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Chapter 1. Prologue 

With ever-changing climate and global weather patterns, forest managers are faced with 

increasing and less predictable forest disturbances. Forest disturbances are events, both 

natural and anthropogenic, that cause change in forest structure beyond changes caused 

by the death of individual organisms. Managing forests for ecosystem health, and 

resilience to disturbance, can be challenging from both a biological and economic stand 

point. Disturbances, both human-induced and natural, play a crucial role in the dynamics 

and shaping of forest systems by influencing composition, structure, and functional 

processes (Dale et al., 2001). Disturbances also contribute to shifted and altered 

landscape patterns, creating an ever-changing mosaic over time (Baker 1995). The size, 

frequency, and severity of disturbances can vary greatly. The effects of disturbance can 

have deleterious impacts for the forestry economy, biodiversity, or landscape aesthetics 

and could create feedbacks to climate resulting in changing ecosystem attributes (Ayres 

and Lombardero, 2000). Disturbance can also benefit forest resistance and resilience by 

increasing landscape scale biodiversity, complexity of stand age structures, and increased 

forest resiliency (Turner et al., 1998). Disturbed forests can also be susceptible to 

secondary disturbance agents, leading to increased mortality. Currently there is a need for 

flexible management options necessary to maintain healthy and productive forests. 

Understanding how disturbances affect forest stand dynamics across the US Lake States 

can aid managers in employing flexible and adaptive management strategies that can help 

maintain both forest health and landscape level diversity. This study aims to better 

understand the short-term impacts incurred following forest disturbance events using data 

from the US Department of Agriculture, Forest Service, Forest Inventory and Analysis 

program collected between 1999 and 2014 in the Lake States region of the US. 

 

Forest growth and yield models are a tool commonly used by natural resource managers 

to predict forest growth over time, in response to a variety of treatments to determine 

which harvesting methods and silvicultural practices will most likely produce the desired 

future conditions of a site to meet landowner objectives. These models are numerous and 
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come in many forms; from whole stand models which predict stand level growth, in 

terms of variables like stand density, tree height, and site productivity, to individual tree 

models, which predict individual tree growth, as a function of tree size and inter tree 

competition (Payandeh and Papadopol, 1994). Further, individual tree models can be 

broken into two categories; distance dependent and distance independent, where distance 

dependent models are driven by density and spatial arrangement and distance 

independent models are not affected by spatial patterns (Munro 1974). Most growth and 

yield models are insensitive to varying environmental conditions and do not consider 

forest disturbances (Johnsen et al., 2001; Henning and Burk 2004). Most growth and 

yield models are also fit with data from small, uniform, undisturbed sample plots (Bruce 

1977). Similarly stand level growth is typically driven by change in individual tree 

diameters over a given period of time. The improvement of forest growth and yield 

models under climate and weather uncertainty is vital to managing stands for forest 

health and resilience to disturbance. Recently there has been a push within the forest 

science community to model growth and yield under climate uncertainty and consider 

forest disturbances (particularly insects and pathogens) within the modeling frameworks 

(Russell et al, 2015). Today there are many local, regional, and national data sources 

available to modelers that can be utilized to improve forest growth and yield models. The 

purpose of the second half of this study is to test the validity of the new diameter growth 

models used in the Forest Vegetation Simulator-Lake States variant, implemented in 

2015, an individual tree growth and yield model commonly used by forest managers 

throughout the region. 

 

The data used for this project were collected by the USDA-Forest Service as part of the 

FIA program. The FIA program monitors forest land conditions using an annual 

inventory of fixed-radius plots (Bechtold and Patterson 2005). Each fixed-radius plot is 

remeasured every five years on average. There is one plot per approximately every 6000 

acres. The data were collected in Minnesota, Michigan, and Wisconsin and came 

from the PLOT, COND, and TREE tables located in the FIA online DataMart located 
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on the US Forest Service website (http://apps.fs.fed.us/fiadb-

downloads/datamart.html, download date 10/29/14). The PLOT table is a location 

level table that contains information regarding the physical and geographical 

characteristics of the individual plots. The COND table is also a location level table 

that contains information on the current state of each condition on an individual plot. 

The TREE table contains a list of trees on each plot and associated tree biometric 

measurements. Only trees greater than, or equal to, 5.0 inches in diameter at the time 

of inventory were included in the calculations of this study. FIA disturbance data 

were also used for this analysis and were categorized using broad disturbance classes 

to ensure adequate sample sizes. The focus of this project was on the primary 

disturbances affecting forest stands. If a plot record has a disturbance code, it means 

that the plot has experienced a disturbance since the last plot measurement. To be 

considered a disturbed plot, the disturbance must equal or exceed one acre in size and 

affect twenty-five percent of the trees in the condition (FIA phase 2 handbook, 

2015). Disturbances were grouped into six broad level disturbance agents including; 

animal, disease, fire, human, insect, and weather. 

 

The Forest Vegetation Simulator (FVS) is a forest growth and yield model used to 

predict stand level forest dynamics over time (Dixon, 2002). FVS is the standard 

model used by many government agencies and is used extensively to summarize 

current stand conditions and predict future stand conditions under a variety of 

management techniques (Dixon, 2002). The model output is used as input into other 

forest models and used to guide forest planning activities. FVS use is not restricted to 

only timber harvesting applications; output from the model can also aid managers in 

predicting how management will affect stand structure, determining wildlife 

suitability, and predicting hazard, and potential loss from various forest disturbances, 

like fire and insects (Dixon, 2002). FVS was designed to provide linkages to models 

that represent disturbance agents (Crookston and Dixon, 2005), known as extensions. 

http://apps.fs.fed.us/fiadb-downloads/datamart.html
http://apps.fs.fed.us/fiadb-downloads/datamart.html
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This is of key importance as managers are faced with the task of managing forests 

under an ever changing climate and increased forest disturbances.  

 

FVS is a distance-independent individual tree growth and yield model (Munro 1974; 

Crookston and Dixon 2005). Stands are the basic unit of management, and projections are 

dependent on interactions among trees within stands (Crookston and Dixon 2005). There 

are several regional variants of the model designed to predict forest growth for forest 

types common to that region, that have species and region specific growth parameters. 

The regional variant of the model used in this study was FVS-Lake States (FVS-LS), 

which includes Minnesota, Michigan, and Wisconsin. In 2015, new diameter growth 

equations developed by Deo and Froese (2013) were implemented. This study uses 

FIA increment data and equivalence tests to determine the performance of the new 

model equations. 
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Chapter 2: Assessing the frequency and severity of forest disturbances on live and 

standing dead tree attributes in the Lake States 

 

2.1 Introduction 

 

Disturbances, both human-induced and natural, play a crucial role in the dynamics and 

shaping of forest systems by influencing composition, structure, and functional processes 

(Dale et al., 2001). Disturbances are also responsible for shifting and altering landscape 

patterns, creating an ever-changing mosaic over time (Baker 1995). The impacts of 

disturbance are seen over a broad spectrum of spatial scales and varying intensities, 

ranging from leaf disease outbreaks to forest wide catastrophes (Dale et al., 2000). 

Disturbances can be large and high intensity causing significant visual and ecological 

changes to forested ecosystems. Disturbances can also be low intensity, affect only small 

areas, and may not causes large visual changes to the site, but still quite important in 

shaping forested landscapes. The effects of disturbance can have deleterious impacts for 

the forestry economy, biodiversity, or landscape aesthetics and could create feedbacks to 

climate resulting in changing ecosystem attributes (Ayres and Lombardero, 2000). 

Disturbance can also benefit forest health (resistance and resilience to disturbance and 

climate change) by increasing landscape scale biodiversity, complexity of age structures, 

and increased forest resiliency (Turner et al., 1998). Both severe stand-replacing 

disturbances (e.g., fire) and secondary disturbances (e.g., tree mortality by blow downs, 

insect outbreaks, etc.) are important to landscape heterogeneity, creating a complex 

mosaic of both even- and irregularly-aged and sized stands (Fenton et al., 2009). Flexible 

management options are necessary to maintain healthy and productive forests. 

Understanding how disturbances affect forest stand dynamics across the US Lake States 

region (i.e. Michigan, Minnesota, and Wisconsin) can aid managers in employing flexible 

and adaptive management strategies that can help maintain both forest health and 

landscape level diversity.  
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Recent climatic and weather patterns have led to environmental changes that have 

increased disturbance frequency and severity (Westerling et al., 2006; Dale et al., 2001). 

Disturbances largely influence and dictate landscape-level patch distribution and 

heterogeneity by altering successional pathways (Whelan 1995; Dale et al., 2000). Thus, 

climate-induced changes to disturbance regimes will not only affect forests at the 

individual tree and stand level scales, but also at the landscape level scale.  

Understanding and predicting the natural disturbance regimes and impacts of natural 

disturbance is not an easy task (Lugo, 2000). A thorough understanding of succession 

must include understanding how successional processes vary in respect to disturbance 

intensity, size, and frequency. 

 

The relationship between forest structure and disturbance is dynamic and contains 

feedbacks that fuel change and adaptation. Forest structure plays a major role in the 

behavior of disturbances (Ryan, 2002). The frequency, size, and intensity of disturbance 

dictate the size, number, and arrangement of residual trees (Rich et al., 2007), which in 

turn influences how the stand regenerates and what species are present (Turner et al., 

1998). The abundance and spatial arrangement of residual trees have major influences on 

successional trajectories (del Moral and Bliss, 1993). Disturbances cause both short- and 

long-term ecological changes to forest ecosystems. Previous studies have found that stand 

replacing disturbances can shift forests from carbon sinks to carbon sources by moving 

carbon from living tree pools to detrital pools (Bradford et al., 2012; Bradford et al., 

2013). Research has also indicated that biotic disturbances, including deer browse and the 

presence of exotic earthworms, can alter understory composition and the physical 

properties of the soil (Fisichelli et al., 2012). It is important to understand the short-term 

changes caused by disturbance so that long-term management goals and objectives can be 

met on disturbed sites. Management approaches based on natural disturbance patterns 

provide significant opportunities to harvest wood products, while also achieving 

biodiversity-related goals (Bolton and D’ Amato, 2011). Variation of disturbance 

frequency and severity is very important at the local and regional scales. Local and 
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regional information regarding disturbance variation could help managers make informed 

decisions when faced with the task of managing disturbed or disturbance-prone 

ecosystems.  

 

Alterations in forest structure caused by disturbance can alter microsite attributes and 

microclimate conditions such as soil moisture availability and light conditions (Stevens et 

al., 2015). Altered understory conditions can also be caused by disturbance (Darwin et 

al., 2004). These altered conditions can lead to different successional pathways and an 

immediate need for alternative management. Extreme disturbance events can result in 

drastic changes and lead to a shift in dominant species. This is of particular concern in 

situations where natural regeneration of the desired species is limited. An example of this 

would be eastern hemlock (Tsuga canadensis) regeneration being browsed too heavily by 

white-tailed deer (Odocoileus virginianus) in the Lake States region leading to a decrease 

in species abundance over time as forest stands experience successional changes 

(Mladenoff and Stearns, 2007). Short term changes from disturbance can compound over 

time and create long-lasting impacts that could facilitate the invasion and spread of 

invasive species (Eschtruth and Battles 2014). Conversely, some disturbances regimes are 

considered to promote diversity and forest resilience (White et al., 2015; Turner et al., 

1998). The absence of disturbance can result in the simplification of forest complexity, 

particularly in forests dominated by shade tolerant species like sugar maple (Acer 

saccharum) (D’Amato et al., 2011). An understanding of species-specific and forest 

cover type responses to specific disturbance agents is necessary to help guide managers 

across the US Lake States to properly manage forests for resiliency and resistance while 

still meeting primary objectives. 

 

Long-term impacts from forest disturbance occur over many years. The effects are 

particularly noticeable when natural disturbance regimes are altered via anthropogenic 

intervention. An example of this is the mesophication of oak (Quercus spp.) forests in the 

eastern US, causing a shift to maple (Acer spp.) dominated forests as a result of human 
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fire suppression efforts (McEwan et al., 2011; Nowacki and Abrams, 2008). The 

structural complexity of a site also affects the frequency and behavior of disturbances.  

For example, patchier forests with less complex fuel structure are less likely to 

experience crown fires (Ryan, 2002). Conversely, natural disturbances have been found 

to play a crucial role in stand structure and ultimately landscape heterogeneity (D’Amato 

et al., 2008). This proves that dynamic feedbacks occur between forest ecosystems and 

natural disturbance. The presence or absence of disturbance dictates the speed and 

pathway of succession and the physical, chemical, and biological characteristics of the 

site. An understanding of the long-term impacts of disturbance regimes at the stand and 

landscape levels could provide an important tool for managers. 

 

Understanding the frequency of disturbances and the immediate stand level density 

changes caused by disturbances can aid managers in developing alternative silvicultural 

prescriptions to mimic disturbance and mitigate losses from disturbance. The objectives 

of this chapter are to 1) quantify the frequency of forest disturbances in the US Lake 

States region using Forest Inventory and Analysis data collected between 1999 and 2014 

by calculating the number and percentage of plots by disturbance type and forest type 

group, 2) quantify stand level tree density present at the time of disturbance for live and 

standing dead trees, and 3) quantify the short-term dynamics in stand density caused by 

disturbances by forest type group.  

 

2.2 Methods 

 

2.2.1 Forest Inventory and Analysis Data  

The data used for this project was collected by the USDA-Forest Service as part of the 

Forest Inventory and Analysis (FIA) program. The FIA program is used to monitor 

forestland conditions using an annual inventory of fixed-radius, permanent plots 

(Bechtold and Patterson 2005). In 1998 Federal legislation changed the FIA to an annual 

inventory of each State, with 20 percent of the plots within a state measured each year in 

the Lake States; region this equates to each plot being remeasured every five years on 
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average. This new inventory method has the advantage of an increased ability to quickly 

and consistently measure the effects of events that occur over large areas, such as 

hurricanes, ice storms, and windstorms.  

 

The design of these annual FIA inventory plots was built on the framework of the Forest 

Health Monitoring (FHM) inventory design. To meet the desired accuracy, a sampling 

intensity of one hexagonal plot per approximately 6,000 acres is used (Brand et al., 

2004). Plots are fixed-radius in design. Each sample unit is 5937.2 acres and nested 

within the sample unit are approximately 27 smaller hexagons of which one is chosen to 

house the sample plot. This sample design provides an evenly distributed representation 

of the landscape (Brand et al., 2004). There are three measurement phases for these plots. 

The first phase employs remote sensing tools to determine if the land is forested or non-

forested, the second phase consists of plot and tree measurements at the stand level, and 

the third phase measures and qualifies a suite of forest health characteristics. For this 

project, the phase two data were used. 

 

The FIA phase two and three plots are both inventoried in situ. Field crews record a 

variety of qualitative and quantitative attributes for trees on a given plot and attributes 

about the plot itself in an attempt to provide accurate information to estimate a variety of 

forest attributes at the regional and landscape level. These ground plots are clusters of 

four points arranged such that point 1 is central, with points 2 through 4 located 120 feet 

from point 1 at azimuths of 0, 120, and 240 degrees. Each point in the cluster is 

surrounded by a 24-foot fixed-radius subplot where trees 5.0 inches diameter at breast 

height (dbh) and larger are measured. All four subplots total approximately 1/6 acre. 

Each subplot is surrounded by a prescribed optional 58.9-feet fixed-radius macro plot, 

which can be useful for sampling rare occurrences such as large trees (e.g., 40.0 inches 

dbh and greater) or mortality. Macro plots encompass subplots, as well as the additional 

area from 24.0 to 58.9 feet beyond the subplot circumference. All four macro plots total 

approximately 1 acre (Figure 1). When used together, micro plots, subplots, and macro 
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plots constitute a tri-areal plot design for sampling trees in three different tree-diameter 

ranges. In regions where the optional macro plots are not used, the plot design is bi-areal 

(Bechtold and Patterson, 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Microplot: 6.8 feet radius        Subplot: 24.0 feet radius    Macro plot: 52.8 feet radius   

Figure 1. Forest Inventory and Analysis phase 2 and 3 plot design (Taken from FIA sampling design 

and procedures (Bechtold and Patterson 2005)). 

 

The data were collected in Minnesota, Michigan, and Wisconsin and came from the 

PLOT, COND, and TREE tables located in the FIA online DataMart located on the 

USFS website (http://apps.fs.fed.us/fiadb-downloads/datamart.html, 10/29/14). 

The PLOT table is a location level table that contains information regarding the 

physical and geographical characteristics of the individual plots. The COND table is 

also a location level table that contains information on the current state of the 

conditions on an individual plot. The TREE table contains a list of trees on each plot 

Macroplot 
Subplot 

Distance 

between 

subplot centers 

is 120.0 feet. 

Microplot 

Azimuth 1 - 2 = 360˚ 

Azimuth 1 - 3 = 120˚  

Azimuth 1 - 4 = 240˚ 

 

http://apps.fs.fed.us/fiadb-downloads/datamart.html
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and associated tree biometric measurements. Each individual plot has a unique 

sequence, containing codes for state unit,  county,  plot , and inventory year used to 

identify each unique plot and its’ associated measurements.  

 

For this analysis the data were refined to contain all plots in the Lake States region 

that were considered to be forestland by the FIA survey. Plots may have contained 

more than one condition (e.g. multiple forest types on a single plot). To reduce edge 

bias, only plots with a single condition were used in this analysis. A single condition 

plot is defined as a plot that is fully encompassed by a single forest type, reserved 

status, ownership group, and regeneration status. All analyses were based on the FIA 

forest type group level, rather than the specific forest type, to ensure sample sizes 

were adequate. Only trees greater than, or equal to, 5.0 inches in diameter at the time 

of inventory were included in the calculations of this study. During the analysis, the 

data were subset even further to include only the seven most common forest type 

groups.  

 

FIA disturbance data were also used for this analysis and were categorized using 

broad disturbance classes to ensure adequate sample sizes. The focus of this project 

was on the primary disturbances affecting forest stands. If a plot record has a 

disturbance code, it means that the plot has experienced a disturbance since the last 

plot inventory. To be considered a disturbed plot, the disturbance must equal or 

exceed one acre in size and affect twenty-five percent of the trees in the condition 

(FIA phase 2 handbook, 2015). The data were filtered to include non-disturbed plots 

and the six most common disturbances classes (Table 1) after the initial disturbance 

frequencies were calculated. One of the disturbance classes was human disturbance, 

defined as human-caused damage, other than harvesting. Harvesting done by humans 

is considered a treatment (FIA phase 2 handbook, 2015) and has a separate code that 

was not analyzed in this study. The other broad disturbance classes included animal, 

disease, fire, insect, weather, and no disturbance. 
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The reasoning behind the strict data filtering was to ensure that sample sizes were 

large enough to draw valid conclusions about the effects of disturbance on Lake 

States forests and the impacts these disturbances have on stand level dynamics 

 

All calculations and graphics were created and carried out using R version 3.2.1, 

which was created on 06-18-2015. 

 

2.2.2 Mapping disturbances 

To obtain disturbed plot coordinates, the latitude (LAT) and longitude (LON) had to 

be merged from the PLOT and COND tables. The latitudes and longitudes given on 

the plot table are not the exact coordinates but represent a site of similar 

characteristics close to the actual site, this is done to protect the actual plots and 

remove any liabilities to the USFS. Once the COND table contained latitudes and 

longitudes of each plot, the data were subset by the primary disturbance code 

(DSTRBCD1) recorded in the COND table. The ‘maps’ package in R (Becker and 

Wilkes, 2015) was used to create six maps of the region, each containing plots 

disturbed by one of the six common disturbance agents.  

 

2.2.3 Summarizing disturbance frequency and conditions at time of disturbance 

To summarize disturbance frequency, the ‘dplyr’ (Wickham and Francois, 2015) 

package was used in R to group plots by primary disturbance code. Following the 

grouping, the data were summarized by counting the number of plots containing each 

of the primary disturbance codes. The less common disturbance classes were 

removed from the data set for analysis. The same process was repeated to summarize 

forest type group frequency. 

To summarize the stand level attributes at the time of the disturbance recording, the 

TREE table was merged to the COND table to provide a tree list for each plot as well 

as the associated disturbances. Trees per acre, basal area per acre, and quadratic 
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mean diameter were calculated for each plot and a summary was run by primary 

disturbance to get average trees per acre and basal area per acre by disturbance type. 

This process was done for live trees and standing dead trees to summarize conditions 

present at the time the disturbance was recorded. The data were then grouped by 

primary disturbance and forest type group and the process was repeated for both live 

and standing dead trees. The R package “ggplot2” (Wickham, 2009) was used to 

visualize current conditions resulting from disturbances by forest type group for both 

live trees and standing dead trees. 

 

2.2.4 Summarizing plot level change in live and standing dead trees 

To summarize change in the presence of disturbance, consecutive records for the 

same plots were reformatted using the ‘reshape2’ (Wickham, 2007) package in R to 

calculate the difference in live trees and standing dead trees between consecutive 

inventories. To calculate immediate change caused by disturbance, the first 

increment period (e.g., difference in attribute from inventory 2 to inventory 1) was 

conditioned on disturbances recorded at the second inventory period (e.g., a 

disturbance occurring after inventory 1 but before inventory 2) and the second 

increment period was conditioned similarly on disturbances recorded at the third 

inventory period. The increment data were summarized for live trees and standing 

dead trees in the same way it was summarized for conditions present at the time of 

disturbance. Change in basal area was calculated, at the stand level, by disturbance 

agent.  

 

2.3 Results 

 

2.3.1 Distribution of forest disturbances 

Data from the FIA program indicated that the US Lake States region has experienced 

forest disturbances of various types at varying frequencies. Animal disturbance was 

common throughout the region but most prevalent in north central Minnesota, the 

Driftless region of southwestern Wisconsin, the western portion of Wisconsin near the 
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Minnesota border, and the southern part of Michigan’s Upper Peninsula. Disease 

disturbance was common throughout Wisconsin, where it shows a fairly even distribution 

throughout the state, as well as the northeastern corner of Michigan’s Upper Peninsula. 

Fire disturbance was most prevalent in northern Minnesota with some other incidences 

occurring throughout the rest of the region on a lesser scale. Human disturbance was 

another very common disturbance in the region, particularly in northern Minnesota and 

Upper Michigan. Insect disturbance was very common in Lower Michigan and the 

western portion of Upper Michigan. There were pockets of insect disturbance in northern 

Minnesota but to a lesser extent than Michigan. Wisconsin experienced insect damage as 

well, but far less than the other states in the region. Weather damage was also quite 

common in the region. Weather incidences were distributed fairly evenly throughout the 

region with a high concentration in the Arrowhead region of Minnesota, along the Lake 

Superior shoreline. 
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Figure 2. Forest disturbances across the US Lake States recorded on Forest 

Inventory and Analysis plots from 1999 through 2014. 
 

2.3.2 Frequency of disturbance and forest type group 

Approximately six percent of all plots inventoried between 1999 and 2014 experienced 

one of the six most common disturbances. Ninety four percent of these plots remained 

undisturbed (n= 42,591). Among the disturbance types; animal and weather were the 

most common accounting for 1.7 (n=754) and 1.4 % (n=614) of the total plots, 
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respectively. Disease, human, and insect disturbance were less common, accounting for 

0.9 (n=386), 0.9 (n=466), and 0.8 (n=361) percent of total plots, respectively. Fire was 

the least common disturbance in this region, accounting for only 0.8 % (n=113) of total 

plots (Table 1). 

 

Table 1. Number and percent of Forest Inventory and Analysis plots by disturbance type, 1999 

through 2014.  

Disturbance Count Percent 

Animal 754 1.7 

Disease 386 0.9 

Fire 113 0.2 

Human 466 1.0 

Insect 361 0.8 

None 42591 93.9 

Weather 614 1.4 

 

The most common forest type groups in the region were aspen/birch, maple/beech/birch, 

and oak/hickory, respectively accounting for 23.1 %, 21.2 %, and 19.3 % of all forest 

land plots inventoried. Combined, these forest type groups accounted for 63.6 % of all 

inventoried forest land plots in the Lake States region. Less common forest type groups 

included elm/ash/cottonwood, spruce/fir, and white/red/jack pine. The least common 

forest type group in this analysis was oak/pine which accounted for 2.7 % of total plots. 

The seven forest type groups in this analysis made up 98.2 % of all forest land plots 

inventoried in the Lake States between 1999 and 2014 (Table 2).  

 
Table 2. Number and percent of Forest Inventory and Analysis plots by forest type group, 1999 

through 2014.  

Forest Type Group n % disturbed % not 

disturbed 

Aspen/Birch  10498 6.1 93.9 

Elm/Ash/Cottonwood  4663 9.5 90.5 

Maple/Beech/Birch  9609 5.9 94.1 
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Oak/Hickory  8767 7.3 92.7 

Oak/Pine  1213 5.2 94.8 

Spruce/Fir  6062 3.6 96.4 

White/Red/Jack Pine  3570 3.2 96.8 

 

The elm/ash/cottonwood forest type group had the highest relative disturbance frequency 

with 9.5% of plots being disturbed (Table 2.). Approximately 6.1 % of aspen/birch plots 

in this study were considered disturbed, similar to the percentage of all plots disturbed 

across all forest type groups. Approximately 5.9% of plots in the maple/beech/birch 

forest type group were disturbed. The oak/hickory forest type group experienced 

moderate disturbance levels with approximately 7.3% of all plots being disturbed. The 

oak/pine forest type group was the least common forest type group in this analysis and 

4.7% of total plots had a disturbance record. The spruce/fir forest type group was also 

relatively undisturbed, with only 3.6% of total plots experiencing disturbance. The 

white/red/jack pine forest type group experienced the least amount of disturbance relative 

to all other forest type groups included in the analysis, with only 3.2% of plots 

experiencing disturbance. 

  

2.3.3 Multiple disturbances 

Plots containing multiple disturbance records for a given inventory period were not 

common and made up only 0.3% of all plot records from 1999-2014 (Table 3). Only 11 

plot records from that time frame had three disturbance code records. Animal and 

weather was the most common disturbance combination and was recorded on 34 plots, 3 

of which were plots with three disturbance codes. All disturbance combinations for plots 

with three disturbance codes had sample sizes of 2 or less. The percentage of plots 

disturbed at least once during the fifteen year period was much higher. Approximately 

11.5% of all plots measured between 1999 and 2014 had a disturbance record for at least 

one inventory period (Table 3). Only 1.4% of all plots had disturbance records for two or 

more inventory periods. Only 0.1 % of plots had disturbance records for three 

consecutive inventories. 
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Table 3. Counts and percentages of the number disturbances recorded at a given point in time for all 

single condition Lake States FIA plot records from 1999-201 and counts and percentages for number 

disturbances occurring over time at a given plot. 

Number of 

disturbance 

records at a 

given point 

Count Percent  Times 

disturbed 

over all 

inventories 

Count Percent 

0 42591 93.9  0 19107 88.5 

1 2632 5.8  1 2186 10.1 

2 147 0.3  2 272 1.3 

3 11 0.0  3 20 0.1 

 

There were no discernable geographical patterns associated with multiple disturbances at 

a given time (Figure 3). Visual inspection of Figure 4 suggests the Driftless region of 

southwestern Wisconsin has the highest density of plots experience multiple disturbances 

over time. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Plot records for disturbed plots by the number of disturbances recorded at a given time for 

Lake States FIA plots inventoried 1999-2014. 
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Figure 4. Number of disturbances over time for disturbed Lake States FIA plots 1999-2014. 

 

2.3.4 Trees present after disturbance by disturbance class 

2.3.4.1 Live trees by disturbance 

Relative to non-disturbed plots, disturbed plots had on average less live trees per acre at 

the time of disturbance recordings (Figure 5). Human disturbance had the largest impact 

on trees per acre with an average of 102.3, which was 44.1 trees per acre less than non-

disturbed stands. The variability surrounding all disturbance types was high with 

coefficient of variations (%) ranging from 56 to 85%. The standard errors were much 

larger in disturbed plots than non-disturbed plots due to much smaller sample sizes.  

 

On a per acre basis, live tree basal area was highest on insect disturbed plots with an 

average of 69.2 ft2ac-1 at the time of the disturbance recordings (Figure 5). The lowest 

live basal area per acre occurred on human disturbed plots with an average of 51.1 ft2ac-1. 
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The variability surrounding live tree basal area (ft2ac-1) was similar to that of live trees 

per acre. Animal disturbed plots had a live tree quadratic mean diameter (QMD) of 10.1 

inches, which was the largest among all disturbance types, including non-disturbed plots. 

Non-disturbed plots had the smallest live tree QMD of only 9.2 inches. The variability 

surrounding live tree QMD was much lower than live basal area and trees per acre. 

Standard errors were higher for disturbed plots, particularly fire, than non-disturbed plots 

due to sample size (Figure 5).  

 

2.3.4.2 Standing dead trees by disturbance 

Standing dead trees (SDTs) per acre varied greatly by disturbance type. On average, 

insect disturbances had the most SDTs following disturbance with 41.3 SDTs ac-1 (Figure 

6). Non-disturbed plots had an average of 21.6 SDTs ac-1. Human and animal 

disturbances both had lower SDTs ac-1 than non-disturbed stands.  

 

Insect disturbance also had the highest SDT basal area per acre with an average of 17.2 

ft2ac-1 (Figure 6). Weather disturbance had the second highest with 15.3 ft2ac-1. Non-

disturbed stands averaged 9.5 ft2ac-1 of SDTs. Human disturbance was the only 

disturbance agent that had less standing dead basal area that non-disturbed plots, with an 

average of 7 ft2ac-1. The QMD of SDTs on plots experiencing disturbance was higher, on 

average, than non-disturbed plots for all disturbances other than fire (Figure 6). The 

average QMD of standing dead trees on non-disturbed plots was 8.7 inches, while the 

average QMD of standing dead trees on fire-disturbed plots was 8.1 inches. The range of 

QMD varied from 8.1 to 9.4 inches depending on disturbance type.
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Figure 5. Live trees per acre (>= 5.0”), basal area per acre (ft2ac-1 ), and 

quadratic mean diameter by primary disturbance type at time of disturbance 

recording, 1999 through  2014 with standard error bars.
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Figure 6. Standing dead trees per acre (>= 5.0”), basal area per acre (ft2ac-1 

), and quadratic mean diameter by primary disturbance type at time of 

disturbance recording, 1999 through 2014, with standard error bars. 
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2.3.5  Live trees by forest type group and disturbance 

This section contains analyses on the live basal area per acre recorded at the time of the 

disturbance recording for each of the forest type groups in the analysis. For summaries 

and charts on live trees per acre and quadratic mean diameter, refer to Appendix A. 

 

2.3.5.1 Hardwood forest type groups 

Insect disturbed plots had higher live basal areas after disturbance in four of the five 

hardwood forest type groups (Figure 7). The differences were most noticeable in the 

aspen/birch and oak/pine groups, where live basal area was over 10 ft2ac-1 higher on the 

plots that were disturbed. In these two forest type groups, insect disturbed plots also 

accounted for the highest live basal areas across all disturbance categories. Human 

disturbed plots had lower live basal area for all five hardwood forest groups. This was 

also most noticeable in the aspen/birch and oak/pine groups, where human disturbance 

resulted in the lowest basal area across all disturbance classes. Weather disturbed plots 

had lower live basal area for all hardwood forest type groups except elm/ash/cottonwood, 

though it was often very similar to non-disturbed plots. The aspen/birch forest type group 

displayed lower average live basal area than other hardwood groups and all disturbance 

classes not previously mentioned had similar, but slightly lower basal area averages. In 

the elm/ash/cottonwood group, disease disturbance accounted for the lowest live basal 

area (40.3 ft2ac-1
) and fire disturbance accounted for the highest (80.5 ft2ac-1 ). The 

maple/beech/birch forest type group had the highest basal areas on average for all 

hardwood groups. Animal disturbance accounted for the lowest live basal area (64.7 ft2ac-

1
) and disease the highest (92.1 ft2ac-1). In the oak/hickory forest type group, live basal 

area was fairly consistent among disturbance classes ranging from 52 ft2ac-1 on diseased 

plots to 74.8 ft2ac-1 on fire-disturbed plots. This was the forest type group in which 

disturbance resulted in the most similar basal areas as no disturbance. The oak/pine forest 

type group had highly variable live basal areas depending on the disturbance agent. The 

lowest live basal area was a result of weather disturbance (48.3 ft2ac-1
) and the highest 

live basal area occurred on insect plots (83 ft2ac-1
). Disease disturbance was very similar 

to insect disturbance, averaging 78.5 ft2ac-1. 
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2.3.5.2 Coniferous forest type groups 

Human disturbance was the only disturbance type that resulted in lower live basal area 

for both coniferous forest type groups (Figure 7). In the spruce/fir forest type group, 

animal disturbance was the only disturbance class that had higher live basal area per acre 

than non-disturbed plots. Conversely, animal disturbed plots exhibited the lowest live 

basal area, on average, in the white/red/jack pine forest type group. In the spruce/fir 

group, fire plots averaged the lowest live basal area per acre, which was in contrast to fire 

plots in the white/red/jack pine group that had the highest live basal area per acre 

averages. Insect, human, and disease all resulted in lower live basal area than non-

disturbed plots for the spruce/fir group. All disturbance classes other than human and 

animal had live basal areas comparable to non-disturbed plots for the white/red/jack pine 

forest type group. 

 

2.3.6 Standing dead trees by forest type group and disturbance 

This section contains analyses on the standing dead basal area per acre recorded at the 

time of the disturbance for each of the forest type groups in the analysis. For summaries 

and charts on standing dead trees per acre and quadratic mean diameter of stand dead 

trees, refer to Appendix B. 

 

2.3.6.1 Hardwood forest type groups 

In the hardwood forest type groups, weather, insect, fire, and disease disturbed plots 

consistently averaged higher standing dead basal area per acre than non-disturbed plots 

(Figure 8). Human disturbance always resulted in standing dead basal area lower than or 

equal to non-disturbance. In the aspen/birch group, insect, weather, and fire resulted in 

the largest standing dead basal areas. All disturbance agents, other that human, had higher 

standing dead basal areas than no disturbance. In the elm/ash/cottonwood group, insect 

and weather resulted in the largest standing dead basal areas. This forest type group was 
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the only hardwood group in which fire disturbed plots had a lower standing dead basal 

area than non-disturbed plots. Animal disturbance mimicked non-disturbance in 

elm/ash/cottonwood. In the maple/beech/birch group, weather and fire had the largest 

standing dead basal areas, by a large margin, although the sample size for fire was small 

(n=6). Animal and insect disturbance mimicked no disturbance for standing dead basal 

area in the maple/beech/birch group. In the oak/hickory group, disease, weather, insect, 

and fire disturbances all resulted in standing dead basal area much higher than no 

disturbance. Human and animal disturbance mimicked no disturbance in the oak/hickory 

group. In the oak/pine forest type group, insect and disease resulted in the highest 

standing dead basal areas. Weather and fire plots also exhibited standing dead basal areas 

higher than non-disturbed plots. Human disturbance was similar to no disturbance in 

terms of standing dead basal area and animal disturbed plots had a lower average 

standing dead basal area than non-disturbed plots. 

 

2.3.6.2 Coniferous forest type groups 

Insect, weather, and animal disturbances resulted in standing dead basal areas higher than 

non-disturbed plots for both coniferous forest type groups (Figure 8). In the spruce/fir 

group, insect disturbance displayed the highest standing dead basal area averaging 31.3 

ft2ac-1. Weather was second highest followed by human and animal. Disease and fire both 

had lower standing dead basal area averages. In the white/red/jack pine forest type group, 

animal disturbed plots exhibited the highest standing dead basal area averaging 19.5 ft2ac-

1. Insect, weather, and disease were all much higher than non-disturbed as well. The only 

disturbance agent that resulted in lower standing dead basal area than non-disturbed was 

human, which averaged 4.6 ft2ac-1.
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Figure 7. Live basal area (ft2ac-1) by primary disturbance and forest type group at time of disturbance recording, 1999 

through 2014, with standard error bars.
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Figure 8. Standing dead basal area per acre (square feet) by primary disturbance and forest type group at time of disturbance 

recording, 1999 through 2014, with standard error bars.
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2.3.7 Changes in plot level density  

 

2.3.7.1 Change in live trees by disturbance 

Non-disturbed stands gained an average of 3.4 live trees per acre, greater than or equal to 

5.0 inches, between two consecutive inventory cycles (Figure 9). This contrasts quite 

significantly with human, insect, and weather disturbed plots that lost an average of 40.3, 

20, and 16.4 live trees per acre, respectively (Figure 9). Animal disturbance was the only 

disturbance agent to see an increase in live trees on average, but the increase was very 

low at only 1.7 trees per acre. Non-disturbed stands had an increase in live basal area of 

3.3 ft2ac-1, while human, weather, and insect disturbed plots saw decreases in live basal 

area of 20 ft2ac-1, 6.1 ft2ac-1, and 5.5 ft2ac-1 respectively (Figure 9). Disease and fire 

disturbances resulted in basal areas similar at consecutive inventories. Insect disturbed 

plots had the largest increase in live tree QMD, averaging 0.25 inches between inventory 

cycles (Figure 9). Non-disturbed plots had an average increase in QMD of 0.18 inches.  

 

2.3.7.2 Change in standing dead trees by disturbance 

Non-disturbed stands had an average increase of 0.9 SDTs per acre between consecutive 

inventories. Fire and insect disturbed plots had significantly larger increases in SDTs, 

averaging 21.3 and 18.9 per acre, respectively (Figure 10). Disease and weather disturbed 

plots had much lower, but still positive, increases. Human disturbed plots experienced a 

decrease of 9.2 SDTs per acre on average.  Fire and insect disturbances also resulted in 

the highest increases in SDT basal area, averaging 9 ft2ac-1 and 8 ft2ac-1, respectively 

(Figure 10). Non-disturbed stands remained fairly constant and had an average increase 

of 0.4 ft2ac-1 of SDT basal area. Human disturbance was the only disturbance agent that 

resulted in a substantial decrease of standing dead basal area, averaging -3.9 ft2ac-1. Insect 

disturbed plots had the largest increase in QMD of standing dead trees, averaging 0.45 

inches between inventories (Figure 10). Fire disturbed plots had the largest decrease in 

QMD of SDTs, averaging -0.61 inches. 
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Figure 9. Change in live trees per acre (>= 5.0”), live basal area per acre, and 

live quadratic mean diameter calculated from difference between pre and 

post disturbance inventories by primary disturbance type at time of 

disturbance recording, 1999 through 2014, with standard error bars. 
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Figure 10. Change in standing dead trees per acre (>= 5.0”), standing 

dead basal area per acre, and standing dead quadratic mean diameter 

calculated from difference between pre and post disturbance 

inventories by primary disturbance type at time of disturbance 

recording, 1999 through 2014, with standard error bars.



 

 

31 

 

2.3.8 Change in live trees by forest type group and disturbance 

 

2.3.8.1 Hardwood forest type groups 

Human disturbance always resulted in a live basal area reduction for the hardwood forest 

type groups (Figure 11). In four of the five hardwood groups, weather disturbance 

resulted in live basal area reductions. Human and weather disturbances were responsible 

for the highest losses in live basal area in most of the groups as well. In all of the 

hardwood groups, non-disturbed plots averaged positive basal area growth. In the 

aspen/birch group, human disturbance was the most detrimental to live basal area and 

resulted in an average loss of 34.2 ft2ac-1. Insect and weather disturbed plots had the next 

greatest basal area losses. Animal and fire disturbed plots saw increases in live basal area, 

though these increases were less than non-disturbed plots. Disease disturbed plots had the 

highest increase in live basal area, averaging 4.8 ft2ac-1, which was greater than non-

disturbed plots. In the elm/ash/cottonwood group, disturbance appeared to have only a 

small impact on live basal area. Insect and human disturbances were the only agents that 

resulted in losses of live basal area, averaging -5.9 ft2ac-1 and 4.4 ft2ac-1, respectively. 

Fire was the only disturbance agent that had a larger basal area increase than no 

disturbance, but the sample contained only one plot. The remaining disturbance agents all 

had increases lower than non-disturbed and were very small. In the maple/beech/birch 

group, human disturbance resulted in the largest decrease of live basal area, averaging -

23 ft2ac-1. This was followed by fire and weather which averaged -18.6 ft2ac-1 and -14.5 

ft2ac-1, respectively. Disease disturbed plots averaged an increase of 1.5 ft2ac-1, 

mimicking non-disturbed plots. Insect disturbance registered almost no change and 

animal disturbance had a slight decrease of -2.9 ft2ac-1. In the oak/hickory group, weather 

and human disturbances resulted in the largest decreases of live basal area, averaging -

12.4 ft2ac-1 and -11.4 ft2ac-1, respectively. Both fire and animal disturbed plots averaged 

increases in basal area greater than plots experiencing no disturbance. Insect and disease 

disturbances both resulted in minor reductions in basal area. In the oak/pine group, 

weather disturbance resulted in an average loss of 34.1 ft2ac-1 of live basal area. Disease 

and human disturbances also saw heavy basal area reductions averaging -11.5 ft2ac-1 and 



 

 

32 

 

-11.3 ft2ac-1, respectively. Animal was the only disturbance agent that resulted in higher 

basal area growth (6.5 ft2ac-1) compared to no disturbance (4.8 ft2ac-1). 

 

2.3.8.2 Coniferous forest type groups 

In both coniferous forest type groups, human disturbance exhibited the greatest basal area 

reductions (Figure 11). Weather and insect disturbance also resulted in losses of basal 

area for both groups. In the spruce/fir group, human disturbance had an average loss of 

19.8 ft2ac-1 and insect disturbance averaged -16.4 ft2ac-1. Fire was the next most severe 

averaging -9 ft2ac-1. Weather disturbance resulted in less severe basal area reduction and 

animal disturbance mimicked no disturbance. In the white/red/jack pine group, human 

disturbance had an average basal area loss of 11.7 ft2ac-1 and weather had an average loss 

of 6.5 ft2ac-1. The remaining disturbance classes had only minor impacts to basal area 

change. In this group, non-disturbed plots exhibited basal area growth of 6.2 ft2ac-1, the 

largest of any group.
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Figure 11. Change in live basal area (ft2ac-1

) calculated from the difference between pre and post disturbance inventories (5 years), 

by primary disturbance and forest type group, with standard error bars.
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2.3.9 Change in standing dead trees by forest type group and disturbance 

 

2.3.9.1 Hardwood forest type groups 

In the hardwood groups, human disturbance was the only agent that consistently resulted 

in a loss of standing dead basal area (Figure 12). Fire and insect disturbance were the two 

agents that exhibited the highest increases in standing dead basal area. Disease 

disturbance consistently exhibited minor increases in standing dead basal area of less than 

10 ft2ac-1, in all five of the hardwood groups. In all groups, non-disturbed plots showed 

almost no change in standing dead basal area. In the aspen/birch group, insect disturbance 

contributed to the largest increase in standing dead basal area, averaging a 7.8 ft2ac-1 

increase. Human disturbance had the highest reduction, averaging -9.3 ft2ac-1. In the 

elm/ash/cottonwood group, insect disturbed plots had an averaging increase of 7.8 ft2ac-1, 

which was the highest. Disease plots had an average increase of 3.1 ft2ac-1 and the 

remaining disturbance classes showed almost no change. In the maple/beech/birch group, 

fire disturbed plots had an average increase of 29 ft2ac-1 of standing dead basal area, 

though only two plots were in the sample. Weather disturbance resulted in the next 

largest increase, averaging 4.5 ft2ac-1. The remaining disturbance classes showed only 

minor changes in standing dead basal area. In the oak/hickory group, human disturbance 

resulted in the greatest reduction of standing dead basal area. Insect disturbance exhibited 

the largest increase. None of the disturbance agents experienced severe change in 

standing dead basal area in the oak/hickory group. In the oak/pine group, weather 

disturbance exhibited the largest decrease in standing dead basal area, averaging -6.8 

ft2ac-1. Fire and disease had the largest increases, averaging 12.7 ft2ac-1 and 6.4 ft2ac-1, 

respectively. Animal disturbance most closely mimicked no disturbance.  

 

2.3.9.2 Coniferous forest type groups 

Human disturbance was also the only agent that consistently resulted in reduced standing 

dead basal area for the coniferous forest type groups (Figure 12). In the spruce/fir group, 

human and fire plots exhibited the greatest loss of standing dead basal area. Insect 

disturbance contributed to the highest increase in standing dead basal area, averaging 
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17.8 ft2ac-1. The remaining disturbance classes showed no change in standing dead basal 

area between the time of disturbance and consecutive inventory. In the white/red/jack 

pine group, human disturbance was the only class in which standing dead basal area was 

reduced. Fire and weather disturbed plots had the largest increases in standing dead basal 

area, averaging 13.7 ft2ac-1 and 6.9 ft2ac-1, respectively. Non-disturbed plots had an 

average increase of 0.9 ft2ac-1, which was lower than animal, disease, and insect disturbed 

plots. 
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Figure 12. Change in standing dead basal area per acre (square feet) calculated from difference between pre and post 

disturbance inventories by primary disturbance and forest type group, with standard error bars.
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2.4 Discussion 
 

This study found animal disturbance to be the most frequent disturbance in the Lake 

States over the last fifteen years and the most common disturbance agent associated with 

multiple disturbances, both over time and at a given point in time. This is reasonable 

considering the high white-tailed deer populations and the browse effect deer have on 

forest regeneration throughout the region (Frerker et al., 2014). Fire was the least 

common disturbance and was most frequently observed in northern Minnesota. 

Considering fire has been largely excluded from the landscape via anthropogenic 

intervention, it makes sense that most events recorded were in northern Minnesota where 

human populations are low and forest area is vast. Multiple disturbances at a given point 

in time were very uncommon though animal and weather combinations were the most 

common and often associated with floods caused by beaver dams or white tail deer 

browse. Multiple disturbances over time were also uncommon, but less so than multiple 

disturbances at a given time.  

 

Animal disturbance is likely a chronic understory disturbance that long term effects on 

forest long term composition (White, 2012; Cornett et al., 2000). For all forest types 

combined, animal disturbed plots most commonly mimicked undisturbed plots in terms 

of plot level tree density. This trend seems to remain fairly constant when the data were 

sorted by both disturbance code and forest type group as well. These results could be a 

product of the data filtration parameters. White-tailed deer primarily affect only 

understory trees and shrubs by browsing seedlings and saplings preventing recruitment 

(Cornett et al., 2000). For a plot to be considered disturbed, twenty five percent of the 

trees in the condition (i.e., plot in this case), must have been damaged or affected and the 

area must have been larger than one acre in size. This study only analyzed trees larger 

than five inches in diameter so plots experiencing animal damage may have resembled 

non-disturbed plots because the disturbance was affecting understory trees and shrubs or 

the plot was regenerating. This disconnect between condition level disturbances and tree 

level growth could explain why animal disturbance appeared to have little impact on plot 
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level growth. Reduced and altered understory competition, combined with little impact to 

the over story trees, could explain why basal area increment for animal disturbed plots 

was larger than all disturbance classes, including non-disturbed plots.  

 

Disease was the third most common disturbance agent in the region. All forest types 

combined, disease plots averaged no change in live basal area but did result in an increase 

in standing dead trees. These results suggest mortality is moderately low on average and 

is compensated for by growth. Disease disturbance appeared to be less severe than other 

disturbance agents but fairly consistent. When sorted by forest type group, disease plots 

commonly had increased standing dead basal area, though it was often less severe than 

other disturbance classes. The change in live basal area was inconsistent and variable 

when analyzed by forest type. This suggests that specific diseases affect specific forest 

types in varying intensities. Some diseases that affect the forest types in the Lake States, 

such as beech bark disease (Wieferich et al., 2011), oak wilt (Gibbs and French, 1980), 

and Dutch elm disease (French, 1993), are aggressive pathogens that cause high mortality 

so it was surprising to find disease often lacked the severity of other disturbance agents. 

This could be a result of mixed forest types and the classification method. Species-

specific diseases may cause mortality at rates that appear lower because of mixed species 

plots or because it is grouped with plots of a different forest type that is not affected by 

the same pathogens. 

 

Fire disturbance, in this analysis, included both ground and crown fires. The sample sizes 

for fire disturbance were very low and the results were highly variable. In some cases fire 

resulted in high mortality and in others it resulted in increases in live basal area. This is 

likely due to the natural variability in fire intensity caused by the dynamic relationship 

between fuel structure and fire behavior (Ryan, 2002). In less intense fire events, like 

silviculturally prescribed ground fires, the understory competition may be removed and 

the seed bed prepared allowing for increased growth in understory trees (Demchik et al., 

2013; Peterson and Reich, 2001). Bark thickness is a critical attribute to fire resistance, 



 

 

39 

 

where thin barked trees can have a higher probability of mortality from fire (Lawes et al., 

2012) which can result in larger changes in live and standing dead densities. Extreme fire 

events are more common in areas affected by drought and can be stand replacing events 

(Beverly and Martell, 2005). The natural variability in fire severity and low sample sizes 

provided limited conclusions about the impacts of fire. 

 

For all disturbance classes combined, human disturbance, by far, resulted in the greatest 

reductions of live basal area and almost always resulted in greatest change in both live 

and standing dead basal area. In almost all cases, basal area was reduced. This makes 

intuitive sense as human disturbances would be events like land development (i.e., 

building houses or cabins), clearing and planting wildlife food plots, and clearing 

shooting lanes for hunting. It should be noted that human disturbances must be severe 

enough to qualify as a disturbance but not change the land use (i.e., the plot remains 

forestland). All of these events require the cutting down of trees for non-timber purposes. 

Human disturbance was also the only disturbance agent that consistently resulted in 

reduced standing dead basal area. This is likely due to the inherent fear of being hit by  

falling dead trees, the negative aesthetics of dead trees, or the removal of standing dead 

trees for fire wood. The impacts of human disturbance were much clearer and more 

obvious than other disturbance agents. 

 

For all forest types, insect disturbance was responsible for the second highest increase in 

standing dead basal area. It was second to only fire, though it should be noted the 

variability surrounding insect disturbance is much less than the variability surrounding 

fire disturbance and the sample sizes were much larger. Insect disturbance also exhibited 

the third largest decrease in live basal area, behind human and weather disturbances. The 

average change in live basal area from insect and weather disturbances were very similar 

and only human appeared much larger. Insect disturbance on a forest type basis, like fire, 

was highly variable. In some cases insect disturbances resulted in extreme increases in 

standing dead basal area and extreme reductions in live basal area. It was more apparent 
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in some forest type groups, like elm/ash/cottonwood, where insects, like emerald ash 

borer (Agrilus plannipenis), can kill entire overstories in short periods of time (Kashian 

and Witter, 2011; DeSantis et al., 2013). In forest type groups where insects are known 

problems, mortality was often higher. Insects that affect the Lake States region include; 

gypsy moth (Lymantria dispa) (Tobin and Blackburn, 2008), emerald ash borer (Kashian 

and Witter, 2011), and bronze birch borer (Agrilus anxius) (Muilenburg and Herms, 

2012). Some insect species are associated with high mortality (Kashian and Witter, 

2011), while others are associated with weakened and stressed trees and cause slow 

decline and mortality spread out over time with periodic outbreaks when stress is very 

high (Mattson and Haack, 1987). It should be noted that many forest pathogens are 

spread via insects, such as Dutch elm disease (French, 1993). Insect disturbed plots were 

often associated with the highest increases of standing dead basal area on a forest type 

group basis. Insect disturbance had consistently moderate to high variability associated 

with it. 

 

Weather disturbance included wind, tornado, flooding, ice damage, and drought. Across 

all forest types, weather disturbance had some of the most noticeable effects on live basal 

area, having live basal area reductions second to only human disturbance. The response 

of understory and canopy growth varies greatly depending on the severity of the weather 

event and species present on the site (Darwin et al., 2004), so high variability can be 

expected at broad level classifications. Severe weather disturbance is common and 

natural in forest ecosystems (Panayotov, 2011). Weather disturbance plays a key role in 

forest ecology; this disturbance agent tends to affect larger more mature trees, shape 

stand structure and composition, and can have a wide range of effects on residual stand 

density depending on severity and prior stand structure (Rich et al., 2007). Damage from 

weather can weaken and stress trees leading to secondary disturbances like insect 

outbreaks (Mattson and Haack, 1987).  Partial, or less severe, wind throw events have 

been known to increase the abundance and recruitment of shade tolerant species and 

accelerate succession (Girard et al., 2014). Across all forest types, the impact weather had 
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on standing dead basal area was low relative to other disturbance classes and mimicked 

non-disturbed forests closer than all disturbance agents other than animal. The loss of live 

basal area is much higher than the increase in standing dead basal area suggesting high 

numbers of trees being knocked down by wind. When sorted by forest type group, the 

impacts weather had on standing dead basal area were inconsistent and variable. This was 

not true when analyzing change in live trees, where weather disturbance consistently 

resulted in a loss of live basal area, in some cases quite severe when compared to other 

disturbance classes.  

 

2.5 Data limitations 

There were several limitations to this analysis concerning the FIA data. These limitations 

resulted in an analysis that can only make broad scale assumptions about the impacts of 

forest disturbances across the US Lake States. The first major problem was with sample 

size. Although FIA has a large number of plots, with several remeasurements and large 

amounts of data associated with each plot, in order to get sample sizes large enough to 

draw valid conclusions, broad level attributes, like forest type group, had to be used 

rather than finer level attributes, like forest type. This is of concern because a single 

forest type group may contain several forest types that could vary in ecological and 

silvical characteristics. In some cases, lumping forest types together may be prohibitive to 

draw valid conclusions. An example of this is tamarack (Larix laricina) which can grow 

in homogenous stands and has its’ own unique forest health issues but is included in the 

spruce/fir forest type group along with norther white cedar (Thuja occidentalis). Forest 

type groups are also determined with an algorithm based on species proportion, so classes 

of mixed forest containing species from multiple forest type groups are assigned to the 

forest type group of the most common species. The same problem occurred when 

analyzing data by disturbance type. The specific disturbance types did not provide large 

enough samples (e.g., ice damage), so similar disturbance agents were lumped in to 

generic disturbance classes e.g., (weather). This was a problem because different 

disturbance events of the same disturbance class can be different, specific, types of 
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disturbances. An example of this is the fire disturbance class, a recorded fire disturbance 

may be a ground fire or a crown fire which have significantly different site impacts. By 

lumping records in to broader generic categories the problem of sample size is taken care 

of at the cost of resolution.  

 

Another problem with the data was determining which plots to use. FIA records multiple 

conditions on a single plot, for this analysis only plots that had a single condition were 

used. This was done to simplify analysis and draw conclusions on the impacts of 

disturbance in typical homogenous forests and minimize the bias that could occur from 

edges and transitions between conditions. Another issue with the analysis was plots that 

changed the number of conditions over time. This was especially burdensome when plots 

that experienced disturbance changed number of conditions. If the plot changed to 

multiple conditions there would be no records for the inventory period when multiple 

conditions were present.  

 

2.6 Future research  

This project is one of the first studies using disturbance data from a national forest 

inventory and is meant to serve as a broad scale baseline for researchers and forest 

managers interested in the immediate impacts of forest disturbance. This project analyzed 

only broad scale forest type groups and the impacts a single primary disturbance have on 

stand density. Future research could build upon this project to better understand the long-

term impacts of disturbance or the impacts of multiple, or recurring, disturbances. 

Furthermore, this research could help forest growth modelers to improve the performance 

of growth and yield models in the presence of disturbance and better predict the 

uncertainty surrounding disturbance. As the FIA program continues to inventory plots, 

long-term data will become available allowing researchers to reevaluate and build upon 

this research. As more inventory cycles are completed and additional data are made 

available, this could potentially allow researchers to investigate more specific disturbance 

interactions on forest stand and landscape dynamics. 
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2.7 Conclusions and management implications 

Human disturbance always results in lower stand density, while weather, fire, and insect 

disturbances can cause heavy mortality (i.e., less live trees and more standing dead trees). 

In forests that have experienced disturbances, the variability and uncertainty surrounding 

these estimates is very large. The high variability indicates that there is a wide range of 

stand densities and that forests can be managed at to mimic natural disturbances. Natural 

disturbances can result in a wide array of conditions resulting in a wide range of stand 

structures. As an example, only human disturbance consistently results in lower basal 

area per acre in this analysis, indicating forests can recover and compensate for losses 

incurred during natural disturbance events. This study can serve to inform further 

research on the impacts of disturbances on forested ecosystems. Although this research 

suggests there is a wide range of densities that mimic natural disturbance, it is important 

to understand the silvics of each system and their natural disturbance regimes to make 

informed management decisions. Further research should be aimed to investigate how 

specific forest types respond to a gradient of disturbance intensities, so that managers can 

further refine target densities and begin to use forest disturbance information as a means 

to promote forest health and maximize site productivity. 
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Chapter 3. Analyzing individual tree diameter growth and the performance of the 

Forest Vegetation Simulator-Lake States variant in the presence of disturbance 

across the US Lake States 

 

3.1 Introduction 

Forest growth and yield models are a tool commonly used by natural resource managers 

to predict forest growth over time, in response to a variety of treatments to determine 

which harvesting methods and silvicultural practices will most likely produce the desired 

future conditions of a site and meet landowner objectives. These models are numerous 

and come in many forms; from whole stand models which model stand level growth, in 

terms of variables like stand density, tree height, and site productivity, to individual tree 

models, which model individual tree growth, as a function of individual traits and inter 

tree competition (Payandeh and Papadopol, 1994). Further, individual tree models can be 

broken into two categories; distance dependent and distance independent, where distance 

dependent models are driven by density and spatial arrangement and distance 

independent models are not affected by spatial patterns (Munro 1974). Commonly, forest 

yield, of various size and product classes, is predicted by estimating tree distribution on 

sample plots and extrapolating over areas (Garcia 2004). Most forest growth and yield 

models are sets of growth equations derived from empirical data recorded over time, 

using small, uniformly structured fixed-area research plots (Bruce 1977). Many forest 

growth and yield models are also insensitive to environmental variation and factors such 

as weather, precipitation, and changing soil properties (Johnsen et al., 2001; Henning and 

Burk 2004). It is also common for individual trees, plots, or entire sample units to be 

dropped from growth and yield experiments if outside disturbances have influenced site 

productivity (Pretzsch 2005). Similarly, most forest growth and yield models do not 

account for chronic forest disturbance or stochastic events that cause major alterations to 

stand density (Fox et al., 2001; Denis et al., 2004).  
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Due to the recent climatic and weather pattern changes, improving growth and yield 

models to better account for disturbances and stochastic events is now crucial for 

managers to successfully manage forests under climate uncertainty. These environmental 

changes have led to increased disturbances on the landscape which in turn alters stand- 

and landscape-level forest density and structure and these need to be better accounted for 

within modeling frameworks (Dale et al., 2001). Conversely, forest structure plays a large 

role in the presence, (or absence), and severity of forest disturbances creating dynamic 

feedbacks between the two (Ryan, 2002). No single factor has a greater impact on 

modeled stand productivity than the unexpected loss of crop trees (Flewelling and 

Monserud 2002). Furthermore, some disturbances, like animal browse or earthworm 

infestation, can alter understory growth and composition and change soil properties, 

preventing seedling recruitment and ingrowth (Fisichelli et al, 2012). For these reasons, it 

is important to understand how disturbances impact forest productivity and the extent to 

which these disturbances cover our landscapes. 

 

Recently, researchers have begun utilizing different data sources and alternative model 

parameters in an attempt to improve model accuracy and account for outside biotic and 

abiotic factors that can influence forest growth and yield (Landsberg 1986; Miina 1993; 

Wychoff 1993; Woods and Coates 2013). Today there are many local, regional, and 

national data sources available to forest modelers that can be utilized to improve forest 

growth and yield models. Currently there is a need for further research in modeling forest 

disturbance and stochastic events (Fox et al., 2001). One potential data source is the 

Forest Inventory and Analysis (FIA) program, developed by the United States Forest 

Service (USFS), which was designed to monitor the conditions of forestland over time 

and record events that influence forest health.  

 

The Forest Vegetation Simulator (FVS) is the primary growth and yield model used on 

federal lands and is a distance independent individual tree growth and yield model. FVS 

has several regional variants and forest health extension packages. The model is largely 
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based on empirical data fitted to growth equations using a set of tree and site 

characteristics. Most regional FVS growth equations have been developed using data 

from undisturbed forest research plots. Recent research efforts to validate the FVS-LS 

(under outdated growth equations) fared poorly, failing to validate the equation for a 

single species in the Lake States (Pokharel and Froese 2008). Other research suggests that 

fitting the model equations to local data improves the accuracy of predictions and results 

in a lower estimation error (Lacerte et al. 2006). Currently there is a need to accurately 

represent disturbance agents so that forest managers can implement silvicultural 

strategies in an attempt to reduce the forest health impacts caused by disturbance (Russell 

et al. 2015). 

 

The diameter increment equation in the Lakes States variant of the FVS model (FVS-LS), 

the focus of this project, was recently updated to include a variety of stand- and tree-level 

predictors to improve model performance (Deo and Froese 2013). However, the current 

model framework does not consider forest disturbance in growth predictions. Currently 

there are fifteen years of FIA data available for the Lake States (i.e., Minnesota, 

Michigan, Wisconsin). These data include individual tree data and disturbance 

information from fixed-area plots. These data can be analyzed and used as a foundation 

in building a framework for modeling forest growth responses to disturbance, potentially 

within FVS-LS. 

 

To account for stochastic events such as disturbance, further research is needed to 

develop a better understanding of growth-related impacts of forest disturbance events. 

One approach to accomplish this is to analyze growth trends following documented 

disturbances. The objectives of this chapter are to 1) summarize FIA tree and disturbance 

data from 1999 to 2014 by calculating observed growth by disturbance type and species 

across the US Lake States, 2) compare observed growth to growth predicted by the FVS-

LS variant to determine mean bias in the presence and absence of disturbance, and 3) test 
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the validity of the model’s performance in the presence/absence of disturbance using 

equivalence tests. 

 

3.2 Methods 
 

3.2.1 Forest Inventory and Analysis Data 

The data used for this project were collected by the USDA-Forest Service as part of the 

Forest Inventory and Analysis (FIA) program. The FIA program is used to monitor 

forestland conditions using an annual inventory of fixed-radius plots (Bechtold and 

Patterson 2005). In 1998, federal legislation changed the FIA to an annual inventory of 

each state, with 20 percent of the plots within a state measured each year in the Lake 

States region which equates to each plot being remeasured every five years on average. 

This new inventory method has the advantage of providing an increased ability to quickly 

measure the effects of disturbance events, such as forest fires, insect and disease 

outbreaks and windstorms.  

 

The design of the annual FIA inventory plots was built on the framework of the Forest 

Health Monitoring (FHM) inventory design. To meet the desired accuracy, a sampling 

intensity of one hexagonal plot per approximately 6,000 acres is used (Brand et al., 

2004). Plots are fixed-radius in design. Each sample unit is 5937.2 acres and nested 

within the sample unit are approximately 27 smaller hexagons of which one is chosen to 

house the sample plot. This sample design provides an evenly distributed representation 

of the landscape (Brand et al., 2004). There are three measurement phases for these plots. 

The first phase employs remote sensing tools to determine if the land is forested or non-

forested, the second phase consists of plot and tree measurements at the stand level, and 

the third phase measures and qualifies a suite of forest health characteristics. For this 

project, the phase two data were used. 

 

The FIA phase two and three plots are both inventoried in situ. Field workers record a 

variety of qualitative and quantitative attributes for trees on a given plot and attributes 

about the plot itself in an attempt to provide accurate information to estimate a variety of 
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forest attributes at the regional and landscape level. These ground plots are clusters of 

four points arranged such that point 1 is central, with points 2 through 4 located 120 feet 

from point 1 at azimuths of 0, 120, and 240 degrees. Each point in the cluster is 

surrounded by a 24-foot fixed-radius subplot where trees 5.0 inches diameter at breast 

height (dbh) and larger are measured. All four subplots total approximately 1/6 acre. 

Each subplot is surrounded by an optional 58.9-feet fixed-radius macro plot, which can 

be useful for sampling rare occurrences such as large trees (e.g., 40.0 inches dbh and 

greater) or mortality. Macro plots encompass subplots, as well as the additional area from 

24.0 to 58.9 feet beyond the subplot circumference. All four macro plots total 

approximately 1 acre. When used together, micro plots, subplots, and macro plots 

constitute a tri-areal plot design for sampling trees in three different tree-diameter ranges. 

In regions where the optional macro plots are not used, the plot design is bi-areal 

(Bechtold and Patterson, 2005). 

 

The data were collected in Minnesota, Michigan, and Wisconsin and came from the 

COND and TREE tables located in the FIA online DataMart located on the USFS 

website (http://apps.fs.fed.us/fiadb-downloads/datamart.html, download date 

10/29/14). The COND table is a location level table that contains information on the 

current state of the conditions on an individual plot. The TREE table contains a list of 

trees on each plot and associated tree biometric measurements. Each individual plot 

has a unique sequence, containing codes for state, unit,  county,  plot, and inventory 

year used to identify each unique plot and its’ associated measurements. 

 

For this analysis the data were refined to contain all plots in the Lake States region 

that were considered to be forestland by the FIA survey. To reduce edge bias, only 

plots with a single condition were used in this analysis. A single condition plot is 

defined as a plot that is fully encompassed by a single forest type, reserved status, 

ownership group, and regeneration status. Only trees greater than, or equal to, 5.0 

inches in diameter at the time of inventory were included in the calculations of this 

http://apps.fs.fed.us/fiadb-downloads/datamart.html
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study. During the analysis, the data were subset even further to include only the 

species most commonly found in the dataset, the criteria for this was a minimum 

threshold of 10,000 tree records for a given species, all species with less than 10,000 

tree records were excluded. The final dataset included eight species of conifers and 

fourteen species of hardwoods. 

 

FIA condition level disturbance data were also used, in conjunction with tree level 

data, and were categorized using broad disturbance classes to ensure adequate sample 

sizes. The focus of this project was on the primary disturbances affecting forest 

stands. If a plot record contained a disturbance code, the plot has experienced a 

disturbance since the last plot inventory. To be considered a disturbed plot, the 

disturbance must equal or exceed one acre in size and affect twenty-five percent of 

the trees in the condition (FIA phase 2 handbook, 2015). The data were filtered to 

include non-disturbed plots and the six most common disturbances classes, which 

included; animal, disease, fire, human, insect, and weather. Human disturbance is 

defined by the FIA handbook as human-caused damage, other than harvesting. 

Harvesting done by humans is considered a treatment (FIA phase 2 handbook, 2015) 

and has a separate code that was not analyzed in this study.  

 

3.2.2 Forest Vegetation Simulator-Lake States 

The Forest Vegetation Simulator (FVS) is a forest growth and yield model used to 

predict stand level forest dynamics over time (Dixon, 2002). FVS is the standard 

model used by many government agencies and is used extensively to summarize 

current stand conditions and predict future stand conditions under a variety of 

management techniques (Dixon, 2002). The model output is used as input into other 

forest models and used to guide forest planning activities. 

 

FVS use is not restricted to only timber harvesting applications, output from the 

model can also aide managers in predicting how management will affect stand 
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structure, determining wildlife suitability, and predicting hazard, and loss, potential 

of various forest disturbances, like fire and insects (Dixon, 2002). FVS was designed 

to provide linkages to models that represent disturbance agents (Crookston and 

Dixson, 2005), known as extensions. This is of key importance as managers are faced 

with the task of managing forests under an ever changing climate and increased 

forest disturbances. 

 

FVS is a distance-independent individual tree growth and yield model (Munro 1974; 

Crookston and Dixon 2005). Stands are the basic unit of management, and projections are 

dependent on interactions among trees within stands (Crookston and Dixon 2005). There 

are several regional variants of the model designed to predict forest growth for forest 

types common to that region, that have species and region specific growth parameters. 

The regional variant of the model used in this study was FVS-Lake States (FVS-LS), 

which includes Minnesota, Michigan, and Wisconsin. The diameter increment 

equation was developed by Deo and Froese (2013) for the Lake States and Central States 

variants of FVS using data from the FIA program and data collected on Bureau of Indian 

Affairs lands.  The equation uses tree size and vigor, competition, and site quality 

variables in a single equation with an intercept and ten covariates as opposed to the 

previous diameter growth equations which consisted of a series of equations calculating 

modified, potential, and adjusted growth. The key variables used in the FVS-LS model to 

predict diameter growth are species, basal area (SBA (ft2 ac-1)), basal area of larger trees 

(BAL (ft2 ac-1)), diameter at breast height (D (inches)), stand level quadratic mean 

diameter (QMD (inches)), crown ratio (CR(% live)), and site index (SI (average height of 

dominant trees at age 50)).  

 

Diameter growth is calculated on a ten year basis using the following equation developed 

by Deo and Froese (2013); 
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Equation 1.  

 

where DDS is 10 year outside bark diameter growth squared. This study is the first to 

assess the accuracy of this equation since it was implemented in 2014. Table 4lists the 

species codes and parameters for the twenty-two most common species in the dataset. 

The species from the FIA dataset had to be regrouped using species codes implemented 

by Deo and Froese before diameter growth predictions could be calculated.

  

3.2.3 Analysis 

The FVS-LS diameter growth equations were used to predict growth for all tree records 

meeting the data criteria. Most trees in the dataset had at least two, but up to four 

inventory records. To calculate diameter increment, consecutive tree records were 

transposed from rows to columns using the “reshape2” (Wickham, 2007) package in R. 

Since not all plots (and trees) were remeasured exactly five years apart and FVS-LS 

makes diameter growth predictions in ten year intervals, Equation 2 was used to 

standardize observed growth to a ten year interval for comparison with FVS-LS 

predictions. 

 

∆𝐷𝐼𝐴10 =
𝐷𝐼𝐴2 − 𝐷𝐼𝐴1

𝐼𝑁𝑉𝑌𝑅2 − 𝐼𝑁𝑉𝑌𝑅1
∗ 10 

Equation 2.  

 

Once observed growth was calculated, the data was transposed back to rows from 

columns to make comparisons. The data were aligned so that predicted growth from the 

first tree measurement was compared to the observed growth occurring between the first 

measurement and the second measurement, and so on. The disturbance record attached to 

the growth measurements was the disturbance information recorded at the beginning of 
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an observed growth cycle, or the inventory period in which diameter measurements were 

used to predict growth using the FVS-LS equation. The reasoning for this method was to 

ensure that the observed growth calculations came from data collected shortly after the 

disturbance (1-4 years) so diameter growth response to disturbance could be analyzed by 

excluding growth occurring in years prior to a disturbance event.  

 

Once the dataset was properly aligned and growth was calculated, bias was calculated by 

subtracting predicted growth from observed growth. A negative bias indicated over-

prediction by the FVS-LS model and a positive bias indicated under-prediction. After 

bias was calculated, the data were summarized by groups using the ‘dplyr’ package in R 

(Wickham and Francois, 2015). Mean observed growth, mean predicted growth, mean 

bias, root mean square error, and standard deviation of mean bias were the summary 

statistics calculated. The data were first grouped by whether or not a tree was disturbed, it 

was then grouped by primary disturbance agent, and finally it was grouped by species 

and whether or not it was disturbed. Bar charts were created to display mean bias by 

various groups using the ‘ggplot2’ package in R (Wickham, 2009). 
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Table 4. Species grouping codes and associated parameter estimates for the FVS-LS diameter growth equation 

Common name Scientific name SPGRCD 
FIA 

MTUCD SPCD 
FIA 

β1 β2 β3 β4 Β5 β6 β7 β8 β9 β10 β11 

Jack pine Pinus banksiana 5 1 105 1.40E+00 -
3.94E+00 

0.00E+00 1.21E-02 1.37E+00 -1.77E-01 0.00E+00 -4.28E-03 3.00E-02 -1.52E-04 3.85E-03 

Red pine Pinus resinosa 4 2 125 2.17E-01  3.03E-01 -8.85E-03 0.00E+00 0.00E+00 -1.14E-03 -3.06E-03 1.95E-02 0.00E+00 5.81E-03 
E. white pine Pinus strobus 4 3 129 4.18E+00 -

1.39E+01 
0.00E+00 0.00E+00 -3.34E-01 0.00E+00 0.00E+00 -4.12E-03 3.38E-02 -1.25E-04 0.00E+00 

White spruce Picea glauca 6 4 94 3.93E+00 -
9.40E+00 

0.00E+00 0.00E+00 -5.86E-01 0.00E+00 0.00E+00 -3.75E-03 1.64E-02 0.00E+00 0.00E+00 

Balsam fir Abies balsamea 6 5 12 3.46E+00 -
1.01E+01 

0.00E+00 0.00E+00 -6.39E-01 0.00E+00 -1.92E-03 0.00E+00 2.68E-02 -9.23E-05 3.17E-03 

Black spruce Picea mariana 6 6 95 3.00E+00 -
1.02E+01 

0.00E+00 0.00E+00 -8.05E-01 0.00E+00 0.00E+00 0.00E+00 1.82E-02 0.00E+00 7.20E-03 

Tamarack Larix laricina 9 7 71 -4.61E-01 0.00E+00 4.22E-01 0.00E+00 0.00E+00 -1.11E-01 0.00E+00 0.00E+00 0.00E+00 1.19E-04 0.00E+00 
N. white cedar Thuja 

occidentalis 
9 8 241 -7.48E-01 0.00E+00 3.30E-01 0.00E+00 0.00E+00 -8.96E-03 -1.18E-03 0.00E+00 2.76E-02 -1.50E-04 5.37E-03 

Black ash Fraxinus nigra 36 10 543 2.53E+00 -
1.01E+01 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 -9.47E-04 0.00E+00 1.68E-02 0.00E+00 1.28E-02 

Green ash Fraxinus 
pennslyvanica 

36 10 544 2.53E+00 -
1.01E+01 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 -9.47E-04 0.00E+00 1.68E-02 0.00E+00 1.28E-02 

Red maple Acer rubrum 32 11 316 -3.26E-01 0.00E+00 3.35E-01 -7.03E-03 -5.32E-01 0.00E+00 -2.03E-03 0.00E+00 3.31E-02 -1.62E-04 5.20E-03 
Black cherry Prunus serotina 41 11 762 -3.26E-01 0.00E+00 3.35E-01 -7.03E-03 -5.32E-01 0.00E+00 -2.03E-03 0.00E+00 3.31E-02 -1.62E-04 5.20E-03 
American elm Ulmus 

americana 
41 12 972 3.24E+00 -

1.07E+01 
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.26E-02 -3.75E-04 0.00E+00 

Yellow birch Betula 
alleghaniesis 

30 13 371 2.54E+00 -
7.30E+00 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.23E-03 1.37E-02 0.00E+00 6.47E-03 

American 
basswood 

Tilia americana 38 14 951 3.69E+00 -
1.10E+01 

0.00E+00 0.00E+00 -3.46E-01 0.00E+00 0.00E+00 -2.59E-03 1.93E-02 0.00E+00 0.00E+00 

Sugar maple Acer saccharum 32 15 318 3.29E+00 -
1.27E+01 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.10E-03 0.00E+00 1.79E-02 0.00E+00 4.96E-03 

Bur oak Quercus 
macrocarpa 

25 18 823 1.90E+00 -
5.70E+00 

9.62E-02 0.00E+00 0.00E+00 -1.61E-02 0.00E+00 -3.67E-03 3.02E-02 -2.23E-04 0.00E+00 

N. red oak Quercus rubra 26 19 833 4.45E-01 0.00E+00 2.25E-01 -3.97E-03 0.00E+00 0.00E+00 0.00E+00 -1.48E-03 0.00E+00 9.04E-05 1.30E-02 
Big tooth aspen Populus 

grandidentata 
37 22 743 3.45E+00 -

8.19E+00 
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.34E-03 2.37E-02 0.00E+00 0.00E+00 

Balsam poplar Populus 
balsamifera 

37 23 741 3.39E+00 -
7.18E+00 

0.00E+00 0.00E+00 -1.69E-01 0.00E+00 0.00E+00 -3.11E-03 1.54E-02 0.00E+00 6.19E-03 

Quaking aspen Populus 
tremloides 

37 23 746 3.39E+00 -
7.18E+00 

0.00E+00 0.00E+00 -1.69E-01 0.00E+00 0.00E+00 -3.11E-03 1.54E-02 0.00E+00 6.19E-03 

Paper birch Betula papyrifera 41 24 375 2.69E+00 -
7.32E+00 

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.97E-04 3.50E-03 



 

 

54 

 

To evaluate the performance of FVS-LS in the presence and absence of disturbance, 

equivalence tests were conducted using the ‘equivalence’ package in R (Robinson 2016). 

The equivalence tests were conducted comparing observed and predicted 10-year 

diameter growth using two one-sided tests assuming a null hypothesis of dissimilarity 

(Wellek 2003). Equivalence testing is a common tool applied in forestry research for 

model validation (Robinson and Froese 2004; Russell et al. 2015). Equivalence tests 

allow the analyst to test means for dissimilarity based on a certain threshold to allow for 

varied amounts of disagreement between observed and predicted values (Pokharel and 

Froese 2008).  The magnitude of the region of similarity was specified as 20 percent of 

standard deviation of the difference in observed and predicted means to allow for some 

disagreement while still holding the model to moderate accuracy standards. 

 

To analyze growth trends following disturbance, the variable “time since most recent 

disturbance” was created. To create this variable, a matrix was made to calculate the 

number of years since the most recent disturbance event. The maximum time since 

disturbance for this dataset was 12.5 years. The mean annual increment for an inventory 

period prior to the time since disturbance value was calculated by dividing the observed 

growth by the number of years in the inventory cycle and the data were grouped by time 

since disturbance and analyzed to show mean annual increment based on the number of 

years since a disturbance event. The data was subset into conifers and hardwoods. Trees 

from plots that experienced no disturbances over the three inventory cycles were also 

examined for comparison. 
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3.3 Results 

3.3.1 Bias and equivalence for all trees combined 

For all species combined, trees on plots experiencing a disturbance had an average ten-

year diameter growth rate of 1.06±0.92 inches (n=7,036) (Figure 13). Average observed 

ten-year diameter growth for non-disturbed trees was 0.88±0.82 inches. The mean bias 

associated with ten year diameter growth of disturbed trees was 0.12±0.88 inches, 

indicating that FVS-LS is underpredicting diameter growth in disturbed forests. FVS-LS 

tends to overpredict ten year diameter growth by 0.03±0.78 inches for trees not 

experiencing disturbance (n=276,006), with an average observed diameter growth of 0.88 

inches. The difference in observed diameter growth between trees on disturbed plots and 

trees not on disturbed plots averaged 0.18 inches over ten years. The variability 

surrounding this estimate is also very high, although on average, FVS-LS seems to 

perform well in predicting diameter growth in undisturbed forests. 

 

Figure 13. Mean bias of observed diameter growth (inches/ 10 years) versus diameter growth 

predicted by FVS-LS based on whether or not the plot was disturbed. 

 

On average for all species and disturbance status’s combined, observed diameter growth 

tested equivalent to the predicted growth calculated from the FVS-LS growth equation. 
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When separated by disturbance presence, only the non-disturbed trees tested equivalent. 

For all disturbance agents combined (not including no disturbance), the model equation 

was not equivalent to the observed growth. 

 

3.3.2 Bias and equivalence by disturbance agent 

Trees on animal disturbed plots (n=1607) had the largest mean bias, under predicting ten 

year diameter growth by 0.32±1.04 inches. Trees on plots experiencing disease (n=682) 

also resulted in a substantial under prediction averaging 0.19±0.88 inches over ten years. 

FVS-LS performed the best for trees on plots with fire disturbance (n=367), under 

predicting diameter growth by only 0.01±0.73 1 inches on average. This was slightly 

better than the non-disturbed plots (n=276,006), which had an average over prediction of 

0.03±0.78 inches per ten years. The FVS-LS equations also performed well for trees on 

plots experiencing weather disturbance (n=2038), over predicting ten year growth by 

0.05±0.80 inches. The variability surrounding these estimates is very high with standard 

deviations several times larger than the means. Only trees on plots disturbed by insects 

(n=751) had lower observed growth than non-disturbed plots (Figure 14). 

 

Figure 14. Mean bias of observed diameter growth (inches/ 10 years) versus diameter growth 

predicted by FVS-LS by disturbance agent. 
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Results from equivalence tests indicate that on plots experiencing no disturbance, FVS-

LS diameter growth predictions are accurate when compared to observed growth (Table 

2). Predicted growth in the presence of both fire and weather disturbances were also 

equivalent. Equivalence tests failed to prove the remaining disturbance agents were 

equivalent. 

 

Table 5. Average observed ten-year diameter growth, predicted growth, mean bias and equivalence 

test results by disturbance agent for FIA data collected between 1999 and 2014. 

Disturbance n Mean 

observed 

Mean 

predicted 

Mean bias sd bias Result 

Animal 1607 1.269 0.954 0.315 1.041 NE 

Disease 682 1.134 0.946 0.188 0.875 NE 

Fire 367 0.946 0.934 0.012 0.729 E 

Human 1591 1.051 0.920 0.131 0.863 NE 

Insect 751 0.798 0.919 -0.121 0.755 NE 

None 276006 0.884 0.919 -0.035 0.784 E 

Weather 2038 0.982 0.926 0.056 0.801 E 

 

3.3.3 Bias and equivalence for common hardwood species 

When grouped by species, FVS-LS tended to have the large mean bias for hardwood 

species commonly found in the region (Figure 15). American elm (Ulmus Americana) 

had the highest mean bias for both disturbed and not disturbed trees, averaging under 

predictions of 0.94±1.34 inches and 0.71±1.17 inches, respectively. The model also 

performed poorly in predicting diameter growth for quaking aspen (Populus 

tremuloides), a dominant species in the region. The mean bias for quaking aspen in 

disturbed sites averaged 0.58±0.94 inches. For five of the fourteen hardwood species, 

FVS-LS performed better in the presence of disturbance. The model tended to 

overpredict diameter growth of northern hardwoods species on plots with no disturbance. 

Balsam poplar (Populus balsamifera) and red maple (Acer rubrum) were the individual 

species that were most successfully modeled by FVS-LS on plots lacking disturbance, 

having a mean bias of 0.02±0.75  inches (under predicting) and -0.07±0.7 inches 

(overpredicting), respectively.  
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Table 6. Average observed growth, predicted growth, mean bias and equivalence test results by 

hardwood species and disturbance status for FIA data collected between 1999 and 2014. 

Species Disturbed n Mean 

observed 

Mean 

predicted 

Mean 

Bias 

sd 

bias 

Result 

American 

basswood 

American 

basswood 

No 7929 0.812 0.922 -0.110 0.826 NE 

Yes 217 1.148 0.929 0.219 1.066 NE 

American elm No 4462 1.759 1.045 0.714 1.169 NE 

American elm Yes 220 1.993 1.049 0.943 1.337 NE 

Balsam poplar No 3182 1.060 1.037 0.022 0.750 E 

Balsam poplar Yes 104 1.423 1.035 0.388 0.816 NE 

Big tooth aspen No 6153 1.389 1.027 0.362 0.842 NE 

Big tooth aspen Yes 111 1.196 1.018 0.178 0.936 NE 

Black ash No 13862 0.636 0.859 -0.223 0.533 NE 

Black ash Yes 340 0.696 0.868 -0.172 0.633 NE 

Black cherry No 4332 1.068 0.921 0.148 0.986 NE 

Black cherry Yes 146 1.148 0.945 0.203 0.882 NE 

Bur oak No 4231 0.735 0.925 -0.190 0.590 NE 

Bur oak Yes 178 0.857 0.913 -0.056 0.623 NE 

Green ash No 4888 1.082 0.946 0.136 0.827 NE 

Green ash Yes 214 1.160 0.970 0.190 0.854 NE 

n. red oak No 5344 1.203 1.010 0.193 0.950 NE 

n. red oak Yes 142 1.418 1.006 0.413 1.064 NE 

Paper birch No 14628 0.613 0.847 -0.234 1.005 NE 

Paper birch Yes 483 0.733 0.868 -0.135 0.628 NE 

Quaking aspen No 28241 1.415 1.040 0.375 0.846 NE 

Quaking aspen Yes 993 1.626 1.042 0.583 0.939 NE 

Red maple No 32670 0.846 0.914 -0.068 0.701 E 

Red maple Yes 928 1.047 0.917 0.130 0.906 NE 

Sugar maple No 32592 0.687 0.898 -0.211 0.628 NE 

Sugar maple Yes 1102 0.776 0.880 -0.104 0.664 NE 

Yellow birch No 3691 0.709 0.906 -0.197 0.653 NE 

Yellow birch Yes 77 0.668 0.914 -0.246 0.659 NE 

 

Equivalence tests failed to validate the FVS-LS diameter growth equation for twelve of 

the fourteen hardwood species in this study in undisturbed plots, red maple and balsam 

poplar were the two species that tested equivalent (Table 6). For plots experiencing 
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disturbance, no hardwood species had observed growth equivalent to the FVS-LS model 

equation. 

 

Figure 15. Mean bias of observed diameter growth (inches/ 10 years) versus diameter growth 

predicted by FVS-LS for common hardwood species. 

 

3.3.4 Bias and equivalence for common conifer species 

For conifer species common to the region, FVS-LS performed best when modeling jack 

pine (Pinus banksiana) diameter growth, over predicting growth by 0.06±0.68 inches in 

undisturbed stands and 0.04±0.68 inches in disturbed stands (Figure 16). The model also 

performed well for modeling diameter growth of black spruce (Picea mariana) and 

tamarack (Larix laricina), on both disturbed and undisturbed plots. White spruce (Picea 

glauca) was also modeled with success, but only for trees on plots experiencing 

disturbance. The model performed poorly for red pine (Pinus resinosa) and eastern white 

pine (Pinus strobus), significantly underpredicting diameter growth, especially for trees 

on plots experiencing disturbance. Northern white cedar (Thuja occidentalis) saw large 

overpredictions for both disturbance and undisturbed plots, though bias was similar for 

the two groups, each having a mean bias of 0.4 inches/10 years. Balsam fir (Abies 

balsamea) diameter growth was modeled with moderate success for trees on undisturbed 

plots, under predicting growth by 0.1±0.70 inches/10 years. Mean bias was higher for 
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trees on disturbed plots for four of the eight conifer species in this study. The variability 

surrounding the estimates for disturbed plots was extremely high. 

 

Figure 16. Mean bias of observed diameter growth (inches/ 10 years) versus diameter growth 

predicted by FVS-LS for common conifer species. 

 

For the conifer species in the absence of disturbance, only jack pine (Pinus banksiana) 

observed growth tested equivalent to the FVS-LS predicted growth (Table 7). Tamarack 

was the only species in this study that tested equivalent in the presence of disturbance; in 

the absence of disturbance ten-year diameter growth for tamarack was not equivalent. 

 

Table 7. Average observed growth, predicted growth, mean bias and equivalence test results by 

species and disturbance status for FIA data collected between 1999 and 2014 for common conifer 

species. 

Species Disturbed? n Mean 

observed 

Mean 

predicted 

Mean 

Bias 

sd 

bias 

Result 

Balsam fir No 15906 1.047 0.947 0.099 0.699 NE 

Balsam fir Yes 386 1.312 0.958 0.354 0.818 NE 

Black 

spruce 

No 16273 0.546 0.675 -0.129 0.463 NE 

Black 

spruce 

Yes 287 0.676 0.765 -0.089 0.522 NE 
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e. white 

pine 

No 5271 1.303 1.017 0.286 1.153 NE 

e. white 

pine 

Yes 141 1.336 0.989 0.348 1.137 NE 

Jack pine No 7774 0.887 0.950 -0.063 0.677 E 

Jack pine Yes 123 0.907 0.946 -0.039 0.677 NE 

n. white 

cedar 

No 34511 0.513 0.912 -0.399 0.492 NE 

n. white 

cedar 

Yes 500 0.536 0.940 -0.404 0.533 NE 

Red pine No 14681 1.263 1.012 0.251 0.923 NE 

Red pine Yes 91 1.479 1.039 0.440 1.383 NE 

Tamarack No 11149 0.666 0.774 -0.107 0.609 NE 

Tamarack Yes 193 0.760 0.764 -0.004 0.505 E 

White 

spruce 

No 4236 1.160 0.989 0.171 0.925 NE 

White 

spruce 

Yes 60 1.033 0.994 0.040 1.073 NE 

 

3.3.5 Growth trends by time since most recent disturbance 

Mean annual diameter growth (inches) by time since disturbance showed that observed 

growth increased following disturbance and then tapered off. Immediately following 

disturbance, growth is slightly higher than non-disturbed trees and then continues to rise 

until seven and a half years since disturbance and then decreases at twelve and half years 

since disturbance where it becomes similar to growth rates found on non-disturbed plots. 

The trend held consistent between both coniferous and hardwood species. The FVS-LS 

predictions of diameter growth were not sensitive to time since disturbance (Figures 17 

and 18). 
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Figure 17. Mean annual observed and predicted diameter growth by time since disturbance for FIA 

data collected between 1999 and 2014 for common hardwood species. 

 

Figure 18. Mean annual observed and predicted diameter growth by time since disturbance for FIA 

data collected between 1999 and 2014 for common conifer species. 
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3.4 Discussion 

While the FVS-LS diameter growth equation performs well on average, it is apparent that 

when applied to species-specific situations, the model typically understimates, or 

overestimates, diameter growth to the extent that equivalence tests fail to validate the 

model. This is a particular concern for managers trying to manage tree density via basal 

area. Miscalculated diameters will result in errors in stand basal area change. Further, the 

model performs even worse in the presence of disturbance. Other studies have found that 

the former FVS-LS growth equation also had a tendency to miscalculate basal area 

(Lacerte et al., 2004; Pokharel and Froese 2008; Russell et al., 2015). The model equation 

was selected from a list of models because, on average, it was the best option, but looking 

further, the equation itself did not perform extremely well when applied to individual 

species, often having species-specific observed versus predicted correlation values less 

than 0.4 (Deo and Froese, 2013). 

While the model did perform well in a few specific cases, this study provides evidence 

that it may be necessary to develop species-specific growth equations that account for 

physiological and abiotic factors that influence a particular species growth and vigor. It 

may also suggest that accounting for changes in weather and climate patterns are 

necessary. While mortality was not considered in this study, past research has indicated 

that accounting for climate change and weather patterns is one of the factors mortality is 

most sensitive to (Crookston et al. 2010). Other research suggests that the accurately 

representing the temporal change of site characteristics is crucial to predicting both the 

likelihood and severity of disturbances, as well as the response of the vegetation present 

on the site (Crocker et al., 2016). 

 

The FVS-LS diameter growth equation did perform well in the presence of some 

disturbance agents (i.e., weather and fire), but when all disturbance agents were analyzed 

together, equivalence tests failed to validate the equation, suggesting further parameter 

refinement may be necessary to portray diameter growth accurately in stands that 

experience a disturbance. Some research suggests crown attributes are the best way to 
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measure and predict tree vigor, as they can serve as a proxy for a tree’s ability to 

photosynthesize (Randolph, 2012; Russell et al., 2015). Accounting for biotic disturbance 

agents is extremely important when trying to generate realistic predictions of stand level 

growth (Woods and Coates, 2013).  

 

There is an immediate and continuing need to benchmark and improve forest growth and 

yield models, like FVS-LS. There has been little effort and few research studies 

evaluating the model’s ability to predict tree growth response to biotic and abiotic 

disturbances (Russell et al., 2015). The new diameter growth equation was implemented 

in 2015 and there has been no studies attempting to quantify or validate the accuracy of 

the new equation across the US Lake States. Stand volume is primarily driven by 

diameter growth in FVS-LS, so improving the model’s capacity to precisely and 

accurately predict diameter growth in the presence (or absence) of disturbance is 

extremely important for forest managers trying to plan both the short- and long-term 

silvicultural management of stands (Russell et al., 2015).  

 

3.6 Data Limitations 

Although there were numerous plot records, only plots containing a single condition were 

used, hence, multiple condition plots could have potentially been included in this study, 

but to remain consistent with chapter 1, they were eliminated from the dataset. Another 

limitation was sample size, to ensure sample sizes were large enough, broad level 

disturbance classes were used potentially covering up some species and disturbance 

specific interactions. Another concern is that FVS-LS operates on 10-year time steps and 

the FIA remeasurement period averages 5-years, due to this disconnect, the observed FIA 

growth needed to be extrapolated to 10 years to validate the model equations. The most 

difficult data limitation was found when dealing with time since disturbance. 

Disturbances occur between consecutive inventories, so linking a disturbance to an 

inventory cycle can become difficult due to the mismatch in inventory cycles. By 

excluding growth occurring prior to a disturbance, the inventory period following the 
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disturbance record was used. Since disturbance records do not line up with the inventory 

times, some growth that occurred after the disturbance was also excluded. To exclude 

pre-disturbance growth, some post disturbance growth was also excluded. Because of 

this, one approach to evaluate time since disturbance was to calculate mean annual 

diameter growth and treat time since disturbance as a factor. 

 

3.5 Future Research 

This project is one of the first studies using disturbance and tree growth data from a 

national forest inventory and is meant to serve as a baseline for researchers and forest 

managers interested in modeling forest growth after disturbance events. This project 

analyzed the impacts of primary disturbance agents and the FVS-LS model’s capacity to 

predict individual tree growth following these events. Future research could build upon 

this project to better understand tree growth following disturbance, modeling growth in 

disturbed forests, and implementing disturbance scenarios in forest growth and yield 

modeling. Continuing research could also aim to better understand the impacts of 

species-specific disturbance impacts and the impacts of specific disturbance agents. 

Understanding and modeling tree growth in stands experiencing multiple, or recurring, 

disturbances should also continue to be a priority. Furthermore, this research could help 

forest growth modelers to improve the performance of growth and yield models in the 

presence of disturbance and better predict the uncertainty of forest growth following 

disturbance. As the FIA program continues to inventory plots, long-term data will 

become available allowing researchers to reevaluate and build upon this research. As 

more inventory cycles are completed and additional data are made available, this could 

potentially allow researchers to investigate more specific disturbance interactions on 

forest stand and landscape dynamics. Modeling forest disturbances and the growth 

occurring following these disturbances is no easy task and research aiming to predict and 

understand these interactions should be revisited continually, as forested landscapes are 

dynamic and adaptable systems. Further research should also aim to identify how 

disturbances and forest growth will change with global climate change. Mortality is 
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another important factor that could be considered in future research and the associated 

impacts of mortality on residual tree growth and crown characteristics should be 

considered in forest modeling. 

 

3.7 Conclusions/Management Implications  

From a forest-wide perspective, FVS-LS may accurately predict diameter growth across a 

range of stand conditions. The diameter growth equation was developed and chosen 

based on the overall performance with all species and conditions grouped together. When 

analyzed at the stand or species level, the equation does not perform well. Likely the 

current model equation is not appropriate for modeling forest stand growth when only a 

few, or a single, species is present on the site. When used in disturbed stands, the model 

will likely not perform at a level of accuracy desired by managers. From the data used in 

this study, it is apparent that trees in disturbed forests have different growth rates than 

trees in non-disturbed forests. Forest managers and researchers should seek alternative 

modeling methods to quantify individual tree growth in the presence of disturbance 

events. Species-specific diameter growth equations should be developed using 

physiological traits, advanced site quality measures, and measures of vigor such as 

photosynthetic capacity, maximum potential diameter growth, water usage, length of 

growing season, and various crown measures that are known to affect the species growth 

rates. FVS-LS is potentially one of the most important tools used by forest managers in 

the Lake States region and initiative should be taken to adapt the model to account for 

factors specific to each species. A single diameter growth equation with different 

coefficient values for each species, while convenient to researchers, may not be 

appropriate to accurately model forest growth as different species have different 

functional traits and optimal site characteristics. 
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Chapter 4: Epilogue 

Across the region, animal disturbance was the most frequently recorded disturbance 

agent and fire was the least frequent. These results seem reasonable due to the 

extremely high white-tailed deer population in the upper Midwest and post 

settlement efforts to suppress wildfire and exclude it from the landscape. Animal 

disturbance is likely a chronic understory disturbance that long term effects on forest long 

term composition (White, 2012; Cornett et al., 2000) but stand level change in tree 

density, or basal area, may not be affected to the extent seen in other disturbance agents 

because this study analyzed only trees 5.0 inches in diameter and larger. This disconnect 

between condition level disturbances and tree level growth could explain why animal 

disturbance appeared to have little impact on plot level growth. Fire disturbance had 

extreme variability throughout the region and did not appear to affect stand level 

attributes as severely as other disturbance agents. While most disturbance agents were 

distributed at least somewhat uniform throughout the region, fire appeared to be 

isolated to areas of vast forestland and low human populations. 

 

Human, weather, and insect disturbances appeared to have the largest impacts to 

stand level basal area. Human disturbance, in particular, contributed to the largest 

decreases in standing basal area, both live and standing dead. Weather disturbance 

consistently resulted in lower live basal area and increased standing dead basal area. 

Insect disturbance also associated well with increased standing dead basal area. 

Disease had moderate, but less severe impacts, contrary to what was expected.  

 

Disturbances were recorded on approximately six percent of all plot records 

meansured between 1999 and 2014, but approximately 11.5 percent of plots 

experienced some type of disturbance during the fifteen year period, this is due to 

plots having multiple records and some plots having multiple disturbance records 

over time. This disconnect is likely a product of plots having different numbers of 

plot records, that could have been a result of plot records being eliminated due to 
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changing number of conditions or lack of access to remeasure certain plots. Multiple 

disturbances were extremely rare and sample sizes were too low to draw many 

conclusions about the impacts of multiple disturbances. As time goes on and more 

plot records are obtained, the data should be revisited to draw more valid conclusions 

about the impacts of interacting disturbances on stand level structure and 

composition. While multiple disturbances were uncommon, when it did occur, both 

over time and at a given point in time, animal disturbance was usually one, if not 

both, of the recorded disturbance agents. 

 

While the FVS-LS diameter growth equation performs well on average, it is apparent that 

when applied to species-specific situations, the model typically understimates, or 

overestimates, diameter growth to the extent that equivalence tests fail to validate the 

model. This is a particular concern for managers trying to manage tree density via basal 

area. Miscalculated diameters will result in errors in stand basal area change. Further, the 

model performs even worse in the presence of disturbance. Other studies have found that 

the former FVS-LS growth equation also had a tendency to miscalculate basal area 

(Lacerte et al., 2004; Pokharel and Froese 2008; Russell et al., 2015). Since basal area 

growth is driven by diameter growth, this error will compound over larger areas. While 

the model did perform well in a few specific cases, this study provides evidence that it 

may be necessary to develop species-specific growth equations that account for 

physiological and abiotic factors that influence a particular species growth and vigor. It 

may also suggest that accounting for changes in weather and climate patterns are 

necessary. 

The FVS-LS diameter growth equation did perform well in the presence of some 

disturbance agents (i.e., weather and fire), but when all disturbance agents were analyzed 

together, equivalence tests failed to validate the equation, suggesting further parameter 

refinement may be necessary to portray diameter growth accurately in stands that 

experience a disturbance. Species-specific diameter growth equations should be 

developed using physiological traits, advanced site quality measures, and measures of 



 

 

69 

 

vigor such as photosynthetic capacity, maximum potential diameter growth, water usage, 

length of growing season, and various crown measures that are known to affect the 

species growth rates. Accounting for biotic disturbance agents is also extremely 

important when trying to generate realistic predictions of stand level growth (Woods and 

Coates, 2013).  

 

FVS-LS is potentially one of the most important tools used by forest managers in the 

Lake States region and initiative should be taken to adapt the model to account for factors 

specific to each species. A single diameter growth equation with different coefficient 

values for each species, while convenient to researchers, may not be appropriate to 

accurately model forest growth as different species have different functional traits and 

optimal site characteristics. There is an immediate and continuing need to benchmark and 

improve forest growth and yield models, like FVS-LS. There has been little effort and 

few research studies evaluating the model’s ability to predict tree growth response to 

biotic and abiotic disturbances (Russell et al., 2015). Stand volume is primarily driven by 

diameter growth in FVS-LS, so improving the model’s capacity to precisely and 

accurately predict diameter growth in the presence (or absence) of disturbance is 

extremely important for forest managers trying to plan both the short- and long-term 

silvicultural management of stands (Russell et al., 2015).  

 

Future research could build upon this project to better understand tree growth following 

disturbance, modeling growth in disturbed forests, and implementing disturbance 

scenarios in forest growth and yield modeling. Continuing research could also aim to 

better understand the impacts of species-specific disturbance impacts and the impacts of 

specific disturbance agents.  

Understanding and modeling tree growth in stands experiencing multiple, or recurring, 

disturbances should also continue to be a priority. Furthermore, this research could help 

forest growth modelers to improve the performance of growth and yield models in the 

presence of disturbance and better predict the uncertainty of forest growth following 
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disturbance. As the FIA program continues to inventory plots, long-term data will 

become available allowing researchers to reevaluate and build upon this research. As 

more inventory cycles are completed and additional data are made available, this could 

potentially allow researchers to investigate more specific disturbance interactions on 

forest stand and landscape dynamics. Modeling forest disturbances and the growth 

occurring following these disturbances is no easy task and research aiming to predict and 

understand these interactions should be revisited continually, as forested landscapes are 

dynamic and adaptable systems. 
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Appendix A: 

Charts for counts and increments for live trees per acre and live tree quadratic mean 

diameter. 
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Figure 19. Live trees per acre (>= 5.0”) by primary disturbance and forest type group at time of disturbance recording, 1999 

through 2014, with standard error bars. 
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Figure 20. Quadratic mean diameter of live trees (inches) by primary disturbance and forest type group at time of disturbance 

recording, 1999 through 2014, with standard error bars. 
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Figure 21. Change in live trees per acre calculated from difference between pre and post disturbance inventories by primary 

disturbance and forest type group, with standard error bars.
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Figure 22. Change in quadratic mean diameter of live trees (inches) calculated from difference between pre and post 

disturbance inventories by primary disturbance and forest type group, with standard error bars.
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Appendix B: 

Charts for counts and increments for standing dead trees per acre and standing dead tree 

quadratic mean diameter. 
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Figure 23. Standing dead trees per acre (>= 5.0”) by primary disturbance and forest type group at time of disturbance 

recording, 1999 through 2014, with standard error bars. 
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Figure 24. Quadratic mean diameter of standing dead trees (inches) by primary disturbance and forest type group at time of 

disturbance recording, 1999 through 2014, with standard error bars.
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Figure 25. Change in standing dead trees calculated from difference between pre and post disturbance inventories by primary 

disturbance and forest type group, with standard error bars.
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Figure 26. Change in standing dead tree quadratic mean diameter calculated from difference between pre and post 

disturbance inventories by primary disturbance and forest type group, with standard error bars. 


