the 
forest and development of military facilities, 10-year growth projections at the stand level 
were formulated for the entire installation at the time of the first inventory. However, 
model-based simulations provided unrealistically high stocking levels, and preliminary 
testing of the Southern Variant (Donnelly and others 2001) of FVS (FVS-SN) showed a 
similar tendency.
	 The main reason for such discrepancy has been speculated as being related to an 
erroneous representation of the inherent maximum size-density boundary for key forest 
species (Shaw and Long 2007). This issue cannot be adequately solved by standard model 
re-fitting techniques; DeRose and others (this proceedings) proposed a modification to 
FVS program logic that would yield more accurate survival predictions, in accordance 
with the findings by Shaw and Long (2007). However, Fort Bragg spans over an area 
much smaller than the one referenced by developers of FVS-SN (see after). For this 
reason, we put into question the validity of all components of the SN model, under the 
hypothesis that discrepancies between local growing conditions and the more general 
relationships outlined by the variant might prompt growth prediction errors at the 
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individual tree scale. A research effort is currently underway which aims to evaluate 
and refit FVS-SN using forest inventory data collected on Fort Bragg (Shaw and others 
2006). This paper represents a first step using the base FVS-SN submodels in order to 
establish how Fort Bragg data look in relation to the submodels specified in SN over a 
much wider geographic range, and thus calibrated over a much different dataset.

The Southern Variant: Features and Challenges

	 FVS-SN was developed from Forest Inventory and Analysis (FIA) data, Forest Ser-
vice research data, and data from the Bureau of Indian Affairs. Its geographic coverage 
spans most of the southeastern United States (Donnelly and others 2001). Growth re-
lationships for such a wide area are refined with the help of species-specific coefficients 
for each submodel equation. All submodels portray average growing conditions and al-
lometric relationship throughout the southern states. Additionally, diameter increment 
and standing volume computations also include location codes accounting for the region, 
National Forest, and Ranger District where the stand is situated, and Ecological Unit 
Codes (Keys and others 1995) at the province level as a mean of distinguishing between 
major geographic areas within the region.
	 Even if the model includes a self-calibration feature, allowing it to adjust diameter 
and height growth predictions based on field increment data (Dixon 2002) there are 
grounds to suspect that local variability is not adequately reflected. Developers of FVS-
SN stated that “If further research and/or evidence shows that tree growth differences 
are distinguishable at finer scales, such results can be fit into the growth relationships” 
at subsequent time (Donnelly and others 2001). Therefore, ecological subdivisions at 
a scale smaller than Province level may in some cases be proven to have an effect on 
diameter change computations.
	 Since the first version of Prognosis (Stage 1973), diameter growth prediction has 
represented the key modeling function, upon which other submodels depend, at least 
in part, for their inputs. In FVS-SN the diameter growth submodel for large trees, i.e., 
those with a diameter at breast height (dbh) greater than 3 inches, uses a 14-coefficient 
equation with a mixture of categorical and continuous variables (table 1). The dependent 
variable is the logarithm of the predicted periodic change in squared inside-bark diameter 
(Wykoff and others 1982). 
	 When this equation was fitted to the Fort Bragg data in its complete form, three po-
tential problems emerged. First, the regression yielded relatively low R2 values. Second, 
some coefficients were found to have unrealistic signs, for example, competition-related 
variables with a positive effect on growth. Both anomalies have been previously related 
to correlation problems and the degree of variability in a given data set (Neter and others 
1990); nevertheless, FVS-SN developers stated that “detection of multicollinearity was 
a major effort in picking independent variables for the diameter increment submodel of 
FVS-SN” (D. Donnelly, personal communication), which rules out interconnected dis-
tributions of independent variables as a source of error. Third, since the ranges of some 
variables are relatively small on Fort Bragg as compared to the variability found within 
the geographic range encompassed by FVS-SN, we anticipated that some input factors might 
be redundant or even unnecessary components of the submodel at the local scale. 

Sensitivity Analysis of Model Output

	 In order to assess and rank the role of each independent variable in predicting diam-
eter increment of longleaf pine on Fort Bragg, we carried out a sensitivity analysis (SA) 
of model output on the diameter increment submodel of FVS-SN. Innis (1979) defined 
SA as “the systematic search for those model entities to which the model is most sensi-
tive”; the terms “model entities” refers to the measurement accuracy of input factors, 
the value of the parameters used by the model (Herring 2007), as well as the model 
form itself. The effect of incremental inclusion of independent variables and the effect 
of changes in functional relationships may be assessed both at the submodel and at the 
model superstructure level. However, the most general use of SA is concerned with model 
simplification (Saltelli and others 2008). The objective is to identify the factor or the sub-
set of input factors that can be fixed at any given value over their range of uncertainty 
without reducing significantly the output variance. Regardless of their contribution to 
model predictions, insensitive model components need neither to be measured with great 
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precision nor to be scrutinized during refitting of the model. Since their behavior is closer 
to that of constants than of variables, they might be omitted for the sake of parsimony 
should the model be reworked under a different form. Conversely, it is useful to know 
about model components with high sensitivity, because these have the greatest impact 
on model predictions (Vanclay and Skovsgaard 1997) and might need to be measured or 
assessed with greater care.
	 Most SA approaches to date have relied on local SA, i.e., the evaluation of the effect 
exerted on model outputs by individually varying only one of the model inputs across 
its entire range of plausible values, while holding all other inputs constant (Cullen and 
Frey 1999). A major drawback of this method is that interactions between input vari-
ables cannot be computationally taken into account. Thus, the results of nominal range 
sensitivity analysis are potentially misleading, especially for multilinear and nonlinear 
models (Frey and Patil 2002).
	 Hamilton (1997) proposed what he called “sensitivity analysis” of the FVS suite as 
a whole. His method was based on a priori alteration of submodel output, by means of 
FVS keywords such as BAIMULT, HTGMULT and MORTMULT (Van Dyck 2001). The 
percent difference in selected stand descriptors at the end of the modeling time step, 
resulting from the introduction of fixed perturbations in each of the submodels, repre-
sented the author’s chosen sensitivity metric. However, this approach was affected by 
limitations similar to one-factor-at-a-time analysis.
	 We propose the use of first-order sensitivity indices, which assess the variance of model 
output Y due to model input Xi (Saltelli and others 2004). Our specific aim is to assess which 
of the input factors are most influential on the large-tree diameter growth submodel.

Methods__________________________________________________________
	 Although several techniques have been proposed (Frey and Patil 2002), sampling-
based approaches to uncertainty and sensitivity analysis are both effective and widely 
used. Analyses of this type involve generating, via Monte Carlo simulations, a set of 
model evaluations Yi (i = 1… N), corresponding to N different sampled values Xi of the 
vector X = f (X1,X2,…Xk) of k input factors, and subsequently mapping uncertain analysis 
inputs to uncertain analysis results. The steps involved in conducting such an effort are 
the following (Helton 2005):

Definition of probability distributions to characterize uncertainty in analysis •	
inputs;
Generation of samples from uncertain analysis inputs;•	
Propagation of sampled inputs through model simulation;•	

Table 1—Variables and description in the FVS diameter growth submodel (from Donnelly and 
others 2001). Input variables account for the growth potential of individual trees, the 
influence of the tree’s neighbors and the site’s ability to support growth.

Variable Description

ln(dds)a = b
0

intercept

+ b
1
 · ln dbh log of dbh (at beginning of estimation period)

+ b
2
 · dbh2 squared dbh

+ b
3
 · ln crwn log of percent crown ratio

+ b
4
 · hrel relative height 

+ b
5
 · SI site index for the species 

+ b
6
 · plttba plot basal area

+ b
7
 · pntbal plot basal area in trees larger than subject tree 

+ b
8
 · tan slp tangent of slope in degrees

+ b
9
 · f cos tangent of slope, cosine of aspect 

+ b
10

 · f sin tangent of slope, sine of aspect 

+ b
11

 · fortype categorical variable for forest type group 

+ b
12

 · ecounit categorical variable for ecological unit group 

+ b
13

 · plant categorical variable for planted stands
	 a dds = (diameter inside bark at time

0
 + periodic diameter growth)2 – diameter inside bark2 (Wykoff and 

others 1982).
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Table 3—Correlation between input factors as measured from Fort Bragg 
inventory data. 

Variable 1	 Variable 2	 Pearson’s R

dbh (inches)	 Height (feet)	 0.69
Height (feet)	 Live crown ratio	 –0.34
Live crown ratio	 Stand basal area (feet2 ac-–1)	 0.35
Stand basal area (feet2 ac–1)	 Plot basal area (feet2 ac–1)	 0.56

Assessment of uncertainty analysis results; and•	
Determination of sensitivity analysis results.•	

	 Since we were interested in model parsimony, rather than in assessing error propa-
gation through the model, we chose to consider only stochastic uncertainty, i.e., that 
arising from the behavioral properties of the system under study. Therefore, we adopted 
the default FVS-SN dbh increment submodel as the function to evaluate, retaining its 
original parameterization and evaluating uncertainty of each input factor across its 
potential variability in the inventory.
	 Growth data from 7,302 individual longleaf pines were available from Fort Bragg 
forest inventory and were used to infer the shape, statistical properties (estimates of 
population mean and standard deviation) and range of each factor’s probability density 
function (PDF) (table 2). PDFs of sample variables were positively tested for normality 
by means of one-variable Kolmogorov-Smirnov test (p < 0.05) and truncated to minima 
and maxima measured in the field to avoid sampling outliers. Variables such as slope and 
forest type coding were assigned a discrete PDF with classes and weights inferred from 
sample frequencies. Biologically relevant correlations between input factors (tree dbh 
and height, tree height and crown ratio, crown ratio and stand basal area, and between 
stand basal area and plot basal area) were computed by means of Pearson’s coefficients 
and their value entered in a dependence tree structure (Meeuwissen and Cooke 1994) 
(table 3).
	 Next, we generated an iterated sample of elements from the distribution of the inputs 
previously specified. Latin hypercube, or n-dimension stratified sampling, was chosen 
because of its efficient stratification properties allowing for the extraction of a large 
amount of uncertainty and sensitivity information with a relatively small sample size 
(Helton and Davis 2003). Moreover, this technique performs better than simple random 
sampling when the output is dominated by a few input factors (Iman and others 1981). 
	 SIMLab software (EU IPSC 2004) was used for all steps of SA; the software archi-
tecture is represented in figure 1. The randomized sample is generated in SIMLab using 
an iterative function based on a user-defined seed number. We instructed the software 
to generate 10,000 samples, a number close to the number of tree records used for the 
default parameterization of FVS-SN in longleaf pine (Donnelly and others 2001) but much 
higher than the suggested minimum (McKay and others 1979). The generated sample 
served as a starting point for Monte Carlo-based model runs; in the model execution 

Table 2—Characterization of the input factors for sensitivity analysis of the diameter increment submodel.

Input	 Definition	 PDF shape	 Range	 Units	 Notes

D	 Diameter at breast height	 Normal	 2–30	 inches	
CR	 Live crown ratio	 Normal	 1–00	 percent	
H	 Tree height	 Normal	 10–101	 feet	 For relative height computation 
H40	 Height of 40 thickest trees ac-1	 Normal	 40–103	 feet
SI	 Site Index	 Normal	 44–132	 feet	
BA	 Basal area (stand)	 Normal	 5.5–158	 feet2 ac-1	

pointBA	 Basal area (plot)	 Normal	 10–270	 feet2 ac-1	 For point BA in larger trees computation
rank	 percentile of tree’s dbh in plot	 Uniform	 0–1	 -
slope	 plot mean slope	 Discrete	 0–0.8	 rad	
aspect	 plot mean aspect	 Uniform	 0–2	 rad	
EUC	 Ecological unit code	 Constant	 0	 categ.	 PVP232
forcode	 Forest cover type	 Discrete 	 0–1	 categ.	 From Donnelly and others (2001)l
plant	 Plantation origin	 Constant	 0	 binary	 None in Fort Bragg

π
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phase, each element of the sample is supplied to the model as input, and the corresponding 
model predictions are saved for lat uncertainty and sensitivity analyses, performed by 
the statistical post processor.
	 Uncertainty analysis aimed at comparing the PDF of generated diameter increment 
values with the ones measured in the field. Field measurements, inventory protocols and 
data treatment are described by Shaw and others (2006).
	 The outputs whose sensitivity was evaluated were both dds, the change in squared 
inside-bark diameter (in2) during the estimation period, and dg, the value of inside-bark 
diameter increment after a 5-year simulation cycle, as computed by the following:

	 d inches dib dds dibg ( ) = + −2 	 [1]

where dib is tree dbh inside bark at the beginning of the modeling period (inches). A 
constant ratio of 1.15 has been adopted as the bark thickness coefficient for longleaf pine 
on Fort Bragg, independent of tree size or age (R.J. DeRose, unpublished data).
	 Sensitivity indicators were represented by standardized regression coefficients (SRC), 
that quantify the change in Y associated with a unit of change in a given parameter Xi, 
all other parameters remaining constant (Draper and Smith 1988; Helton 1993). The 
rank-based version of the index was used in order to account for nonlinearity in the model 
(Saltelli and others 2000). Finally, sensitivity tests based on data partitioning such as 
the Smirnov two-sample test (Conover 1980) helped assess the importance of each input 
factor. The test splits the sample space for factor Xi into two subsamples according to the 
quantiles of the output distribution Y. If the distributions of the two subsamples can be 
proven different (index values closer to 1) then the factor Xi is considerer influential. The 
influence of input factors on model output was computed separately for four different 
dbh size classes. Independent variables were entered in the model in base rather than 
composite form (for example, relative height has been split to tree height and height of 
the 40 largest trees per acre). 

Results and Discussion_____________________________________________
	 Mean modeled dg was 0.54 ± 0.11 inches (modeling step: 5 years), a value statistically 
different (two-sample t-test, p < 0.0001) but close to the average 5-year dbh increment 
measured on longleaf pine increment cores in the 2000 inventory (0.60 ± 0.30 inches). 
Nevertheless, modeled output is characterized by a much lower uncertainty than mea-
sured data (fig. 2), the latter having a wider and more skewed distribution (range: 0.08 
to 2.58 inches, skewness = +1.565). We hypothesized the lower variability of modeled 
growth was due to a higher homogeneity of tree measurements used for original FVS-SN 
calibration. However, this was inconsistent with the fact that the default model presents 
a much better goodness-of-fit to SIMLab-generated Fort Bragg data than to the original 
calibration dataset (R2: 0.94 and 0.52 respectively).
	 A certain degree of model-induced simplification was not unexpected. The slight over-
prediction at the lower end of the dbh increment range is not likely to be problematic, 

Figure 1—Internal model execution process in 
SIMLab (modified from EU IPSC 2004).
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and may be explained by the presence of a few old trees (ages ≥ 100 years), that likely 
represent leftovers from past management operations and might be characterized by 
much lower growth rates than would be predicted given their actual size (fig. 3). 
	 To better understand what model component might be responsible for both the ob-
served variance reduction and for underestimation of the higher end of growth range, 
we re-ran the Monte Carlo analysis on simulated data apportioned into dbh size classes 
(fig. 4). All classes showed significant differences from their real data counterparts (two-
sample t test); while growth was usually overpredicted in medium-sized trees, it was 
underpredicted in both small and large trees, with the bias in the first category being the 
most severe (table 4). 
	 The calibration and randomization routines embedded in FVS should partially resolve 
this issue (Dixon 2002; Stage 1973), but they were not applied here. Our main scope was 
to suggest SA as a means of preliminary model screening, underlining the inaccuracies of 
the FVS-SN base growth model when applied to a local dataset. Such framework should 
be applicable to all cases, and not only for those submodels that may benefit from the 
thorough calibration routines referenced by Dixon (2002). Moreover, FVS developers 
themselves later acknowledged as “unreasonable to assume that growth responses in 
locations with substantially different environmental limitations will be the same. It is 
more likely the shape of the response surface in these locations, relative to the selected 
set of predictor variables, will be different. When this is the case, the models should be 
refit” (Dixon 2002).
	 Underestimation of diameter growth might affect the final simulation result, both 
at the individual and at the stand level. For example, density-dependent mortality is 
triggered by a threshold relative density value (DeRose and others, this proceedings), 
and in turn mortality intensity depends on simulated relative density of the stand. 
Underestimation of individual dbh and thus quadratic mean diameter of the stand pos-
sibly will result in overpredictions of mean size and density combinations and therefore 
underpredict competition-induced mortality. 
	 Diameter growth underprediction may be driven by a number of factors, includ-
ing both assuming excessively severe competition, and a disproportionate influence 

Figure 2—Probability density function of variable d
g
 (5-year diameter growth) resulting from uncertainty 

analysis (10,000 Monte Carlo simulations) as compared to that measured in the field.
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Figure 3—Breast height diameter to breast height age relationship in the sample.

Figure 4—Uncertainty analysis of simulated 5-year diameter increment apportioned into the three dbh size classes (see 
text for description of size classes), as compared to that measured in the field.
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Figure 5—Sensitivity analysis. Standardized rank regression coefficient (SRRC) for input factors of the FVS-SN 
large tree dbh increment submodel, computed for each dbh size class.

of age-related decline as expressed by the dbh-squared factor. Since the most severe 
bias affects high increment values of small and medium trees, we hypothesize that the 
cumulate effect of many competition-related variables in the model could excessively 
hamper modeled growth.
	 Sensitivity indices ranking the importance and effect of each input factor are shown by 
standardized rank regression coefficients (SRRCs; fig. 5) and the Smirnov test index (fig. 
6). The signs of all SRRCs (fig. 5) were consistent with expectations for growth behavior. 
If we exclude the role of forest type coding, which is capable of a large influence on growth 
prediction in a limited number of cases (when different from longleaf pine type; fig. 6), 
the most important variable is tree diameter. This is consistent with evidence from the 
growth modeling literature (see for example Trasobares and Pukkala 2004. Similarly, 
the FVS-SN variant manual states: “DBH at the beginning of each projection cycle is 
usually the strongest single statistical determinant of diameter growth during the cycle” 
(Donnelly and others 2001). However, the role of starting dbh, always preeminent in 
predicting basal area increment (data not shown), is differentiated when growth output 
is back-transformed to inside-bark inches of increment. 
	 Large trees showed a very strong negative influence of dbh on increment prediction, 
an apparent result of the senescence-related dbh-squared term (fig. 5). This is not un-
expected, since large trees would mostly be unaffected by competition from neighbors, 

Table 4—Mean and range of 5-year diameter growth (inches) for sample-based simulations (10,000 
Monte Carlo runs per size class) as compared to field data. Very small trees: dbh 3 to 5 
inches; small: 5 to 10 inches; medium: 10 to 15 inches; large: higher than 15 inches. 

Size classes	 Simulated data	 Fort Bragg inventory
	 Mean	 Range	 R2	 Mean	 Range

	 inches	 inches	 inches	 inches
Very small	 0.82	 0.39–2.58	 0.85	 0.66	 0.16–1.89
Small	 0.59	 0.36–0.99	 0.95	 0.75	 0.08–2.28
Medium	 0.57	 0.34–0.98	 0.96	 0.55	 0.08–2.36
Large	 0.47	 0.25–0.82	 0.96	 0.50	 0.08–1.57
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Figure 6—Sensitivity analysis. Smirnov test index for input factors of the FVS-SN large tree dbh increment submodel

and even a more fertile site could not adequately compensate growth decline caused by 
senescence. Growth of medium and small trees is driven to a greater extent by factors 
expressing tree and site potential and by competition-related variables. Among factors 
related to growth potential, site index always took the leading role, with tree height and 
live crown ratio somewhat less influential (and inherently correlated to tree diameter). 
If we assumed that the simultaneous action of several competition-related factors in the 
model is the main reason for growth underpredictions, the ranking operated by SA might 
be useful to leave out the least important drivers. For example, if just one individual 
and one stand-scale variable were to be retained, the choice would respectively fall upon 
individual dbh ranking and stand basal area, which are capable of determining the larg-
est influence on model output among the competitive-related group of predictors.
	 Topographically related predictor variables such as slope unexpectedly showed a 
small but significant proportionality to growth, an effect that may be related to site 
morphology and inherent characteristics of longleaf pine sites. Fort Bragg has rolling 
terrain and the effects of slope and aspect on forest growth are not readily apparent. Slope 
position—for example, moist bottomlands vs. dry ridges—is far more likely to influence 
stand growth than steepness or aspect. Because both high and low moisture extremes 
are found on sites with relatively low slope values, any effect of slope on growth is likely 
to be confounded during equation fitting and evaluation.

Conclusions_______________________________________________________
	 We propose sensitivity analysis as a preliminary tool to model calibration, and suggest 
the use of sample-based global sensitivity analysis as a means of ranking the importance 
of input factors in determining the magnitude of modeled tree growth. Sensitivity analysis 
can be used to explore model behavior in specific portions of the input space to evaluate 
biologically sound growth dynamics of different stand components (e.g., partitioning data 
into size or density classes), and to compare the behavior of alternate model formulations. 
The analysis could have been done with any submodel of any variant; the flexibility of 
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SIMLab software represents a strong support to sensitivity analysis of individual FVS 
submodels and potentially the entire simulation chain.
	 Once the factors have been ranked in order of importance and the prediction biases 
have been detected, model developers may simplify model forms in the interest of par-
simony or formulate sampling recommendations in order to focus measurement efforts 
on the most crucial variables. An importance-based ranking of input variables may 
prove useful in designing complex equations, such as in stepwise approaches to model 
calibration. After setting up calibrated model runs, a similar analysis to that described 
in this paper would be useful to show how well the calibrated model performs. Should 
major model validity problems still exist after a comprehensive calibration, local users 
would need to look into a refit of the model for local conditions.
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Abstract—The Southern Variant of the Forest Vegetation Simulator (FVS-SN) is made up of 
individual submodels that predict tree growth, recruitment and mortality. Forest managers on Ft. 
Bragg, North Carolina, discovered biologically unrealistic longleaf pine (Pinus palustris) size-density 
predictions at large diameters when using FVS-SN to project red-cockaded woodpecker (Picoides 
borealis) habitat. Inventory data from Ft. Bragg indicated the mortality submodel was responsible 
for the over-predictions. Three approaches to remedy longleaf pine mortality predictions in FVS-
SN were explored: (1) using stand density modifier keywords, (2) using a tree size cap to influence 
mortality rates but not growth, and (3) iteratively invoking a mortality rate based on empirical 
data. Results showed the third approach was the only viable alternative. Details of this approach 
are described so that an FVS-SN user can effectively constrain predicted longleaf pine size-density 
combinations at realistic levels. Although the approach was successful, it required advanced knowl-
edge of size-density relationships for longleaf pine. It also demands an advanced understanding 
of FVS-SN from the user. We suggest over-prediction of size-density relations at large diameters 
will be evident in any growth and yield model using similar mortality logic. Therefore our results 
provide a general framework for improving the accuracy of mortality predictions in FVS. 

Introduction_______________________________________________________
	 Forest growth and yield models such as the Southern Variant of the Forest Vegeta-
tion Simulator (FVS-SN) (Donnelly and others 2001) typically consist of component 
submodels that describe tree growth, recruitment (sprouting), establishment (seeding), 
and mortality. The extent to which submodel predictions realistically portray natural 
and managed stand dynamics should be routinely evaluated. Recently, as part of a larger 
study, FVS-SN was found to over-predict growth and yield in mature longleaf pine (Pinus 
palustris Mill.) stands on the Ft. Bragg military installation in North Carolina (Shaw 
and others 2006). Realistic predictions of stand dynamics for longleaf pine forests 
are a necessary component of habitat recovery efforts currently underway for the 
endangered red-cockaded woodpecker (Picoides borealis) (Blythe and others 2001). 
FVS-SN simulations of pure longleaf pine stands by forest managers revealed unrealistic 
size—density combinations for large (greater than 10 inches) diameter stands on Ft. 
Bragg (Pat Wefel, personal communication). Over-prediction of size-density relationships 
is likely due to erroneous mortality rates, which implicates the mortality submodel. In 
this study, we used a density management diagram (DMD) for longleaf pine (Shaw and 
Long 2007) to explore the deficiencies of the FVS-SN mortality model and developed 
possible approaches for its correction. 
	 Currently, two types of mortality occur in FVS-SN: (1) background and (2) density-
related. Background mortality is estimated when stands are below 55 percent of 
forest type-dictated maximum stand density index (SDIMax). For this mortality type it 
is assumed there is no density-dependent mortality and an annual compound interest 
formula is used to calculate mortality. Furthermore, disturbance agents such as insects, 
fire, and pathogens are assumed to be exclusive of background mortality (Dixon 2002). 
Density-related mortality is estimated when stands are above 55 percent SDIMax 
and below 85 percent SDIMax, (SDIMax mortality), presumably as a result of competi-
tion and self-thinning. Ninety percent of SDIMax is considered an upper limit to stand 
density and if the current inventory SDI exceeds 90 percent, then SDI is reset so that 
current SDI is 85 percent of the maximum. If SDI is between 85 percent and 90 percent, 
it is reduced to 85 percent SDIMax. Stand dynamics throughout the simulation are de-
termined by the relationship between current inventory SDI and SDIMax (Dixon 2002). 
Background mortality stops once SDIMax mortality begins. 
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	 The DMD, developed using range-wide empirical data from both managed and un-
managed longleaf pine stands, is a conceptual model useful for evaluating stand dynam-
ics (Shaw and Long 2007). The ‘mature stand boundary’ (MSB) displayed on the DMD 
represents an empirical ceiling to possible size - density combinations for natural and 
managed stands of longleaf pine (Shaw and Long 2007). FVS-SN mortality logic tends 
to maintain stands within 55 percent and 85 percent of SDIMax after they reach the 55 
percent threshold (Dixon 2002). In contrast, the MSB indicates size-density combinations 
cannot be maintained within this range of densities. The non-linear MSB (in log-log space) 
suggests mortality actually proceeds at a constant rate relative to SDIMax mortality, 
indicating less efficient use of growing space by larger diameter (Dq) stands. The biologi-
cal mechanisms for less efficient occupancy of growing space by larger trees are not well 
known but, a number have been postulated. First, it is possible that as trees increase in 
size mortality proceeds but with an increasing chance of density-independent mortality 
(in other words, lightning or pathogens). Second, Zeide (1985) suggested ‘self-tolerance,’ 
or the intra-specific ability to coexist, might decrease with increasing density where 
‘self-tolerance’ is not necessarily related to shade tolerance. Similarly, Assmann (1970) 
observed ‘crown disengagement’ in even-aged forest stands which has been attributed 
to increased height growth resulting in physical crown interaction, removing leaf area 
and subsequently reducing growth (Long and Smith 1992). The over-prediction of size-
density relationships could result in unrealistic management scenarios and, regardless 
of the mechanisms, more realistic estimates of longleaf pine mortality are needed.
	 To assess FVS-SN mortality predictions, we used stand data to examine the effect 
the mortality submodel has on predicting size-density combinations. We then explored 
three potential approaches to modifying and improving mortality rates: (1) using stand 
density modifier keywords, (2) using a tree size cap which affects mortality but not growth, 
and (3) iteratively invoking a mortality rate based on empirical data (in other words 
the MSB). We evaluated our results graphically against the MSB on the DMD (Shaw 
and Long 2007) because it represents the most detailed quantification of the ‘ceiling’ to 
size-density combinations for longleaf pine. Conceptually, we aimed to maintain stand 
dynamics below the empirical MSB threshold. 

Methods __________________________________________________________
	 Data for this study came from the Ft. Bragg military installation in North Carolina. 
An intensive forest inventory was designed to collect information necessary for FVS-SN 
submodel testing and calibration. Details of the study design, data collection, and model 
calibration have been described (Shaw and others 2006). For the purposes of this study 
relatively pure longleaf pine stands (greater than 70 percent total basal area, table 1) 
were chosen from the Ft. Bragg forest inventory database (table 1) and run using the 
current southern variant file (revision date: 7-31-07, downloaded from http://www.
fs.fed.us/fmsc/fvs/software/varfiles.php) in Suppose 2.0, the graphical user interface 

Table 1—Stand number, number of plots per stand, percentage basal area in longleaf pine, trees per 
acre (TPA), mean stand diameter (QMD), stand density index (SDI), and site index (SI) for 
the sample stands. 

		  Percent
Stand	 Number	 longleaf
number	 of plots	 pine	 TPA	 QMD(in)	 SDI	 SI (ft)

1032	 15	 86	 89	 10.2	 92	 62
2157	 15	 100	 215	 7.2	 127	 69
3089	 10	 70	 226	 8.1	 161	 67
4012	 20	 78	 75	 11.0	 87	 65
5046	 5	 96	 340	 7.0	 194	 91
5088	 9	 95	 138	 10.3	 145	 70
6014	 15	 82	 178	 6.0	 78	 65
7064	 10	 85	 269	 6.7	 140	 87
8045	 10	 99	 173	 8.8	 141	 66
8090	 10	 75	 142	 8.4	 108	 55
9051	 10	 89	 195	 8.5	 149	 59
10001	 15	 71	 454	 5.6	 178	 65
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of FVS. The default cycle length of five years was used. Three approaches to simulate 
empirically observed size-density patterns were explored:

	 1. Stand density modifier keywords (SDIMax / BAMax) were used to emulate the 
MSB. The default SDIMax (390) in FVS-SN was reset to 350 as an example and simula-
tions from each stand were graphically examined on the DMD. 
	 2. The TreeSzCp keyword was used to adjust mortality to 10 percent for longleaf 
pine above 10 inches DBH and this size cap was set to effect mortality predictions only 
(Van Dyck 2005). An SDIMax of 390 (FVS-SN default) was used for this analysis. 
	 3. We used the FixMort keyword in the Event Monitor to invoke approximately 2 
percent annual mortality (Palik and Pederson 1996) when the stand approached the 
MSB (MSB-modified mortality). The Event Monitor program logic was: 

	 1. IF 
	 2. BADBH GT (18.68-20.63*Exp(-13.25*(BTPA)**(-0.503)))+2 
	 3. THEN 
	 4. FixMort  0  Parms(All, 1-(1-0.021751)**(CENDYEAR-YEAR), 0., 999., 0, 0) 
	 5. ENDIF

	 This effectively iterated a mortality rate of approximately 10 percent (line 4) per 
cycle when the beginning cycle Dq was greater than the fitted MSB equation (line 2). 
We then re-ran FVS-SN with relatively pure longleaf pine stands (table 1) and compared 
the original with the modified output. 
	 Size-density trajectories were inspected on the longleaf pine DMD to compare the 
differences in projected size-density relationships for each approach and assess how well 
they corresponded to the MSB. For illustration only three of the 12 sample stands were 
randomly chosen (3089, 4012, and 10001) to display in the figures. 

Results___________________________________________________________
	 Unrealistic combinations of size and density were predicted in simulations of longleaf 
pine (fig. 1) using the default FVS-SN, which suggested inadequate mortality predictions. 
The southern variant projected size-density combinations above the MSB approximately 
80 to 100 years into each simulation. The predicted linear nature (in log-log space) of the 
trajectory for each stand, presumably a result of SDIMax mortality logic, approached 
and surpassed the MSB. This resulted in over-predictions of stand growth and yield. 
	 The SDIMax (or BAMax = SDI x 0.5454154) keyword approach, which lowered the maxi-
mum stand density, changed simulation output based on our arbitrarily chosen SDIMax of 
350. However, over-predictions were still apparent, albeit at lower relative densities (fig. 2). If a 
larger SDIMax had been chosen it is likely larger over-predictions would have occurred. 
Regardless of the chosen SDIMax, FVS-SN size-density combinations will eventually 
cross the MSB due to their linear (in log-log space) nature. The SDIMax for longleaf 
pine across its geographic range has been quantified; therefore, there is little ecological 
rationale for modification of SDIMax in FVS-SN. 
	 The TreeSzCp keyword approach appeared to increase mortality rates compared to 
the default model (fig. 3). Although we set the keyword to affect mortality only and not 
diameter growth, as there is no evidence to support diameter increment reduction of 
large DBH longleaf pine on Ft. Bragg (mean ± std. dev. for five-yr diameter growth of 
trees greater than 20 inches = 0.553 inches ± 0.195, n = 272), the mortality rate was not 
sufficient to maintain size-density combinations below the MSB. 
	 The FixMort keyword modification resulted in size-density combinations consistent 
with the MSB. The greater mortality rate (approximately 10 percent per cycle) thus 
appeared to most closely mimic the MSB. Although mortality was greater in the MSB-
modified trajectory than in the baseline simulation, mean stand diameters were similar 
during both simulations (figure 4). 

Discussion________________________________________________________
	 Density-independent mortality, or annual background mortality, is likely underesti-
mated in FVS-SN. Palik and Pederson (1996) reported 1.9 percent annual background 
mortality for longleaf pine in mature, second-growth stands of longleaf pine. We cal-
culated a range of background mortality of 0.19–0.2 percent, for 4 and 20 inch dbh 
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trees respectively using the default values in FVS-SN (Dixon 2002; Donnelly 2001). The 
assumption that density-dependent mortality begins at 55 percent of SDIMax is consistent 
with the literature (Drew and Flewelling 1979; Long 1985) and likely accurately describes 
the ‘zone of imminent competition mortality’. It is probably unrealistic however, that 
background mortality no longer operates after density-dependent mortality (SDIMax) is 
invoked as is currently done in FVS-SN. Background mortality emulates natural mor-
tality agents that are operating concurrently as stands increase in relative density (for 
example lightning). Therefore both density-independent and dependent factors should 
be simultaneously considered when SDIMax exceeds 55 percent. The SDIMax ceiling 
of 85 percent (Dixon 2002) appeared effective for predicting self-thinning (for example 
stand 10001) (fig. 1). However, maintenance of a stand greater than 55 percent but less 
than 85 percent SDI, when Dq is large, appears to be the major problem with FVS-SN 
mortality logic (fig. 1). Therefore, an SDI-based approach to mortality seems adequate as 
long as consideration for an increasing rate of mortality is given at larger diameters. 
	 The TreeSzCp keyword approach failed to maintain realistic size-density combinations 
(fig. 3). We increased mortality for longleaf pine 10 inches dbh and greater but this was 
not sufficient to limit size-density combinations below the MSB. There is no evidence to 
suggest that large diameter longleaf pine would die faster than a background mortality 
rate of approximately 1.9 percent (Palik and Perderson 1996). In fact, our five-yr diameter 

Figure 1—Trajectories of three of the sample stands (table 1), projected 
with the default southern variant and plotted on the density management 
diagram, showing size—density combinations well above the mature 
stand boundary. Symbols are plotted every 20 years for clarity. Grey 
area shows where background mortality occurs, hatched area indicates 
density-dependent mortality.

Figure 2—Trajectories of three of the sample stands (table 1) plotted 
on the density management diagram showing the effect of adjusting 
the SDIMax keyword from 390 to 350 on mortality predictions. Symbols 
are plotted every 20 years for clarity. Grey area shows where back-
ground mortality occurs, hatched area indicates density-dependent 
mortality.
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growth measurements suggested larger trees (greater than 20 inches dbh) are vigorous 
and adding substantial increment. The TreeSzCp approach also resulted in size-density 
combinations for some stands that fell near 25 percent of SDI (fig. 3) where vacant grow-
ing space might promote undesirable understory species, specifically turkey oak (Quercus 
laevis Walt.) on Ft. Bragg, in the absence of fire. Understory fire was a ubiquitous force 
in natural longleaf pine forests (Van Lear and others 2005) and is maintained through 
prescribed burning on Ft. Bragg. Modeling stands with size—density combinations below 
the 25 percent threshold, a conventional threshold for predicting the availability of grow-
ing space for understory trees (Long 1985), might realistically incorporate regenerating 
understory species. However, in this study it was not necessary to include regeneration 
in model simulations because we were focused on mortality of the mature overstory. Palik 
and Pederson (1996) suggested mortality rates in longleaf pine proceed so slowly that 
openings for longleaf pine regeneration develop very slowly without hurricanes, which 
corroborates our decision to ignore regeneration in this study. 
	 By invoking a higher mortality rate (approximately 10 percent per cycle) in large 
diameter longleaf pine stands, realistic size-density combinations were achieved. As 
indicated in the FixMort keyword coding logic, maintaining size-density combinations 
below the MSB requires redefining the mortality rate such that density is reduced at a 
much greater rate as trees increase in Dq. Our MSB-predicted mortality rate was ap-
proximately double that of default FVS-SN. It is realistic to expect the predicted size-density 

Figure 3—Trajectories of three of the sample stands (table 1) plotted 
on the density management diagram showing the effect of using the 
TreeSzCp keyword on mortality predictions. Symbols are plotted every 
20 years for clarity. Grey area shows where background mortality oc-
curs, hatched area indicates density-dependent mortality.

Figure 4—Longleaf pine stand 3089 projected for 200 years using 
the default southern variant and the FixMort mortality logic showing a 
divergence in mortality rates. Symbols are plotted every 20 years for 
clarity. Grey area shows where background mortality occurs, hatched 
area indicates density-dependent mortality.
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combinations to fall below the MSB, which describes the ceiling and not average, size-
density relationships. Further sophistication of projected size-density relationships is 
possible by fine-tuning our Event Monitor logic by increasing or decreasing the intercept 
(+2 in our example); however, this is not recommended unless based on detailed stand-
level information. Such an adjustment would change projected size-density combinations 
relative to the MSB. 
	 Although our FixMort approach created realistic projections of size-density combina-
tions by bridging density-dependent and independent mortality, it is computationally 
difficult and likely not easily implemented by the many FVS users who may not, for 
example, be comfortable using the Event Monitor. Furthermore it requires the existence 
of an established MSB relationship for the species of interest. If fitted MSB relationships 
were known for enough commercial tree species, their incorporation into FVS would 
greatly facilitate more accurate size-density projections. Mimicking the MSB required 
FVS-SN to eliminate trees well above the rate of mortality currently predicted in large 
Dq stands (approximately 10 inches) using SDIMax. Incorporating mortality mediated 
by the MSB in place of SDIMax in FVS-SN would require relaxing the current assump-
tion that as stands increase in Dq basal area stays constant. Realistically, basal area 
and SDI should be allowed to decrease as Dq increases. 
	 Increasingly in forest management, the creation and maintenance of large, mature 
trees is a priority. For example, on Ft. Bragg maintaining large diameter longleaf pines 
at low densities is a primary forest management goal as this is a critical component of 
red-cockaded woodpecker nesting and foraging habitat (U.S. Fish and Wildlife Service 
2003). Management for a few large diameter trees focuses stand dynamics modeling on 
unconventional areas of size-density combinations (in other words, low densities). This 
highlights the importance of effective simulation of forest stand dynamics. 

Conclusions_______________________________________________________  
	 Density-dependent (SDIMax) mortality was responsible for the over-prediction of 
size-density combinations in mature stand simulations. We found the longleaf pine DMD 
useful as a graphical tool to display and evaluate mortality predictions. We suggest that 
any growth and yield model incorporating the same mortality logic as FVS-SN will also 
produce unrealistic combinations of size and density for mature stands. Our alternative, 
based on the longleaf pine MSB, effectively simulated realistic size-density combinations 
when the stand neared the MSB. Managers of relatively pure longleaf pine stands should 
incorporate the FixMort logic from approach three into their FVS-SN simulations. This 
approach bridges density-dependent (SDIMax) and density-independent (background 
mortality) factors for mortality predictions. While our analysis was restricted to longleaf 
pine, we suggest our results may be broadly relevant and provide a general framework 
for assessing and improving the accuracy of mortality predictions. 
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Evaluating Growth Models: A Case Study 
Using PrognosisBC

Peter Marshall1 
Pablo Parysow2 
Shadrach Akindele3

Abstract—The ability of the PrognosisBC (Version 3.0) growth model to predict tree and stand growth 
was assessed against a series of remeasured permanent sample plots, including some which had 
been precommercially thinned. In addition, the model was evaluated for logical consistency across a 
variety of stand structures using simulation. By the end of the evaluation process, we were pleased 
with the performance of the model. Some of the less obvious benefits of growth model evaluation 
and the value of using multiple approaches when evaluating growth models are discussed.

Introduction_______________________________________________________
	 PrognosisBC is a growth and yield simulator adapted from the North Idaho version 
of the Forest Vegetation Simulator—FVS (Dixon 2002; Stage 1973; Wykoff and others 
1982). PrognosisBC is designed to forecast future stand conditions in mixed-species and/
or multi-aged (complex) stands found in southeast and central British Columbia (BC). 
It retains much of the architecture of the original model; however, many of the internal 
equations have been reformulated and the remainder have been recalibrated. The habi-
tat types required in the original model have been replaced by appropriate units within 
BC’s Biogeoclimatic Ecosystem Classification (BEC) system and inputs and outputs 
have been converted to metric units (Snowdon 1997; Zumrawi and others 2002). Several 
different versions of PrognosisBC applicable to various BEC zones or subzones have been 
developed.1 This paper addresses Version 3.0 (released in 2003). Version 3.0 is applicable 
to the Interior Douglas-fir (IDF) BEC zone.
	 The accuracy of growth and yield model projections affects the quality of forest man-
agement decisions. Model validation (evaluation) is an integral part of model develop-
ment (Scholten and Udink ten Cate 1995). It is aimed at determining the degree to which 
projections from the model are accurate representations of the real world. Rykiel (1996) 
identified three types of model validation: operational validation, conceptual validation 
and data-based validation. In empirical growth and yield modeling, these three valida-
tion types could be grouped into two categories: conceptual validation and data-based 
validation. 
	 In this paper, we present both data-based and conceptual evaluations of PrognosisBC 

(Version 3.0). The data-based validation examined the accuracy of the model in project-
ing re-measured data from two permanent sample plot installations not employed in 
the calibration of the model. The conceptual validation involved conducting a sensitivity 
analysis of the model relative to different initial stand structures. Sensitivity analysis 
(for example, Frey and Patil 2002; Kleijnen 2005) occupies a prominent place among 
forest model evaluation methods (Huang and others 2003; Vanclay and Skovsgaard 
1997), since it facilitates assessing model behaviour under a broad range of conditions. 
Sensitivity analyses have been widely used to evaluate forest growth and yield models 
(for example, Gertner 1987; Mowrer 1991; Peng and others 2002). Recently, Lacerte and 
others (2004) used this technique to assess the Lakes States variant of FVS in Ontario 
under various levels of site index, stand density, and age. 

1 Additional information on PrognosisBC may be found at: http://www.for.gov.bc.ca/hre/gymodels/progbc/.
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Methods__________________________________________________________

Evaluation Using Independent Data

	 Independent data were obtained from two permanent sample plot installations located 
in uneven-aged interior Douglas-fir (Pseudotsuga menziesii var. glauca (Mirb.) Franco) 
stands in the Knife Creek Block of the Alex Fraser Research Forest, approximately 20 
km southeast of Williams Lake, BC (52o05’N, 121o50W) (fig. 1). This area is located in 
the dk3 subzone of the Interior Douglas-Fir biogeoclimatic (BEC) zone (Hope and others 
1991) in a gently rolling landscape at an elevation of approximately 1000 m.
	 The first installation, consisting of six plots, was established to follow stand dynamics 
under three different structural conditions: (1) predominance of large older trees (dbh > 
30 cm)—two 0.1-ha plots; (2) predominance of pole-sized trees (dbh 15-30 cm)—two 0.1-ha 
plots; and (3) predominance of saplings (dbh < 15 cm)—two 0.05-ha plots. The trees on 
these plots were measured following the 1987, 1992, 1996, and 2003 growing seasons. 
The second installation, consisting of 24 0.05 ha plots, was set up as a pre-commercial 
thinning experiment in stands which were diameter-limit logged in the 1960s. Three 
blocks (replicates) were established, each consisting of three thinning treatments and a 
control, with two plots located in each block/treatment combination. Measurements of 
the trees on these plots were made following the 1992, 1996, and 2003 growing seasons. 
An 11 year growth period (1993 to 2003, inclusive) was used for this study since this 
period most closely matches the 10-year projection period used in PrognosisBC. 
	 Most of the plots are located on zonal (mesic) sites, with some plots on slightly drier 
sites. However, within-site variation is minimal and does not warrant any changes in site 
classification. Douglas-fir is by far the most prevalent species, accounting for approxi-
mately 90 percent of the trees in the plots. Other tree species present are lodgepole pine 
(Pinus contorta var. latifolia (Engel.)), spruce (Picea glauca (Moench), Picea engelmanni 
(Parry) and their crosses), white birch (Betula papyrifera (Marsh.)) and trembling aspen 
(Populus tremuloides (Michx.)). More detail on these installations is given in Marshall 
(1996) and Marshall and Wang (1996).
	 Tree variables used in the validation exercise included species, diameter at breast 
height (dbh) in cm, total tree height in m, height to base of live crown in m, and crown 
width in m. From these basic measurements, other tree variables such as crown ratio, 
basal area in trees larger than the subject tree, and crown competition factor were com-
puted. Attributes projected were stems per ha, basal area per ha, total stand volume 

Figure 1—Location of the permanent sample plot installations.
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per ha, merchantable stand volume per ha, tree dbh, and tree height. In the interests 
of space, only projections of stems per ha and dbh growth for trees larger than 7.5 cm 
dbh are reported here. Evaluations are presented in tabular form and via graphical 
presentations of regression-based equivalency tests (Robinson and others 2005)

Evaluation Using Simulation

	 Partial harvesting to produce and/or maintain uneven-aged stand structures has 
been successfully applied to many drier western interior North American forests (O’Hara 
2002), including stands in the IDF zone. The rationale for this type of harvesting in the 
IDF zone includes maintaining and enhancing mule deer (Odocoileus hemionus Raf.) 
winter range, as well as meeting timber and other forest management goals (Armleder 
and Dawson 1992; Armleder and others 1986; BC Ministry of Forests 1992).
	 The BDq approach to specifying target structures for partially harvested stands has been 
implemented in numerous forest types (Fiedler 1995), including interior Douglas-fir forests 
(Day 1998). BDq is an acronym which represents target basal area (B), maximum dbh (D), 
and diminution quotient2 (q, the tree-frequency ratio between successive diameter classes). 
These three components together characterize a target structure for a stand.
	 In this study, we produced a wide range of initial stand structures for pure Douglas-fir 
stands. These structures resulted from a factorial combination of the three components 
of the BDq approach. Each component was assigned four levels: basal area (B): 10, 30, 
50, 70 m2/ha; maximum dbh (D): 20, 40, 60, 80 cm; and diminution quotient (q): 1.5, 2.0, 
2.5, 3.0. The resulting total number of combinations equalled 64 (4 × 4 × 4). Using 5 cm dbh 
classes and a minimum class midpoint of 5 cm, we generated dbh distributions (trees/ha 
per dbh class) corresponding to each BDq combination, as described by Fiedler (1995). 
Tree class frequencies were initially allocated to the dbh class midpoints. Any combination 
that generated a frequency of less than one tree/ha for the largest dbh class resulted in 
the entire combination being considered infeasible and dropped from the analysis. The 
combinations included in the analysis are shown in table 1.
	 To allow for a smoother growth simulation among successive dbh classes, we divided 
each class frequency among the five 1-cm dbh values within each class. To insure that 
class frequency and basal area would be the same as having allocated the entire frequency 
only to the class midpoint, we assigned a decreasing tree frequency to each successive 
larger dbh within each class. This frequency allocation was accomplished as follows: (1) the 
dbh matching the class midpoint received one-fifth of the class frequency; (2) the dbhs 
1 cm and 2 cm larger than the midpoint received frequencies that were 10% and 20% 
lower than the midpoint frequency, respectively; and 3) the dbhs 1 cm and 2 cm smaller 
than the midpoint received frequencies that were 10 and 20 percent higher than the 
midpoint frequency, respectively.
	 A computer program was written to generate the dbh distributions corresponding to 
each feasible BDq combination. Those dbh distributions were formatted as PrognosisBC 
input tree list files. We ran each dbh distribution for a 50-year period, assuming no in-
terventions. For each simulated BDq combination, we forecasted stand-level variables 
such as basal area (ba—m2/ha) and quadratic mean diameter (qmd—cm), as well as the 
following variables by dbh class: live trees/ha, ba/ha (m2), dbh growth (cm), and mortality 

2 This coefficient is sometimes called de Liocourt’s coefficient. Meyer (1952) identified de Liocourt (1898) as the 
first individual to publish a numerical study of growing stock distribution in uneven-aged forests. 

Table 1—Feasible () and infeasible () combinations of BDq for the simulation analysis. 

	 Ba	 10	 30	 50	 70

	 qb	 1.5	 2.0	 2.5	 3.0	 1.5	 2.0	 2.5	 3.0	 1.5	 2.0	 2.5	 3.0	 1.5	 2.0	 2.5	 3.0

Dc = 20	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
D = 40	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
D = 60	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
D = 80	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	 a Initial basal area per ha in m2.
	 b Diminution quotient (tree-frequency ratio between successive dbh classes).
	 c Initial maximum dbh class in cm.
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(dead trees/ha). To report sensitivity analysis results, we first specified the level for B, 
then D, and finally q. For example, the combination B = 10 m2/ha, D = 20 cm, and q = 
1.5 is identified as 10-20-1.5.

Results___________________________________________________________

Evaluation Using Independent Data

	 Overall, the mean differences between predicted and observed dbh over the projection 
period were relatively small, except for the few trees greater than 60 cm dbh where the 
model overestimated 11-year dbh growth by an average of 0.9 cm (table 2). The mean 
differences for the thinning treatments (table 3) were also relatively small (<0.2 cm), 
indicating little bias in predicted dbh for any spacing treatment over the 11-year projec-
tion period. 
	 These observations are supported by the graphical representations of the equiva-
lence tests (figs. 2 and 3). In these figures, the solid line is the regression of observed on 
model-predicted dbh, the grey horizontal bar represents the equivalence region for the 
intercept, and the diagonal dotted lines represent the equivalence region for the slope. 
Both figures show that the two independent one-sided confidence intervals for the slope 
and intercept fall entirely within their specified equivalence regions (±10 percent for the 
intercept and ±20 percent for the slope), at a significance level (α) of 0.05. Thus, there 
was strong evidence to reject the null hypotheses of the dissimilarity of the observed 
and predicted dbh.
	 However, PrognosisBC predicts periodic dbh growth, not future dbh. Future dbh is 
calculated as the original dbh plus the dbh growth. The equivalence test on dbh growth 
of trees in the thinning study indicated some overestimation of dbh growth by Progno-
sisBC following thinning (fig. 4). This result is not surprising given that the dbh growth 
function was calibrated using data that did not incorporate recent cutting. Trees of a 
given dbh growing for a number of years at lower densities would tend to have larger 
crowns than would be found in trees of a similar size immediately following thinning to 
that density. 
	 Future stems per ha (or its corollary, mortality level) appeared to be acceptably 
predicted overall (fig. 5). There was a slight underestimate of future stems per ha, but 
the regression line and most of the observations fall well within the equivalence region. 
There were too few plots at each thinning level (6) to perform separate equivalence tests 
on predicted stems per ha for each of the thinned plots. 

Table 2—Differences (cm) between actual and predicted dbh by dbh class (cm).

dbh Class	 All	 10	 15	 20	 25	 30	 40	 50	 60	 >60

Stems	 3078	 1467	 969	 398	 113	 41	 49	 28	 9	 4
Mean difference	 –0.009	 –0.154	 0.126	 0.211	 0.048	 0.066	 –0.055	 –0.036	 –0.978	 –0.925

Table 3—Differences (cm) between actual and predicted dbh by thinning 
treatment.

	 C1a	 C2b	 STDc	 CTRLd	 N/Ae

Stems	 626	 335	 729	 801	 587
Mean difference	 –0.135	 0.064	 –0.069	 –0.018	 0.168

	 a 3-m clumped thinning treatment. (See Marshall 1996 for a description of this treatment.)
	 b 5-m clumped thinning treatment. (See Marshall 1996 for a description of this treatment.)  
	 c Standard thinning treatment. (See Marshall 1996 for a description of this treatment.)
	 d Trees growing in the control plots for the thinning installation.
	 e Trees growing in the 6 plots in the stand structure installation.
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Figure 2—Observed dbh versus predicted dbh 
for all trees.

Figure 3—Observed dbh versus 
predicted dbh for trees in the pre-
commercial thinning installation. 
CTRL represents trees in the con-
trol plots; STRD represents trees in 
the plots that received a standard 
thinning; C1 represents trees in the 
plots that received a 3 m clumped 
thinning; and C2 represents trees 
in the plots that received a 5 m 
clumped thinning.
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Figure 5—Observed stems per ha 
versus predicted stems per ha for all 
30 plots used in this study.

Figure 4—Observed 11-year dbh 
growth versus predicted 11-year dbh 
growth for trees in the precommercial 
thinning installation. CTRL represents 
trees in the control plots; STRD repre-
sents trees in the plots that received 
a standard thinning; C1 represents 
trees in the plots that received a 3 m 
clumped thinning; and C2 represents 
trees in the plots that received a 5 m 
clumped thinning.
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Evaluation Using Simulation

	 Out of the 64 original BDq combinations, 25 resulted in a frequency of less than one 
tree/ha for the largest dbh class and were consequently considered infeasible. Therefore, 
39 BDq combinations were analyzed in this study (table 1). Stand structures with a D of 
80 cm were feasible only when B was at least 50 m2/ha, and q was 1.5. Stand structures 
with a D of 60 cm were feasible for all levels of B only when q was 1.5. When q was 
2.0, stand structures with a D of 60 cm were feasible only when B was at least 50 m2/
ha. Stand structures with a D of 60 cm were not feasible when q was 2.5 or 3.0. Stand 
structures with a D of 40 cm were feasible for all levels of B and q, except for a B of 10 
m2/ha and a q of 3.0. All of the stand structure combinations examined with a D of 20 
cm were feasible.
	 Figure 6 displays forecasted basal area per ha under varying levels of BDq over the 
simulation period for a q of 1.5. The patterns for q values of 2, 2.5 and 3 were similar. 
PrognosisBC has a limit on maximum basal area in this region of approximately 53 m2/ha. 
Consequently, the projected basal area approached this limit from above (B = 70 m2/ha) 
or below (B = 10 or 30 m2/ha). The trend line for a B of 50 m2/ha was essentially level.
	 The projected changes in qmd were almost straight lines, beginning at a particular 
value that was related to the initial maximum dbh (D) and the value of q. (See fig. 7 for 
an example using a q of 1.5). The starting qmd was independent of B. The higher the D 
for a given value of q, the higher the initial qmd. Higher values of q reflect more rapid 
decreases in tree numbers with increasing dbh class (i.e., relatively more small trees for 
a given initial basal area), and consequently lower initial values for qmd. As expected, 
those with lower initial basal areas showed more rapid increases in qmd than those with 
more dense initial basal areas. The highest level of qmd obtained was almost 35 cm for 
the 10-60-1.5 scenario (fig. 7c), while the lowest was just under 12 cm for the 70-20-2.5 
scenario (fig. 7d). These scenarios also produced the greatest and least changes, respec-
tively, in qmd over the simulation period.
	 Since the recruitment (regeneration) function of PrognosisBC was not activated for 
this assessment, all scenarios showed a decrease in stems per ha with time (see fig. 8 
for an example using a q of 1.5). Not unexpectedly, the amount of decrease increased as 
B increased. In both absolute and relative terms, the largest decrease in stems per ha 
occurred for the smallest D examined (fig. 8a). Increasing q for a given level of B and D, 
increased the number of stems initially (more small dbh stems required), and resulted 
in higher levels of mortality over the projection period.
	 As expected, overall dbh growth was higher for stand structures with lower initial 
basal areas (fig. 9 vs. fig. 10). Dbh growth was similar when D was 20 and 40 cm, but 
decreased for a D of 60 cm (figs. 9a and b verses c, figs. 10a and b verses c). Increasing 
q for a given level of B and D had a slightly negative impact on the overall dbh growth 
(figs. 9a and b verses d and e, figs. 10a and b verses d and e).
	 A summary of the changes in stand dynamics associated with different stand struc-
tures predicted by the PrognosisBC simulations is given in table 4. These were consistent 
and align with present biological understanding. 

Discussion________________________________________________________
	 Evaluation of any growth model provides several benefits. Documenting the perfor-
mance of a model under a particular set of conditions provides benchmark information to 
potential model users as to the degree of trust that they ought to place in model outputs 
under similar conditions. The evaluation process also can bring specific components of 
the model under close scrutiny. It is usually beneficial if this scrutiny can be performed 
at more than one scale. In the case of PrognosisBC (Version 3.0), we were able to identify 
anomalous behaviour in predictions of single tree attributes for a small subset of trees. 
This behaviour was traced back to a programming error which was then easily repaired. 
The impact of this error on stand level projections (for example, basal area per ha growth 
and future stems per ha) was sufficiently small that it was not previously identified.
	 We believe that model evaluation is more effective if more than one approach is used. 
In this study we combined a performance assessment conducted against independent data 
with a simulation study designed to assess the impact of changes in stand structure on 
model projections. The former approach allowed us to benchmark performance and the 
later provided an assessment of the consistency of model behaviour across a wide range 
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Figure 6 —Projected basal area for various initial levels of initial basal area (B) with q = 1.5 and maximum diameter (D) at (a) 20 cm; (b) 40 cm; 
(c) 60 cm; and (d) 80 cm.
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Figure 6 —(Continued.)
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Figure 7—Projected quadratic mean diameter (qmd) for various initial levels of basal area (B) with q = 1.5 and maximum diameter (D) at (a) 20 cm; 
(b) 40 cm; (c) 60 cm; and (d) 80 cm.
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Figure 7—(Continued.)
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Figure 8—Projected change in stems per ha for various initial levels basal area (B) with q = 1.5 and maximum diameter (D) at (a) 20 cm; (b) 40 cm; 
(c) 60 cm; and (d) 80 cm.
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Figure 8—(Continued.)
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Figure 9—Dbh distributions at the onset of the simulation 
and after 50 years for an initial basal area (B) of 10 m2/ha 
at: (a) D = 20 cm and q = 1.5; (b) D = 40 cm and q = 1.5; 
(c) D = 60 cm and q = 1.5; (d) D = 20 cm and q = 2.5; and 
(e) D = 40 cm and q = 2.5.
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Figure 9—(Continued.)
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Figure 10—Dbh distributions at the onset of the simulation 
and after 50 years for an initial basal area (B) of 50 m2/ha 
at: (a) D = 20 cm and q = 1.5; (b) D = 40 cm and q = 1.5; 
(c) D = 60 cm and q = 1.5; (d) D = 20 cm and q = 2.5; and 
(e) D = 40 cm and q = 2.5.
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Figure 10—(Continued.)

Table 4—Impact of initial stand structure on various stand attributes after 50 years of projected growth.

	 Increase in stand structure componenta

	 Attribute	 Bb	 Dc	 qd

Basal area per ha	 Movement towards	 Slightly slower increase	 Very slight increase (forr
	 “carrying capacity.” If B is 	 (for lower values of B)	  lower values of B) or 
	 ~53 or below, approaches	 or slightly slower decrease	 very slight decrease
	 from below; if B is >53	 (for higher values of B).	 (for higher values of B).
	 approaches from above.	

Quadratic mean dbh	 Decrease in the rate of increase.	 Higher initial value and	 Lower initial and lower
	 	 higher final value after 	 final value after 50 years.
		  50 years.

Stems per ha	 Higher initial value and	 Lower initial value and	 Higher initial value and
	 final value after 50 years. 	 final value after 50 years. 	 final value after 50 years.
	 Increase in the mortality rate.	 Decrease in the mortality rate.	 Increase in the mortality rate.

Dbh growth	 Decrease in overall growth rate.	 Slight decrease in growth rate.	 Slight decrease in growth rate.

	 a The other stand structure components are assumed to remain constant.
	 b Initial basal area per ha (m2).
	 c Largest dbh class present in the initial stand (cm).
	 d Diminution quotient (tree-frequency ratio between successive dbh classes).
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of initial conditions. Both approaches provided information to potential model users on 
how well the model may perform under certain conditions.
	 It is important in conducting model evaluations and in interpreting the results of 
model evaluations to be clear on what is being tested and presented. For example, one 
could be led to entirely different conclusions about the ability of PrognosisBC to make 
projections following thinning from viewing only figure 3 or only figure 4. The former 
shows the accuracy of predicting future dbh values over an 11-year period while the later 
shows the accuracy of predicting dbh growth over the 11-year period. From a modeller’s 
perspective, it is dbh growth which is of primary interest since that is what is actually 
being predicted within PrognosisBC. From the perspective of a practitioner interested in 
predicting future stand structures, it could well be the accuracy of future dbh values 
that is of interest. 
	 It would have been useful if we could have provided a comparison of the data used 
in our evaluation with the data used in calibration of the model. There were obvious 
differences geographically, with the data used in the evaluation coming from a single 
local area and the calibration data coming from a much wider geographical region. Given 
this difference, the fact that the model projected tree and stand growth which was close 
to that observed in the unthinned plots was reassuring. More substantive differences 
between model projections and observed growth were apparent in the thinned plots. 
Given the scarcity of thinning in this region historically, it is likely that there was little 
to no data from thinned stands used in calibrating the model. 

Conclusions_______________________________________________________
	 In the process of evaluating PrognosisBC (Version 3.0) we discovered a few minor er-
rors in the coding that affected individual tree projections. Once those errors were fixed, 
the model generally performed well against the test data at both the single tree and the 
stand level. Although predicted dbh values for individual trees appeared to match closely 
with actual values in an 11-year period following precommercial thinning, growth in dbh 
following thinning was clearly overestimated. The simulations performed produced results 
under a wide variety of stand structures which were consistent with our understanding 
of stand dynamics. Overall, we felt that PrognosisBC proved to be acceptably robust for 
the range of conditions examined.
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Abstract—Forest managers are increasingly called upon to provide long-term predictions of forest 
development. The dynamics of regeneration establishment, survival and subsequent recruitment of 
established seedlings to larger size classes is a critical component of these forecasts, yet remains a 
weak link in available models. To test the reliability of FVS-NE for simulating sapling (stems ≥ 0.5 
in dbh) recruitment dynamics in stands subject to repeated partial harvests, we compared model 
predictions with long-term observations (n = 729 plots/5-yr interval combinations) from the Penob-
scot Experimental Forest (PEF) in central Maine. Two different parameterizations of FVS-NE were 
tested; the currently available production code and a yet to be released beta version that contains 
a number of structural changes. Because neither parameterization has a full-establishment model, 
regeneration composition and densities were from the research plots. Our analyses indicated that 
predicted rates of sapling recruitment were biased according to both models, averaging 47 percent 
(production) and 206 percent (beta) of the observed rate at the PEF (1.71 ± 0.25 ft2/ac/5-yr). Mortality 
rates among the newly recruited saplings were overestimated by both models, and species composi-
tion of the survivors did not closely match the observations. Correlation analysis on the residuals 
from the beta version pointed to a strong link between the overestimation of stems recruited to the 
sapling size class and the density of large regeneration input to the model. Limiting the density of 
regeneration entering the simulation to ≤1,800 TPA (~2 stems/milacre plot) largely eliminated the 
prediction bias, yet only modestly improved model accuracy (R2 0.398 vs. 0.341). 

Introduction_______________________________________________________
	 Reasonably accurate stand dynamic models are required in to assess the long-term 
consequences of different forest management scenarios. The Forest Vegetation Simulator 
(FVS) (Dixon 2002), developed and supported by the USDA Forest Service, is currently 
being used to provide evidence to support the sustainability of management plans developed 
for national forests across the United States. By definition, the terms forest management 
and long-term encompass the process of forest renewal, and suggest that prediction of 
regeneration is a requisite part of any such system (sensu Stage 1973). However, attempts 
to address this critical component remain problematic for developers. Among the 20 
regional variants of FVS, only five support full establishment models. Users of variants 
lacking this functionality are required to specify measured or anticipated regeneration 
(with the exception of sprouting hardwoods) to obtain realistic long-term simulations 
following harvesting disturbances. 
	 In the Northeastern United States, where rainfall is abundant and distributed fairly 
evenly throughout the year, growing season water deficits and associated regeneration 
failures are uncommon (Seymour 1992). In fact, regeneration is often viewed as overly 
dense and pre-commercial thinning is a common practice among landowners concerned 
with timber production in the conifer dominated forests of central and northern Maine 
(Seymour and Gadzik 1985). Evidence from a long-term USDA Forest Service compartment 
study at Penobscot Experimental Forest (PEF) in central Maine supports the hypothesis 
that abundant reproduction may be obtained following a broad range of silvicultural 
treatments (Brissette 1996). Under these conditions the imputation of regeneration to 
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the partial establishment model in FVS-NE following harvest may be justifiable, allow-
ing it to develop under the influence of the residual overstory. Another generalization 
that may be drawn from the research carried out at the PEF is that heavier cutting 
results in a relative shift in species composition from shade-tolerant conifers to less 
tolerant hardwoods (Sendak and others 2003), which may allow users that lack specific 
regeneration data to impute a more realistic regeneration response based on the level 
of overstory disturbance.
	 Partial-cutting practices that give rise to multiaged stand structures have come to 
characterize contemporary forest management across much of the Northeast U.S. (De-
partment of Conservation, Maine Forest Service 2005). Thus, newly regenerated cohorts 
typically develop under the influence of partial overstory shade before recruiting into 
the main canopy layer, or succumbing to competition induced mortality. A number of 
important regulators of stand development in FVS are based on quantitative relationships 
established in even-aged stands. Specifically, size-density relationships are constrained 
by Reineke’s (1933) stand density index (SDI), and site quality is described by site index 
in the eastern TWIGS based variants. Both approaches are of questionable validity in 
the context of multiaged stand development. 
	 In light of the issues laid out above, and in order to build on some recent valida-
tion work conducted with FVS-NE (Ray and others 2006), we sought to determine if 
the model would provide reasonably accurate and unbiased estimates of the rates of 
sapling recruitment observed under the range of partial-cutting treatments at the PEF. 
Specifically, we compared model predicted rates of ingrowth to the 1-in dbh class with 
observations from nested fixed-area plots remeasured at 5-yr intervals over a 25–30 yr 
period. Observed self-thinning within these cohorts was compared with model-predicted 
competition induced mortality. Results obtained from the currently available produc-
tion code of FVS-NE were compared with those from an unreleased beta version that  
incorporates some major structural changes. 

Methods__________________________________________________________

The Dataset

	 Penobscot Experimental Forest (PEF) is the location of a long-term silvicultural 
compartment study established as a collaborative effort between the U.S. Forest Service 
and the forest products industry in the early 1950s. The 4,000-ac property is located 
in central Maine, U.S.A (44°52’N, 68°38’W) within the Acadian Forest Region. Species 
composition is characterized by a mixture of shade-tolerant northern conifers, most no-
tably red spruce (Picea rubens), balsam fir (Abies balsamea) and eastern hemlock (Tsuga 
canadensis); and faster growing hardwoods, primarily red maple (Acer rubrum), paper 
birch (Betula papyrifera) and aspen (Populus spp.). Precipitation averages 42 inches 
annually and is evenly distributed throughout the growing season. Soils are of glacial 
till origin and tend to be somewhat poorly drained, particularly in the flat areas where 
the compartment study is located. We estimate the average site index for balsam fir at 
55 ft at a breast height age of 50 yrs. 
	 The growth and development of individual trees in response to six partial-cutting 
treatments (2 reps/treat) has been documented before and after harvests and at about 
5-yr intervals between harvests since the mid-1970s. Species, diameter at breast height 
(dbh, 4.5-ft), and status (i.e. ingrowth/ live/ dead/ harvested) were noted at each inventory. 
Stems ≥4.5-in dbh have consistently been tracked on circular 5th ac plots, while smaller 
stems (0.5 to 4.5-in dbh) were historically measured on nested 20th ac plots; beginning 
in year 2000 individual stems between 0.5 and 2.5-in dbh have been tallied on a nested 
50th ac plot due to perceived over sampling within that size class. Counts of regeneration 
by species within four height classes (0.5 to 1 ft, 1 to 2 ft, 2 to 4.5 ft, and >4.5 ft tall but 
<0.5 in dbh) have taken place since the mid-1960s on three milacre plots distributed 
around the perimeter of the 20th ac plot. 
	 In the context of this study, we take a broad view of partial cutting as encompass-
ing commercial timber harvests that remove sufficient stocking of overstory trees to 
facilitate the establishment/recruitment of a new/existing cohort. The six partial-cutting 
approaches documented at the PEF vary widely, both in terms of silvicultural intensity 
(commercial clearcutting vs. single-tree selection) and frequency of application (table 1). For 
a more detailed description of the PEF study system, the reader is referred to Sendak 
and others (2003).
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The Forest Vegetation Simulator (FVS) 

	 All simulations were carried out with FVS production code (FVS-NEP, revision date 
of 12.27.06) and an unreleased beta version (FVS-NEB) of the Northeastern Variant. A 
description of FVS-NEP is provided by Bush (1995), while FVS-NEB has yet to be docu-
mented. A summary of the major alterations implemented between versions is outlined 
in table 2. We used the recently available database extension (Crookston and others 
2005) to manage data input and output streams. 
	 Because FVS-NE does not support a full establishment model, we input regeneration 
measured on the milacre plots at the PEF. Only stems within the largest size class (4.5 ft tall 
to 0.5-in dbh, hereafter referred to as large regeneration) at the beginning of the projec-
tion interval were entered into the simulation. Large regeneration was generally well 
represented across treatments and remeasurement periods, and was considered the most 
likely pool of recruits to the 1-in dbh size class (i.e. sapling ingrowth). Large regeneration 
was added to the TREELIST after determining species specific dbh estimates based on 
the height/diameter (h/d) equations used in FVS-NEB. This involved first calculating the 
height of a 0.5-in dbh tree, determining the midpoint value between that height and the 
4.5 ft lower cutoff for the large regeneration size-class, and then back calculating the cor-
responding dbh based on the initial equation. On average, large regeneration of conifer 
and broadleaf species was 6.5 and 5.4-ft tall and 0.33 and 0.23-in dbh, respectively. Site 
index for all runs was set at 55 ft for balsam fir based on observations from the even-aged 
treatment compartments located on similar sites at the PEF.  
	 Short-term simulations corresponding to the nominal 5-yr inventory period at the 
PEF were used to evaluate FVS predictions of recruitment dynamics on the study plots. 
Approximately 1,200 plots per 5-yr interval combinations were simulated, or about five 
runs/plot. We believe these short interval projections provided the most objective means 
of evaluating model performance in the context of sapling recruitment. Specifically, this 
approach was taken to minimize the influence of a growth overestimation bias revealed 
previously in the overstory model (Ray and others 2006) that would otherwise suppress 
growth and/or increase mortality within the subordinate cohort. To further limit this 
possibility, the available diameter increment measurements were used to calibrate the 
large tree diameter growth model during each model run. 
	 In summary, each simulation involved projecting the initial conditions (post-cut in 
cases where a harvest had taken place during the interval) on an individual research 
plot over a 5-yr period and generating an output TREELIST. Large regeneration present 
at the beginning of the run was assigned a number ≥500 so they could easily be located 
on the output (there were typically <200 trees on a given plot). Large regeneration 
that grew above the 0.5-in dbh threshold by the end of the simulation was considered 
recruitment to the sapling size class and converted to units of basal area (BA; ft2/ac/5-
yr), which were then compared with observed rates on the same study plot. To be fair to 
the model, we did not include plots that lacked large regeneration at the beginning of a 
given measurement interval. Because the partial-establishment model in FVS requires 
that the user specify the regeneration, plots containing no regeneration have no chance 
of yielding ingrowth. Imposing this criterion resulted in a substantial reduction to the 
available plot by interval combinations, by approximately 35 percent, to 729 across all 
treatments.

Table 1—Summary description of the partial-cutting treatments at the Penobscot Experimental Forest (PEF). Note that 
the treatment codes correspond to the figures.

			   Cutting		  Total plot
	 Treatment	 Code	 Description	 cycle (yrs)	 Harvests	 count (2-reps)

Selection system	 S05	 Single-tree/small groups	 5	 10	 33
	 S10	 Single-tree/small groups	 10	 5	 35
	 S20	 Single-tree/small groups	 20	 3	 37
Diameter-limit	 FDL	 Fixed diameter-limit	 20a	 3	 33
	 MDL	 Modified diameter-limit	 20	 3	 32
Unregulated harvest	 URH	 Commercial clearcut	 30a	 2	 41
Natural area	 NAT	 Reference stand	 n/a	 n/a	 20

	 aHistorical cutting cycle lengths are not sustainable in the more exploitative treatments. 
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Performance Criteria and Analyses

	 To get a sense of the suitability of the nested-plot design at the PEF for carrying 
out this analysis, we compared the occurrence of ingrowth on the larger 20th and 50th-ac 
plots to the presence/absence of large regeneration on the milacre plots; the assump-
tion being that large regeneration is a prerequisite to recruitment over this timeframe. 
Alternatively, the patchy spatial distribution of stems of different sizes resulting from 
repeated partial cuts may result in poor correspondence between estimates from the two 
plot types. We also predicted a pre-recruitment dbh for saplings at the PEF by subtract-
ing the average 5-yr post-recruitment diameter increment rate from their initial dbh 
(when they first appeared as saplings). This information was then used to assess the 
proportion of observed sapling recruitment that may have been smaller than our large 
regeneration category, and to identify stems that may have been overlooked during an 
earlier inventory (i.e. estimated dbh 5-yr prior >0.5-in).
	 To assess the performance of FVS-NE, we compared observed and predicted rates 
of sapling recruitment to the 1-in dbh class (≥0.5-in dbh) in units of BA. The Northeast 
TWIGS model (Teck and Hilt 1990, 1991) that underlies FVS-NE is based on basal area 
growth equations, providing the most direct link between model predictions and the 
observed values. Goodness of fit was assessed using reduced major axis regression to 
accommodate both measurement and prediction errors (Sokal and Rohlf 1981). We as-
sessed mortality dynamics among the newly recruited stems by comparing the observed 
and predicted rates in these same units of measure. Finally, correlation analysis was 
used to relate residuals (observed-predicted recruitment rates) with various attributes 
of the remeasurement plots (i.e. large regeneration density, composition (broadleaf vs. 
conifer), Dq, SDI, etc.). 
	 The sampling unit(s) employed in this study, in particular the use of individual plots 
to measure recruitment rates over 5-yr intervals, raise some concerns about pseudorep-
lication in the context of significance testing, e.g. the average plot was represented by 
three remeasurement intervals. Thus, the alpha level used to assess the P-values as-
sociated with the correlation analysis should be evaluated with this in mind, that is, 
P-values close to 0.05 are probably not significant. Note that our intent here was simply 
to identify important trends in relation to model bias. Averaging across plots within a 
compartment was done to minimize the influence of zero values, and is consistent with 
the stand-level estimates generated from a typical inventory driven FVS run. 

Table 2—Comparison of changes to model components implemented between the production (FVS-NEP) and beta (FVS-NEB) versions of 
the model used in this study. A more complete description for FVS-NEP is available in Burke (1995).

	 Component	 Production code	 Beta code

Height-Diameter Allometry	 Based on Ek’s equations.	 Based on Curtis-Arney or Wykoff equations.

Small Tree Model (<1-in dbh)
	 Height	 Uses aspen hg from UT variant	 See large tree height growth (potential 
	 (hardwoods) and conifer equations	 with a modifier value).
	  from NI variant (softwoods).	

	 Diameter	 Uses Wykoff h/d relationship to get growth.	 Use h/d above to get DG.

Large Tree Model (>1-in dbh)
	 Height	 HG based on Ek’s equations as.	 HG based on potential HG from site index 
		  modified by GMOD from large tree	 curves as modified by relative height and 
		  diameter growth	 GMODa from large tree DG.

	 Diameter	 Uses TWIGS potential growth with	 Uses TWIGS potential growth with GMODa
		  GMOD modifier, lower limit of GMOD	 modifier, lower limit of GMOD is set to 0.5.
		  is set to 0.15.
Mortality
	 Background	 1/10 of TWIGS mortality rate	 Utilizes background mortality rate
	 (<55 percent maxSDI)	 (survival model).	 equations from the SE Variant.

	 Density dependent	 SDI-based, distributed based on the TWIGS	 SDI-based, distributed based on species
	 (>55 percent maxSDI)	 survival function rates.	 tolerance and relative height.

	 aGMOD in the beta version is influenced by competitors in 2 1-in classes below the dbh of the subject tree.
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Results___________________________________________________________

Assessing the Sampling Design

	 Nested fixed-area plots are commonly used to sample vegetation of substantially dif-
ferent stature (e.g. FIA). Establishing the cutoffs between the size classes sampled on 
smaller versus larger plots involves striking a compromise between sampling effort and 
variability. At the PEF, three, and more recently four different nested fixed-area plots 
have been used. Because recruitment to the sapling size class involves growth across 
one of these plot size cutoffs (i.e. from the milacre to the larger 20th or 50th (since 2000) 
ac plot), we were mindful of avoiding spurious conclusions based on an incompatibility 
between our research questions and the sampling design.
	 Observations from the six partial-cut treatments and an untreated reference stand 
indicated that sapling recruitment took place on more than half of the plot/interval 
combinations (653 of 1,182). Large regeneration was present at the beginning of a mea-
surement interval on 68 percent of the total plot/interval combinations; thus, ingrowth 
‘appeared’ on 32 percent of all plots. Among the 729 plot/interval combinations for which 
large regeneration was present (the dataset used for simulations in order to assess model 
performance), approximately 60 percent registered some sapling recruitment during the 
subsequent 5-yr interval. By comparison, the model(s) predicted sapling recruitment on 
35 percent (FVS-NEP) and 68 percent (FVS-NEB) of these plots. Assessed across all plots 
that had large regeneration present, and on which sapling recruitment was recorded, 
model predictions of the presence or absence of sapling recruitment were consistent 
with observations for 29 percent (FVS-NEP) and 56 percent (FVS-NEB) of plot/interval 
combinations.
	 A total of 8,729 (28 percent of total records) saplings identified as recruits on the PEF 
plots had multiple dbh measurements allowing estimation of pre-recruitment diameters. 
The resulting backward extrapolations suggested that approximately 10 percent of the 
observed recruitment may have been shorter than 4.5-ft tall (i.e. resulted in negative 
dbh estimates). Stems in this category were primarily associated with fast growing 
broadleaf species in the commercial clearcutting treatment (URH; table 1). These back-
ward projections also indicated that up to 44 percent of saplings that appeared as new 
recruits may have been overlooked during the first measurement interval when they 
crossed the ≥0.5-in dbh threshold. Assuming some of these saplings estimated to have 
been ≥0.6-in dbh or ≥0.7-in dbh were actually below the 0.5-in dbh threshold, then only 
29 percent or 18 percent are implied to have been overlooked, respectively. The average 
initial diameters of 0.31-in (broadleafs) and 0.23-in (conifers) back calculated for the 
newly recruited saplings was very similar to predictions from the allometric equations 
in FVS-NEB (see “Methods”). 
	 Perhaps more important in the context of evaluating model performance, however, was 
confirmation that large regeneration was sufficiently abundant on the milacre plots, and 
thus included in the TREELIST to account for the observed rates of sapling recruitment. 
Correspondence between nested plots was considerably better based on this criterion, 
with 96 percent of all simulated plot/interval combinations having at least as many 
large regeneration stems as recruited saplings. The percentage of plots with adequate 
large conifer regeneration was also 96 percent, whereas 92 percent of plots with large 
broadleaf regeneration were similarly represented. 

Characteristics of the Simulation Plots

	 There was considerable overlap in the range of conditions present on the study plots 
with large regeneration (fig. 1). The overall average stem density of 1,810±207 (TPA; 
≥0.5-in dbh) was highest on the reference plots (NAT; 2,577±416 TPA) and lowest for 
the 5-yr selection treatment (S05; 996±65 TPA). Basal area was highest on the reference 
plots (NAT; 120.7±5.4 ft2/ac) and lowest in the commercial clearcuts (URH; 81.8±4.0 ft2/
ac), compared to the average across treatments of 100.3±6.0 ft2/ac. Stand density index (SDI) 
ranged from 187.9±6.4 in the 10-yr selection treatment (S10) up to 262.7±13.4 on the 
reference plots, averaging 219.4±10.4 across treatments. The plot level values for SDI 
seldom exceeded the 55 percent of SDImax threshold of 293 (determined as a weighted 
average value for red spruce/balsam fir/eastern hemlock) used to trigger density depen-
dent mortality in FVS (Dixon 2002). Northern conifers, including red spruce, balsam fir, 
eastern hemlock, northern white-cedar, and eastern white pine (Pinus strobus), accounted 
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for approximately 80 percent of the BA stocking on the research plots, being highest    
(90±1 percent) on the 5-yr selection and lowest on the commercially clearcut plots (60±2 
percent). Large regeneration was abundant on the simulated plots, averaging 1,837±241 
TPA across treatments, and ranging from a high of 2,639±345 TPA on the control plots 
down to 849±66 TPA in the 5-yr selection treatment. Note that large regeneration was 
only present on plots in one of the reference compartments. Although no harvesting has 
been carried out in the reference compartment since the study was established in the 
early 1950s, natural disturbance, i.e. the eastern spruce budworm outbreak extending 
from the mid 70s into the early 80s, differentially impacted the development of the refer-
ence compartment with large regeneration. 

Calibration of Large Tree Diameter Growth 

	 While a comprehensive evaluation of the performance of FVS-NEP against FVS-NEB 
is beyond the scope of this study, we used the large tree diameter growth calibration 
option on all runs and briefly summarize those results here (fig. 2). Fifteen species were 
sufficiently represented to provide calibrations (seven conifers, seven broadleafs and one 
misc. grouping), however, only two of the broadleafs (e.g. red maple and paper birch) were 
well represented. The summary READCORD factors were greater than 1.0 in most 

Figure 1—Summary of conditions on the partially cut 
and control plots at the PEF (treatment codes are in 
table 1). Variables presented in the top four panels are 
based on stems ≥0.5-in dbh. The large regeneration 
category (bottom panel) corresponds to stems between 
4.5-ft tall and 0.5-in dbh.
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cases, suggesting that the uncalibrated model(s) tended to grow trees at the PEF too 
slowly. The multipliers were generally higher for the conifers than the broadleafs, and 
on average, estimates from FVS-NEB were closer to the observed diameter growth rates 
than FVS-NEP.

Sapling Recruitment and Mortality Rates

	 Recruitment to the sapling size class was systematically underestimated by FVS-NEP 
and overestimated by FVS-NEB relative to observations from the PEF (fig. 3). Fit statistics 
associated with the RMA regression models confirm that the correspondence between 
observed and predicted values was poor (table 3). Averaged across treatments and 
intervals, the observed sapling recruitment rate of 1.71±0.25 ft2/ac/5-yr at the PEF 
was 96 percent above the FVS-NEP prediction (0.87±0.15 ft2/ac/5-yr) and 123 percent 
below the FVS-NEB estimate (3.96±0.45 ft2/ac/5-yr). The median values were less than the 
means in all cases, reflecting the right skewed distributions (PEF=1.12; FVS-NEP=0.31; 
FVS-NEB=3.51 ft2/ac/5-yr). The ratio of medians taken between FVS-NEB and PEF was 
more dramatic than for the means (3.1 vs. 2.3).
	 Mortality dynamics among the newly recruited saplings as portrayed by FVS-NE 
also differed substantially from observations. Specifically, whereas mortality claimed 
approximately 6 percent of sapling recruitment across all treatments at the PEF (0.13 
ft2/ac/5-yr), the proportions forecast by FVS-NE were markedly higher, amounting to 28 
percent (FVS-NEP=0.27 ft2/ac/5-yr) and 23 percent (FVS-NEB=0.98 ft2/ac/5-yr) of total 

Figure 2--Comparison of summary calibration factors (READCORD MULT) obtained from the large tree diameter growth 
model running the production and beta coded versions of FVS-NE. The number of plot/interval combinations and individual 
tree records contributing information to the species level means, respectively, are presented above the bars. The mean and 
standard error are also presented for the conifer and broadleaf species groupings.
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Figure 3—Comparison between observed (PEF) and predicted (FVS-NE
P
; FVS-NE

B
) rates of sapling recruitment (BA; ft2/ac/5-yr). Data points 

means and standard errors for all compartment/interval combinations associated with the partial-cutting treatments. The dashed line corresponds 
to the reduced major axis regression (RMA).

Table 3—Model parameters and fit statistics from reduced major axis (RMA) 
regression relating observed and predicted recruitment rates for 
both versions of FVS-NE tested; standard errors of the estimates 
are in parenthesis. 

	 Model	 Intercept	 Slope	 R2

Production code (FVS-NE
P
)	 -0.176 (0.184)	 0.6126 (0.069)	 0.180

Beta code (FVS-NE
B
)	 0.771 (0.480)	 1.788 (0.180)	 0.341

sapling recruitment (fig. 4). Compositionally, sapling recruitment was proportional to 
overstory make-up at the PEF, which averaged approximately 80 percent conifer 
BA (fig. 4). By contrast, mortality was considerably higher among broadleaf species at 
the PEF than predicted by FVS-NE (fig. 4). Thus, not only was the ratio of survival to 
mortality approximately four times higher according to the PEF dataset, but the ratio 
of conifer to broadleaf survival was considerably underestimated.
	 The predicted rates of sapling recruitment were seldom very accurate (table 3). For 
example, evaluated at the level of the individual plot/interval combination (n=729), only 
approximately 30 percent of predictions were within 10 percent of the observed value 
according to either FVS-NEP or FVS-NEB. As the accuracy criteria were relaxed to ±30 
percent and ±50 percent of the observed sapling recruitment rate, approximately 40 percent 
and 50 percent of the plot/interval combinations projected with FVS-NEB, respectively, 
fell into those ranges; predictions from FVS-NEP were somewhat less accurate.

Diameter Distributions

	 A composite diameter distribution across all treatment/plot/interval combinations 
was derived for all three data sources (PEF, FVS-NEP, FVS-NEB). The FVS data came 
from the TREELIST output at the end of the simulation period, which allowed large 
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Figure 4—Average ingrowth and mortality rates, and the proportion of those totals accounted for by broadleaf and conifer (percentage shown) 
species at the PEF (observed) and according to the FVS-NE models (production and beta; top two panels). The bottom panel presents the ratio 
between ingrowth and mortality for each of the estimates.

regeneration (always <0.5-in dbh at the beginning of the interval) to persist below the 
recruitment threshold over the course of the 5-yr projection. Similar information was 
not available for the research plots at the PEF, because only counts of stems between 
4.5-ft tall and 0.5-in dbh were taken.
	 There was a dramatic separation between the two FVS predicted diameter distri-
butions, with peak frequencies occurring at 0.4-in dbh for FVS-NEP and 0.9-in dbh for 
FVS-NEB; the peak in the observed distribution was intermediate at 0.6-in dbh (fig. 5). 
Approximately half of the surviving large regeneration projected by FVS-NEP remained 
below the threshold for sapling ingrowth established in this study. By contrast, all surviv-
ing stems projected with FVS-NEB had grown up above 0.5-in dbh over the subsequent 
5-yr intervals. The long tail on the diameter distribution for the PEF data likely reflects 
some measurement errors, where ingrowth trees were inadvertently overlooked during 
the inventory period when they initially crossed that size-class threshold, being added 
to the inventory during a subsequent remeasurement.
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Correlates of Model Bias

	 Prediction bias was strongly correlated with the absolute amount of recruitment to the 
sapling size class forecast by the models (fig. 6). The characteristic of individual plot/interval 
combinations most closely associated with the overall negative bias in FVS-NEB (model 
overestimates) was the quantity of large regeneration present at the beginning of the 
simulation (R=–0.67; P<0.001); the residuals from FVS-NEP were uncorrelated with 
this variable. According to the linear fit presented in the correlation matrix, plots with 
abundant large regeneration, perhaps in excess of 2,000 stems/ac, and certainly beyond 
4,000 or 8,000 stems/ac, were associated with substantial overestimates of sapling re-
cruitment on the order of 10 to 20 ft2/ac/5-yr. 
	 Attempts to uncover the factor(s) behind the positive residuals (model underestimates) 
associated with FVS-NEP involved the consideration of more independent variables, 
none of which explained a very high proportion of the total error (fig. 6). Increasing the 
percentage of large regeneration accounted for by conifer species on a plot, the average 
plot diameter (Dq) based on trees above sapling size, and the cumulative number of 
harvests carried out in a compartment, were all modestly negatively related with pre-
diction bias for FVS-NEP; in other words, predictions were more similar to observation 
as the proportion of conifer regeneration increased, on plots with more large trees, and 
following multiple harvests. 

Figure 5—Composite diameter distribution comparing sapling recruitment in the partially cut treatments at the PEF with that forecast by the 
production (FVS-NEP) and beta (FVS-NEB) versions of the model. The vertical line at 0.5-in corresponds to the lower end of the 1-in dbh class 
threshold established for sapling recruitment.
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Discussion________________________________________________________
	 The rate at which advance regeneration was recruited to the sapling size class on 
partially cut plots dominated by shade-tolerant northern conifers at the PEF was not 
closely approximated by FVS-NE running either the production (FVS-NEP) or beta coded 
(FVS-NEB) versions of the model. The tendency was for FVS-NEP to underestimate (–0.84 
ft2/ac/5-yr) and FVS-NEB to overestimate (+2.12 ft2/ac/5-yr) the observed rates (1.71 ft2/
ac/5-yr). Although shortcomings associated with the nested-plot sampling design used at 
the PEF tempered expectations about the correspondence between observed and predicted 
values, we believe that the magnitude of the differences revealed here suggest other fac-
tors are involved. The fact that nearly all of the plot/interval combinations (96 percent) 
had sufficient large regeneration present at the beginning of a simulation to yield the 
observed ingrowth is offered in support of this contention. Given the plan to transition 
to the beta coded version of the FVS model (FVS-NEB), the following discussion focuses 
on the behavior of that new parameterization.

Figure 6—Scatterplot matrix relating ingrowth rate residuals (observed-predicted) with characteristics of the inventory plots at the PEF. A 
linear smoother was fit through the data clouds.
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Changes to the Model 

	 Alterations to the model structure implemented between FVS-NEP and FVS-NEB 
(table 2), while difficult to view in isolation, can be expected to exert substantial influ-
ence on the prediction of small tree dynamics. Most notable among these was the shift 
away from a generic height growth model for conifers and broadleafs (Bush 1995) to 
regionally appropriate species-specific h/d allometry and growth functions. Also, the 
consideration of species shade-tolerance characteristics and relative height in the alloca-
tion of SDI based density dependent mortality. Even so, while these changes represent 
clear improvements from a theoretical standpoint, there appear to be some issues with 
their current behavior, at least in relation to predicting sapling recruitment dynamics 
in the Acadian Forest Region. 
	 For example, we believe that the growth modifier (GMOD) used to adjust the SI 
based potential height growth in the ‘small’ tree model may be set too high in the new 
model. Specifically, raising the minimum value of GMOD from 0.15 in FVS-NEP to 0.5 in 
FVS-NEB is inconsistent with the growth dynamics of the shade-tolerant northern conifers 
that dominate reproduction following partial-cutting in the Acadian Forest Region (Brissette 
1996). Evidence from a recent study of sapling growth rates under the influence of 
partial canopy cover suggests that the signature shade-tolerant species in this system 
(i.e. spruce/fir/hemlock) are able to persist while growing at rates well below 10 percent 
of their potential (Moores et al, in press). 
	 Assessing changes to the mortality function was complicated by the fact that rela-
tively few of the plot/interval combinations had SDIs exceeding 55 percent of RD, the 
level that triggers density dependent mortality in FVS. Consistent with expectations, 
mortality rates predicted by FVS-NEB were twice as high for plots with RD>55 percent 
than below that threshold (1.25 vs. 0.58 ft2/ac/5-yr), also providing an indication of the 
level of background mortality forecast by the new model. These estimates did not cor-
respond very well, however, with mortality dynamics measured on the PEF plots, where 
average rates were only 1.3 times higher on the plots with RD<55 percent. The tendency 
for FVS-NEB to overestimate mortality, and to kill-off a disproportionate number of 
shade-tolerant conifers relative to broadleafs on these multiaged plots (fig. 4), suggests 
addressing this component of model behavior may require more than simply increasing 
the threshold for density dependent mortality. 

The Issue of Regeneration Density

	 The fact that overestimation of sapling recruitment by FVS-NEB was strongly related 
to the amount of large regeneration at the beginning of the simulation (fig. 6) points to 
another facet of FVS-NEB that is worthy of consideration: the possibility of developing 
rules for passing only a subset of the ‘best,’ i.e. most likely to survive, individuals tallied 
in the inventory to the model. According to the field procedures used by Ferguson and 
Carlson (1993, p. 4), after all the established regeneration were tallied by species, the 
two tallest trees, regardless of species, and the tallest individual of each species, were 
identified on their 300th ac circular plots. At a minimum, the four tallest trees taller than 
a species specific establishment threshold were sought. In our study, regeneration was 
sampled on three milacre plots per overstory plot, corresponding to 90 percent of the 
ground area occupied by a 300th ac plot. The regeneration sampling protocol at the PEF, 
that of counts by size class interval, disallowed the identification of best trees based 
on differences in relative height, because all stems of a given species within the large 
regeneration class had the same estimated height. 
	 As noted previously, regeneration density in the Acadian Forest Region is typically 
quite high, owing both to favorable growing season water balance and high shade-tolerance 
of the component species. The average density of large regeneration on the plots entered 
into the simulations (i.e. those that contained large regeneration at the beginning of the 
projection interval) was 1,747 TPA, which corresponds to between five and six trees on 
a 300th ac plot, and is in line with levels recommended for input to the model. Approxi-
mately 70 percent of the plots included in this analysis had large regeneration densities 
at or below this level. A follow-up analysis suggested that model bias could be largely 
eliminated by restricting the comparison between sapling recruitment rates predicted 
by FVS-NEB and those observed at the PEF, to plots with no more than 1,800 TPA 
(6 stems on a 300th ac plot, or ~2/milacre) of large regeneration (fig. 7). Model accuracy 
was improved somewhat (R2 up from 0.341 to 0.398), according to the restricted model.  
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A notable improvement was also achieved in terms of the overestimation of sapling mortal-
ity. Whereas mortality estimates averaged 8 times higher (0.67 vs. 0.08 ft2/ac/5-yr) when 
the full range of large regeneration density was considered, this multiplier was reduced 
to 3 (0.18 vs. 0.06 ft2/ac/5-yr) when the density of large regeneration was constrained.
	 The rationale presented for restricting the amount of regeneration projected by FVS 
to only the best trees, while a convenient simplifying assumption in terms of forecasting 
future timber yields, may be limiting in the context of other values. The linkage between 
early successional forest structure and viability of the threatened Canada Lynx (Lynx 
canadensis) population in Northern Maine (Hoving and others 2004) illustrates this 
point. Specifically, the snowshoe hair (Lepus americanus) populations on which the Lynx 
feeds appear to depend on the dense conifer cover provided by sapling sized spruce-fir 
stands (Fuller and others 2004). According to a recently established SDI relationship 
for the spruce-fir forest type in Maine (Ray and Seymour 2006), fully stocked (defined 
here as between 55 and 85 percent of SDImax) sapling stands with average diameters 
(Dq) between 1- and 4-in dbh can have from 16.9 times down to 1.2 times, respectively, 

Figure 7—Relationship between observed (PEF) and predicted (FVS-NEB) sapling recruitment rates for plots with no 
more than 1,800 TPA of large regeneration. Data points means and standard errors from the compartment/interval com-
binations associated with the partial cutting treatments (codes are provided in Table 1). The dashed line corresponds to 
the reduced major axis regression (RMA); n=65, intercept=0.613±0.211, slope=0.998±0.098, R2 = 0.398.
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the stem densities attainable if regeneration input to FVS were to be capped at 1,800 
TPA. That such high stem densities are less likely to develop under partial canopy 
cover (30 percent of the samples in this study) suggests this issue may be more relevant 
in the context of even-aged stand development.

Towards a Full Establishment Model

	 The fact that FVS-NE lacks a full establishment model represents a limitation in 
terms of making long-term projections of multiaged stand dynamics. Partial-cuttings 
patterned on those at the PEF, carried out at 5- to 20-yr intervals could result in stands 
consisting of 5–20 cohorts over a 100-yr management cycle. Ignoring this dynamic will 
result in unrealistic projections over considerably shorter timeframes, depending on the 
partial-cutting scenario envisioned. 
	 It is fortunate, from a forest renewal perspective at least, that regeneration tends to 
proliferate in response to a wide range of harvest initiated disturbances in the Acadian 
Forest Region (Seymour 1992, Brissette 1996). This allows users interested in simulat-
ing long-term partial-cutting scenarios to input regeneration into the model, based on 
information from inventory plots or even personal experience, with a fair degree of con-
fidence that regeneration will fill growing space not occupied by the overstory. However, 
resolving the issue of species composition remains a daunting challenge. On this issue, 
some guidance is provided by the observation that less shade-tolerant hardwoods tend to 
increase in abundance with disturbance intensity in the Acadian Forest Region (Sendak 
and others 2003).
	 Alternatively, information about stand structure, species composition, and site qual-
ity (e.g. soil texture and drainage) obtainable from the FIA Database and other sources 
could be correlated with seedling/sapling populations on those plots and developed into 
an automated regeneration algorithm, following the methodology for the Prognosis based 
Variants of FVS that support full establishment models (Ferguson and Crookston 1991). 
We believe this approach represents the best way forward, and would be the most expedi-
ent means of generating objective estimates of forest renewal in the context of long-term 
partial-cutting scenarios within the existing FVS framework. In the meantime, the 
Regeneration Imputation Extractor, REPUTE (Vandendrieshe 2005)—a recently developed 
FVS Post-Processor that creates ‘regeneration’ addfiles based on the sapling component 
of an existing stand table, and available to all Regional Variants of FVS—provides an 
option that may be used where direct measurements or expert knowledge is lacking.

Summary and Recommendations_____________________________________
	 The accurate portrayal of regeneration and sapling recruitment dynamics presents 
a significant challenge to modeling stand development over the long-term, particularly 
where management practices give rise to multiaged stand structures. The current and 
soon to be released version(s) of FVS-NE exhibit some serious limitations in this regard, 
and users seeking reliable predictions of sapling recruitment rates in response to partial-
cutting within the shade-tolerant conifer dominated portion of the Acadian Forest Region 
should be cognizant of them. The fact that no strong correlates of model bias were detected 
for the predictions obtained from FVS-NEP, and perhaps more importantly that the pa-
rameterization of the small tree model is based on tenuous relationships (i.e. allometry 
and growth from western variants of FVS, table 2), questions the relevance of seeking 
improvements to that model. The overestimation of recruitment rates by FVS-NEB, in 
contrast, was closely linked to regeneration density input to the model, and prediction 
bias could be eliminated by capping the amount of regeneration input to FVS-NE at 
~1,800 TPA. Prediction accuracy was only modestly improved, however, and the regen-
eration density-constrained estimates still only explained approximately 40 percent of 
the total variation. Further, evidence from past work suggests that the elevation of the 
growth modifier function (GMOD) in FVS-NEB from 0.15 to 0.5 is unrealistically high 
for the shade-tolerant conifers that dominate our study system. It follows that lowering 
GMOD to reflect observed sapling recruitment dynamics while maintaining the regenera-
tion density cap is likely to introduce an underestimation bias. Given that the present 
regeneration density cap is too low to accommodate some important attributes of forest 
structure in this forest, calibration of both parameters may be required to improve model 
performance. It is also apparent that the overall mortality rates predicted by FVS-NEB 
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are too high, and do not accurately reflect observed differences between shade-tolerant 
conifers and less tolerant broadleafs in this forest. Finally, we believe that the develop-
ment of a full establishment model for FVS-NE, based on modifications to the existing 
framework for the Prognosis Model, would represent a significant step forward in our 
ability to forecast medium and long-term stand dynamics in response to contemporary 
forest management scenarios (i.e. partial-cuttings that result in multiaged stands) in 
the Northeast.
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Building the ECON Extension: 
Functionality and Lessons Learned
Fred C. Martin1

Abstract—The functionality of the ECON extension to FVS is described with emphasis on the abil-
ity to dynamically interact with all elements of the FVS simulation process. Like other extensions, 
ECON is fully integrated within FVS. This integration allows: (1) analysis of multiple alternative 
tree-removal actions within a single simulation without altering “normal” stand development, (2) 
imposing financial effects dynamically in response to stand development and activities, (3) scheduling 
activities based on economic criteria with the Event Monitor, and (4) analyzing alternative rotation 
lengths within a single simulation. Outputs from ECON include investment decision indices (pres-
ent net value, internal rate of return, benefit cost ratio, realizable rate of return, soil expectation 
value, value of forest, and value of trees) and harvested tree and log values. Designing, coding, and 
integrating the ECON extension into the FVS framework evoked new perspectives about the use 
and significance of FVS. The importance of FVS as a modeling environment within which multiple 
management issues can be simultaneously examined was recognized. The prominence of traditional 
model prediction precision was reassessed relative to the value of quantifying the marginal effects 
among stand developmental processes. Metrics from the FVS framework render a convergence of 
evidence for decision making that may be more valuable than prediction of absolute future condi-
tions. The need for FVS to evolve as a framework, not just a growth model, was recognized, and a 
disciplined approach to extending FVS is proposed.

Introduction_______________________________________________________
	 The economic extension (ECON) (Martin 2008) to the Forest Vegetation Simulator 
(FVS) (Wykoff and others 1982) was developed to aid financial analysis of activities 
simulated with FVS. Two computer programs, CHEAPO (Medema and Hatch 1982) and 
CHEAPO II (Horn and others 1986) were developed in the 1980s to quantify economic 
impacts of timber harvests simulated with FVS. But, CHEAPO and CHEAPO II were 
“post-processors” designed to run after completion of an FVS simulation. Further, CHEAPO 
lacked interaction with the biological and management components available within FVS 
and its extensions during a simulation. For example, financial measures could not be 
used to “trigger” alternative actions during a simulation. This made economic analysis 
of silvicultural activities time-consuming and cumbersome by requiring multiple FVS 
simulations. Renner (2001) linked CHEAPO II with FVS demonstrating a proof-of-concept 
for an interactive approach (Renner and Martin 2002). But integration of the CHEAPO II 
code-base was problematical, prompting restructuring and re-writing, thus creating the 
ECON extension. Like other extensions, ECON interacts with multiple FVS components 
adding to the simulation framework created by FVS and its many extensions. 
	 Extensions that are integrated into FVS allow simultaneous evaluation of multiple 
effects from alternative futures. For example (based on Renner 2001), assume two alterna-
tive prescriptions for a young mixed species stand: a “No Fuels Treatment” prescription 
consisting of thinning at 10, 30, 50, and 80 years and a “Fuel Treatment” prescription 
implementing the same thinning actions but with additional slash disposal. A wildfire is 
simulated in the stand at age 60 under both prescriptions. Outputs for each prescription 
over the simulated period include standing inventory (fig. 1) from the base FVS model 
(Wykoff and others 1982), surface fuels (fig. 2) from the Fire and Fuels Extension (FFE) 
(Reinhardt and Crookston 2003), and net present value (fig. 3) from the ECON Extension 
(Martin, in review). Examination of the figures reveals the following: standing timber 
volume is nearly identical between the prescriptions even after wildfire; surface fuels 
are reduced only temporarily following thinning; and present net value is substantially 
reduced for the Fuel Treatment prescription. Despite the added expenditure for slash 
disposal, the Fuel Treatment appeared to have little effect on reducing long-term sur-
face fuel loading or protecting timber from wildfire. Based on metrics provided by FVS, 
ECON, and FFE managers might conclude that the added costs for slash disposal was 
both economically and biologically inefficient as a means of wildfire protection. 
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Figure 1—Standing inventory for Fuel Treatment and No Fuel Treatment alternative prescriptions.

Figure 2—Total surface fuels for Fuel Treatment and No Fuel Treatment alternative prescriptions.

Figure 3—PNV for Fuel Treatment and No Fuel Treatment alternative prescriptions.
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	 This paper describes: (1) the functionality of the ECON extension, (2) the economic 
questions that motivated the design of ECON, and (3) lessons learned during the devel-
opment and integration of ECON into FVS. Familiarity with both FVS and economic 
analysis is assumed. Operational details about ECON can be found in the ECON User’s 
Manual (Martin 2008).

Functionality_ _____________________________________________________
	 Operation of FVS is managed using keywords that users prepare to communicate input 
parameters and to control model actions. In the case of ECON, users enter keywords that 
specify the costs and revenues that govern the financial valuation of activities simulated 
by FVS. Keywords permit specifying the following costs: (1) costs that occur annually 
regardless of stand actions, such as land rents, road maintenance, taxes, etc.; (2) costs 
resulting from regeneration and site preparation events simulated by FVS regeneration 
sub-models; and (3) pre-commercial and commercial thinning and harvest costs result-
ing from FVS thinning keywords. Additionally, a special cost keyword can expense any 
activity that can be accessed using the Event Monitor (Crookston 1990), such as burn-
ing, fertilizing, or pruning events. Similarly, keywords permit specifying: (1) revenues 
that occur annually regardless of stand actions, such as recreation leases, non-timber 
vegetation revenues (e.g., mushrooms), etc., and (2) revenues from commercial timber 
harvests. Multiple revenue keywords can be used to specify different dollar values for 
individual species, different tree and log diameter classes, and different units of mea-
sure (number of harvested trees, harvested board feet, or harvested cubic feet). Another 
keyword allows specifying criteria for determining pre-commercial from commercial 
harvests based on harvested tree size and harvested volume. Finally, a special revenue 
keyword can accrue revenue from any activity assessed using the Event Monitor, such 
as valuing carbon sequestration or bough production. 
	 Inflation and other financial conditions can alter costs and prices over time. To 
accommodate such events, costs and prices can be appreciated or depreciated. These 
changes, known as value rate changes, can be specified individually on all cost and rev-
enue keywords. Multiple value rate changes can be entered for each keyword allowing 
rate changes to be altered over time and applied for specific periods. Value rate changes 
can also be used to depreciate a cost or price to zero, thus terminating a cost or revenue. 
For example, an annual weed control charge required for the first ten years of stand 
establishment could be terminated at the end of ten-years using value rate keyword 
records. 
	 ECON can be started at any time, even within an FVS cycle, which permits ECON 
to start after growing an inventory to the current year or after some initial stand treat-
ment. The investment period over which costs and revenues are evaluated can also be 
re-initialized during a simulation, permitting analysis of multiple management regimes 
within a single simulation. Costs and revenues are accumulated and discounted annually 
within each investment period, and the following economic measures can be computed 
and reported at the end of each FVS cycle: 

Present net value (PNV)•	
Internal rate of return (IRR)•	
Benefit cost (BC) ratio•	
Realizable rate of return (RRR)•	
Soil expectation value (SEV)•	
Value of forest•	
Value of trees•	

PNV, IRR, BC ratio, RRR, and SEV are defined and computed as per standard economic 
and management practices (Davis and Johnson 1987). “Value of forest” is the term used 
to describe the PNV of cash flows from managing the existing stand (trees) plus the SEV, 
where SEV represents the inherent value of the land to produce perpetual timber crops 
under a specified management regime. SEV is discounted for the delay period until the 
existing stand is harvested and the future regime represented by SEV can be initiated. 
“Value of trees,” also known as “reprod value,” is the PNV of cash flows from harvested 
trees separate from the inherent value of the land. Relevance of “value of forest” and 
“value of trees” metrics is discussed below. These computed decision indices along with 
undiscounted and discounted costs and revenues are passed from ECON to the Event 
Monitor and are available for use in scheduling activities or defining new variables.
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	 The integration of ECON with FVS permits additional functionality beyond that pos-
sible with the CHEAPO post-processers, including: (1) the ability to evaluate multiple 
harvest scenarios within a single simulation, (2) the ability to schedule management 
activities based on economic measures with the Event Monitor (Crookston 1990), and (3) 
the ability to dynamically initiate and value future management prescriptions. Central to 
ECON design is that only simulated activities are valued, i.e., standing inventory is not 
valued, as was the case with the CHEAPO post-processors. Harvest costs and revenues 
are applied only to harvests resulting from execution of FVS thinning keywords.
	  To allow modeling of multiple alternative harvest scenarios in a single FVS simula-
tion, the “PRETEND” keyword was developed. This ECON keyword is used in conjunction 
with FVS thinning keywords. When active, the PRETEND keyword allows harvests to 
be simulated but prevents removal of the harvested trees from the FVS internal tree list 
upon execution of a thinning keyword. Normal (i.e., without harvest) stand development 
in the current or future cycles is not affected because the internal tree list is not changed. 
This allows the modeler to analyze any number of different hypothetical, or pretend, 
harvests completely independent of and unaffected by previous “pretend” harvests. Each 
“pretend” harvest is restricted to the FVS cycle in which it occurs and hence has no ef-
fect on either past or future actual (harvests that remove trees from the FVS internal 
tree list) or “pretend” harvests. Any number of PRETEND keywords can be submitted 
by the user, permitting activation and inactivation of the PRETEND functionality at 
will during a simulation. In this way, both actual and “pretend” harvests can each occur 
in different cycles. When the PRETEND keyword is active ECON metrics (PNV, etc.) 
computed from the harvest costs and revenues are confined to that cycle, allowing the 
user to examine mutually exclusive harvest alternatives at different time periods. Hence, 
multiple hypothetical harvest scenarios can be analyzed in a single simulation without 
changing the normal stand development.
	 ECON produces two types of output at each FVS cycle - summary measures and har-
vest values. The Economic Analysis Summary Table (fig. 4) displays the undiscounted 
and discounted costs and revenues, and computed decision indices (PNV, etc.) over the 
investment period. When the PRETEND keyword is active, costs and revenues from a 
“pretend” harvest are reported only in the respective cycle, they are not accumulated 
across cycles. Costs and revenues not associated with “pretend” harvests accrue across 
all cycles of the investment period. The decision indices computed depend on the type 
of analysis being conducted, i.e., is SEV being computed or is SEV input by the user. A 
Harvest Volume and Gross Value Table can be generated (fig. 5) whenever a harvest 
occurs during a cycle. This figure summarizes harvest volumes and revenues by species 
and by tree diameter at breast height (dbh) and log small-end diameter inside bark (dib). 
Reported harvest characteristics include trees per acre, tons per acre, cubic, and board 
foot volumes, along with the dollar value for each characteristic. Reported characteristics 
and values are controlled by harvest revenue keywords that permit pricing by species, 
size classes, and units of measure. Harvest characteristics and values are produced for 
both actual and “pretend” harvests.

Motivating Questions_______________________________________________
	 Five economic questions motivated the development of ECON. Addressing these ques-
tions required functionality not in the CHEAPO systems, such as the ability to analyze 
multiple harvest possibilities within the same simulation or to dynamically initiate 
silvicultural actions using the Event Monitor. Although ECON can be used to address 
many potential economic issues, these five financial questions guided its development: 

	 1. When is the economically efficient time to harvest an existing stand? 
	 2. What is the value of forestland for timber production?
	 3. Given an existing stand and its forestland value, when is the economically efficient 
harvest time? 
	 4. Given harvest deferral of an existing stand until a target condition is achieved, what 
is the forestland value for timber production that maintains the target condition? 
	 5. Given an existing immature stand having a known land value, what is the value 
of the immature trees (“reprod” value)?

These questions are elaborated below with the intent of emphasizing the dynamic nature 
of the procedures used in their analysis. Worked examples of the questions, including 
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Figure 4—Economic Analysis Summary Tables from two different simulations. A) In this simulation SEV was computed over 
time for a future stand after the existing stand was harvested in year 2034. The most economical efficient future prescription 
is achieved with a 69 year rotation period when SEV equals $180. B) In this simulation the preferred harvest time for an exist-
ing stand was assessed assuming a known land value (shown by “USER-SUPPLIED SEV: $154”). The most economically 
efficient harvest time is year 2034 when the “value of forest” is greatest ($422), ten years earlier than maximum PNV.

Figure 5—Example of the Harvest Volume and Gross Value Table for a single FVS cycle. Note that the harvested Douglas-
fir (DF) was grouped by both tree dbh and log dib, and that harvested western hemlock (WH) was grouped by different log 
dibs for cubic foot than for board foot volume. The grouping is controlled via keywords.
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keyword files and economic output tables, can be found in the ECON User’s Manual 
(Martin, in review). 

Economically Efficient Harvest Time

	 The first motivating question, determining the economically efficient time for harvest, 
requires examination of alternative harvest schedules. Harvests can be scheduled in each 
FVS cycle with the PRETEND keyword. Using PRETEND, each FVS cycle represents an 
independent and mutually exclusive alternative unaffected by harvests from previous 
cycles. Examination of the economic decision indices (PNV, IRR, etc.) computed for each 
cycle can then be used to choose among the alternative harvests. Further, the prescribed 
harvests need not be simply a traditional final harvest each cycle. For example, if the 
silvicultural objective is to maintain some level of continuous tree cover in the stand, 
then the harvest prescription might be changed each cycle to retain a different residual 
density or tree size. In this way non-economic stand objectives can also be evaluated for 
their financial impacts. 

Value of Forestland for Timber Production

	 The second question, identifying the value of forestland for timber production, requires 
that we examine the SEV for alternative perpetually repeating stand treatments. Typi-
cally bare ground is the starting point for this analysis, and the stand is regenerated, 
grown forward in time, and thinned or otherwise treated until it becomes merchant-
able for final harvest. Upon reaching merchantability, a series of “pretend” harvests 
are examined for their SEV at different points in time. Each simulated “pretend” cycle 
represents a different mutually exclusive management regime, e.g., the stand can be 
managed as a repeating series of 80-year cutting-cycle stands or a repeating series of 
90-year cutting-cycles, but not both. The SEV at each cycle is based on the costs and 
revenues from activities to establish the merchantable stand plus the costs and revenues 
from “pretend” harvests at each cycle. When the PRETEND keyword is active, costs 
and revenues from harvests are not accumulated between cycles; they are valued only 
in their respective cycles. Hence, the SEV at each cycle shows the present value of the 
land parcel to produce like-managed stands in perpetuity, unaffected by the harvests 
from previous cycles. 

Economically Efficient Stand Management

	 The third question is a combination of questions one and two, i.e., assess the harvest 
date of an existing stand while considering the “opportunity cost” of delaying initiation 
of a future management regime. “Value of forest” is the metric used to identify the 
economically efficient time to convert the existing stand to the desired future repeating 
management regime. It provides a “normalized” measure for evaluating mutually ex-
clusive alternatives of different length and size (Davis and Johnson 1987, pp. 317-320). 
The process for addressing this question is similar to the process described for question 
one, but the SEV of the land parcel is included in the analysis. Alternative “pretend” 
harvest prescriptions for the existing stand are conducted each cycle and the “value of 
forest” is examined to determine the economically efficient harvest period. The “value of 
forest” takes into account the delay until the future regime represented by SEV can be 
implemented, i.e., the opportunity cost. Calculation of “value of forest” is “normalized” 
over time by discounting the SEV until the time that the future regime is implemented 
and adding it to the PNV from the existing stand at each “pretend” cycle. The above 
process can also be applied to issues that arise with uneven-aged management. Bul-
lard and Straka (1998) discuss the question of evaluating the forest value of a perpetual 
uneven-aged management prescription that is “off cycle.” That is, the SEV of the perpetual 
cutting cycle is known, but the current scheduled entry time is in the middle of a cutting 
cycle. Hence SEV needs to be “normalized” as provided by the “value of forest” metric.

Forestland Value for Timber Production that Maintains the Target Condition

	 The fourth question is to determine when a target condition is achieved in an existing 
stand and then to select the most economically efficient future management regime that 
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will perpetually re-create the desired target condition. This question requires dynamic 
evaluation of both the existing stand and the future management treatments. For example, 
assume an existing “wild” stand is grown until a specified number of large trees have 
developed, whereupon it is harvested but large legacy trees are reserved. Upon harvest 
a new “managed” stand is regenerated and examined over time to identify the most 
economically efficient rotation age that will again produce the desired legacy trees. The 
process to address this question starts with use of the Event Monitor to track develop-
ment of the existing stand until the target number of large trees develops and to trigger 
a harvest and regeneration initiating the new “managed” stand. The Event Monitor also 
triggers activation of ECON, initiating a new investment period for computing and dis-
counting economic indices. The managed stand is monitored by the Event Monitor until 
it has developed sufficiently to re-create the desired legacy features. From that point in 
time “pretend” harvests, each retaining the desired legacy trees, are simulated forward 
over multiple cycles. Each “pretend” cycle represents a different mutually exclusive al-
ternative which achieves the desired condition but with a different harvest or rotation 
age. The most economically efficient regime can then be identified based on the highest 
SEV. The Event Monitor permits analysis of multiple stand decisions within a single 
FVS simulation by dynamically scheduling management activities and re-initializing the 
ECON investment period. Evaluation of other future management prescriptions based 
on some unknown, but computable target condition, would be similar to that used in 
this instance.

Value of the Immature Trees

	 The last question is the value of existing trees, separate from the land’s potential for 
timber production, i.e., the “reprod” value of the trees. Stands that are stocked but have 
yet to attain merchantable size may have value beyond that of their land value, or SEV, 
because they are closer to harvest age. The value of the immature trees is dependent 
on the stand’s planned harvest date and the delay in implementing the future manage-
ment prescription, denoted by the SEV. This question is addressed in a similar manner 
to question three, in that a SEV value for the stand is input and “pretend” harvests are 
simulated each cycle. Each “pretend” cycle then represents a different alternative harvest 
age for the stand. “Value of trees” at each cycle is the present value of the trees separate 
from the land assuming the stand is harvested in the given cycle. The result of such an 
analysis can be used to estimate the market value of existing trees when assessing land 
purchase or tree damage (e.g., by trespass, wind, or fire).

Lessons Learned___________________________________________________
	 Building the ECON extension made evident that FVS had evolved significantly from 
its beginnings as an individual tree growth model (Stage 1973). A paradigm shift has 
occurred among both users and developers; FVS is not just for projecting tree growth 
but provides a framework for simulating multiple elements of the forest environment. 
This framework permits users to simulate diverse forest community processes, not just 
tree growth, and provides descriptive interpretations of the resulting alternative futures. 
Three insights about FVS emerged from the construction, integration, and testing of 
ECON:

	 1. The modeling framework is as important as individual tree growth prediction.
	 2. Relative comparisons may be more germane than absolute predictions.
	 3. The FVS code-base needs to be modernized to facilitate continued evolution.

	 The FVS framework includes extensions for modeling regeneration processes 
(Ferguson and Crookston 1991), insect and disease incidence (Crookston and others1990; 
Frankel 1998; Monserud and Crookston 1982), understory vegetation dynamics (Moeur 1985), 
fuel dynamics and potential fire behavior (Reinhardt and Crookston 2003), and landscape 
interactions (Crookston and Stage 1991). These extensions impart unique value to the 
FVS system by allowing examination of a wide range of biological processes in relation 
to silvicultural activities and providing multiple descriptive measures for evaluating 
their implications. The ECON extension is the newest addition to this suite of tools and 
adds descriptive measures for assessing economic effects. The example in the Introduc-
tion (figs. 1–3) illustrated this multi-descriptive capability, wherein ECON and the FFE 
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extensions combine to provide metrics for evaluating environmental and economic effects 
of stand development that may be peripheral to timber production. 
	 In the past, growth models were principally viewed as predictors of future harvest 
volume; volume prediction is still emphasized when the overriding objective is the com-
mercial production of short-rotation timber crops. Under these circumstances growth 
models are judged solely on the perceived accuracy of their yield predictions. It is becoming 
more common, however, to have multiple, and even competing, objectives for the same 
forest stand, resulting in silvicultural prescriptions that have both timber and non-timber 
goals. Evaluation of such actions requires the consideration of numerous potential en-
vironmental impacts. The collection of multiple decision criteria available through FVS 
and its numerous extensions allows such evaluation and provides a basis for relative 
comparisons among alternatives. But, appraising the fidelity of these multiple metrics 
in the same sense as judging the accuracy of volume predictions is problematical. The 
interdependency of environmental processes, the often long projection periods, and the 
stochastic nature of many processes all contribute to uncertainty in the resulting predic-
tions. But the array of metrics provides a convergence of evidence that can be used by 
the decision-maker to weigh alternatives. In this sense, simulation outputs are deemed 
less a prediction of future conditions than a quantification of marginal effects. And it is 
these marginal differences that may be more valuable for planning activities than the 
expectation of absolute future conditions.
	 The FVS framework needs to modernize to meet future needs. Detailed procedures 
to facilitate this modernization are beyond the scope of this paper, but the subject is 
introduced to motivate additional emphasis on code modernization as FVS is maintained 
and extended. Although the code-base has undergone numerous changes since its cre-
ation, major new concepts in application design and development have developed. FVS 
was originally designed with an algorithmic architecture and it retains this architecture 
today. A more modern approach to application design uses an object-oriented architec-
ture. Where algorithmic design highlights the ordering of procedures, object-oriented 
design emphasizes agents that incorporate both state (data) and operations. These new 
techniques aid the handling of application complexity by focusing on computer code 
elements (objects) that resemble real-world objects better than algorithmic processes. 
This focus permits re-use of existing code thus eliminating its duplication in multiple 
procedures, and provides a mechanism (inheritance) for formalizing similarities between 
objects of similar behavior (Booch and others 2007). Some of these new techniques have 
already been used in parts of FVS, as exemplified by the Event Monitor functionality. 
These new techniques permit crafting program code that not only controls machine 
computations, but also better communicates the intent and logic of the developer (Eckel 
2000). New techniques also exist for improving the design of existing applications. 
Refactoring is a set of disciplined practices and design patterns for revising systems 
structure and organization without changing behavior or introducing computer bugs. It 
has been used to improve the design and enhance the extension of many existing systems 
(Fowler and others 1999). Refactoring techniques could be used to ease the burden of 
both code maintenance and the addition of new functionality to FVS. Object-oriented 
design would also aid “plug and play” code additions. Plug and play techniques appear 
especially applicable for substituting alternative growth engines, such as engines that 
focus on plantation tree growth and address commercial management questions in con-
trast to more physiologically-based process engines to aid modeling of potential climatic 
changes. Improvements to code architecture could not only aid application deployment 
but also advance the latest science through more rapid delivery of ecological knowledge. 
Enhancing the code-base to accommodate increasingly complex simulations will foster 
the continued extension of FVS to new environmental and ecological findings.
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Development of FVSOntario: A Forest 
Vegetation Simulator Variant and 
Application Software for Ontario
Murray E. Woods1 
Donald C.E. Robinson2

Abstract—The Ontario Ministry of Natural Resources is leading a government-industry partner-
ship to develop an Ontario variant of the Forest Vegetation Simulator (FVS). Based on the Lake 
States variant and the PrognosisBC user-interface, the FVSOntario project is motivated by a need to 
model the impacts of intensive forest management strategies and the multiple ecological and social 
objectives faced by today’s resource managers. Currently, the large tree diameter model and the 
small tree height model of the Lake States variant have been replaced with localized equations 
from data sets from the Great Lakes and Boreal forest zones of the province. A companion applica-
tion, “Tree List Manager” has also been created to develop FVS tree-lists from the data collected 
through various field-cruising methods. Current efforts with the model involve the identification of 
equation weaknesses, improvement of user control on silvicultural treatments, and development of  
methods for populating stand species- and diameter-distributions for inventory polygons through 
enhanced forest inventory attribution using high resolution digital imagery combined with LiDAR 
and Individual Tree Crown classification approaches. 

Ontario’s Landbase_________________________________________________
	 The province of Ontario, Canada, is made up of four main climactic forest types, 
ranging from sparsely-treed spruce in the northerly Hudson’s Bay Lowland zone; wide 
expanses of jack pine and black spruce in the Boreal forest zone; white and red pine and 
tolerant hardwood species typical of the Great Lakes-St. Lawrence zone; and tolerant 
and mid-tolerant hardwood stands of the Deciduous zone (fig. 1). Productive forests 
supporting forest management activities represent 53 percent (56.8 million hectares) of 
Ontario’s total landbase of 107.6 million ha.
	 Table 1 summarizes the leading species within the productive landbase and clearly 
shows that boreal black spruce (see table 1 for scientific names) and jack pine forests 
represent by far the largest area, with shade-intolerant groups like poplar and white 
birch representing an additional 18 and 9 percent respectively. Other important spe-
cies in the transition between the Boreal and Great Lakes-St. Lawrence zones include 
balsam fir, white spruce, and cedar which, when combined, account for about 6 percent. 
The areal percentage of leading deciduous species in the Great Lakes-St. Lawrence and 
Deciduous zones is much smaller than the species leading in the Boreal zone: white 
and red pine, hard maple, oaks, yellow birch, other hardwoods and eastern hemlock 
comprise only about 12 percent of the productive landbase. Although these species rep-
resent much smaller portions of Ontario’s total productive forest area, they account for 
the most species-diverse forest conditions within the province and are managed with a 
wide range of silvicultural practices and systems.
	 Shade-intolerant species in the Boreal zone are most commonly managed with the 
clear cut silvicultural system (table 2), the management system that most closely repre-
sents natural wildfire disturbance; nature’s regeneration method for these predominantly 
even-aged species which require full light conditions to regenerate and grow to maturity. 
Species like white and red pine, poor-quality tolerant hardwood forests and mid-tolerant 
species like oak and yellow birch are managed through the application of the uniform 
shelterwood system. The shelterwood system, with its series of partial cuts, best emulates 
low-intensity ground fire disturbances, which along with wind, is the dominant natural 
regeneration method for these species. Uneven aged tolerant hardwood stands of good 
stem quality and site quality are managed with the single-tree selection silvicultural 
system. The single-tree selection system, with its series of partial cuts, best emulates 
the gap-phase replacement dynamics that normally occur in these ecosystems.

In: Havis, Robert N.; Crookston, 
Nicholas L., comps. 2008. Third Forest 
Vegetation Simulator Conference; 2007 
February 13–15; Fort Collins, CO. Pro-
ceedings RMRS-P-54. Fort Collins, CO: 
U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research 
Station.
1	 Senior Analyst, Forested Land-
scapes, Ontario Ministry of Natural 
Resources, Bay, Ontario; e-mail: murray.
woods@mnr.gov.on.ca.
2	 Senior Systems Ecologist, ESSA 
Technologies Ltd., Vancouver, B.C.; 
E-mail: drobinson@essa.com.
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Figure 1—FVSOntario has been parameter-
ized for the province’s Boreal and Great 
Lakes-St. Lawrence forest zones. From 
north to south, the four forest zones of 
Ontario shown here are: Hudson’s Bay 
Lowland, Boreal, Great Lakes-St. Lawrence 
and Deciduous.

Table 1—Summary of leading species within Ontario’s productive forest landbase. 

	 Species	 Common name	 % Productive landbase area

Picea mariana	 black spruce		  39.5
Pinus banksiana	 Jack pine		  14.2
Populus tremuloides	 poplars		  18.1
Populus balsamifera
Betula papyrifera	 white birch		  9.5
Abies balsamea	 balsam fir	 	 2.8
Picea glauca	 white spruce		  1.0
Thuja occidentalis	 cedar		  2.4
Pinus strobes	 white pine		  2.4
Pinus resinosa	 red pine		  0.5
Acer saccharum	 hard maple		  5.7
Quercus sp.	 oaks		  0.9
Betula alleghaniensis	 yellow birch		  0.5
Fagus sp.	 basswood, beech		  1.5
Tilia sp.	 (“other hardwoods”)
Tsuga canadensis	 eastern hemlock		  0.5
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Table 2—Summary of prevalent stand management systems within Ontario.

	 Management	 Average annual harvest
	 system	 Hectares	 Percent	 Forest zone

Clearcut	 57,723	 75	 Boreal
Single tree selection	 8,663	 11	 Great Lakes—St. Lawrence
Uniform shelterwood	 6,769	 9
Seed tree	 3,787	 5
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	 Regeneration methods in Ontario include planting, aerial seeding and natural stem 
recruitment. This range of strategies may also rely on some level of mid-rotation thinning 
to accelerate tree diameter growth and to reduce the potential of stand stagnation. 
	 Ontario’s requirements from a growth and yield model are large. The model must 
be able to simulate stand development across a wide range of climatic and geological 
conditions, permit single and multi-species stand projections and provide for wide range 
silvicultural treatments to be simulated and evaluated. 

Role of FVSOntario in Assisting Forest Management
	 Ontario’s Growth and Yield program began evaluating suitable growth and yield 
models for the province’s varied range of species and silvicultural methods in the 1990s. 
The Prognosis-FVS (Stage 1973) family of models rose to the top of the list as the most 
appropriate in meeting the majority of the required elements. These desirable elements 
include a modeling system that:

Represents our current understanding of the dynamic forest ecosystem and how •	
it responds over time to management interventions;
Reduces uncertainty in strategic forest estate model inputs by providing empirical •	
yield trajectories;
Provides a monitoring target to test our assumptions with (for example, stand yield •	
following different silvicultural treatments and successional pathways when no 
treatments are applied);
Provides a modeling framework to integrate our existing modeling components •	
such as taper equations, site index curves and ecological land classification;
Provides a “gaming” or “what-if” tool to develop and compare various silvicultural •	
treatments;
Identifies gaps in our Growth and Yield “toolbox” and data;•	
Visually animates a stand through time to inform and instruct professionals and •	
the general public; and
Provides Ontario with an appropriate tool to transform a static inventory into a •	
dynamic one. 

FVSOntario Development_ _____________________________________________  
	 A few years before similar efforts began in Ontario, work was begun by the British 
Columbia Ministry of Forests and Range (BCMoFR) to develop PrognosisBC, a metric 
variant of FVS for interior British Columbia (Snowdon 1997). PrognosisBC was ini-
tially based on the North Idaho variant of the model and was tailored to the province’s 
southern interior forests. BCMoFR subsequently developed its own metric user interface 
(UI) driven by the needs of BC practitioners, along with a refit of all the FVS submodels. 
The Ontario Ministry of Natural Resources subsequently approached the BCMoFR, the 
USDA Forest Service and ESSA Technologies Ltd. to explore opportunities to leverage 
the benefits of work already developed, namely the source code for the PrognosisBC inter-
face and the source code for the Lake States (LS) variant of the FVS model. The LS-FVS 
variant was originally developed from the growth model—TWIGS (Miner and others 
1988); a model that had some history of testing and application in Ontario (Payandeh 
and Papadopol 1994). 
	 The LS variant of the model was linked into a cosmetically modified version of Prog-
nosisBC and renamed FVSOntario. Figure 2 illustrates the linkage of two PrognosisBC UI 
components (SimProg and ViewProg) with the base LS variant model (Bush and Brand 
1995). SimProg allows users to easily enter (and subsequently store and modify) stand 
conditions and perform silvicultural treatments. ViewProg allows simulation results to 
be viewed in tabular and graphic output forms.
	 A detailed exercise was undertaken by research modelers to use Ontario growth and 
yield plot data to determine how well the LS variant growth equations represented grow-
ing conditions north of the model’s Great Lakes origins. Results of the validation exercise 
(Lacerte and others 2004) indicated that the LS variant did not adequately represent 
growing conditions throughout Ontario for the species tested, and that model calibration 
would be required. Comparisons of model and data predictions were particularly poor 
for the LS mortality model applied in Ontario.
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	 The next round of calibration of the large- and small-tree models was undertaken 
with a moderate number of Ontario growth and yield plots (Lacerte and others 2006a) 
and showed improved performance of the new model forms. These findings were later 
demonstrated in a validation report (Lacerte and others 2006b). However, with additional 
testing it became apparent that the revised model forms, while an improvement over 
the original LS equations, did not provide credible predictions across the full range of 
site conditions found in Ontario. These model shortcomings were the result of a reduced 
calibration data set available for the first round of 2006 calibration efforts. 
	 Late in 2006, Ontario’s maturing government-industry cooperative growth and 
yield efforts provided the FVSOntario team with a data set of over 172,000 remeasurement 
observations (Woods and Penner 2007) , about 66 percent more observations than were 
available to Lacerte in 2004. Accordingly, the submodels were recalibrated and model 
forms evaluated once more. As a result of the additional data, many model forms were 
modified from those of Miner and others (1988) and Lacerte and others (2006a).

Large Tree Diameter Model

	 A number of potential independent variables were evaluated for their ability to 
predict dbh growth. Most dbh-prediction equations appear to avoid height terms (for 
example, Lessard and others 2000), probably due in part to heights being measured on 
a sub-sample only, coupled with the significant measurement errors often found with 
height estimation. The final large tree diameter growth equation follows an exponential 
model that predicts annual diameter growth, subsequently scaled as required to the 
FVS cycle length:

	 ln( ) lnDG + (Dbh) Dbh BAL HT SI= + + + + +β β β β β β β0 1 2 3 4 5 66 7 8BA Dbh AGSq+ +β β 	[1]

Figure 2—FVSOntario modeling system combines the core FVS model with SimProg and ViewProg interface programs, an Access database and 
SVS for visualization. TLM is used to create inventory treelists or SVS diagrams.
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	 The model terms include site index (SI), dbh, ln(dbh), quadratic mean diameter 
(QMD), stand basal area (BA), basal area in larger trees (BAL), height, and for some 
species a binary variable, “acceptable growing stock” (AGS). For some species that are 
extensively planted, separate equations were fit for natural and plantation stems (fig. 3).
	 Within the shade-tolerant hardwood group (hemlock, hard and soft maple, yellow 
birch, red oak, beech, white and black ash, basswood, ironwood, and black cherry), tree 
quality is identified in the stand exam as either acceptable (AGS) or unacceptable (UGS) 
growing stock. AGS is a partially subjective assignment that identifies individual trees 
that exhibit characteristics of high vigor and good stem quality. For the shade-tolerant 
hardwoods the AGS term is assigned a value of 1 if a tree is recorded as AGS, and a value 
of 0 otherwise. Including this term in the model assumes that these trees will maintain 
this quality over a cutting cycle, and empirical evidence supports this assumption. Since 
quality observations may not always be available during the stand exam, model equa-
tions without an AGS term (fig. 4) are also provided.
	 Predictions of diameter growth are constrained so that they do not exceed the 90th 
percentile of observations taken from the fitting data, preventing unrealistic extrapola-
tion of growth estimates outside the range of data.

Figure 3—Models of annual diameter growth (cm yr¬–1) are fitted separately for naturally regenerated and plantation Jack pine. Model behavior 
is shown here for a variety of combinations of SI and stand BAL

Figure 4—Models of annual diameter growth (cm yr¬–1) are fitted separately for sugar maple, with and without AGS criteria.
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Large Tree Height Model

	 The LS-FVS large tree height model was modified to:
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Height model linear terms include Site Index, QMD and stand BA; dbh is present as the 
exponential allometric variable in equation 2.
	 Over the course of model development, the height equations have been revised to 
reflect the expanded dataset available. For species within the shade-tolerant hardwood 
group (hemlock, hard and soft maple, yellow birch, red oak, beech, white and black ash, 
basswood, ironwood, and black cherry), site index is often difficult to assess due to the 
mix of ages and species and the difficulty of finding trees that have not been suppressed 
at some point. Therefore, height equations with and without an SI term are fit to these 
species. For all other species, an SI term is included in the model. In addition, QMD 
and BA are admitted on a case by case basis only if they are statistically significant 
(α = 0.05) for the species.

Small Tree Diameter Model

	 The small tree diameter growth model is implemented for trees smaller than 7.6 cm 
dbh as a rearrangement of the large tree height dubbing model (equation 2), simulat-
ing height growth (described below) and then solving for change in diameter. Although 
this expression loses the least squares solution property of the original formulation, it 
maintains compatibility between diameter and height. Predicted change in dbh is also 
constrained by the 90th percentile of height growth from the original height equation.

Small Tree Height Model

	 Annual growth of small trees (<7.6 cm dbh) is modeled with an exponential formulation:

	 ln( ) lnHG + (HT) HT SI BAL= + + +β β β β β0 1 2 3 4 	 [3]
and includes terms for SI, BAL, HT and ln(HT). The small tree height growth model is 
similar to the conifer small tree height growth model of Lacerte and others (2006a): height 
growth increases as a function of height up to a maximum and then declines. Increasing 
SI has a positive effect on height growth and increased BAL a negative effect. The SI 
and BAL terms are included only if they are statistically significant (α = 0.05). As with 
the large tree diameter growth model, predictions of height growth are constrained so 
that they do not exceed the 90th percentile of observations taken from the fitting data, 
preventing extrapolation outside the range of data and unrealistic growth estimates.

FVSOntario User Interface______________________________________________
	 Modifications and additions to the original PrognosisBC UI have been underway over 
the past few years for FVSOntario. While FVSOntario shares many of the same functional 
screens as PrognosisBC, a great deal of effort has been invested in modifying and adding 
additional functionality required for Ontario species and silvicultural systems.
	 The FVSOntario screens include the following interface screens: site quality information 
for the species being modeled (fig. 5), input data source (existing stand or bare ground 
regeneration) (fig. 6), juvenile spacing treatments (fig. 7), thinning from above or below 
and by diameter class (figs. 8 and 9), single-tree selection (fig. 10), uniform shelterwood 
treatments (fig. 11) and seed tree harvest (fig. 12). In addition, a set of two forms were 
created to permit manual keyword entry (fig. 13) to allow users access to the full flex-
ibility of the FVS modeling system. 
	 FVSOntario provides a variety of output styles: tabular and graphical stand summaries 
(fig. 14), stand visualization through linkage to the Stand Visualization System (Mc-
Gaughey 2002) and stand and stock tables (fig. 15).
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Figure 5—The FVSOntario site quality user interface form.

Figure 6—FVSOntario tree input format forms allow a model run to be initialized with an existing inventory (left) or through bare ground 
planting (right).

Figure 7—The FVSOntario juvenile spacing treatment interface allows spacing thinning 
using a variety of criteria.
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Figure 8—The FVSOntario thinning form allows thinning from above or below according to dif-
ferent criteria.

Figure 9—FVSOntario allows thinning by diameter class and species and can be scheduled by 
different criteria.
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Figure 10—FVSOntario allow single-tree-selection treatments, modeled after the same treatment 
form offered by the Suppose interface.

Figure 11—FVSOntario allows users to carry out up to four stand entries in a uniform 
shelterwood treatment system.
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Figure 12—FVSOntario allows a simple two entry seed tree harvest treatment.

Figure 13—FVSOntario allows users to enter keywords in either free-
form, as files (above), or in a structured grid (right).
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Figure 14—Some examples of simple FVSOntario graphic and tabular outputs.

Figure 15—FVSOntario can produce stand and stock table figures and tables with user-defined size classes.
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Tree List Management Software

	 To support the necessary linkage between field-collected data and the stand projec-
tion, a software utility called the Tree List Manager Software (TLM) has been developed. 
TLM supports the entry of both fixed-area plot data and variable radius samples collected 
by a variety of methods (fig. 16). FVS-ready tree lists can be created directly through 
an Excel-like grid interface, or indirectly by importing from Excel, Access or DBF files. 
Users have the option of either exporting the compiled inventory as an FVSOntario treelist 
or as an SVS file.

Future Directions___________________________________________________
	 FVSOntario has matured to the point where increased user testing and refinement is 
required. An expanded user group of resource managers is being provided the model 
along with training packages and online technical support to help determine the model’s 
strengths and areas for refinement.
	 An increased technology transfer effort is also planned to support this new version 
of the model, and SVS continues to play a key role in visually explaining forest manage-
ment practices to the lay population. The value of “cartoon” representations of time zero 
silvicultural treatments and fifty-year projections of the treatment have proven beneficial 
to increasing public participation in the forest management process.
	 Ongoing refinements to the model forms are provided by provincial program staff and 
through an extremely productive partnership with Michigan Technological University 
(MTU). With the help of MTU partners, new modeling approaches for growth and mor-
tality are being explored using Ontario permanent sample plot data. As is the case with 
most variants, natural regeneration and mortality functions are a weakness in FVSOntario, 
and efforts will be focused on improving these areas.
	 Populating a stand level inventory with tree list information continues to be a chal-
lenge in Ontario and elsewhere. Recent advancement in Light Detection and Ranging 
Radar (LiDAR) technology may help to bridge this critical gap. In the past, LiDAR point 
density levels necessary to predict stand and tree attributes were prohibitively expensive 
and technologically limited. With the new 100 kHz sensors currently on the market, it is 

Figure 16—The companion Tree List Manager (TLM) software allows users to create or import 
inventories, producing FVS-ready treelists
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widely believed that these advances will soon provide a means to impute tree list infor-
mation across forest inventory polygons. Optical tree crown classification methods based 
on the current suite of multi-band digital imagery products also holds great promise to 
bridge the gap between stand level inventories and individual tree model requirements. 
(Gougeon and Leckie 2003). Perhaps this goal may ultimately be achieved through the 
merging of these two technologies

Conclusions_______________________________________________________
	 FVSOntario has been developed through the cooperative partnerships of the Ontario 
Ministry of Natural Resources, BC Ministry of Forests and Range, USDA Forest Service, 
ESSA Technologies Ltd., Canadian Forest Service and Forest Analysis Ltd. All of these 
groups have openly provided software, advice or expertise to develop FVSOntario to its 
current state. This admirable arrangement has permitted Ontario to quickly develop a 
modeling system that will permit empirically-based growth estimates to provide support 
to sustainable management decisions now and into the future.
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Development of External Regeneration 
Models for FVS:  Another Wrench in the 
Toolkit
Donald C.E. Robinson1

Abstract—Despite more than three decades of development, only one full-featured regeneration model 
has been developed for the Forest Vegetation Simulator (FVS). Regeneration remains a challenging 
problem because of its all-or-none nature: the need for field inventories that span the vast range of 
stand structure conditions; the need to accommodate environmental and climatic influences, and 
the need to integrate these within the FVS core model source code. We introduce and provide two 
examples of a recent FVS capability that removes one hurdle from this difficult problem: allowing 
the development of external models that can be executed from within the FVS system with minimal 
modification to the FVS source code. External models developed from any computer programming 
language can be incorporated into FVS by obeying a few simple rules.

Introduction_______________________________________________________
	 Since its first publication more than three decades ago (Stage 1973), the Forest Veg-
etation Simulator (FVS) has grown to include twenty geographic variants in the United 
States. Additionally, model extensions that simulate the impacts of various insects, 
diseases, and fires have been developed. Despite this singular achievement—what other 
software with a 1973 vintage is still in use and constantly being enhanced?—FVS has 
only one full featured regeneration submodel (Ferguson and others1986; Ferguson and 
Crookston 1984, 1991; Ferguson and Carlson 1993)2.
	 There are numerous reasons that few regeneration models exist. Biologically, regen-
eration is a hard science problem because it is an “all-or-none” event, making it harder to 
observe than more continuous processes like diameter and height growth. Inventorying 
seedlings, therefore, requires a multitude of intensive ground samples, and advances 
in remote sensing may never be able to contribute much at this small spatial scale. In 
the development of Ferguson’s model, for example, over 12,000 regeneration plots were 
established in 500 stands. Regeneration can be triggered by sudden disturbances like 
wildfire, but also by slower on-going disturbances like root disease or stand senescence 
and decline, both of which create openings gradually. In the case of slow disturbances, 
it can be difficult to define the time or threshold cues that lead to regeneration. Finally, 
regeneration is not solely dependent on available overstory seed stock but also upon 
micro-site conditions for success. When triggered, it can appear as a flush of new seed-
lings or may sputter unevenly over time. Together, these three factors conspire to make 
it a hard science problem.
	 Regeneration can also be a hard management problem. Forestry practices geared 
toward commodity production have historically implemented even-aged rotations that 
inherently employ manual planting if necessary. Under this management regime, 
natural regeneration is usually ignored and is of little relevance for funding or research. 
However, over the past two decades this situation has changed, and it is now common 
practice for planners to develop forest management plans that incorporate ecosystem 
components that include natural disturbances such as insects, diseases, and fire. Under 
an environmental paradigm, natural regeneration takes on a more important role. In the 
century before us, forest planners must contemplate forest ecosystems in which complex, 
largely unknown relationships between global climate, species composition, disturbance 
agents, and invasive species all combine to make forecasting even more precarious. In 

2 Some might say there are five such models. I consider the Northern Idaho/Inland Empire Regeneration Estab-
lishment model and the neighboring geographic variants (Central Idaho, Kootenai/Kaniksu/Tally Lake, Eastern 
Montana) that have adopted it, as well as the closely related Southeast Alaska regeneration extension, as one 
model.

In: Havis, Robert N.; Crookston, 
Nicholas L., comps. 2008. Third Forest 
Vegetation Simulator Conference; 2007 
February 13–15; Fort Collins, CO. Pro-
ceedings RMRS-P-54. Fort Collins, CO: 
U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research 
Station.
1	 Senior Systems Ecologist, ESSA 
Technologies Ltd., Vancouver, B.C.; 
e-mail: drobinson@essa.com.
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this uncertain future, regeneration predictions will be an important component of for-
est planning, and the juxtaposition of a hard science problem with a hard management 
problem could signal either a perfect storm or a perfect opportunity.

Current FVS Regeneration Options____________________________________
	 FVS geographic variants without the full establishment model extension have a range 
of options—some simple, some complex—for introducing regeneration. Figure 1 shows a 
hypothetical simple example in which the local silviculturist knows what will regener-
ate after a given disturbance. The Event Monitor (Crookston 1990) is invoked to thin 
the stand and immediately thereafter add new stems. Figure 2 shows a more complex 
hypothetical example that follows a simple rule: a 20 percent decline in stand basal area 
triggers regeneration of two species, Douglas-fir and lodgepole pine. The composition 
and amount of regeneration is equal to these two species’ densities observed when the 
20 percent threshold is detected by the Event Monitor. Compared to figure 1, rules like 
the one shown in figure 2 imply a deeper understanding of the processes driving stand 
regeneration.
	 At an even more abstract level, a fragment of a third and more complex example is 
shown in figure 3. The full example contains nearly 1,000 lines of Event Monitor state-
ments and represents a regeneration model developed by Wilson, Maguire, and Ager 
(2003), hereafter referred to as the Blue Mountains model. This model mimics the key 
components of the Ferguson regeneration model by recognizing habitat types, site effects, 

Line
Nmbr

Column ruler 
----+----1----+----2----+----3----+----4----+----5----+----6----+
   Keyword      fld1      fld2      fld3      fld4      fld5 

1 Compute            0 

2 TPH_DF = SpMcDbh(1,3,0) 

3 TPH_LP = SpMcDbh(1,7,0) 

4 End

5 If

6 EVphase EQ 2 AND DBA% LT -20

7 Then

8 Estab

9 Plant                        3    Parms(TPH_DF,100,2,0.5,0) 

10 Plant                        7    Parms(TPH_LP,100,2,0.5,0) 

11 End

12 EndIf

Figure 1—An example of simple regeneration following a stand entry using elementary Event Monitor 
capabilities. Not all possible keyword fields are shown.

Figure 2—A more complex hypothetical example of regeneration in which simple rules for regeneration are written using 
the Event Monitor and the stem density of species 3 and 7 (Douglas-fir and lodgepole pine) when a 20 percent decline 
occurs in stand basal area. In this example the lost stems are simply replaced by the current density of each species.

Line
Nmbr

Column ruler 
----+----1----+----2----+----3----+----4----+----5----+----6----+
   Keyword      fld1      fld2      fld3      fld4      fld5 

1 If

2 Year EQ 2005 

3 Then

4 ThinBBA                     30 

5 Estab

6 Plant                        3       350        90         2 

7 Plant                        7       120        90         2 

8 End

9 EndIf
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levels of disturbance, presence or absence of stocking, probability of regeneration for six 
species, and if present, existing seedlings per acre of each species. Its complexity provides 
some realism. However, this comes at the expense of being very difficult to debug within 
the Event Monitor. Also, there is a performance penalty when run in conjunction with 
the fire and fuels (FFE; Reinhardt and Crookston 2003) and parallel processing (PPE; 
Crookston and Stage 1991) extensions of FVS. Landscape simulations of this magnitude 
require immense use of the computer’s hard drive to store stand-state information during 
the projection.

External Regeneration Model Examples________________________________

1: The Blue Mountains Model

	 Based on advanced FFE-PPE research studies led by Alan Ager, a new keyword—
AddTrees—was incorporated into the Regeneration Establishment model source code. 
Figure 4 shows an example of this new keyword coupled with an external version of the 
Blue Mountains model. The external model codes the same relationships presented in 
the Event Monitor version shown in figure 3 as a stand-alone executable (“BMEstab.exe”) 
written in Fortran (Ager and others 2007; Robinson 2004). The model name is entered 
as a supplemental record following the AddTrees keyword and may be invoked directly 
or conditionally through the Event Monitor. Although the example in figure 4 runs an 
executable program, the external model could be a batch file, shell script, R-script, or 
web service (depending on the operating system and connectivity to the internet or other 
databases). As long as the external process given on the AddTrees supplemental record 
results in the creation of a file in a standard format (described below), FVS will process 
the contents of the returned file and schedule natural regeneration.
	 The relationship between FVS and the Blue Mountains model is shown schemati-
cally in figure 5. The left part of the figure shows the cyclical sequence of events for a 
single stand within the BM-FFE-PPE. During each projection cycle, any Establishment 

Line
Nmbr

Column ruler 
----+----1----+----2----+----3----+----4----+----5----+----6----+
   Keyword      fld1      fld2      fld3      fld4      fld5 

1 Compute            1 
2 SQRT_SL = Sqrt(Slope/100) 
3 SL_Cos = Cos(Aspect*((2*3.1415)/360))*SQRT_SL) 
4 SL_Sin = Sin(Aspect*((2*3.1415)/360))*SQRT_SL 
5 GS_Harv = 10 
6 GS_Harv2 = 100 
7 E = Elev 
8 EL = Elev/100 
9 EL2 = EL*EL 
10 GS_Cos = 10*SL_Cos 
11 GS_Sin = 10*SL_Sin 
12 LN_EL = ALog(EL) 
13 HCycle = 100 
14 Minus1 = 100 
15 End
16 Compute            0 
17 Add = 3 
19 H = Yes 
20 Heavy = No 

! 963 lines deleted. 
983 Natural            1  Parms(WP,SPA_PIMO,80,10,3,0) 
984 Natural            1  Parms(PP,SPA_PIPO,80,10,3,0) 
985 Natural            1  Parms(DF,SPA_PSME,80,10,3,0) 
986 MinPlots          20 
987 End
988 EndIf

Figure 3—A fragment of a complex Event Monitor regeneration model. Because of the way Event Monitor 
instructions are stored and processed, this example is extremely difficult to debug.
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Figure 5—A simplified sequence of events is shown for predicting regeneration in a single stand within the BM-FFE-PPE. Additional details are 
found in the text.

Line
Nmbr

Column ruler 
----+----1----+----2----+----3----+----4----+----5----+----6----+
   Keyword      fld1      fld2      fld3      fld4      fld5

1 If

2 Condition

3 Then

4 Estab

5 AddTrees           0         5         1 

6 BMEstab.exe

7 End

8 EndIf

AddTrees Keyword 
Field Value Notes

1 0 Years after Condition is true that the AddTrees keyword is scheduled
2 5 Years after AddTrees is run to schedule a Natural planting; age to assign new trees
3 1 Method 1 signals FVS to (1) read a single supplemental record containing an 

executable filename; (2) submit and run the named executable using a System call, 
appending a command line argument containing the ES1 filename after any other 
command line arguments; (3) read the ES2 output file created by BMEstab; and (4) 
use the content of that file to schedule Natural keywords in FVS.

Figure 4—An example showing how the AddTrees keyword is used as part of a sequence of establishment model 
keywords with the Blue Mountains regeneration model. Assuming a 10 model year time step, this keyword set simu-
lates natural regeneration 14 years after the Condition becomes true. Additional details are found in the text.
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Line
Nmbr

Column ruler 
----+----1----+----2----+----3----+----4----+----5----+----6----+

1                         bmtest  Stand ID 

2 2011  calendar year to schedule

3                              5  fld 2 of AddTrees keyword 

4                             49  FVS habitat code 

5                             40  slope (%) 

6                             90  aspect (degrees) 

7                         5000.0  elevation (ft) 

8                          259.1  before-thin Stand Density Index 

9                          259.1  after-thin Stand Density Index 

10                          121.0  basal Area (ft2/ac)

11                          121.0  after-thin basal area (ft2/ac)

  12                          358.1  stem/ac (all species >1” dbh) 

13                            0.0  ABGR stem/ac (<1” dbh)* 

14                            0.0  ABLA stem/ac (<1” dbh) 

15                            0.0  LAOC stem/ac (<1” dbh) 

16                            0.0  PICO stem/ac (<1” dbh) 

17                            0.0  PIMO stem/ac (<1” dbh) 

18                            0.0  PIEN stem/ac (<1” dbh) 

19                           79.8  PIPO stem/ac (<1” dbh) 

20                            0.0  PSME stem/ac (<1” dbh) 

* ABGR = Abies grandis; ABLA = Abies lasiocarpa; LAOC = Larix
occidentalis; PICO = Pinus contorta; PIMO = Pinus monticola; PIEN = 
Picea engelmannii; PIPO = Pinus ponderosa; PSME = Pseudotsuga
menziesii

Figure 6—The Blue Mountains model requires 20 lines of information written by FVS to an ES1 file. These 
include stand ID, calendar scheduling, site information, before- and after-thin stand information and informa-
tion about small trees already present in the stand. This example has been annotated by adding comments 
after column 30; a working version is right-justified at column 30 without any comments.

model keywords are invoked at the end of the cycle, just prior to the creation of sum-
mary reports. When the AddTrees keyword is processed, a formatted text file (labeled 
ES1) is created by FVS. Then a call is sent by FVS to the operating system to run the 
Blue Mountains model (right side of fig. 5). The Blue Mountains model reads the ES1 
file containing stand-state information for the projection cycle and predicts regeneration 
for the stand. Predicted regeneration is written to a second formatted text file (labeled 
ES2 in fig. 5). The Blue Mountains model exits and FVS resumes operation, reading the 
ES2 file and possibly scheduling natural regeneration keywords in a subsequent cycle.
	 The ES1 file is automatically created using instructions written in the FVS Fortran 
subroutine “esaddt.f.” The prefix given to the ES1 file is a concatenation of the name 
of the FVS keyword file, the Stand Identifier, the FVS model year in which the file is 
created, and the 2-letter variant code. For example, given a keyword file “bmtest.key” 
containing a StdIdent keyword followed by “0404064” with the Blue Mountains model 
scheduled for 2010, the full name of the ES1 file would be: 

bmtest_0404064_2010_BM.ES1 

The actual content of the file is tailored to the needs of the Blue Mountains model as 
shown in figure 6.
	 When the Blue Mountains model starts, it searches for an initialization (INI) file of 
user preferences called “BMEstab.ini.” In this model, the file contains three user-defined 
model parameters (fig. 7) that provide the model user with the flexibility to tune the model 
behavior if desired. As described more fully in Wilson and others (2003), the first of these 
parameters scales predicted regeneration up or down by a multiplier; and the second 
sets a probability threshold that can change the presence or absence of regeneration. 
The final parameter of the INI file allows the user to specify whether all intermediate 
files (ES1 and ES2) are to be kept after the run or whether they are to be automatically 
deleted.
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	 As the Blue Mountains model finishes, it creates an ES2 output file using the same 
naming rules used to create the ES1 input file. Since the purpose of the file is to send 
establishment information from the Blue Mountains model back to FVS, the content of 
the ES2 file is tailored to the production of the Natural regeneration keywords that are 
part of the existing FVS establishment model. The total number of records in the ES2 
file depends on the number of species to be regenerated but every run produces at least 
three records (see fig. 8). The first record is right-justified to column 10. Apart from the 
first line, subsequent records are not strictly column formatted. FVS source code recog-
nizes the ES2 file and natural regeneration is scheduled.

Figure 7—The Blue Mountains model searches for an INI file (described in the text) which can be used to adjust some aspects of 
the model’s behavior. Users also have the choice of keeping or automatically deleting intermediate files for later inspection.

Figure 8—The Blue Mountains model creates an output ES2 file that is subsequently processed by FVS to carry out natural 
planting. This example schedules planting of 4 species in 2011. To accommodate space restrictions in this printout, some blank 
spaces have been removed from the lines.

Line
Nmbr

Column ruler 
       1      2      3      4      5      6      7      8      9 
 Keyword   fld1   fld2   fld3   fld4   fld5   fld6   fld7   fld8 

1        1 

2 Bmtest

 3      431   2011      6     10     82     80      0      3      0 

4      431   2011      6      3    243     80      0      3      0 

5      431   2011      6      7    567     80      0      3      0 

6      431   2011      6      4    367     80      0      3      0 

7 End

Line Field Value Notes
1 1 This file has one set of stand instructions, 
2 Bmtest The stand name given by the StdIdent keyword 

1 431 The internal FVS code for the Natural keyword 
2 2011 The year in which to schedule natural regeneration 
3 6 The number or fields of data for the keyword 
4 10,… Fld 1 of the Natural keyword: species code number 
5 82,… Fld 2 of the Natural keyword: stems acre–1 to plant 
6 80,… Fld 3 of the Natural keyword: % survival 

3 – 6 

7 – 9 All other fields required by the Natural keyword 
7 End End of the ‘Bmtest’ stand 

Line
Nmbr

Column ruler 
----+----1----+----2----+----3----+----4----+----5----+----6----+

1                            1.1  Multiply (default 1.0) 

2                            0.1  P_Add (default 0.5) 

3                              0  Keep: (default 1 = .TRUE.) 
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2: The PrognosisBC Model

	 For the past 5 years, the FVS community in British Columbia has been developing 
regeneration models based upon linking a growing database of regeneration observations3 

to FVS (PrognosisBC) stand simulations using Moeur and Stage’s (1995) Most Similar 
Neighbor (MSN) canonical procedure (Hassani and others 2004; LeMay and Temesgen 
2005; Zumrawi and others 2005). The canonical procedure is implemented using MSN 
software (Crookston and others 2002), and as its prediction, selects the regeneration 
observed in the database stand that most closely matches the stand being simulated 
by PrognosisBC (Robinson 2005). Like the Blue Mountains model, predictor variables 
include site and overstory variables. The PrognosisBC model also includes variables for 
site disturbance, time since disturbance, and measures of overstory stand structure. A 
research application of the model has recently been developed for stands disturbed by 
mountain pine beetle. The site disturbance variables in this research application are 
replaced with stand snag variables. The framework that links PrognosisBC with the MSN 
software and an Access database is shown in figure 9 with an example keyword set shown 
in figure 10.
	 A comparison of the Blue Mountains (fig. 5) and PrognosisBC models (fig. 9) shows the 
ability of a common framework to handle a range of model complexity. The Blue Moun-
tains model is a single executable while the PrognosisBC system involves an intermediate 
program interacting with a database to dynamically set up the necessary MSN files. The 
MSN software is then called automatically, a match is found, and the database is again 
queried for the detailed regeneration information. From the user’s perspective, the two 

Figure 9—A simplified sequence of events is shown for predicting regeneration with PrognosisBC. Additional details are found in the text.

3 As of April 2007, the database held 1,234 unique stands (most with multiple plots, some with remeasurement), 
with records for over 24,000 large trees, 16,000 small trees, and almost 45,000 regenerating stems.
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example models differ only in the number of command line arguments provided with the 
supplemental record: zero in the case of the Blue Mountains model and four arguments 
in the case of the PrognosisBC model4.

Linking Models to FVS: The Caveats

	 Even after developing a credible model, it is necessary to carefully consider the re-
lationship between an existing simulated FVS stand and the regeneration predicted at 
a particular projection time step. For example, the simulated stand may already have 
some regeneration or small trees present, and adding predicted regeneration might in-
correctly add too many small trees. The Blue Mountains model addresses this possibility 
by explicitly providing information about small stems to the model (see fig. 6), and then 
subtracts these existing small stems from the predicted regeneration. In the case of an 
MSN-based procedure there may be changes in stand structure between the time of the 

Figure 10—An example showing how the AddTrees keyword is used as part of a sequence of establishment model keywords 
with the PrognosisBC regeneration model. Additional details are found in the text.

4 As figure 4 notes, the AddTrees keyword automatically adds the ES1 filename following any command line 
arguments provided in the keyword file.

	 1			   Begin an Establishment model keyword block
	 2			   Begin entering plot information
	 3			   Plot 1 is a ridge top (fld2 =5)
	 4		  –999	 End of plot information
	 5			   Burning site preparation: 100% of site burned in 1997
	 6			   Mechanical site preparation: 100% of site treated in 1997
	 7			   AddTrees keyword
		  1	 1999	 Year to simulate regeneration
		  2	 0	 Years after AddTrees is run to schedule a Natural planting; age to assign
				    new trees
		  3	 2	 Method 2 signals FVS to: (1) read a supplemental record containing an 
				    executable filename and all its command-line arguments; (2) submit and 
				    run the record using a System call, appending an additional command line 
				    argument containing the ES1 filename; (3) read the ES2 output file created 
				    by IBEstab; and (4) use the content of that file to schedule Natural 
				    keywords in FVS.
	 8			   Supplemental record: relative path and name of executable; relative path 
				    and name of database file; relative path and name of MSN program; 
				    canonical distance method for MSN
	 9			   End the Establishment model keyword block
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disturbance (and in some cases, difficulty even assigning a single date to the disturbance) 
and the time at which regeneration is measured. In this case, further analyses of the 
sensitivity of model parameters, combined with good judgment and heuristics, may be 
required to create a useful database.

Conclusions_______________________________________________________
	 The system enhancement described here is based on a simple interface with the FVS 
model and is suitable for external models that interact with FVS through the automatic 
creation of keywords5. Fortunately, the Regeneration Establishment system of FVS is 
well-suited to this kind of linkage and the current interface code is both localized (in one 
subroutine) and simple to modify using FVS Fortran code that is in the public domain. 
The requirements of the external regeneration system are also modest, and consist of 
any process that creates a formatted text file (see fig. 8) with regeneration instructions 
for FVS to process. Development of the external regeneration model process is inde-
pendent of FVS. As long as measures of stand structure (see fig. 6) are provided to the 
external model, the external process can predict the regeneration outcome, which can 
also be examined and tested outside of the FVS architecture. In short, iterative model 
development and testing can all take place before FVS is even considered as the engine 
to drive overall stand development.
	 Every model building exercise involves tradeoffs between simplicity and complexity. 
A simpler model may be easier to conceive, understand, and debug, but may gloss over 
details that are important in some circumstances. Moreover, conceptual model develop-
ment is never a linear process. Models frequently—some might say always—go through 
cycles of conceptual development followed by experimental testing, refinement, further 
field work, and validation; only to be abandoned and re-emerge as newer models. Forest 
modelers and experimenters are equal and mutually dependent partners in this cycle, 
continually evaluating what to measure, when to measure, and how to measure the 
variables that drive regeneration.
	 Providing a means to invoke novel regeneration models is not a panacea for the short-
age of existing models in FVS. Although one hurdle has been removed, the scientific work 
of creating such models still needs to be done, along with the substantial field work and 
validation required of every empirical or theoretical model.
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