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ABSTRACT 
 

Timber harvesting is the leading cause of adult tree mortality in forests of the 
northeastern United States. While current rates of harvest are generally sustainable, there 
is considerable pressure to increase harvest to meet timber production, climate, and 
energy goals. Maximizing one of these values may compromise other forest resources, 
including a wide range of ecosystem services and the conservation of native species. This 
dissertation investigates the effects of timber harvest on carbon sequestration and storage, 
bioenergy, and wildlife. First, I estimated current harvest regimes for different forest 
types and regions across the U.S. states of New York, Vermont, New Hampshire, and 
Maine using data from the U.S. Forest Inventory and Analysis Program. I implemented 
the harvest regimes in SORTIE-ND, an individual-based model of forest dynamics, and 
simulated the effects of current harvest regimes and five additional harvest scenarios that 
varied by harvest frequency and intensity over 150 years. Second, I used the output from 
the forest dynamics model in combination with a greenhouse gas accounting tool, 
ForGATE, to estimate the carbon consequences of current and intensified timber harvest 
regimes in the northeastern U.S. I considered a range of carbon pools including forest 
ecosystem pools, forest product pools, and waste pools, along with different scenarios of 
feedstock production for biomass energy. Third, I examined the effect of the harvest 
regimes on the probability of occurrence of 12 forest-dwelling songbirds. I used expert 
elicitation to build occupancy models using a combination of field-based forest structure 
data and landscape-scale variables. Finally, in Chapter 4, I combined the results of the 
previous papers and assessed the tradeoffs between management alternatives using a 
multi-criteria decision analysis approach. I explored the possibilities of simultaneously 
meeting multiple objectives including wildlife occupancy, net carbon impact, harvested 
wood products, and biomass energy feedstock production. The results of this dissertation 
provide stakeholders with state and regional estimates of the benefits and impacts of 
timber harvest to sustainably manage for multiple forest values. 
 
 



ii 

CITATIONS 

Material from this dissertation has been published in the following form: 

Brown M. L., Canham, C. D., Murphy, L., and Donovan, T. M.. 2018. Timber harvest as 
the predominate disturbance regime in northeastern U.S. forests: effects of harvest 
intensification. Ecosphere 9(3):e02062. 10.1002/ecs2.2062 
 
  



iii 

ACKNOWLEDGEMENTS  

 I want to express my sincere gratitude to the many people who have helped me 

throughout my PhD journey. First, many thanks to my advisor, Terri Donovan. Your 

mentorship, positivity, kindness, and scientific prowess helped me develop my scientific 

identify. I am so grateful for your support and friendship and have very much enjoyed our 

long journey together. I could not have accomplished this without you. I also want to 

thank my committee members, Ruth Mickey, Bill Keeton, Mark Henderson, and Taylor 

Ricketts. Your contributions and ideas have elevated my work and made me a better 

thinker and writer. I sincerely thank Charlie Canham for sharing so much of your 

expertise in the development of my PhD and my professional career. I’m grateful for 

your mentorship, friendship, encouragement, and patience. Thank you to all my friends at 

The Nature Conservancy. Incorporating real-world conservation into my PhD was 

critical, and I’m so appreciative of your unwavering support and enthusiasm. I want to 

thank my lab mates, especially Jon Katz. Thank you to all of the bird expert volunteers 

who made occupancy modeling come to life. Finally, I want to thank my family and 

friends who have provided an enormous amount of support and encouragement 

throughout my academic career. It truly takes a village to graduate a PhD student, and 

I’m grateful to you all. And to Morgan and Oscar, thank you for your faith in me, making 

me laugh, inspiring me, and reminding me about life’s most important gifts.  

 

   



iv 

TABLE OF CONTENTS 

CITATIONS ....................................................................................................................... ii 

ACKNOWLEDGEMENTS ............................................................................................... iii 

CHAPTER 1: TIMBER HARVEST AS THE PREDOMINANT DISTURBANCE 

REGIME IN NORTHEASTERN U.S. FORESTS: EFFECTS OF HARVEST 

INTENSIFICATION .......................................................................................................... 1 

1.1. Abstract .................................................................................................................. 2 

1.2. Introduction ........................................................................................................... 3 

1.3. Methods ................................................................................................................. 6 

1.3.1. Study area......................................................................................................... 6 

1.3.2. Analysis of regional variation in forest harvest regimes ................................. 7 

1.3.3. Development and implementation of alternate harvest regime scenarios ..... 10 

1.3.4. Simulation of forest dynamics with SORTIE-ND ......................................... 11 

1.4. Results ................................................................................................................. 14 

1.4.1. Analysis of regional variation in forest harvest regimes ............................... 14 

1.4.2. Predicted impacts of alternate harvest regime scenarios ............................... 16 

1.5. Discussion ............................................................................................................ 19 

1.5.1. Harvest effects on landscape structure and composition ............................... 19 

1.5.2. Integrating timber harvest regimes into disturbance theory .......................... 22 

1.5.3. Socioeconomic drivers of harvest disturbance regimes ................................. 24 

1.6. Acknowledgments ............................................................................................... 26 

1.7. Tables and Figures ............................................................................................... 27 

1.7.1. Tables ............................................................................................................. 27 

1.7.2. Figures............................................................................................................ 29 



v 

1.8. References............................................................................................................ 38 

CHAPTER 2: NET CARBON SEQUESTRATION IMPLICATIONS OF  

INTENSIFIED TIMBER HARVEST IN NORTHEASTERN U.S. FORESTS .............. 44 

2.1. Abstract ................................................................................................................ 45 

2.2. Introduction ......................................................................................................... 46 

2.3. Methods ............................................................................................................... 48 

2.3.1 Study area........................................................................................................ 48 

2.3.2. Timber harvest scenarios and implementation in SORTIE-ND .................... 49 

2.3.3. Bioenergy feedstock scenarios ....................................................................... 51 

2.3.4. Greenhouse gas accounting for wood products utilizing ForGATE .............. 52 

2.3.5. Net carbon sequestration calculation ............................................................. 53 

2.3.6. Fossil fuel displacement scenarios ................................................................. 55 

2.4. Results ................................................................................................................. 56 

2.4.1. Predicted harvest effects on carbon pools ...................................................... 56 

2.4.2. Predicted greenhouse gas implications of alternative harvest regimes .......... 58 

2.5. Discussion ............................................................................................................ 60 

2.5.1. Net carbon impact of variation in forest harvest regimes .............................. 60 

2.5.2. Harvest effects on landscape forest carbon pools .......................................... 64 

2.5.3. Carbon implications of use of logging residue as a biomass energy    

feedstock .................................................................................................................. 65 

2.5.4. Forest biomass energy equivalent .................................................................. 67 

2.5.5. Limitations ..................................................................................................... 67 

2.5.6. Conclusions .................................................................................................... 68 

2.6. Acknowledgements.............................................................................................. 70 

2.7. Tables and Figures ............................................................................................... 71 

2.7.1. Tables ............................................................................................................. 71 



vi 

2.7.2. Figures............................................................................................................ 74 

2.8. References............................................................................................................ 80 

CHAPTER 3: PREDICTING REGIONAL-SCALE EFFECTS OF FOREST 

MANGEMENT ON SONGBIRDS WITH EXPERT ELICITATION ............................ 86 

3.1. Abstract ................................................................................................................ 87 

3.2. Introduction ......................................................................................................... 88 

3.3. Methods ............................................................................................................... 92 

3.3.1. Study Area ..................................................................................................... 92 

3.3.2. Focal Species ................................................................................................. 93 

3.3.3. Objective 1. Conduct a regional expert survey to elicit bird species  

occupancy probabilities across the Northeast U.S. .................................................. 94 

3.3.4. Objective 2. Build occupancy models from expert data ................................ 96 

3.3.5. Objective 3. Apply occupancy models to 5 timber harvest scenarios to  

predict changes in bird distribution patterns .......................................................... 100 

3.4. Results ............................................................................................................... 100 

3.4.1. Objective 1. Conduct a regional expert survey to elicit bird species  

occupancy probabilities across the Northeast U.S. ................................................ 100 

3.4.2. Objective 2. Build occupancy models from expert data .............................. 101 

3.4.3. Objective 3. Apply occupancy models to 5 timber harvest scenarios to  

predict changes in bird distribution patterns .......................................................... 102 

3.5. Discussion .......................................................................................................... 103 

3.5.1. Expert Elicitation ......................................................................................... 104 

3.5.2. Effect of harvest scenarios on bird occupancy – modeling approach .......... 105 

3.5.3. Effect of harvest scenarios on bird occupancy – key findings ..................... 106 

3.5.4. Considerations.............................................................................................. 107 

3.5.6. Conclusion ................................................................................................... 108 



vii 

3.6. Tables and Figures ............................................................................................. 110 

3.6.1. Tables ........................................................................................................... 110 

3.6.2. Figures.......................................................................................................... 119 

3.7. References.......................................................................................................... 124 

CHAPTER 4: USING MULTI-CRITERIA ANALYSIS TO EVALUTATE         

FOREST RESOURCE TRADEOFFS IN THE NORTHEASTERN USA .................... 130 

4.1. Abstract .............................................................................................................. 131 

4.2. Introduction ....................................................................................................... 132 

4.3. Methods ............................................................................................................. 135 

4.3.1. Study Area ................................................................................................... 135 

4.3.2. Objective 1. Identify forest management decision objectives (Figure          

1A). ........................................................................................................................ 135 

4.3.3. Objective 2. Identify forest management decision alternatives                

(Figure 1C). ............................................................................................................ 137 

4.3.4. Objective 3. Estimate the consequences of each decision alternative     

relative to each decision objective (Figure 1D). .................................................... 138 

4.3.5. Objective 4. Evaluate tradeoffs among the decision objectives                

(Figure 1F). ............................................................................................................ 142 

4.4. Results ............................................................................................................... 144 

4.4.1. Consequences ............................................................................................... 144 

4.4.2. Tradeoffs ...................................................................................................... 145 

4.5. Discussion .......................................................................................................... 148 

4.6. Tables and Figures ............................................................................................. 153 

4.6.1. Tables ........................................................................................................... 153 

4.6.2. Figures.......................................................................................................... 156 



viii 

4.7. References.......................................................................................................... 163 

5.0 COMPREHENSIVE BIBLIOGRAPHY .................................................................. 167 

6.0 APPENDICES .......................................................................................................... 183 

6.1. Appendix S1 ...................................................................................................... 183 

6.2. Appendix S2 ...................................................................................................... 204 

6.3. Appendix S3 ...................................................................................................... 211 

6.4. Appendix S4 ...................................................................................................... 219 

 

 

 
  



ix 

LIST OF TABLES 

Table 1.1. Characteristics of the Forest Inventory and Analysis plots (USDA            
Forest Service) used to initialize SORTIE-ND model runs (n=5000)…………….……. 27 
 
Table 1.2. Harvest scenario descriptions………………………………………………... 28 
 
Table 2.1. Harvest and biomass feedstock scenarios…………………………………… 71 
 
Table 2.2. Carbon pools in each harvest/feedstock scenario after 100 years (metric      
tons C/ha). All carbon pools include the initial condition for each pool (average       
metric tons C/ha across the landscape at the start of each scenario) plus the     
accumulated carbon for 100 years, except the forest products pool. The forest       
products pool only includes accumulated carbon……………………………………….. 72 
 
Table 2.3. Cumulative net CO2e sequestration (metric tons C/ha) resulting from          
nine harvest (H) and feedstock (F) scenarios after 50 years. The percent          
displacement refers to the amount of fossil fuel emissions that are displaced by  
wood biomass emissions…………..…………………………………………................. 73 
 
Table 3.1. Harvest scenario descriptions (from Brown et al. 2018a)………………….. 110 
 
Table 3.2. Characteristics of focal species. Canopy closure categories are defined  
as: (1) Open = canopy closure < 30%, (2) Intermediate = canopy closure between  
30% - 80% and (3) Closed = canopy closure > 80% (Hagenbuch et al. 2011). Guild 
categories are defined as: (1) Interior = species increase as percent forest cover and 
distance to edge increases, (2) Mixed = species increase as percent forest cover  
increases and have positive associations with evergreen forest, (3) Deciduous, edge 
tolerant = species increase near edges and peak mostly in forested areas,  
(4) Intermediate = species peak at intermediate forest cover, (5) Forest edge =  
species decrease as road density increases, (6) Evergreen and mixed = species  
increase near edges and as percent forest cover increases; positive association with 
evergreen forest (Schwenk and Donovan 2011).  Cluster categories are defined as:  
(1) Interior = species increase with high percent forest cover, (2) Coniferous =  
species increase with high percent forest cover and higher coniferous basal area,  
(3) Intermediate = species increase with intermediate forest cover, (4) Early  
successional within forest matrix = species increase with early successional habitat  
within forested landscapes (Schwenk et al. 2012)…………………………...………… 111  
 
Table 3.3. Final covariate list used in the development of 12 bird occupancy           
models, including covariates available in the expert survey and identified as  
important by experts. Variables included in the expert survey are shown in column          
4. Expert-identified variables are shown in column 5…………………………………. 112  
 
 



x 

Table 3.4. Final occupancy models for focal bird species in the Northeast U.S.  
Models were developed using expert elicited data and generalized linear mixed  
modeling. Random effects are denoted by parentheses………………………………... 113  
 
Table 3.5. Fixed effect parameter estimates with standard error and p-values for  
12 bird occupancy models in the Northeast U.S……………………………………….. 114  
 
Table 3.6. Leave one out cross validation results for 12 bird occupancy models in  
the Northeast U.S. The confusion matrices compare expert responses at a site with  
model predictions at that site. “0” indicates species absence; “1” indicates species 
presence. Success rate = (number of true positives + number of true negatives) /  
total number of responses; Sensitivity = number of true positives / (number of true 
positives + number of false negatives; Specificity = number of true negatives /  
(number of true negatives + number of false positives)……………………………….. 116 
 
Table 4.1. Characteristics of focal species and subobjective categories. Canopy  
closure categories are defined as: (1) Open = canopy closure < 30%, (2)  
Intermediate = canopy closure between 30% - 80% and (3) Closed = canopy  
closure > 80% (Hagenbuch et al. 2011). Guild categories are defined as: (1)  
Interior = species increase as percent forest cover and distance to edge increases,  
(2) Mixed = species increase as percent forest cover increases and have positive 
associations with evergreen forest, (3) Deciduous, edge tolerant = species increase  
near edges and peak mostly in forested areas, (4) Intermediate = species peak at 
intermediate forest cover, (5) Forest edge = species decrease as road density  
increases, (6) Evergreen and mixed = species increase near edges and as percent  
forest cover increases; positive association with evergreen forest (Schwenk and  
Donovan 2011).  Cluster categories are defined as: (1) Interior = species increase  
with high percent forest cover, (2) Coniferous = species increase with high percent  
forest cover and higher coniferous basal area, (3) Intermediate = species increase  
with intermediate forest cover, (4) Early successional within forest matrix =            
species increase with early successional habitat within forested landscapes          
(Schwenk et al. 2012) (from Brown et al. in review-b)..……………………………..... 153 
 
Table 4.2. Timber harvest scenarios………………………………………………........ 154 
 
Table 4.3. Example of Multi-Criteria Decision Analysis consequence table and  
tradeoff results. Consequences, or partial utilities, represent the effect of forest 
management harvest alternatives on the objectives, and are generated from  
models of forest dynamics, greenhouse gas accounting, and forest bird occupancy  
(Table A). To examine tradeoffs between the various objectives, these values must  
be scaled (Table B). They can also be weighted to incorporate stakeholder values          
(Table B). One final utility score results for each forest management alternative       
(Table B)……………………………………………………………………………….. 155 
   
   



xi 

LIST OF FIGURES 

Figure 1.1. Schematic diagram of the SORTIE-ND forest simulation model.  A     
detailed description of the model structure and parameterization is provided in   
Appendix S1.......................................................................................................................29 

Figure 1.2. (A) Estimated annual probability that a plot is harvested, and (B)       
estimated percentage of basal area removed as a function of total stand basal area          
for six forest type/regions, shown at 300 – 500 feet from the nearest road. ......................30 

Figure 1.3. Estimated annual probability of harvest as a function of distance to        
nearest improved road for six forest type/regions, shown for a stand with 20 m2/ha     
basal area. ...........................................................................................................................31 

Figure 1.4. Frequency distribution of the percentage of tree basal area harvested in           
a given plot, for plots that experienced some level of harvest, for six forest type/     
regions. ...............................................................................................................................32 

Figure 1.5. Estimates of adult aboveground biomass (metric tons/ha) for six harvest 
scenarios and six forest type/regions over the next 150 years. Timestep 1         
corresponds to the year 2011. ............................................................................................33 

Figure 1.6. Percentage of plots in aboveground biomass classes in the year 2120            
for six harvest scenarios. The “No Harvest” scenario includes effects of climate      
change. ...............................................................................................................................34 

Figure 1.7. Amount of harvested biomass (15-year running averages) shown for           
five harvest scenarios and six forest type/regions. Timestep 1 corresponds to the         
year 2011. ...........................................................................................................................35 

Figure 1.8. Species development over 150 years across three harvest regimes    
(columns): no harvest (with climate change), the current harvest regime but with    
climate change, and increased frequency and intensity of the current harvest regime    
with climate change; and three forest types/regions (rows): northern hardwood-      
conifer (New York, Vermont, New Hampshire), northern hardwood-conifer          
(Maine),    and spruce-fir.  Timestep 1 corresponds to the year 2011.  Only twelve 
dominant    species are shown:  ABBA = Abies balsamea, ACRU = Acer rubrum,   
ACSA = Acer saccharum, BEAL = Betula alleghaniensis, FAGR = Fagus       
grandifolia, FRAM = Fraxinus Americana, PIGL = Picea glauca, PIRU = Picea   
rubens, PIST = Pinus   strobes, QURU = Quercus rubra, and TSCA = Tsuga     
candensis.  Details for all ofthe forest types and all scenarios are given in            
Appendix S3.......................................................................................................................36 

 
 
 
 



xii 

Figure 2.1. Carbon transfer from forest pools through waste pools and release to  
the atmosphere. Forest carbon (column A) is transferred to harvest products  
(column B) as defined by each harvest regime (Brown et al. 2018a). Carbon in  
harvest product pools (column B) is transferred to end products, waste pools, or  
the atmosphere (columns C, D, and E) based on ForGATE (Hennigar et al. 2013).  
Ovals indicate carbon pools that can accumulate or decline, rectangles represent  
annual pass-through pools, and clouds represent GHG emissions.................................. 74  
 
Figure 2.2. Carbon accumulation in all carbon pools over 100 years resulting from 
harvest (H) and feedstock (F) scenarios. The live tree panel shows overlapping        
results when the harvest scenarios are the same, but the feedstock scenarios differ.       
The harvest scenario determines the live tree biomass results, not the feedstock      
scenario………………………………………………………………………………… 75  
 
Figure 2.3. Total carbon (Mg/ha) stored in five pools - live trees, coarse woody        
debris and forest floor detritus, mineral soil, forest products, and landfill forest        
carbon pools - after 100 years resulting from nine harvest (H) and feedstock (F) 
scenarios………………………………………………………………………………... 76   
 
Figure 2.4. Biomass accumulation in coarse woody debris and forest floor detritus, 
mineral soil, and three energy feedstock carbon pools – logging residues, chips,           
and pellets – after 100 years. The baseline harvest regime (H1) is being compared        
with the most intensive harvest regime (H4) across two feedstock scenarios. F1        
diverts 25% and F2 diverts 50% of logging residues from the forest to energy 
feedstocks…..................................................................................................................... 77 
 
Figure 2.5. Net CO2e sequestration (Mg C/ha/year) resulting from nine harvest (H)  
and feedstock (F) scenarios over 100 years. The percent displacement refers to the 
amount of fossil fuel emissions that are displaced by wood biomass emissions………. 78  
 
Figure 2.6. Emissions (Mg of CO2e/year) from eight different sources resulting  
from harvest (H) and feedstock (F) scenarios over 100 years…………………………. 79 
 
Figure 3.1. Regional map of the study area showing the 5000 FIA points by forest  
type……………………………………………………………………………………... 119 
 
Figure 3.2. Example SORTIE-ND output showing adult tree aboveground biomass 
estimates for six harvest scenarios across six forest types/regions (from Brown et  
al. 2018)………………………………………………………………………………... 120 
 
Figure 3.3. Example of the elicitation survey interface designed to collect bird  
occurrence data for 12 species. A) Interactive satellite map, B) Site covariate  
values for the survey site locations, C) Supplementary forest structure and  
composition data for the survey sites, D) Sliders where experts recorded  
occupancy estimates and confidence in their estimates………………........................... 121  



xiii 

Figure 3.4. Box plots for 12 bird species models showing future probability of  
occurrence estimates in years 2070 and 2120 (y-axis). Each of the 12 boxplots  
show the estimated median for the 2 timeframes. The lower and upper hinges  
demark the 25th and 75th percentiles for the 5 harvest scenarios (x-axis). The 5  
harvest scenarios represent no harvest (Scenario 0), current harvest (Scenario 1),  
and 3 harvest intensification scenarios (Scenarios 2-4) (Table 1)…………..…………. 123 
 
Figure 4.1. Multi-Criteria Decision Analysis (MCDA) framework. Key           
components include the identification of decision objectives and decision  
alternatives (A, B, C). From there, consequences are calculated and represent the  
effect of decision alternatives (C) relative to the objectives (D). Weighing schemes  
(E) are applied to the consequence results to generate a total utility score for each 
decision alternative (F) ………………………………………………………………... 156 
 
Figure 4.2. Carbon transfer from forest pools through waste pools and release to  
the atmosphere. Forest carbon (column A) is transferred to harvest products  
(column B) as defined by each harvest regime (Brown et al. 2018a). Carbon in  
harvest product pools (column B) is transferred to end products, waste pools, or  
the atmosphere (columns C, D, and E) based on ForGATE (Hennigar et al. 2013).  
Ovals indicate carbon pools that can accumulate or decline, rectangles represent  
annual pass-through pools, and clouds represent GHG emissions (from Brown et  
al. in review-a)…………………………………... ……………………………………. 157 
 
Figure 4.3. SORTIE-ND outputs for five forest management alternatives varying  
by harvest frequency and intensity illustrating the accumulation of (1) biomass  
energy feedstocks (upper left), (2) net carbon impact (upper right), and (3) timber 
products (from Brown et al. in review-a)………………………………………........…. 158  
 
Figure 4.4. Box plots for 12 bird species models showing future probability of  
occurrence estimates in years 2070 and 2120 (y-axis). Each of the 12 boxplots  
show the estimated median for the 2 timeframes. The lower and upper hinges  
demark the 25th and 75th percentiles for the 5 harvest scenarios (x-axis). The 5  
harvest scenarios represent no harvest (Scenario 0), current harvest (Scenario 1),  
and 3 harvest intensification scenarios (Scenarios 2-4) (Table 1) (from Brown et  
al. in review-b)…………………………………...…………………………………….. 159 
 
Figure 4.5. Partial scaled utilities for each forest management alternative relative  
to four decision objectives – maximizing net carbon impact, maximizing timber 
production, maximizing bioenergy feedstock supplies, and maximizing 
biodiversity…………………………………………………………………………….. 160   
 
Figure 4.6. The frequency of the highest and lowest utility scores for five forest 
management alternatives (n=350 for both utility categories). ………………………… 162 
 



1 

CHAPTER 1: TIMBER HARVEST AS THE PREDOMINANT DISTURBANCE 

REGIME IN NORTHEASTERN U.S. FORESTS: EFFECTS OF HARVEST 

INTENSIFICATION 

 

Michelle L. Brown1,4,†, Charles D. Canham2, Lora Murphy2, and Therese M. Donovan3 

 

1 Vermont Cooperative Fish and Wildlife Research Unit, University of Vermont, 

Burlington, VT 05405, USA  

2 Cary Institute of Ecosystem Studies, Box AB, Millbrook, NY 12545, USA 

3 U.S. Geological Survey, Vermont Cooperative Fish and Wildlife Research Unit, 

Rubenstein School of Environment and Natural Resources, University of Vermont, 

Burlington, VT 05405, USA  

 

† email: michelle_brown@tnc.org  

4 Present address: The Nature Conservancy, PO Box 65, Keene Valley, NY 12943, USA 

 

  

mailto:michelle_brown@tnc.org


2 

1.1. Abstract 

Harvesting is the leading cause of adult tree mortality in forests of the 
northeastern United States. While current rates of timber harvest are generally 
sustainable, there is considerable pressure to increase the contribution of forest biomass 
to meet renewable energy goals. We estimated current harvest regimes for different forest 
types and regions across the U.S. states of New York, Vermont, New Hampshire, and 
Maine using data from the U.S. Forest Inventory and Analysis Program. We implemented 
the harvest regimes in SORTIE-ND, an individual-based model of forest dynamics, and 
simulated the effects of current harvest regimes and five additional harvest scenarios that 
varied by harvest frequency and intensity over 150 years. The best statistical model for 
the harvest regime described the annual probability of harvest as a function of forest 
type/region, total plot basal area, and distance to the nearest improved road. Forests were 
predicted to increase in adult aboveground biomass in all harvest scenarios in all forest 
type and region combinations. The magnitude of the increase, however, varied 
dramatically - increasing from 3% to 120% above current landscape averages as harvest 
frequency and intensity decreased. The variation can be largely explained by the 
disproportionately high harvest rates estimated for Maine as compared with the rest of the 
region. Despite steady biomass accumulation across the landscape, stands that exhibited 
old-growth characteristics (defined as >=300 metric tons of biomass/hectare) were rare 
(8% or less of stands). Intensified harvest regimes had little effect on species composition 
due to widespread partial harvesting in all scenarios, resulting in dominance by late 
successional species over time. Our analyses indicate that forest biomass can represent a 
sustainable, if small, component of renewable energy portfolios in the region, although 
there are tradeoffs between carbon sequestration in forest biomass and sustainable 
feedstock supply. Integrating harvest regimes into a disturbance theory framework is 
critical to understanding the dynamics of forested landscapes, especially given the 
predominance of logging as a disturbance agent and the increasing pressure to meet 
renewable energy needs. 
 
 
 
 
 
 
 
 
 
Key words: biomass energy; disturbance regimes; forest composition; forest structure; 
harvest regimes; logging; northeastern United States 
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1.2. Introduction 

Harvesting is the leading source of canopy tree mortality in forests of the 

northeastern United States. It comprises more than half of all mortality (on a volume 

basis), making logging the predominant disturbance – natural or anthropogenic – 

affecting forest ecosystems in the region (Canham et al. 2013). Current harvest regimes 

are dominated by partial harvesting (Canham et al. 2013) in contrast to previous decades 

in which clearcutting was the most common silvicultural system (Kelty and D'Amato 

2006, Masek et al. 2011).  

Classical disturbance theory was developed to describe natural disturbances 

(Pickett and White 1985), but it is also a useful framework for studying anthropogenic 

disturbances such as logging (Oliver and Larson 1996, Seymour et al. 2002). As with 

natural disturbances like windthrow and fire, logging varies widely in terms of frequency 

and intensity. For instance, low intensity wind storms occur at much higher frequencies 

(decades) than catastrophic events (centuries to millennia) (Canham and Loucks 1984), 

just as low intensity logging occurs at higher frequencies than clearcutting (Seymour et 

al. 2002, Canham et al. 2013). Logging and natural disturbances can both be highly 

selective in mortality by species and size (Canham et al. 2001, Papaik and Canham 2006, 

Canham et al. 2013). In a recent paper, Canham et al. (2013) quantified current harvest 

regimes in terms of logging frequency and intensity by species and size within the 

northeastern United States. The statistical characterization of the harvest regimes 

represented the aggregate of stand-scale management across the landscape, just as natural 

disturbance regimes are characterized by the cumulative effect of individual disturbances 

(Pickett et al. 1989, Seymour et al. 2002).  
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Importantly, logging also differs from natural disturbance. Foremost, logging is 

driven by a wide range of socioeconomic factors and human decisions (Puettmann et al. 

2009, Thompson et al. 2017a). There are more than 2 million forest landowners in the 

northeastern U.S. (USDA Forest Service 2016) and each landowner decides if, when, and 

how to manage their forests. Roughly half of current owners have logged their forests 

during their tenure for reasons including improving remaining stock, personal use of 

wood, increasing recreation and hunting opportunities, and financial gain (USDA Forest 

Service 2016). Logging regimes can also vary dramatically over short periods of time in 

response to market forces. For example, federal timber sale restrictions in the western 

U.S. accounted for an increase in private forest land harvest in the southern U.S. during 

the late 1980s and 1990s (Wear and Murray 2004), and harvest rates in the northeastern 

U.S. dropped significantly in response to the economic downturn in 2008.   

Recent calls for increasing the use of forest biomass as a feedstock for the 

renewable energy industry underscore the importance of examining the effects of 

variation in the frequency and intensity of harvest on landscape-scale forest structure and 

composition. Many states are setting progressive renewable energy goals to increase 

energy independence and reduce carbon emissions (Energy Independence and Security 

Act 2007, Biomass Energy Resource Center 2013, Energy Information Administration 

2015). For example, Vermont has set a goal of meeting 90% of the state’s energy needs 

through renewables by the year 2050 (Vermont Department of Public Service 2022), 

while New York aims to meet 50% of its electricity needs by the year 2030 from 

renewable energy (New York State Energy Plan 2015). New Hampshire is the first state 

in the region to require that a portion of its Renewable Portfolio Standard is met through 
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thermal energy, and expects to increase forest bioenergy to achieve that goal (Hunter 

2014). Despite these goals, the benefits of increasing timber harvest to meet energy needs 

are still being debated (IPCC 2014).  

How would intensification of harvest affect both biomass feedstock supply and 

forest structure and composition in the region?  Preliminary assessments by all four 

northern forest states (New York, Vermont, New Hampshire, and Maine), which are 

collectively 71% forested, have concluded that more intensive harvest regimes could 

yield additional sustainable feedstock supply (Maine Forest Service 2010, New 

Hampshire Department of Resources and Economic Development 2010, New York State 

Department of Environmental Conservation 2010, Vermont Agency of Natural Resources 

2010). More detailed forest bioenergy assessments in different portions of this region 

have resulted in similar findings, however the predicted amount of feedstock that can be 

harvested sustainably varies considerably due to differing assumptions concerning 

technology, forest utilization, market forces, and available forest land base (Sherman 

2007, Castellano et al. 2009, Biomass Thermal Energy Council 2010, Buchholz et al. 

2011, Wojnar 2013).    

These analyses, however, typically represent static analyses based on growth and 

yield from the current mix of forests within the landscape of a defined region, without 

considering the effects of changes in harvest regimes on the future composition, structure, 

and productivity of the forest landscape. In the analyses presented here, we use data from 

the U.S. Forest Service’s Forest Inventory and Analysis Program (FIA) (USDA Forest 

Service 2020) to characterize current harvest regimes for different regions and forest 

types across the northern forest states of New York, Vermont, New Hampshire, and 



6 

Maine. The harvest regimes are then implemented in SORTIE-ND, an individual-based 

model of forest dynamics (www.sortie-nd.org), to explore the effects of the current 

harvest regimes and five alternative harvest scenarios over the next 150 years. The model 

is initialized using current inventory data from existing FIA plots, which allows us to 

develop regional-scale predictions of the consequences of different harvest scenarios for 

forests in the region. Our analyses thus address two broad questions: (1) What are the 

current harvest regimes in different regions and forest types within New York, Vermont, 

New Hampshire, and Maine?, and (2) What are the effects of harvest intensification on 

biomass feedstock supply and long-term forest structure and composition over the next 

150 years? 

 

1.3. Methods 

1.3.1. Study area 

The study area includes all forest land in the states of New York, Vermont, New 

Hampshire, and Maine, which covers approximately 71% of the four-state region. FIA 

defines forest land as land that has at least ten percent live crown cover of trees of any 

size or past evidence of such a condition (USDA Forest Service 2020). Forest types in the 

region range from high elevation spruce-fir forests to oak-hickory forests; northern 

hardwood-conifer forests are the most widespread forest type. The temperate climate is 

diverse and characterized by warm summers and cold, frozen winters. Boreal conditions 

to the north and coastal conditions to the east influence temperature and precipitation 

patterns. Land ownership patterns are dominated by private woodland owners (80% of 

http://www.sortie-nd.org/
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forest land) and while most of these owners are non-corporate (70%), industrial owners 

retain significant acreage particularly in Maine (Thompson et al. 2017a).  

 

1.3.2. Analysis of regional variation in forest harvest regimes 

 Our analysis of regional variation in northern forest harvest regimes is an 

extension of statistical models developed by Canham et al. (2013). We used data from 

FIA plots from New York, Vermont, New Hampshire, and Maine that were censused at 

least two times using the new national standard plot design (Woudenberg et al. 2010), 

and were available for harvest, meaning not legally protected according to either FIA 

records or a more thorough secured lands database compiled by The Nature Conservancy 

(n = 4582) (Table 1.1) (Anderson and Olivero Sheldon 2011). Each FIA plot is classified 

by forest type; we grouped the plots into five main forest types for analysis: aspen-birch, 

bottomland, northern hardwood-conifer, oak-hickory, and spruce-fir. Because evidence 

suggests harvest rates in Maine are greater than the rest of the study area (Buchholz et al. 

2011, Canham et al. 2013), we divided northern hardwood-conifer forests into two 

regions: Maine and a combined region of New York, Vermont, and New Hampshire. This 

resulted in six total forest type and region combinations.    

For each of the six forest type/regions, we quantified two components of the 

harvest regime: (1) the annual probability that a plot was harvested, and (2) the total 

amount of basal area removed, if a plot was harvested. In the simplest statistical model, 

the annual probability of harvest and the fraction of basal area removed, if harvested, 

were assumed to vary solely as a function of the forest type/region and stand basal area. 
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Following Canham et al. (2013), we described the probability that a plot was harvested 

during a census interval as: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖� =  1 − [𝑎𝑎𝑗𝑗  𝑒𝑒−𝑚𝑚𝑗𝑗𝑋𝑋𝑖𝑖𝑖𝑖
𝑏𝑏𝑗𝑗

]Ni   (Eqn. 1) 

where Xij was adult tree basal area (m2/ha) at the beginning of the census interval in the 

ith plot of the jth forest type/region, Ni  was the census interval (in years) for that plot, and 

aj, mj, and bj were estimated forest type/region specific parameters.  

The mean percent of basal area removed (BAR) if a plot was logged during the 

census interval was also fit using an exponential model: 

j
ijj XejijBAR
β

µ
α

−
=     (Eqn. 2) 

where again Xij was adult tree basal area (m2/ha) at the beginning of the census interval in 

the ith plot of the jth forest type/region, and αj, µj, and βj were estimated forest type/region 

specific parameters.  The βj parameter allows a flexible form, but tests indicated that the 

data were best fit with a simple negative exponential form in which the βj parameter was 

dropped.  

There are clearly many other factors that influence landowner decisions whether 

to harvest, and with what intensity or silvicultural system (Butler et al. 2010). We tested a 

number of alternate models in which terms in Eqns. 1 and 2 were modified to take into 

account a suite of socioeconomic and biophysical aspects of the plot location. These 

included (1) distance to the nearest improved road (as measured in feet by seven classes 

defined by FIA: <=100, 101 - 300, 301 - 500, 501 - 1000, 1001 - 2640, 2641 - 5280, and 

>5280), (2) local population density at the county or smaller census tract scale, (3) land 
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protection status, specifically presence of an easement that prevented development but 

allowed resource extraction, and (4) parcel size. Both land protection status and parcel 

size were assessed for a subset of the FIA plots, using a data layer compiled by The 

Nature Conservancy that covered roughly two-thirds of the region. Details of the 

modifications to test effects of population density, land protection status, and parcel size 

are given in Appendix S2.  Based on visual examination of the data, road distance altered 

the probability of harvest but not the intensity when harvested. Thus, the model 

incorporating road distance replaced the intercept parameter aj in Eqn. 1 with a vector of 

7 parameters for each forest type/region, representing the 7 road distance classes. Our 

strategy for model comparison was to first examine raw data to determine whether there 

was variation in either harvest frequency or intensity as a function of any one of these 

factors, and then to test alternate models in which a factor was incorporated in one or 

more of the terms in the model. 

As in Canham et al. (2013), the functions for probability of harvest and intensity 

if harvested were fit simultaneously using maximum likelihood methods. The analysis is 

effectively a mixture of a Bernoulli trial (whether or not a plot was harvested), and a 

gamma-distributed likelihood function to characterize the percent of basal area removed, 

if harvested.  We solved for the maximum likelihood values of the parameters for both 

parts of the model using global optimization in the likelihood package in R version 3.1.1 

(R Core Team 2014, Murphy 2015). 

 

 

 



10 

1.3.3. Development and implementation of alternate harvest regime scenarios  

We developed six harvest scenarios that varied in magnitude and frequency of 

harvest (Table 1.2). The first scenario represents the current harvest regime characterized 

by the analyses described above, without any influence of climate change (“current 

harvest”). Given the inevitability of climate change, all other scenarios incorporate a 

nominal climate change based on regional climate assessments and IPCC scenarios 

(Horton et al. 2014). The climate change scenarios assumed that mean annual 

temperature increased linearly 3 degrees C over the next 100 years (and then stabilized), 

with a 10% increase in total annual precipitation over the same time period (Appendix 

S1). The second scenario is the current harvest regime with this climate change (“current 

harvest + climate”). The third scenario increases average harvest intensity by 50% 

(“current harvest + climate + intensity”). The fourth scenario increases the frequency of 

harvests by 75%, keeping the current distribution of harvest intensity (“current harvest + 

climate + frequency”). The fifth scenario increases average harvest intensity by 50% and 

harvest frequency by 100% (“current harvest + climate + intensity + frequency”). For 

reference, a sixth scenario included no harvests (“no harvest”). 

To increase the frequency of harvest over current levels, we adjusted the a and m 

parameters in Eqn. 1 for each forest type/region and road distance category as follows: 

a’ = a – (x*(1-a))       m’ = m * (1+x)    

where x is the proportion by which to increase harvest (e.g., 0.75 in the case of a 75% 

increase in harvest frequency). To increase the average intensity of a harvest regime, we 

shifted the observed distribution of harvest intensity by forest type/region upwards so that 
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the average harvest intensity increased by the desired amount, but the approximate shape 

of the distribution of harvest intensity was maintained (details in Appendix S1).  

 

1.3.4. Simulation of forest dynamics with SORTIE-ND 

  We implemented the six harvest scenarios in SORTIE-ND (Coates et al. 2003, 

Uriarte et al. 2009, Forsyth et al. 2015), a spatially-explicit individual-tree forest stand 

model that tracks the recruitment, growth, and mortality of all individual seedlings, 

saplings, and adult trees over time. The model has been parameterized from FIA data for 

the 50 most common tree species in the eastern U.S. (Canham and Murphy 2016a, b, 

Canham and Murphy 2017). Only 30 of the species are common in our study region and 

were used in our simulations (Appendix S1).  

The structure of the model, including details on all behaviors in the model, and 

the statistical analyses used to parameterize behaviors for each of the species, are 

described in Appendix S1.  A single scenario consists of 5000 separate runs of the model, 

with each run representing the predicted dynamics of a 4 ha stand initialized using the 

current structure and composition of one of 5000 randomly selected FIA plots within the 

study region (Fig. 1.1). Because FIA plots are themselves a randomly selected 

representative sample of forest land, output from the model, in aggregate, can be 

considered representative of the expected changes in the condition in forests across the 

landscape. The attributes of the FIA plots (e.g., state, forest type) can also be used to 

stratify and interpret variation in model predictions. Seedlings, saplings, and adult trees 

from the individual FIA plots are counted and categorized by species and size class, and 

scaled to number per hectare to initialize the 5000 individual SORTIE-ND runs (Fig. 
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1.1a). Each plot in every scenario except current harvest is assigned the climate change 

regime described above. Current mean annual temperature and precipitation data for each 

plot were extracted using bilinear interpolation from 800 m resolution PRISM climate 

data (http://www.prism.oregonstate.edu/) using true plot locations obtained under a 

security memorandum with the U.S. Forest Service.  The climate data are combined with 

data on topography (for solar radiation calculations) and soil water storage capacity (from 

USDA soil databases) to calculate annual water deficits for each plot in each year. Given 

the environmental conditions of each plot over time, SORTIE-ND then implements a 

sequence of behaviors, including the harvest regime (described above) (Fig. 1.1b), tree 

growth (Fig. 1.1c), adult and sapling natural mortality (Fig. 1.1d), and seedling 

recruitment (Fig. 1.1e), and outputs detailed metrics on stand structure and composition, 

as well as harvest rates by species and size, annually for 150 years.  

Growth. Individuals that are not harvested in a time step grow according to plot 

environmental and biotic conditions. Adult and sapling diameter growth are calculated as 

the average potential growth a tree can attain (cm/year), adjusted by several climate and 

neighborhood competition variables that limit tree growth (Fig. 1.1c). Tree size (Canham 

et al. 2006, Kunstler et al. 2009), precipitation, temperature, crowding (Canham et al. 

2006), and nitrogen deposition (Thomas et al. 2010) are all factors that have the potential 

to limit adult and sapling growth, depending on species (details in Appendix S1). 

Parameter values are reported in Canham and Murphy (2016a) and based on empirical 

analyses of FIA data. There is no direct measurement of seedling growth in FIA data so 

sapling growth rates are applied to seedlings as well.  

http://www.prism.oregonstate.edu/
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Natural Mortality. There are three different natural mortality behaviors that apply 

to different tree age classes: 1) adult and sapling mortality, 2) seedling mortality, and 3) 

size dependent large tree mortality (which increases mortality in very large trees) (Fig. 

1.1d). Adult and sapling mortality is a function of climate, neighborhood competition, 

and nitrogen deposition, where the potential survival for each individual is reduced by 

variables that were observed to significantly reduce survivorship in analysis of FIA data, 

including tree size, soil water deficit, temperature, crowding, and nitrogen deposition 

(Canham and Murphy 2017). The seedling mortality behavior applies to seedlings of all 

species and is a function of mean annual temperature, soil water deficit, and total adult 

basal area within a 10 m-radius circle (details in Appendix S1).  All parameter values are 

derived from empirical analyses of FIA data (Canham and Murphy 2016a, b, Canham 

and Murphy 2017). Lastly, a size-dependent logistic mortality function imposes an 

increased mortality in very large trees. This is necessary because FIA data contain too 

few large trees to estimate mortality rates for large trees (Canham and Murphy 2017).  

Recruitment. Seedling recruitment is spatially-explicit in the model, and is a 

function of the total basal area of conspecific adult trees within a 10 m radius 

neighborhood.  The recruitment functions were parameterized using FIA data (Canham 

and Murphy 2016b). SORTIE-ND then applies a temperature dependent colonization 

function to allow for establishment of seedlings when no adults are currently present in 

the plot (e.g., due to bath rain of seeds where no parents are present) (Fig. 1.1e) (details in 

Appendix S1).  
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1.4. Results 

1.4.1. Analysis of regional variation in forest harvest regimes 

The basic statistical model for the harvest regime characterized the annual 

probability of harvest and the intensity of harvest each as a function of forest type/region 

and total plot basal area.  Of the four socioeconomic predictors examined, there was only 

strong support for including distance to the nearest improved road in the final model 

(Appendix S2). The average annual probability of harvest increased steadily with 

increasing plot basal area across all forest types/regions (Fig. 1.2A). Northern hardwood-

conifer forests in Maine had the highest probability of annual harvest, followed by aspen-

birch and spruce-fir forests, both of which are located predominantly in Maine. Northern 

hardwood-conifer forests in the New York, Vermont, and New Hampshire region were 

harvested at less than half of the frequency of the same forest type in Maine (Fig. 1.2A). 

Every forest type had a greater probability of harvest near improved roads (<100 feet) 

with one exception (Fig. 1.3). Bottomland forests were slightly more likely to be 

harvested at very large distances from roads (>1 mile) versus small distances from roads 

(<100 feet). The annual probability of logging approximately tripled for the Maine region 

of northern hardwood-conifer forests as the distance to the nearest road decreased from 

0.5 miles to <100 feet (ranging from 4% to 12% in Maine) (Fig. 1.3).  

Partial harvesting predominated in all forest types/regions. When a stand was 

logged, the fraction of basal area removed (at a given distance from the nearest road) was 

predicted to be nearly constant across stands with a wide range of basal area (Fig. 1.2B). 

The observed distributions of harvest intensity showed oak-hickory forests and northern 

hardwood-conifer forests in New York, Vermont, and New Hampshire were primarily 
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harvested at very low intensities, whereas the percent of basal area removed varied less in 

other forest types (Fig. 1.4). 

Local population density, land protection (easement) status, and parcel size were 

omitted from the harvest regimes implemented in the simulations because they either did 

not improve model fit relative to model complexity (Appendix S2), or the data were 

insufficient for robust parameter estimates (as indicated by very large support intervals). 

There was a weak effect of increasing local population density in census tracts on 

reducing intensity of harvest in northern hardwood–conifer forests only, but no effect on 

frequency of harvest in any of the forest types (Appendix S2). There were sufficient 

numbers of plots to test for an effect of land protection status in only the spruce-fir and 

northern hardwood-conifer forest types. Twenty-five percent of the plots in spruce-fir 

forests were under some form of easement, but a model that estimated separate 

parameters for easement plots was not superior to the simpler model that ignored 

protection status (AIC = 3410 vs. AIC = 3397 for the simpler model). Only 18% of plots 

in northern hardwood–conifer forests were under some form of easement. A model that 

estimated separate frequency and intensity of harvest for easement vs. non-easement 

lands was a very marginal improvement over the simpler model (∆AIC = 1.07). Plots on 

easement lands were predicted to have slightly higher average fractions of basal area 

removed in a harvest, across the entire range of plot basal area, but the frequency of 

harvest was predicted to be slightly lower on easement lands, particularly for plots with 

high basal area (Appendix S2).    

There was no effect of parcel size on frequency of harvest, but there was a very 

slight effect on harvest intensity (Appendix S2). Across all plots for which parcel size 
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information was available (regardless of forest type) there was a predicted gradual 

increase in the average intensity of harvest with increasing parcel size up to an asymptote 

at approximately 1000 hectares (Appendix S2). The predicted responses by forest type 

varied widely, ranging from no effect of parcel size in oak-hickory forests to a step 

function in the intensity of harvest in spruce-fir forests when parcel size exceeded 2000 

hectares. However, the model that estimated separate parameters for the parcel size effect 

by forest type was not superior to the simpler model that lumped all forest types together 

(AIC = 12118 vs. AIC = 12097 for the simpler model).  Parcel size data were only 

available for roughly two-thirds of the study region, and the gaps in coverage were not 

randomly distributed.  Because of this, combined with the uncertainty in parameter 

estimates and lack of support for forest-type specific effects, parcel size effects were not 

included in the harvest regimes used in the simulations.  

 

1.4.2. Predicted impacts of alternate harvest regime scenarios  

All forest types/regions are predicted to show increases in live aboveground tree 

biomass in all scenarios, but they differed widely in the total amount of biomass 

accumulated (Fig. 1.5). Northern hardwood-conifer forests in Maine accumulated the 

least amount of biomass in every scenario that included harvest (ranging from 41% to 3% 

above current landscape averages in the current harvest scenario and most intensive 

harvest scenario, respectively). This pattern can largely be explained by high harvest rates 

(Fig. 1.2A). Aspen-birch or bottomland forest types resulted in the highest percent 

increase in biomass in every scenario (ranging from 120% to 78% above current 

landscape averages in the current harvest scenario (bottomland forests) and most 
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intensive harvest scenario (aspen-birch forests), respectively). Land that is legally 

reserved from logging in the region currently has almost 50% higher live tree biomass 

(averaging 134 metric tons/ha vs. 90.4 metric tons/ha), but our simulations predict that 

even these reserved forests have significant additional carbon sequestration potential over 

the next 100 years (Fig. 1.5). The sequestration potential would be even more dramatic 

on new reserves created on existing working forestland because current aboveground 

biomass on these lands is lower. Figure 1.5 shows aboveground biomass (a carbon pool), 

increasing over time resulting in net sequestration (a carbon flux). The capacity to store 

additional carbon over time reflects stand biomass and biomass growth rate, and the 

variation in regional stand biomass. The future biomass projections, which are directly 

proportional to carbon, incorporate growth and removals (harvest and natural mortality). 

In all harvest intensification scenarios, the proportion of stands in young forest 

shifted toward more mature stands over time. Roughly 20% of the current (2012) 

landscape is comprised of forest stands with ≤40 mt/ha of live aboveground tree biomass. 

In the year 2120, the percent of the forested landscape in stands with ≤40 mt/ha biomass 

ranged from 5% in the current harvest scenario to 14% in the most intensive harvest 

scenario. Despite the steady biomass accumulation, however, only 8% or less of stands 

exhibited characteristics of old-growth forests (≥300 mt/ha) in the year 2120 under any of 

the regimes except the no harvest scenario. Thirty-seven percent of stands in the no 

harvest scenario had aboveground biomass ≥300 mt/ha by 2120, compared to < 1% in 

2012 (Fig. 1.6).   

Northern hardwood-conifer forests in Maine are currently the most heavily 

harvested forest type in the study region (Fig. 1.7). These forests have the highest annual 
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probability of being harvested and when they are harvested, the amount of biomass 

removed is relatively large (Fig. 1.2) resulting in the highest harvest yields of all forest 

types in every scenario. Harvest yields from aspen-birch forests also increased 

significantly under all of the harvest regimes (Fig. 1.7) because both the rate of harvest 

and the percentage of biomass harvested when logged are relatively high for these forests 

(Fig. 1.2). Several forest type and harvest scenario combinations showed a decline in 

harvest yield over the first several decades before rising dramatically and eventually 

somewhat stabilizing in the last 50 years. This is due to changes in the frequency 

distribution of stand biomass (and therefore yield) across the forested landscape. Simply 

increasing the intensity of the harvest regimes did not have a large effect on the overall 

regional harvest yields because the rotation length increased in response.  

While intensifying harvest had clear effects on both average stand biomass and 

the frequency distribution of stand biomass within a region or forest type, it had little 

effect on overall patterns of succession and stand development within a given forest type 

or region (Fig. 1.8 and Appendix S3). A general pattern of stands progressing toward 

later successional forests emerged across all harvest scenarios, owing to the high 

proportion of low biomass stands in the current landscape and the predominance of 

partial harvesting. Late successional species like sugar maple (Acer saccharum), 

American beech (Fagus grandifolia), and eastern hemlock (Tsuga canadensis) 

consistently represented high proportions of biomass in future northern hardwood-conifer 

forests (Fig. 1.8), while balsam fir (Abies balsamea) and red spruce (Picea rubens) 

comprised a large portion of the biomass in spruce-fir forests. Biomass of eastern white 

pine (Pinus strobus) is predicted to increase substantially in all forest type/regions and 
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scenarios over time (Fig. 1.8). Quaking aspen (Populus tremuloides) and paper birch 

(Betula papyrifera), currently the two most common species in aspen-birch forests, 

decline steadily over time in that forest type, and are replaced as the most common 

species (on average) by balsam fir and red maple within 20 years (Appendix S3). 

Comparing the current harvest regime with the current harvest + climate regime 

scenario isolates the effect of the projected climate change. Of the dominant species of 

these northern temperate forests, balsam fir was the most disproportionately affected by 

climate change (Appendix S3). Its abundance is predicted to begin to decline after 50 

years in all of the scenarios that include climate change. Eastern hemlock was also 

predicted to decline in the face of climate change, although to a smaller degree. While 

balsam fir is a frequently harvested species (Canham et al. 2013), in the absence of 

climate change it recovers biomass rapidly following harvest. The effect of the decline in 

balsam fir was so great in Maine that total biomass at the landscape scale declined given 

the climate change scenario under the current harvest regime. In contrast, the climate 

change scenario predicted a slight increase in landscape average aboveground biomass 

under the current harvest regime in the other three states. Other species responded 

differentially to the climate change scenario: sugar maple, eastern white pine, and to a 

lesser extent American beech accumulated biomass at a greater rate under the climate 

change scenario (Appendix S3). 

 

1.5. Discussion  

1.5.1. Harvest effects on landscape structure and composition 
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 Our analyses indicate that in every harvest scenario average forest biomass is 

expected to increase significantly over the next 150 years (ranging from 3% to 120% 

above current landscape averages), even in the most intensive harvest scenario. In 

contrast to studies predicting that the strength of the carbon sink in eastern U.S. forests is 

already or will soon begin to decline (Hurtt et al. 2002, Zheng et al. 2011, USDA Forest 

Service 2012, Wear and Coulston 2015), our results suggest that at least in terms of live 

tree biomass, the amount of carbon stored in northeastern forests will continue to increase 

significantly over the next century (Rhemtulla et al. 2009, Keeton et al. 2011, Davis et al. 

2012, Dangal et al. 2014, McGarvey et al. 2015). One of the primary reasons for the 

growth in carbon storage is the legacy of past land-use, where land clearing and heavy 

harvest prevailed during the middle of last century (Thompson et al. 2011). The current 

forested landscape includes many stands with low biomass. These forests are predicted to 

accumulate significant additional biomass, although forest types/regions vary 

considerably in their contribution to the landscape-level increase in forest biomass (Fig. 

1.5).  

In terms of stand development, beyond the negative effects of climate change on 

balsam fir and eastern hemlock biomass, little difference was observed in successional 

dynamics under the different harvest scenarios (Fig. 1.8 and Appendix S3). Several 

studies have predicted a delayed effect of climate change on tree species composition 

(Iverson et al. 2004, Murphy et al. 2010, Bertrand et al. 2011, Wang et al. 2015). It is 

plausible that our 150-year simulations are too short to yield a more pronounced climate 

effect. In northern hardwood-conifer forests, our analyses predicted continued dominance 

by sugar maple and red maple (Acer rubrum), with eastern hemlock and American beech 
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also showing increased relative and absolute abundance. The model parameterization for 

tree growth and mortality takes into account the fact that beech bark disease is endemic in 

the entire study region (Morin et al. 2007). Hemlock populations to the south of the study 

region are experiencing high mortality from the hemlock woolly adelgid (Morin et al. 

2009), and climate change is expected to allow the insect to spread northward over time. 

Given uncertainty on that rate of spread, however, we did not attempt to account for this 

in the model. Albani et al. (2010) simulated the effects of the regional spread of the 

woolly adelgid in eastern U.S. forests and concluded that after several decades of reduced 

carbon sequestration due to hemlock mortality, uptake of carbon would subsequently be 

increased as hemlock was replaced by species with higher productivity. A host of 

subordinate species like black cherry (Prunus serotina), white ash (Fraxinus americana), 

red oak (Quercus rubra), and red and white spruce (Picea rubens and Picea glauca) 

remained at consistently low proportions in northern hardwood-conifer forests over the 

next 150 years. It is notable that the patterns of late-successional species response 

generally hold across all harvest regimes (albeit in different magnitudes). The early 

successional nature of the current landscape and the pervasiveness of partial harvesting 

result in a steadily maturing landscape (Thompson et al. 2011) where the partial harvest 

gaps are not large enough to promote shade intolerant species even in the intensive 

harvest scenarios. 

Eastern white pine did surprisingly well and accumulated large amounts of 

biomass across nearly all harvest scenarios in all forest types/regions. While it is often 

considered a pioneer and gap specialist that is replaced by more shade-tolerant species, 

our analyses predict white pine to thrive under highly variable partial harvest regimes and 
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canopy conditions that otherwise favor shade-tolerant species. The success of white pine 

recruitment (in both amount and duration) has been linked to disturbance intensity 

(Abrams 2001, Black and Abrams 2005), but our results suggest white pine will increase 

in seedling and sapling density as well as adult biomass across a wide range of 

disturbance regimes.  

 

1.5.2. Integrating timber harvest regimes into disturbance theory 

 Logging is clearly the current dominant source of disturbance in northeastern 

forests (Canham et al. 2013); therefore, understanding the effects of harvest and 

integrating harvest with natural disturbance is critical for assessing the future of these 

forests. We show that northeastern forest harvest regimes vary as a function of stand 

basal area, forest type/region, and distance to roads. Partial harvesting predominates in all 

forest types/regions. At the scale of an individual stand there is a tremendous amount of 

variation in how much biomass is removed during a harvest (Fig. 1.2B). Numerous stands 

near roads (<100 feet) are lightly harvested across several forest types, likely due to 

firewood cutting, and almost every forest type/region has a greater probability of harvest 

near improved roads (Figs. 1.3 and 1.4).  

At a landscape scale, the effects of harvest regimes are in many ways analogous 

to natural disturbance regimes (Gendreau-Berthiaume et al. 2012). Harvest regimes and 

natural disturbances are both predictable in terms of their frequency and intensity. The 

varying characteristics of individual harvests (i.e., frequency, severity, and scale) result in 

a spatially and temporally diverse landscape in a number of stand replacement stages, just 

as frequent, small-scale natural disturbances give rise to structurally heterogeneous small- 
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and intermediate-scale canopy gaps (Payette et al. 1990, Frelich and Lorimer 1991, 

Seymour et al. 2002). Natural and anthropogenic disturbance are also both highly 

selective in mortality by species and size (Canham et al. 2001, Papaik and Canham 2006, 

Canham et al. 2013), which can result in widely diverging successional patterns 

depending on initial conditions at the time of a disturbance event and the severity of the 

disturbance (Uriarte et al. 2009).  

The natural disturbance regime for much of the northeastern region is 

characterized by high frequency, low intensity partial disturbances and very low 

frequency catastrophic disturbances (Seymour et al. 2002). Prior to European settlement, 

this pattern resulted in a landscape predominated by old-growth conditions (Barton et al. 

2012, Thompson et al. 2013). In contrast, characteristics of older forests may be 

completely absent or diminished in working forest landscapes (McGee et al. 1999, 

Lindenmayer and Franklin 2002, Angers et al. 2005, Keeton 2006, Bauhus et al. 2009, 

Keeton et al. 2011, Morrissey et al. 2014). Our analyses predict only a small fraction of 

stands with biomass levels characteristic of old-growth conditions after 150 years, despite 

an overall increase in aboveground biomass in all harvest scenarios (Fig. 1.6). The no 

harvest scenario corresponds closely to the growth and trajectory of biomass 

accumulation within a forested system driven by natural disturbance; stands with large 

amounts of live biomass (>= 300 mt/ha) are five times greater in the no harvest scenario. 

A similar pattern is observed in the average annual input of dead and downed woody 

debris due to natural mortality: the average input is almost twice as large in the no harvest 

scenario as in any of the harvest scenarios. These differences in inputs of coarse woody 

debris have implications for carbon storage, sequestration, and biodiversity conservation, 
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and are exacerbated by increased harvest intensity (Lindenmayer and Franklin 2002, 

Nunery and Keeton 2010, Littlefield and Keeton 2012, Schwenk et al. 2012). In a 

landscape with limited protected lands (Table 1.1) and widespread partial harvesting, less 

intensive harvest regimes will result in more variability on working forest lands. As 

harvest regimes intensify, working forests will become less variable and the limited 

amount of protected lands will represent a greater proportion of the landscape in later 

successional stages and larger biomass classes. 

 

1.5.3. Socioeconomic drivers of harvest disturbance regimes  

 The influence of human decision-making is a key difference between 

anthropogenic and natural disturbance regimes. A recent analysis illustrated that in 

addition to biophysical factors, regional harvest regimes are influenced by socioeconomic 

drivers like forest ownership type, household median income, and population density 

(Thompson et al. 2017a). Landowners determine the fate of their individual lands and 

they decide whether to harvest based on a complex array of economic factors (e.g., 

timber price, alleviating debt), management influences (e.g., attitudes toward forest land, 

objectives for land ownership, family tenure), and policy issues (e.g., access to timber 

harvest programs) (Silver et al. 2015, Butler et al. 2016). Landowner decision-making has 

significant reach as 80% of forest land in the northeastern United States is in private 

ownership (Thompson et al. 2017a), and changes ownership frequently. National surveys 

indicate that nearly 20% of family forest owners are likely to sell their forest land in the 

next decade (Butler et al. 2016). 
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Socioeconomic factors pose challenges with respect to integrating logging with 

natural disturbance regimes and predicting the future condition of northern forests. Our 

analyses do not explicitly include future changes in macroeconomic and social factors as 

predictor variables.  The harvest regimes we implemented in the model reflect current 

landowner decision-making regarding the local conditions in a given stand.  For example, 

in our scenarios, changing the average intensity of harvests generally did not change 

overall biomass accumulation because harvest decisions were fundamentally still based 

on stand basal area. Changing the intensity of a particular harvest simply increased the 

average rotation length until the next harvest. As biomass increases in a stand it becomes 

more likely the stand will be harvested. Under these conditions, the forest landscape 

eventually stabilizes when net growth equals net removals across the entire region, and 

the average biomass of forests in a region is inversely related to the average yield across 

the region.   

From a climate perspective, the next two decades are the most important for 

sequestering and storing carbon to stabilize the climate (IPCC 2014). Thus, despite 

aboveground biomass being greater after a century of recovery and growth, any initial 

reduction in sequestration may be problematic. In several of our intensified harvest 

scenarios there is a decrease in aboveground biomass for the first 25 years before the 

trend reverses and eventually surpasses the initial biomass amounts. This is particularly 

evident in Maine northern hardwood-conifer forests and bottomland forests (Fig. 1.5). 

There is a clear tradeoff between higher intensity harvest regimes stabilizing at lower 

biomass but more productive forests. Currently, northeastern forests are an important 

offset for greenhouse gas emissions (Zheng et al. 2011). Our analyses predict there is 
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enormous potential for continued carbon sequestration, even under intensified harvest 

regimes (Fig. 1.5). While this is consistent with several studies (Keeton et al. 2011, Davis 

et al. 2012, Dangal et al. 2014), there is serious debate as to the future direction and 

magnitude of the carbon sink in eastern U.S. forests (Hurtt et al. 2002, Zheng et al. 2011, 

USDA Forest Service 2012, Wear and Coulston 2015). Ultimately the potential 

contribution of forest bioenergy to meeting state renewable energy goals and reducing 

fossil fuel dependencies will vary broadly by state, renewable energy objectives, 

feedstock supply, fossil fuel conversation technologies, forest landowner objectives, and 

other social and economic factors.  
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1.7. Tables and Figures 

1.7.1. Tables 

Table 1.1. Characteristics of the Forest Inventory and Analysis plots (USDA Forest 
Service) used to initialize SORTIE-ND model runs (n=5000). 
 

 
 
 
  

State Total Plots Aspen-
Birch Bottomland

Northern 
Hardwood-

Conifer

Oak-
Hickory Spruce-Fir

Average 
Remeasurement 

Period (year)

Percent 
Protected 

Plots
ME 2564 311 55 1225 103 870 4.96 3.79
NH 396 20 10 256 86 24 6.5 5.3
NY 1551 64 127 983 307 70 7.97 15.23
VT 489 31 9 391 21 37 6.33 12.47
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 Table 1.2. Harvest scenario descriptions. 
 

 
 
 
 
 
  

Harvest Scenario Name Harvest Scenario Definition

No harvest A no harvest scenario plus climate change

Current harvest + climate + 
frequency The current harvest regime plus climate change and a 75% increase in harvest frequency

Current harvest + climate + 
intensity + frequency

The current harvest regime plus climate change, a 50% increase in average harvest intensity, and a 100% 
increase in harvest frequency

Current harvest The current harvest regime characterized as a function of forest type/region, total plot basal area, and distance 
to the nearest improved road

Current harvest + climate The current harvest regime plus a change in climate conditions that includes a 3 degree C increase in mean 
annual temperature and a 10% increase in total annual precipitation over the next 100 years

Current harvest + climate + 
intensity The current harvest regime plus climate change and a 50% increase in average harvest intensity
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1.7.2. Figures 

 
 
Figure 1.1. Schematic diagram of the SORTIE-ND forest simulation model.  A detailed 
description of the model structure and parameterization is provided in Appendix S1. 
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Figure 1.2. (A) Estimated annual probability that a plot is harvested, and (B) estimated 
percentage of basal area removed as a function of total stand basal area for six forest 
type/regions, shown at 300 – 500 feet from the nearest road.  
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Figure 1.3. Estimated annual probability of harvest as a function of distance to nearest 
improved road for six forest type/regions, shown for a stand with 20 m2/ha basal area. 
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Figure 1.4. Frequency distribution of the percentage of tree basal area harvested in a 
given plot, for plots that experienced some level of harvest, for six forest type/regions.  
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Figure 1.5. Estimates of adult aboveground biomass (metric tons/ha) for six harvest 
scenarios and six forest type/regions over the next 150 years. Timestep 1 corresponds to 
the year 2011. 
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Figure 1.6. Percentage of plots in aboveground biomass classes in the year 2120 for six 
harvest scenarios. The “No Harvest” scenario includes effects of climate change. 
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Figure 1.7. Amount of harvested biomass (15-year running averages) shown for five 
harvest scenarios and six forest type/regions. Timestep 1 corresponds to the year 2011. 
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Figure 1.8. Species development over 150 years across three harvest regimes (columns): 
no harvest (with climate change), the current harvest regime but with climate change, and 
increased frequency and intensity of the current harvest regime with climate change; and 
three forest types/regions (rows): northern hardwood -conifer (New York, Vermont, New 
Hampshire), northern hardwood-conifer (Maine), and spruce-fir.  Timestep 1 corresponds 
to the year 2011.  Only twelve dominant species are shown:  ABBA = Abies balsamea, 
ACRU = Acer rubrum, ACSA = Acer saccharum, BEAL = Betula alleghaniensis, FAGR 
= Fagus grandifolia, FRAM = Fraxinus Americana, PIGL = Picea glauca, PIRU = Picea 
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rubens, PIST = Pinus strobes, QURU = Quercus rubra, and TSCA = Tsuga candensis.  
Details for all of the forest types and all scenarios are given in Appendix S3. 
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2.1. Abstract 

U.S. forests, particularly in the eastern states, provide an important offset to 
greenhouse gas (GHG) emissions. Some have proposed that forest-based natural climate 
solutions can be strengthened via a number of strategies, including increases in 
production of forest biomass energy. We used output from a forest dynamics model 
[SORTIE-ND] in combination with a greenhouse gas accounting tool [ForGATE] to 
estimate the carbon consequences of current and intensified timber harvest regimes in the 
northeastern U.S. We considered a range of carbon pools including forest ecosystem 
pools, forest product pools, and waste pools, along with different scenarios of feedstock 
production for biomass energy. The business as usual (BAU) scenario, which represents 
current harvest practices derived from analysis of U.S. Forest Service Forest Inventory 
and Analysis data, sequestered more net CO2 equivalents than any of the intensified 
harvest and feedstock utilization scenarios over the next decade, the most important time 
period for combatting climate change. Increasing the intensity of timber harvest increased 
total emissions and reduced landscape average forest carbon stocks, resulting in reduced 
net carbon sequestration relative to current harvest regimes. Net carbon sequestration 
“parity points,” where the regional cumulative net carbon sequestration from alternate 
intensified harvest scenarios converge with and then exceed the business as usual 
baseline, ranged from 12 to 40 years. A “no harvest” scenario provides an estimate of an 
upper bound on forest carbon sequestration in the region given the expected successional 
dynamics of the region’s forests, but ignores leakage. Regional net carbon sequestration 
is primarily influenced by (i) the harvest regime and amount of forest biomass removal, 
(ii) the degree to which bioenergy displaces fossil fuel use, and (iii) the proportion of 
biomass diverted to energy feedstocks versus wood products.  
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2.2. Introduction 

Carbon sequestration in U.S. forests and forest products offsets approximately 

11% of U.S. economy-wide greenhouse gas emissions annually (Domke et al. 2020), and 

recent studies have highlighted opportunities to enhance the role of forests in climate 

mitigation (Fargione et al. 2018, Drever et al. 2021). Forests in the eastern half of the 

country contribute a disproportionate share of the nation’s forest carbon sequestration. 

Domke et al. (2020) estimate that forestland in the 31 eastern United States contained 

~59% of the estimated total forest carbon stocks but provided 85% of the net carbon 

sequestration for the 48 conterminous states in 2018 (Domke et al. 2020).  

Land use history and disturbance regimes clearly play a role in the magnitude of 

the eastern forest carbon sink, and a significant fraction of current forest land is the 

product of either afforestation of agricultural land abandoned during the past 200 years, 

or recovery following high rates of clearcutting in the late 19th and early 20th centuries. 

This has led to assumptions that forests of the region are even-aged and that rates of 

productivity and carbon sequestration will decline as those forests mature (e.g., Turner 

and Koerper 1995, Hurtt et al. 2002, Bradford and Kastendick 2010).  Logging is by far 

the dominant disturbance in eastern forests (Canham et al. 2013, Brown et al. 2018a), and 

some studies have proposed that increases in overall harvest regimes could increase net 

carbon sequestration in forests and forest products (e.g., Peckham et al. 2012). Both of 

these assertions have been challenged and are the subject of ongoing debate (Rhemtulla 

et al. 2009, Nunery and Keeton 2010, Keeton et al. 2011, McGarvey et al. 2015, Keeton 

2018). Keeton et. al (2011) conclude that northeastern U.S. forests have substantial 

potential to sequester and store carbon late into succession (350 - 400 years). Studies that 
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combine forest ecosystem processes with wood product life cycles suggest that 

decreasing harvest intensity increases carbon sequestration (Nunery and Keeton 2010, 

Gunn and Buchholz 2018). 

There has also been interest in the development of forest biomass energy as a 

component of the renewable energy portfolio of the northeastern U.S. (Milbrandt 2008, 

Perlack et al. 2008). While often touted as an inherently “carbon-neutral” energy source, 

it has become clear that a wide range of factors need to be considered to evaluate the net 

carbon and climate impact of biomass energy production (Schulze et al. 2012, Zanchi et 

al. 2012). To achieve a reduction in GHG emissions, many bioenergy policies assume 

that the emissions resulting from bioenergy combustion are balanced by plant regrowth 

and sequestration. A growing body of literature examines whether burning woody 

biomass for energy has a net positive or net negative carbon impact (Fargione et al. 2008, 

Searchinger et al. 2009, Malmsheimer et al. 2011, Haberl et al. 2012, Mika and Keeton 

2013, 2015, Ter-Mikaelian et al. 2015, Buchholz et al. 2017, Searchinger et al. 2017, 

Birdsey et al. 2018, Gunn and Buchholz 2018, Sterman et al. 2018, Vance 2018, Dwivedi 

et al. 2019, Buchholz et al. 2021). Determining the actual impact of forest biomass 

energy on atmospheric carbon, however, must include emissions from land use change 

when biomass is harvested or grown for energy (Fargione et al. 2008, Searchinger et al. 

2008), the source of the energy feedstock and its alternative fate, the time horizons 

needed to account for the full life cycle of forest growth, energy emissions associated 

with wood product supply chains and fossil fuel substitution, and  forest carbon cycles 

(Haberl et al. 2012, Zanchi et al. 2012, Ter-Mikaelian et al. 2015, Birdsey et al. 2018). 

Accurately accounting for these often counteracting processes will determine the 
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calculation of the net impact of forest biomass energy production on net GHG emissions 

or reductions.  

In a separate study (Brown et al. 2018a), we characterized the current forest 

harvest regimes for the major forest types of the northern forest states from New York to 

Maine.  We then used SORTIE-ND, a spatially-explicit individual-tree forest stand model 

(Coates et al. 2003, Uriarte et al. 2009, Forsyth et al. 2015), to project the effects of that 

regime and four alternative harvest regimes on forest structure, composition, and 

productivity over the next 150 years.  Here, we take the results of that study and combine 

them with a simplified model of within-forest detrital carbon dynamics, and an analysis 

of the net carbon impacts (sequestration and emissions) of the flow of harvested wood 

through a range of forest products and biomass energy feedstocks.  That analysis makes 

use of ForGATE, a forest-sector greenhouse gas accounting tool originally developed for 

the state of Maine (Hennigar et al. 2013). Specifically, we track forest ecosystem and 

harvested wood product carbon pools, and a full suite of emissions including forest 

decomposition, energy emissions, and waste emissions.  Our results allow us to project 

the net carbon sequestration of a broad range of forest harvest regimes and biomass 

energy production over the next 100 years in the four northern forest states, combining 

both carbon dynamics in forests as well as in forest products and landfills.   

 

2.3. Methods 

2.3.1 Study area 

 The study area comprises all forest land as defined by the National Forest 

Inventory in the states of New York, Vermont, New Hampshire, and Maine, 
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approximately 71% of the region (USDA Forest Service 2020). Forest types in the region 

vary from boreal spruce-fir (Picea sp. – Abies sp.) forests to dry temperate oak-hickory 

(Quercus sp. – Carya sp.) forests, with temperate northern hardwood-conifer forests 

being the most widespread. The temperate climate is defined by cold, snowy winters and 

warm summers. The terrain is predominately postglacial hills with intermixed mountain 

ranges and coastal lowlands. Eighty percent of forest land is owned by private owners. 

Most of these landowners are non-corporate (70%), however, industrial owners hold 

significant acreage particularly in Maine and northern New York (Thompson et al. 

2017a). 

 

2.3.2. Timber harvest scenarios and implementation in SORTIE-ND 

Our analyses compare five harvest scenarios that varied in magnitude and 

frequency of harvest, described fully in Brown et al. (2018a) (Table 1). The first harvest 

scenario represents the current harvest regime and is the baseline for comparison (Brown 

et al. 2018a). We used U.S. Forest Service Forest Inventory and Analysis (FIA) data to 

estimate current harvest regimes for six different forest types and regions in the study 

area: aspen-birch (Populus sp. – Betula sp.), spruce-fir (Picea sp. – Abies sp.), 

bottomland, oak-hickory (Quercus sp. – Carya sp.), northern hardwood-conifer forests in 

Maine, and northern hardwood-conifer forests in the remaining three states (New York, 

Vermont, New Hampshire) (Canham et al. 2013, Brown et al. 2018a). For each of the six 

forest type/regions, Brown et al. (2018a) quantified two components of the harvest 

regime: (1) the annual probability that a plot was harvested, and (2) the total amount of 

basal area removed if a plot was harvested. Using these components, Brown et al. 
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(2018a) compared five harvest regimes that varied in magnitude and frequency of harvest 

(Table 1). The best statistical model characterized the annual probability of harvest as a 

function of forest type/region, total plot basal area, and distance to the nearest improved 

road. This harvest regime represents current practices and is the baseline harvest regime 

(H1) for comparison with the other regimes. 

 In addition to the current harvest regime (H1), four alternate harvest scenarios 

were examined (Table 1) (Brown et al. 2018a). The second scenario increases average 

harvest intensity by 50% (“current harvest + intensity”; H2). The third scenario increases 

the frequency of harvests by 75%, keeping the current distribution of harvest intensity 

(“current harvest + frequency”; H3). The fourth scenario increases average harvest 

intensity by 50% and harvest frequency by 100% (“current harvest + intensity + 

frequency”; H4). For reference, the fifth scenario is a no harvest scenario (“no harvest”; 

H0).   

The five harvest scenarios were executed in SORTIE-ND, a spatially explicit 

model of forest dynamics. SORTIE-ND follows individual seedlings, saplings, and adult 

trees over time through a sequence of behaviors, including the harvest regime (described 

above), tree growth and natural mortality, and seedling recruitment. For each harvest 

scenario, species structure and composition data from 5000 randomly selected FIA plots 

were used to initialize 5000 individual SORTIE-ND runs. Each run represents the 

predicted dynamics of a 4 hectare forest stand. The simulations utilize the 30 most 

common species in the study region, which were parameterized from FIA data (Canham 

and Murphy 2016a, b, Canham and Murphy 2017, Brown et al. 2018a). Climate change 

was incorporated into all scenarios consisting of a 3 degree C increase in mean annual 
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temperature and a 10% increase in total annual precipitation over 100 years followed by 

stabilization (Horton et al. 2014). Natural disturbances like ice storm damage and beech 

bark disease are included in the model to the extent that their impacts are picked up in 

FIA plot data, however stochastic events are not explicitly incorporated. Outputs include 

detailed metrics of stand structure and composition, as well as the magnitude of harvest 

by species and tree size (DBH). SORTIE-ND partitions harvested biomass into six 

harvest product carbon pools according to U.S. Forest Service Timber Products Output 

(TPO) studies: softwood sawlogs, hardwood sawlogs, softwood pulp, hardwood pulp, 

softwood residues, and hardwood residues (Fig. 1, column B). 

 

2.3.3. Bioenergy feedstock scenarios 

 To understand how changes in timber harvest affect net GHG emissions, we 

considered two bioenergy feedstock scenarios that determine the proportion of harvest 

products (Fig. 1, column B) that are used as energy feedstocks, including logging 

residues, chips, and pellets (Fig. 1, column C; Table 1). Logging residues from SORTIE-

ND either stay in the forest and eventually decompose (Fig. 1, columns A and B), or are 

used for one of the three energy feedstocks. We treat feedstock and energy pools as 

“pass-through” pools and assume there is no biomass feedstock storage and that the 

feedstock pools are completely diverted to energy production in the year of harvest. The 

first scenario (F1) diverts 5% of hardwood and softwood sawlogs, 20% of hardwood and 

softwood pulpwood, and 25% of logging residue to energy feedstocks (“low feedstock” 

scenario). The second feedstock scenario (F2) diverts 20% of hardwood and softwood 

sawlogs, 80% of hardwood and softwood pulpwood, and 50% of logging residue to 
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energy feedstock (“high feedstock” scenario). In all scenarios, 25% of sawmill residues 

are used as pellet feedstock (Buchholz et al. 2017), and harvest residues are equally 

divided between pellet, chip, and residue feedstocks in the low and high feedstock 

scenarios. In total, 8 scenarios representing alternative combinations of harvest (Table 1, 

scenarios H1, H2, H3, and H4) and feedstock scenarios (Table 1, scenarios F1 and F2) 

were considered. The ninth scenario is the no harvest comparison (H0), which does not 

generate energy feedstocks or other wood products.  

 

2.3.4. Greenhouse gas accounting for wood products utilizing ForGATE 

 The output from the SORTIE-ND analyses of the effects of the different harvest 

regimes on forests and harvest levels reported in Brown et al. (2018a) provided the inputs 

to our analyses reported here. Specifically, we used the forest carbon stocks and harvest 

data from SORTIE-ND (Fig. 1; columns A and B) as inputs to calculate carbon storage 

and emissions associated with finished wood products and landfills, based on the 

ForGATE model of Hennigar et al. (2013) (Fig. 1; columns C, D, and E). Carbon in the 

pulpwood and sawlog pools is transferred to mill waste, energy feedstocks, and primary 

finished products (i.e., lumber, plywood, oriented strand board (OSB), nonstructural 

panels, pulp/paper) (Fig. 1, column C). From there, carbon is combusted as energy or 

transferred to five end-use product pools (i.e., construction materials, furniture, shipping 

products, paper, other) (Fig. 1, column D). Finally, all remaining wood product pools end 

up in one of two waste stream pools: landfills or incineration (Fig. 1, column E). 

Parameters such as product half lives and mill efficiencies are described fully in 

ForGATE (Hennigar et al. 2013). We assume the harvest product pools and primary 
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finished products are pass-through pools, meaning carbon is transferred through these 

pools in the year of harvest. Alternatively, the five end-use product pools can accumulate 

or lose carbon over time, functioning as long-term carbon storage. Carbon in these pools 

is transferred to the waste stream at a fixed percentage loss per year (Smith et al. 2006, in 

Hennigar et al. 2013). A fraction of the carbon is transferred to landfills, a sixth long-term 

carbon storage pool, and the remainder is incinerated and immediately released into the 

atmosphere (Fig. 1, column E).  

 

2.3.5. Net carbon sequestration calculation  

We calculated ten sources of carbon emissions from forest system dynamics 

(three emission sources) and the forest product sector (seven emission sources) (Fig. 1, 

denoted by clouds). We only considered CO2 emissions in forests, but included CH4 

landfill emissions. Forest CO2 emissions result from the decomposition of hardwood and 

softwood detritus and mineral soil organic matter (Fig. 1, column A). Detrital pools are 

comprised of standing and downed coarse woody debris, fine woody debris from 

branches, tops, and harvested residue, and belowground dead material like coarse and 

fine roots. To estimate initial hardwood and softwood detrital pool sizes (13.8 and 9.2 Mg 

C/ha, respectively), we used detrital pool estimates from Birdsey and Lewis (2003) and 

apportioned the values according to the relative abundance of live hardwood and 

softwood trees in forests of the study area (60% and 40%, respectively). We assumed 

annual decomposition rates of 0.069 and 0.039 for hardwood and softwood detrital pools, 

respectively (Russell et al. 2014, Tonitto et al. 2014), and diverted a fraction of carbon in 

the detrital pools (0.005) to the mineral soil pool each year (Crowley et al. 2016). We 



54 

assumed a mineral soil pool decomposition rate of 0.00075 (Tonitto et al. 2014) and an 

initial pool size of 151.95 Mg C/ha (Birdsey and Lewis 2003).  

The remaining seven carbon emission sources are from the forest products 

sector, via waste decomposition and incineration, mill waste combustion, and wood 

energy production (Fig. 1, columns C, D, and E). First, a fixed proportion of long-term 

forest products are diverted annually to the waste stream, with 19.6% of the waste stream 

incinerated and 80.4% sent to landfills (EPA 2019). We assume the incineration pool is 

transferred immediately to the atmosphere as CO2 emissions, whereas in landfills the 

carbon pool can increase or decrease over time. Landfill forest carbon decomposes at a 

rate of 0.0495/yr (Fig. 1), and emissions include both CO2 (54%) and CH4 (46%) 

(Hennigar et al. 2013). We account for the proportion of landfill CH4 emissions that are 

effectively captured (37%) (Hennigar et al. 2013). The initial landfill carbon pool is 

estimated to be 2.17 Mg C/ha of forest land, based on Birdsey and Lewis (2003). Second, 

mill waste emissions (CO2) are generated from the combustion of mill waste, after 

sawmill residues have been diverted to pellet feedstock. While many mills utilize 

cogeneration to produce electricity on site, we did not include that on-site energy as a part 

of the fossil fuel offset. We also assume complete combustion of the annual mill waste 

pool. The final three sources of forest product emissions (CO2) are from wood bioenergy 

production (Fig. 1, column D). We assume the energy pools (pellets, chips, and residues) 

are fully utilized during the year the feedstock is generated and transferred immediately 

into the atmosphere. Although the ForGATE tool allows users to account for 

manufacturing and harvest and transport emissions (Hennigar et al. 2013), we did not 

include these emissions here. Harvest and transport emissions are a small component of 
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the total forest products sector emissions (Gunn and Buchholz 2018). Manufacturing 

emissions can be more significant particularly from pulp and paper (Gunn and Buchholz 

2018), however, given the variability in electricity inputs and process heat sources 

between timber products, these emissions were not incorporated.  

The ten emissions outputs in combination with sequestration estimates from the 

harvest scenarios are used to calculate net carbon impact (total sequestration - total 

emissions), where total sequestration equals gross forest growth plus the annual changes 

in the forest product and landfill pools, and total emissions equals the ten summed 

emission sources. We define gross forest growth as the carbon removed from the 

atmosphere by forest growth, including net biomass increment plus natural mortality and 

harvested biomass. 

 

2.3.6. Fossil fuel displacement scenarios 

Finally, we examine six fossil fuel displacement scenarios, ranging from no offset 

to 50%, 60%, 70%, 80% and 90% of fossil fuel emissions displaced. For an equal amount 

of energy production, we define fossil fuel displacement as the fossil fuel emissions that 

are supplanted by forest bioenergy emissions. Therefore, this flexible approach can 

account for any specific conversion technology efficiencies. Given the higher energy 

density and greater efficiency of fossil fuel utilization, each ton of CO2 emitted from 

biomass feedstock combustion produces energy that could displace less than one ton of 

CO2 emitted from fossil fuel combustion. For example, to produce 15 million GJ of 

energy, it takes roughly 1 million metric tons of forest biomass in the form of chip 

feedstocks utilized in a commercial boiler to produce industrial heat at a 75% efficiency.  
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The same amount of energy would require approximately 402 million m3 of natural gas. 

There are 1.7 million metric tons of CO2 and 1.0 million metric tons CO2 emissions 

associated with this quantity of woody biomass and natural gas, respectively. Therefore, 

woody biomass energy displaces 59% of fossil fuel emissions in this example.  

To present the results, we converted CO2 and CH4 (using a 100-year global 

warming potential of 25) to a carbon dioxide equivalent value (CO2e). Results are 

presented as a combination of harvest scenarios (H), bioenergy feedstock scenarios (F), 

and when applicable, include fossil fuel displacement scenarios in percent (Table 1). For 

example, H1/F1/50 is a scenario comprised of the current baseline harvest regime (H1) 

with low biomass feedstock utilization (F1), and assuming 50% fossil fuel displacement 

by bioenergy. We refer to the H1/F1 scenario as the business-as-usual scenario (BAU).  

All of our analyses were conducted in R version 4.1.2 (R Core Team 2021), 

including recoding the ForGATE model from a spreadsheet format to R code capable of 

accepting SORTIE-ND input.  

  

2.4. Results 

2.4.1. Predicted harvest effects on carbon pools 

 The cumulative amount of carbon stored in all pools is estimated to increase in 

every harvest/feedstock scenario over the 100 year period from 2020 - 2119 (Fig. 2). Live 

tree biomass is the largest carbon pool in all scenarios and is projected to increase 

between 53.4% in the most intensive harvest regime (H4) and 102.4% in the no harvest 

scenario (H0). Across the 18.4 million hectares of forest land in New York, Vermont, 

New Hampshire, and Maine, an average of 50.0 Mg C/ha will accumulate between 2020 
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– 2119 based on the BAU scenario (H1/F1). The live tree and detritus carbon pools 

increase and stabilize after approximately 50 and 90 years respectively, whereas the 

mineral soil, forest product, and landfill forest carbon pools increase steadily across the 

entire time period (Fig. 2). The only exception to this pattern is the no harvest scenario 

(H0). Because no wood products are removed from the forest, the forest product carbon 

pool stays at zero, and the landfill forest carbon pool declines due to the decomposition in 

landfills in combination with no new wood product additions (Fig. 2).  

As harvest intensity increases, the amount of total carbon stored across all pools 

decreases. The most intensive harvest scenario (H4/F1) accumulates 13.2% less carbon 

during the 100 year period than the BAU scenario. Although the forest products and 

landfill pools are larger than in the BAU scenario under the most intensive harvest 

scenario (27.7% and 48.8% respectively), the proportion of stored carbon accumulated in 

forest pools (live trees, coarse woody debris, and forest floor detritus) declines from 

92.3% in the BAU scenario to 80.2% in H4/F1). Thus, the decline in live and detrital 

biomass pools under more intensive harvests more than offsets the increases in forest 

products and landfill pools (Table 2, Fig. 3). Diverting additional harvested wood and 

residues to energy feedstocks further reduces the total amount of carbon stored in each 

harvest/feedstock scenario due to a reduction in the carbon additions to the forest floor 

detritus and mineral soil pools, as well as to the forest products and landfill forest carbon 

pools. The no harvest scenario (H0) predicts more accumulated carbon in live trees alone 

(99.9 Mg C/ha) than the total accumulated carbon pools in all other harvest/feedback 

scenarios (Fig. 3).  
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 As more harvest residue is removed from the forest and diverted to energy 

feedstocks, the forest floor and mineral soil pools accumulate less biomass across the 

landscape (Fig. 4). After 100 years, the additional residue removals from the forest when 

comparing H1/F1 and H1/F2 are estimated to decrease carbon storage in the forest floor 

pool and mineral soil pool by 3.2% and 3.4%, respectively. While the percent decreases 

in these carbon pools appear relatively small, across the entire northern forest landscape, 

the carbon storage losses total 16.3 million metric tons of C. Reductions in detrital carbon 

pools are exacerbated further when intensifying harvest is combined with greater use of 

logging residues as energy feedstocks. Forest floor and mineral soil carbon pools 

decrease by 16.5% and 12.9%, respectively, when comparing the least intensive harvest 

and feedstock scenario (H1/F1) to the most intensive harvest and feedstock scenario 

(H4/F2) (Fig. 4).  

 

2.4.2. Predicted greenhouse gas implications of alternative harvest regimes 

 Of the scenarios that include logging (H1 - H4), net carbon sequestration is 

maximized in the baseline harvest scenario (H1) over the next 50 years. Sequestration 

steadily declines from the least intensive H1/F1 scenario to the most intensive H4/F2 

scenario (H1/F1 = 195.3 Mg CO2e/ha cumulative sequestration and 3.9 Mg 

CO2e/ha/year; H4/F2 = 156.5 Mg CO2e/ha cumulative sequestration and 3.1 Mg 

CO2e/ha/year) (Table 3). This pattern is altered when fossil fuel displacement is 

considered. Net carbon sequestration increases as more fossil fuels are displaced by wood 

bioenergy. Therefore, when fossil fuel emissions are displaced by biomass energy 

emissions, high biomass feedstock scenarios (F2) result in greater net carbon 
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sequestration as compared to the low biomass feedstock (F1) alternatives because there is 

a greater opportunity for fossil fuel substitution (Table 3, Fig. 5). In both feedstock 

scenarios, however, less intensive harvests almost always result in greater net CO2e 

sequestration. Although there is less woody biomass to displace fossil fuels, it is more 

carbon beneficial to harvest less and maximize carbon storage in the forest.  

Over 100 years, similar patterns emerge. In all cases, high biomass feedstock 

scenarios (F2) sequester more net CO2e than low biomass feedstock scenarios (F1) and 

greater fossil fuel displacement results in higher overall net CO2e sequestration (Fig. 5). 

All scenarios result in net positive carbon sequestration.  By the end of the 100 year 

period, however, the annual rate of net CO2e sequestration drops in some cases below 

zero, indicating that emissions are higher than sequestration (starting around year 60 for 

the intensively harvested H4/F1/0 and around year 85 for the baseline harvest regime 

H1/F2/0) (Fig. 5). Although the rate of net forest ecosystem sequestration decreases 

slightly due to forest maturation, increases in harvest-related emissions are the primary 

driver of the reduction in net sequestration over time, specifically landfill forest product 

emissions (Fig. 6). Methane from landfill forest products emits more CO2e than all other 

harvested wood product sources, over 40 times the emissions from residue energy after 

100 years in the BAU scenario (Fig. 6). Forest ecosystem carbon emissions from forest 

floor detritus and soil decomposition far exceed emissions from all other forest product 

sources, but large amounts of forest growth counterbalance and surpass the impact of 

decomposition (Fig. 6).  

The no harvest scenario sequesters more carbon than all other 

harvest/feedstock/fossil fuel displacement scenarios at 50 years and 100 years, totaling 
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289.8 Mg CO2e/ha (average 5.8 Mg CO2e/ha/year) and 473.7 Mg CO2e/ha (average 4.7 

Mg CO2e/ha/year), respectively (Table 3, Fig. 5).  Even though harvested wood products 

store carbon, the amount is far outweighed by the magnitude of carbon sequestered and 

stored in unharvested forests. Annually, there is between 44 times (H4/F1) and 79 times 

(H1/F2) more carbon sequestered and stored in forests versus harvested wood products, 

given the current distribution of harvested material to the different product pools. The 

average annual rate of carbon sequestration in live tree biomass is slightly lower in the no 

harvest scenario compared with the BAU scenarios.  Foregoing timber harvest, however, 

is still significantly more carbon positive when all sequestration and emissions variables 

are considered, including fossil fuel emissions displacement. Sequestration in harvested 

wood products is simply too low to outweigh the emissions associated with those pools.  

 

2.5. Discussion 

2.5.1. Net carbon impact of variation in forest harvest regimes 

Our results, which include forest ecosystem and harvested wood product 

dynamics, indicate that harvest intensification decreases net carbon sequestration. The 

BAU scenario results in an average annual net carbon sequestration of 3.91 Mg 

CO2e/ha/year for forests in the 4 northeastern states over the next 50 years and 

outperforms all other low feedstock scenarios (Table 3). This represents our best 

approximation of future sequestration based on current forest inventory, forest growth, 

and harvest levels. Intensifying the baseline harvest regime reduces net carbon 

sequestration in almost all harvest/feedstock scenarios relative to this baseline (Table 3), 

yet all scenarios result in net positive carbon outcomes over the next 50 years. An 
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increase in harvest emissions (landfill decay, waste incineration, mill processing, and 

bioenergy production) resulting from intensified management drives the reduction in 

overall net carbon sequestration. While harvested wood product sequestration grows 

substantially, it is not enough to counterbalance the rise in harvest emissions, especially 

landfill methane emissions (Fig. 5). Even though harvested wood product sequestration is 

26% greater in the most intensive harvest regime (H4/F1) when compared to the baseline 

harvest regime (H1/F1), it only contributes about 2% percent of total sequestration. 

Contrary to studies that suggest more intensely managed forests reduce net CO2e 

emissions (Malmsheimer et al. 2008, Peckham et al. 2012, Lundmark et al. 2014, 

Kilpeläinen et al. 2016), our results are consistent with other recent studies in the region 

and show that more intensive forest management regimes often result in worse carbon 

mitigation outcomes (Nunery and Keeton 2010, Mika and Keeton 2015, Buchholz et al. 

2017, Gunn and Buchholz 2018). Specifically, Mika and Keeton (2015) demonstrated 

that wood bioenergy harvests increase net CO2 emissions relative to timber management 

that does not contribute to bioenergy, although both scenarios result in net positive 

sequestration. Shifting management toward structural retention practices and decreasing 

harvest frequency can significantly increase C sequestration (Nunery and Keeton 2010).  

Three critical components of our analyses interact and affect this conclusion: (i) 

the harvest regime and amount of forest biomass removal, (ii) the degree to which 

bioenergy displaces fossil fuel use, and (iii) the proportion of biomass diverted to energy 

feedstocks and wood products (Table 3, Fig. 5). The intensity of harvest and amount of 

biomass removal determine whether carbon pools grow or diminish. The cumulative 

amount of carbon storage increases in all harvest scenarios (Fig. 2), largely due to 
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increases in forest biomass (live trees, forest floor detritus, and mineral soil organic 

matter), and may be sensitive to climate changes (Thom et al. 2019). Carbon stored in 

harvest pools (forest products and landfills) also increases, but to a much lesser degree 

(Fig. 2). Although every harvest scenario predicts substantial increases in cumulative 

carbon storage across all carbon pools over time (Fig. 2), intensified management reduces 

the magnitude of the increases (Fig. 3). More intensively harvested landscapes in this 

region will equilibrate at lower average forest carbon stocks than less intensively 

managed landscapes (Brown et al. 2018a).  At the same time harvested wood products 

and associated bioenergy emissions increase (Figs. 2 and 3). Our results clearly indicate 

that reduced accumulation of forest carbon across the landscape from increased harvest 

outweighs additional forest product carbon storage (Nunery and Keeton 2010) and the 

potential benefits of fossil fuel displacement over the next 50 years. The one exception 

occurs when we assume a very high (90%) efficiency of fossil fuel emissions 

displacement. In that case, the most intensive harvest regime/high feedstock scenario 

(H4/F2/90) sequesters slightly more net CO2e (0.05 Mg CO2e/ha) on average than the 

baseline harvest/high feedstock scenario (H1/F2/90). This suggests that the benefits of 

fossil fuel displacement can overshadow the reduction of forest ecosystem carbon in 

some cases, although the current harvest regime (H1/F2/90) accumulates more carbon 

than the intensive harvest regime (H4/F2/90) for nearly four decades. Because this result 

is driven primarily by fossil fuel displacement it may be overly optimistic over longer 

time horizons. Fossil fuel displacement is expected to decline as fossil fuel use transitions 

to carbon-neutral energy sources (Liddle and Sadorsky 2017), and renewable energy use 

is predicted to increase annually over the next several decades (EIA 2022).  
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In scenarios that divert less biomass to energy production (F1 scenarios), more 

biomass is converted into wood products and consequently waste pools are larger. In 

these scenarios annual emissions eventually surpass sequestration, and the annual rate of 

net sequestration goes below zero (Fig. 5). That decrease in net sequestration over time is 

primarily due to a rise in emissions from harvested wood products, especially potent 

emissions of methane from landfills. Emissions surpass sequestration sooner in scenarios 

that divert more biomass to wood products and waste pools (F1 scenarios). For example, 

assuming 50% of fossil fuel emissions can be displaced by wood energy, the rate of 

sequestration shifts to negative after 64 years for the most intensive harvest scenario with 

low biomass energy diversion (H4/F1) and 78 years for the BAU scenario (H1/F1) (Fig. 

5). A second factor contributing to the decline in the overall rate of net sequestration is 

forest maturation. Our BAU harvest regime models estimate that the distribution of stand 

biomass across the landscape equilibrates after about 60 years when forest gross growth 

roughly equals natural mortality plus harvest removals.  

Timeframe becomes particularly important when considering forest climate 

mitigation. The point in time when an alternative harvest regime cumulatively sequesters 

more carbon than the baseline is known as the carbon sequestration parity point (Mitchell 

et al. 2012, Jonker et al. 2014). In our analysis, the BAU scenario is the most favorable 

throughout the entire time period when compared to other low feedstock utilization 

scenarios (F1 scenarios). As harvest intensity and/or energy feedstocks increase, 

sequestration rates vary and the carbon sequestration parity point ranges from 12 years 

(BAU scenario with greater feedstocks (H1/F2/50) to 40 years for the most intense 

harvest and feedstock scenario (H4/F2/50), respectively. This means that assuming 50% 
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fossil fuel emissions displacement the BAU scenario outperforms the higher feedstock 

scenario H1/F2/50 until year 2032. Notably, the no harvest scenario (H0) sequesters more 

carbon than all harvest/feedstock/displacement scenarios for all timeframes (Table 3, Fig. 

5). We stress that the no harvest result is solely for comparative purposes and ignores the 

social and economic consequences of halting harvests across the study region, and that 

demand for forest products would be displaced to other regions (“leakage”), potentially 

with far worse carbon consequences.     

     

2.5.2. Harvest effects on landscape forest carbon pools  

The increase in cumulative carbon storage is largely due to the predicted increases 

in average forest biomass across the study area in all harvest scenarios. The current 

distribution of biomass in northeastern forests, which skews toward early and mid-

successional biomass classes (Brown et al. 2018a), still reflects intensive land use from 

the nineteenth and twentieth centuries (Thompson et al. 2013). This, in addition to the 

partial harvest regimes characteristic of the northeastern U.S. (Brown et al. 2018a), 

allows for significant amounts of future projected carbon accumulation (Thompson et al. 

2011, Duveneck et al. 2017, Wang et al. 2017, Brown et al. 2018a).  

A key feature of our model is the incorporation of the baseline harvest regime, 

calculated using FIA data, and the harvest effects on future forest composition, structure, 

and productivity. The resulting regional-scale predictions account for the small 

percentage of lands that are being harvested each year and the majority of the forested 

landscape that continues to accumulate biomass (Fig. 2). This issue of scale is important. 

When a stand is logged to generate biomass energy, carbon is immediately released to the 



65 

atmosphere through feedstock combustion, and more gradually through decomposition of 

logging residues, and then slowly removed from the atmosphere during forest regrowth. 

While this is true of an individual stand, it does not reflect the landscape-scale 

implications of harvest, forest growth, and biomass energy combustion. For the four 

northeastern states, roughly 3% of the non-reserved forestland is harvested in any given 

year, with a mean harvest intensity of approximately 30% of live biomass (Brown et al. 

2018a).  The emissions that year that are due to those harvests are more than balanced in 

the same year by the net sequestration of the remaining 97% of the forestland that was 

not harvested that year.     

 

2.5.3. Carbon implications of use of logging residue as a biomass energy feedstock  

Despite the predicted increase in overall forest biomass, any removal of harvest 

residue from the forest will decrease the forest floor and mineral soil carbon pools 

(Canham 2013). In contrast to several studies that suggest little or no carbon storage 

effects from residue feedstock utilization (Ranius et al. 2018), our analyses show a 

reduction in forest floor and mineral soil carbon pools as harvests intensify, greater 

amounts of feedstock are utilized for bioenergy, or both (Fig. 3). While the annual 

reductions in forest floor and mineral soil carbon storage are small, doubling the amount 

of harvest residue removed from the forest and used as energy feedstock from 25% to 

50% results in a 16.3 million metric ton C loss in forest detritus over 100 years (Fig. 4).  

This is the equivalent of losing 0.1 metric tons of detrital carbon storage for every metric 

ton of biomass residue removed from the forest. Thus, there is a clear tradeoff between 
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increasing the amount of residue available for energy feedstocks and decreasing carbon 

storage across the landscape.   

At question is whether the utilization of logging residues results in a carbon 

positive outcome overall. Using logging residues as an energy feedstock has garnered 

special attention due to an assumption that its use is inherently carbon neutral. That 

assumption is based on the premise that the emissions released while converting residues 

to bioenergy would have been released anyway through decomposition, thereby making 

the practice carbon neutral. However, intensifying harvests to generate additional logging 

residues for biomass energy production does not offset the reduction in detrital carbon 

pools and results in net negative carbon outcomes (Table 3, Fig. 5). The carbon impact of 

utilizing greater amounts of logging residues for bioenergy within the BAU harvest 

regime is less obvious, however. Over a 100 year time period, 4.58 Mg C/ha of additional 

cumulative logging residues are available for energy production when comparing the 

baseline (BAU) harvest regime high (F2) and low (F1) feedstock scenarios. As more 

woody material is available to displace fossil fuel emissions and the displacement 

becomes more efficient, carbon benefits will increase (Table 3). Yet, solely increasing the 

use of residues as an energy feedstock yields an exceedingly small net carbon benefit 

(<1%) after 50 years, even when assuming maximum emissions displacement 

(Supplement 1). Furthermore, using additional residues for energy can only displace less 

than 1% of current fossil fuel consumption in NY, VT, NH, and ME (Supplement 1). We 

have focused here solely on the carbon consequences of removal and utilization of 

logging residues. In a broader context, those residues serve a wide array of ecological 

functions as a major input to detrital pools in northeastern forests (Aber et al. 1978).  
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Harvest effects on stand structure characteristics, such as downed woody debris, have 

implications for habitat function and biodiversity as well as co-varying landscape-scale 

carbon storage (Littlefield and Keeton 2012, Schwenk et al. 2012, Thom and Keeton 

2019, Thom and Keeton 2020). 

 

2.5.4. Forest biomass energy equivalent 

 Our results are fundamentally about tradeoffs. Intensified harvests yield more 

wood products, but reduce storage in live biomass in forests.  Removal of logging residue 

(tops and limbs) reduces carbon storage in detrital pools, but can potentially provide 

limited displacement of fossil fuel emissions when used as a biomass energy feedstock. 

Net carbon sequestration is lower with intensified harvest, but is affected by the 

magnitude of fossil fuel substitution. The question must be asked – what is the potential 

energy return of all these tradeoffs? We project that the BAU scenario generates an 

average of 4.8 million metric tons of biomass energy feedstocks annually over the next 

20 years in the 4-state region. Roughly 2.2% of current levels of fossil fuel energy use 

could be displaced by these biomass energy feedstocks by our estimates, assuming a 

biomass energy conversion efficiency of 0.8, which is consistent with combined heat and 

power plants producing electricity and residential and commercial heat (Supplement 1).  

 

2.5.5. Limitations 

 We do not directly address leakage in this study. Because energy feedstocks 

increase at the expense of traditional wood products (F2 scenarios), there is a possibility 

that sourcing the replacement wood products could be driven outside of the study area. In 
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addition to global implications of leakage, the bioenergy market in the northeast U.S. is 

currently not the driver of shifts in use of harvested wood products. Biomass harvests are 

almost always a by-product of integrated operations that include other products like 

timber and pulp (Buchholz et al. 2019, Quinn et al. 2020). Although the volume is 

substantial, the price for biomass is noncompetitive with other products, (Buchholz et al. 

2019).  Even so, studies show an appropriate leakage rate may be around 80% or even 

higher (Wear and Murray 2004, Gan and McCarl 2007, Pan et al. 2020), indicating that 

timber harvests could be reduced only slightly (< 20%) without triggering leakage. Based 

on the no harvest scenario (H0), we would expect a small reduction in harvest to yield 

higher net carbon sequestration than the BAU scenario, suggesting a role for forest 

conservation in climate mitigation policies (Gunn and Buchholz 2018). 

While many studies choose a specific fossil fuel alternative to bioenergy for 

GHG analyses, we opted for a more flexible approach. Our analysis presents a range of 

potential displacement factors regardless of specific energy conversion technologies or 

comparisons with particular energy alternatives. It is worth emphasizing, however, that as 

fossil fuel use declines and renewable energy production increases, wood will compare 

less favorably as an energy substitution. This transition to renewables will reduce net 

carbon benefits as the energy mix becomes more carbon neutral and fossil fuel 

displacement becomes less relevant.  

 

2.5.6. Conclusions 

There is clearly a role for managed forests in mitigating greenhouse gas emissions 

(Griscom et al. 2017, Fargione et al. 2018, P.R. Shukla et al. 2019). The questions are to 
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what degree and under what circumstances? Our analyses indicate that the BAU scenario 

in New York, Vermont, New Hampshire, and Maine sequesters more carbon over the 

next decade than any of the intensified harvest scenarios and increased feedstock 

utilization rates we examined.  Modest reductions in harvest levels that do not trigger 

leakage would be expected to increase net carbon sequestration compared to current 

management. Our results suggest that any increase in the regional harvest regime will 

reduce net carbon sequestration in the landscape over climate policy-relevant time scales, 

even when more of the harvest is diverted to biomass energy production at very high 

assumed efficiency in displacing fossil fuel emissions.  While all harvest/feedstock 

scenarios become more carbon competitive when fossil fuel emissions are displaced 

through wood energy, the transition to carbon-neutral energy sources will reduce the net 

carbon benefits of fossil fuel displacement over time.  
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2.7. Tables and Figures 

2.7.1. Tables  

Table 2.1. Harvest and biomass feedstock scenarios. 
 

 
 

 

  

Harvest or Biomass Feedstock Scenario Harvest or Biomass Feedstock Scenario Definition

No harvest (H0) No harvest regime 

Current harvest (H1)

The current harvest regime characterized as a function of forest type/region, total plot 
basal area, and distance to the nearest improved road, including a 3 degree C increase 
in mean annual temperature and a 10% increase in total annual precipitation over the 
next 100 years (Brown et al. 2018)

Current harvest + intensity (H2) The current harvest regime and a 50% increase in average harvest intensity

Current harvest + frequency (H3) The current harvest regime and a 75% increase in harvest frequency

Current harvest + intensity + frequency 
(H4)

The current harvest regime, a 50% increase in average harvest intensity, and a 100% 
increase  in harvest frequency

Low feedstock (F1)
5% of hardwood and softwood sawlogs diverted to chip and pellet energy feedstocks; 
20% of hardwood and softwood pulpwood diverted to energy feedstocks; 25% of 
logging residue diverted to energy feedstocks

High feedstock (F2)
20% of hardwood and softwood sawlogs diverted to chip and pellet energy feedstocks; 
80% of hardwood and softwood pulpwood diverted to energy feedstocks; 50% of 
logging residue diverted to energy feedstocks
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Table 2.2. Carbon pools in each harvest/feedstock scenario after 100 years (metric tons 
C/ha). All carbon pools include the initial condition for each pool (average metric tons 
C/ha across the landscape at the start of each scenario) plus the accumulated carbon for 
100 years, except the forest products pool. The forest products pool only includes 
accumulated carbon. 
 

 
 
 
 
 
  

Carbon Pools H0 H1F1 H1F2 H2F1 H2F2 H3F1 H3F2 H4F1 H4F2 
Live Trees 172.6 117.7 117.7 113.2 113.2 105.5 105.5 99.0 99.0 
CWD and Detritus 60.5 50.5 49.6 49.5 48.5 48.0 46.9 47.2 45.9 
Mineral Soil 162.8 161.2 160.9 161.0 160.7 160.7 160.2 160.5 160.0 
Forest Products 0.0 8.7 5.5 9.3 5.8 10.3 6.1 11.1 6.2 
Landfill 0.0 6.2 3.7 6.7 3.9 7.5 4.1 8.2 4.1 
Total 396.0 344.3 337.5 339.8 332.0 332.0 322.8 326.0 315.3 
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Table 2.3. Cumulative net CO2e sequestration (metric tons C/ha) resulting from nine 
harvest (H) and feedstock (F) scenarios after 50 years. The percent displacement refers to 
the amount of fossil fuel emissions that are displaced by wood biomass emissions.  
 

 
 

Scenario No 
displacement 

50% 
displacement 

60% 
displacement 

70% 
displacement 

80% 
displacement 

90% 
displacement 

H0 289.8 289.8 289.8 289.8 289.8 289.8 
H1/F1 195.3 209.3 212.1 214.9 217.7 220.5 
H1/F2 194.5 227.2 233.7 240.2 246.7 253.3 
H2/F1 186.7 202.7 205.9 209.1 212.3 215.5 
H2/F2 185.5 223.1 230.6 238.1 245.6 253.2 
H3/F1 168.4 187.5 191.4 195.2 199.0 202.8 
H3/F2 166.9 212.5 221.6 230.7 239.8 248.9 
H4/F1 158.6 181.1 185.6 190.1 194.6 199.1 
H4/F2 156.5 211.0 221.9 232.8 243.7 254.6        
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2.7.2. Figures 

 

 
 
Figure 2.1. Carbon transfer from forest pools through waste pools and release to the 
atmosphere. Forest carbon (column A) is transferred to harvest products (column B) as 
defined by each harvest regime (Brown et al. 2018a). Carbon in harvest product pools 
(column B) is transferred to end products, waste pools, or the atmosphere (columns C, D, 
and E) based on ForGATE (Hennigar et al. 2013). Ovals indicate carbon pools that can 
accumulate or decline, rectangles represent annual pass-through pools, and clouds 
represent GHG emissions.  
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Figure 2.2. Carbon accumulation in all carbon pools over 100 years resulting from 
harvest (H) and feedstock (F) scenarios. The live tree panel shows overlapping results 
when the harvest scenarios are the same, but the feedstock scenarios differ. The harvest 
scenario determines the live tree biomass results, not the feedstock scenario.  
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Figure 2.3. Total carbon (Mg/ha) stored in five pools - live trees, coarse woody debris 
and forest floor detritus, mineral soil, forest products, and landfill forest carbon pools - 
after 100 years resulting from nine harvest (H) and feedstock (F) scenarios.   
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Figure 2.4. Biomass accumulation in coarse woody debris and forest floor detritus, 
mineral soil, and three energy feedstock carbon pools – logging residues, chips, and 
pellets – after 100 years. The baseline harvest regime (H1) is being compared with the 
most intensive harvest regime (H4) across two feedstock scenarios. F1 diverts 25% and 
F2 diverts 50% of logging residues from the forest to energy feedstocks. 
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Figure 2.5.  Net CO2e sequestration (Mg C/ha/year) resulting from nine harvest (H) and 
feedstock (F) scenarios over 100 years. The percent displacement refers to the amount of 
fossil fuel emissions that are displaced by wood biomass emissions.  
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Figure 2.6. Emissions (Mg of CO2e/year) from eight different sources resulting from 
harvest (H) and feedstock (F) scenarios over 100 years.  
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3.1. Abstract 

Global timber demand is on the rise, driven by wood product and energy needs. 
Wildlife must be considered as the allocation of forest resources are debated. We used 
expert elicitation techniques and generalized linear mixed modeling approaches to 
estimate the probability of occurrence of 12 forest-dependent bird species across the 
northeastern U.S. under changing forest conditions. We combined bird occupancy models 
with 5 timber harvest scenarios to estimate changes in bird species occupancy over 100 
years. A total of 2588 occupancy probabilities at 377 sites were collected via 37 experts 
across New York, Vermont, New Hampshire, and Maine. Harvest intensification led to a 
decline in occupancy for 9 species, ranging from 1% (mourning warbler and veery) to 
12% (black-throated green warbler). Three species increased in occupancy probability 
with harvest intensification, including Canada warbler (6%), chestnut-sided warbler 
(2%), and white-throated sparrow (9%). At the end of the 100-year simulation period, 
most species (n = 9) in our study were predicted to increase in occurrence probability 
within the same harvest regime. Every harvest scenario, even the most intensely 
managed, resulted in an increase in average basal area, and many bird species responded 
to that increase over time. The results of this study provide valuable information about 
the future distribution of bird species that should be considered when evaluating the 
tradeoffs between timber harvest and other forest values.  
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3.2. Introduction 

Global timber demand is forecasted to increase by more than a third over the next 

several decades (FAO 2022). This demand comes from multiple sources. In the 

northeastern U.S., where 74% of the landscape is forested, there has been interest in 

expanding the use of forest biomass for energy to offset fossil fuel energy use (Biomass 

Energy Resource Center 2013, Maine Governor's Energy Office 2015, New Hampshire 

Department of Energy 2022, Vermont Department of Public Service 2022). Others call 

for increased timber harvest in this region to maximize carbon sequestration under the 

assumption that as forests mature their rate of sequestration declines (Maine Forest 

Carbon Task Force 2021, New York Climate Action Council 2021). Still others call for 

increased harvest to substitute wood for high carbon emitting products like steel and 

concrete, which form the basis of the built environment (Comnick et al. 2022).   

Each of these reasons is not without debate. A growing body of literature suggests 

that burning woody biomass for energy can have a net negative effect on atmospheric 

carbon (Mika and Keeton 2015, Brown et al. in review-a). The results of these studies can 

be hard to compare however, because different authors use different net carbon 

accounting equations (Helin et al. 2013, Buchholz et al. 2016). Calls to increase harvest 

to maximize carbon sequestration are countered by studies that demonstrate eastern 

forests sequester carbon very late into stand development and contain aboveground 

biomass levels that are well above current regional averages (Keeton et al. 2011, Brown 

et al. 2018a). The potential benefits of increasing harvest for wood product substitution 

have been muted by authors who suggest the accounting of product substitution is flawed 
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(e.g., overestimated displacement factors) and the market potential for these new wood 

products inflated (Harmon 2019, Leturcq 2020). 

To address these issues, several authors use scenario-based approaches to 

examine how forest management affect both forest sustainability and carbon 

sequestration (Nunery and Keeton 2010, Mika and Keeton 2015, Brown et al. 2018a, 

Gunn and Buchholz 2018). For example, Brown et al. (2018) developed 5 timber harvest 

scenarios for the 6 most common forest types/regions across New York, Vermont, New 

Hampshire, and Maine (hereafter, the Northeast U.S., Figure 1), including a no harvest 

scenario (H0) (Table 1). Scenario one (H1) represented the current harvest regime, 

calculated using U.S. Forest Service Forest Inventory and Analysis (FIA) data (Canham 

et al. 2013, Brown et al. 2018a). Additionally, four alternative harvest scenarios were 

examined (Table 1) (Brown et al. 2018). These included increasing average harvest 

intensity by 50% (“current harvest + intensity”; H2), increasing harvest frequency by 

75% while maintaining current harvest intensity (“current harvest + frequency”; H3), and 

increasing harvest intensity by 50% and harvest frequency by 100% (“current harvest + 

intensity + frequency”; H4). The final scenario is a no harvest scenario (“no harvest”; H0; 

Table 1).  Each scenario included a 3 degree C increase in mean annual temperature and a 

10% increase in total annual precipitation over the 100 year simulation (Horton et al. 

2014).  

Key results from Brown et al. (2018) and other authors suggest that maintaining 

current harvest regimes can allow for sustainable forest growth, timber production, and a 

modest amount of energy supply (Mika and Keeton 2015, Gunn and Buchholz 2018, 

Brown et al. in review-a). Even in intensified timber harvest scenarios, aboveground 
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biomass is projected to increase in this region (Nunery and Keeton 2010, Brown et al. 

2018a) due to the current distribution of biomass in northeastern forests resulting largely 

from farm abandonment and substantial harvest in the late nineteenth century (Thompson 

et al. 2013). Despite this, intensified harvest scenarios sequester less net CO2e (carbon 

dioxide equivalent) than current harvest practices when forest ecosystem and forest 

product dynamics are considered (Mika and Keeton 2015, Brown et al. 2018a, Gunn and 

Buchholz 2018). 

In these debates, forest-dependent birds are a silent stakeholder whose distribution 

patterns may be greatly altered by forest timber management (DeGraaf et al. 1998, King 

and DeGraaf 2000, DeGraaf and Yamasaki 2003). The response of biodiversity to timber 

harvest varies widely depending on species, harvest intensity, stand type, time since 

harvest, and can be positive, negative, or neutral (Annand and Thompson 1997, Janowiak 

and Webster 2010, Riffell et al. 2011, Verschuyl et al. 2011, Schwenk et al. 2012). The 

impacts of forest harvest on forest-dependent birds can be direct (e.g., reduced nesting 

cavities from biomass removal (Sallabanks and Arnett 2005)) or indirect (Littlefield and 

Keeton 2012) (e.g., changes in canopy structure may enhance foraging opportunities for 

songbirds (Hagar et al. 2004)). 

While timber harvest effects on forest birds are well studied, the results are often 

difficult to aggregate at regional scales, stymying predictions of how regional-scale forest 

management scenarios will affect the distribution patterns into the future. Although birds 

are among the most studied wildlife species, with national inventories like the Breeding 

Bird Survey (BBS) (Sauer et al. 2017) and public repositories like eBird (Sullivan et al. 

2009) storing thousands of data observations in time and space, forest conditions 
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associated with such observations are often lacking, including key forest metrics such as 

tree density, live and dead basal area, and species composition. Instead, regional scale 

bird models often rely on remote variables that can be mapped at coarser levels (e.g., 

30x30 meter pixel landcover data) as opposed to on-the-ground metrics (Schwenk and 

Donovan 2011, Brown et al. 2014). A number of studies link bird distribution to forest 

metrics, yet these are typically done at smaller spatial scales and with different 

methodologies, creating modeling aggregation challenges (e.g., Engstrom et al. 1984, 

King et al. 1997, DeGraaf et al. 1998, King and DeGraaf 2000, Bakermans et al. 2012, 

Perry and Thill 2013, Perry et al. 2018)).  

Managers and policy makers charged with conserving viable populations of 

wildlife need to understand the implications of timber harvest practices. Birds in 

particular are sensitive to changing forests conditions (DeGraaf and Yamasaki 2003, 

Perry et al. 2018), and many forest birds are of conservation concern (Table 2). A recent 

study reported widespread reductions in avifauna, on the order of billions of individual 

birds, across North America over the last 50 years (Rosenberg et al. 2019). In addition to 

expected declines in rare and threatened species, common species across most habitat 

types, including Eastern forests, are also in decline, potentially altering ecosystem 

function (Rosenberg et al. 2019). Virtually every Wildlife Action Plan in the Northeast 

cite logging and wood harvesting as threats to species of conservation concern (Maine 

Department of Inland Fisheries and Wildlife 2015, New Hampshire Fish and Game 

Department 2015, New York State Department of Environmental Conservation 2015, 

Vermont Fish & Wildlife Department 2015). As timber demand is on the rise, it is timely 

for managers and decision makers to ask how wildlife will be affected.  
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To address these challenges, we used expert elicitation to develop occupancy 

models for 12 forest-nesting birds and combined them with the 5 timber harvest scenarios 

described above (Brown et al. 2018a). Our goal was to predict how songbirds will 

respond under the 5 different forest management regimes. Specifically, our objectives 

were to: (1) Conduct a regional expert survey to elicit bird species occupancy 

probabilities across the Northeast U.S., (2) Build occupancy models from expert data, and 

(3) Apply occupancy models to 5 timber harvest scenarios to predict changes in bird 

distribution patterns.   

 

3.3. Methods 

3.3.1. Study Area  

  Our study area included forests in the states of New York, Vermont, New 

Hampshire, and Maine, where the landscape is roughly 74% forest, 6% scrub-shrub, 9% 

wetlands, 4% open water, 4% agriculture (pasture/hay), 3% development, and 1% 

grassland (Figure 1) (U.S. Geological Survey 2014). The dominant forest type is northern 

hardwood-conifer forest followed by spruce-fir forest. The region is distinguished by 

inland mountain ranges and extensive coastlines, and the climate is characterized by 

warm summers and cold, snowy winters. Overall, the forested landscape is roughly 9% 

protected, the majority of which is in New York (Brown et al. 2018a). 

Within this study area, we used the 5 harvest scenarios previously mentioned by 

Brown et al. (2018) as the basis for describing regional forest condition for the next 100 

years. Brown et al. (2018) implemented the 5 harvest scenarios in SORTIE-ND, a 

spatially explicit individual-tree forest stand model. Individual seedlings, saplings, and 
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adult trees were tracked over time through growth, mortality, and recruitment behaviors. 

FIA data were used to parameterize the 30 most common tree species in the study region 

(Canham and Murphy 2016a, b, Canham and Murphy 2017, Brown et al. 2018a). The 

complete model structure and parameterization is described fully in Brown et al. (2018). 

Five thousand FIA plots were randomly selected across the landscape, which included 

plots that were inventoried between 1999 and 2012 (Figure 1) (Brown et al. 2018a). For 

every harvest scenario, forest composition and structure data from each of the 5000 FIA 

plots were summarized and scaled to number per hectare to initialize 5000 SORTIE-ND 

runs. Given the environmental conditions of each site, SORTIE-ND then implemented 

several forest dynamic behaviors, including harvest regime, growth, natural mortality, 

and seedling recruitment, annually for 100 years. Outputs include detailed forest stand 

structure and composition metrics by species and tree size at each of the 5000 points 

(e.g., Figure 2).  

 

3.3.2. Focal Species 

To understand how each harvest scenario may affect the distribution of forest-

dependent birds, we selected 12 songbird species that prefer a range of forest conditions, 

including differing forest composition and structure, edge tolerance, and canopy cover 

preferences (Table 2) (Hagenbuch et al. 2011, Schwenk and Donovan 2011, Schwenk et 

al. 2012). All of the focal species were forest dwelling birds that are sensitive to changes 

in forest condition, broadly nesting in three habitats: 1) forest interior and closed canopy, 

2) intermediate forest landscapes and intermediate percent forest cover, and 3) early 

successional open canopy.  
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3.3.3. Objective 1. Conduct a regional expert survey to elicit bird species occupancy 

probabilities across the Northeast U.S. 

Build the elicitation survey 

We developed a web-based survey to collect the opinions of 37 experts regarding 

the probability of occurrence of the 12 focal species at randomly selected FIA points, 

drawn from the pool of 5000 selected FIA plots across the study area (Figure 1). Because 

the exact locations of FIA plots are legally restricted, we used the perturbed locations to 

represent survey sites (McRoberts et al. 2005). For each plot, we compiled a 

comprehensive list of forest structure, forest composition, and landscape variables 

representing potential drivers of species occurrence based on literature and professional 

experience. We recruited bird experts based on qualifications and expertise in the states 

of New York, Vermont, New Hampshire, and Maine. Experts were required to have 

strong knowledge of one or more focal species in the region and a background in 

conservation, wildlife management or a related field. Additional experts were identified 

by their extensive field-based birding knowledge and through expert nomination. We 

found experts through their academic research, state and regional birding databases, state 

agencies, Audubon, birding list-serves, professional contacts, and recommendations by 

other experts. Each expert self-selected and all participation was voluntary; survey 

protocols were approved by the University of Vermont Institutional Research Board (IRB 

17–0417). 

Implement bird expert elicitation survey 

The bird survey was administered through a web-based interface designed to elicit 

expert opinion of bird probability of occurrence mimicking an elicitation tool known as 
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Elicitator (James et al. 2010, Low Choy et al. 2012).   

There were three sections to the survey, including the introduction/presurvey, the 

expert elicitation survey, and the exit questionnaire. Prior to starting the survey, we met 

with each expert and walked them through how to complete each section. The first 

section introduced the expert to the elicitation process. Each expert identified their 

geographic expertise by selecting one or more states (NY, VT, NH, ME) on a map of the 

study area.  Experts were also asked to select the focal species in which they had 

expertise and could select any number of the 12 bird species.  

The second section was the elicitation survey (Figure 3). Given the expert’s 

geographic expertise, the application randomly generated 10 survey points within the 

selected geography through a k-means clustering approach that utilized the covariates 

presented to the experts (Likas et al. 2003). This stratified the survey locations to ensure 

that selected sites encompassed a full range of forest covariate values. For example, if an 

expert indicated their expertise was limited to Maine, the survey generated 10 random 

points in Maine. If an expert was comfortable assessing locations across the entire study 

area, the application generated 10 random sites across all four states. Individual experts 

could not survey the same site twice, however, it was possible for two experts to be 

randomly assigned the same plots.  

For each survey site, the expert was provided with an interactive satellite image 

(Google Map; Figure 3A), a table of site-specific covariates (Table 3, Figure 3B), and 

two site-specific figures (Figure 3C). The Google Map satellite image depicted a circle 

that encompassed the survey site and provided the expert with the overall landscape 

context. Due to FIA privacy restrictions, the exact location of the site was unmarked, but 
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users understood that the site was most likely within the circular boundary. The tabular 

information (Figure 3B, Table 3) described forest structure variables as well as landscape 

metrics that are known to affect forest bird occupancy (Schwenk and Donovan 2011, 

Schwenk et al. 2012). The first figure showed a bar chart of the proportion of basal area 

per species for adult trees and saplings, and the second figure showed two histograms of 

adult and sapling basal area across all 5000 site locations with a line representing the site-

specific data on the histogram (Figure 3C).  

Given this information, at each survey site the expert used sliders to parameterize 

a beta distribution (α and β) that provides the average probability of occupancy and the 

confidence in their occupancy estimates ranging from 0 to 1 (Figure 3D). The confidence 

estimates represented the range of occupancy probabilities that experts believed were 

plausible. Experts provided predictions for as many sites as they were willing, but we 

requested the completion of at least 10 sites. After the tenth site, the expert was prompted 

to respond to an additional 10 sites and could decline at any time.  

The final section of the survey asked experts to rank the importance of the 

covariates in terms of their influence (positive, negative, or neutral) on bird distribution. 

Further, experts could identify additional variables that they believed affected species 

occupancy (Table 3).   

 

3.3.4. Objective 2. Build occupancy models from expert data 

Data  

Survey responses were downloaded and included the occupancy beta distribution 

parameters (α, β) for each expert-surveyed species and site combination, along with site-
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specific covariate data. Total sample size for each species was the number of sites in 

which experts provided an opinion about occurrence (Table 2). 

For each response, we calculated the mean of the expert’s beta distribution as 

E[X] = α /( α + β) 

and variance as 

 var[X] = αβ
(𝛼𝛼+𝛽𝛽)2(α+β+1) 

Site-specific covariate data included the variables from the web survey (n = 10; 

Table 3) and additional variables that the experts identified as important in the post-

survey (n = 7; Table 3). In addition to these variables, 62 variables from the SORTIE-ND 

output were available for each site, mostly adding relative density data for individual tree 

species at each site. Ecoregion was also included as a potential random effect based on 

literature (Pearman-Gillman et al. 2020), for a total of 80 site-specific covariates.  

Model covariate reduction  

We reduced the full list of 80 covariates to a final covariate set to be used in the 

species-specific models. First, we retained variables that were correlated with the 

probability of occupancy (r >= 0.35) and met a coefficient of variation threshold (cv >= 

0.25). Second, we retained all variables that were identified by experts as being the most 

important for a species of interest (from the list in Table 3), and then removed any 

variables that were correlated with them (r >= 0.5). From this remaining list, we retained 

only those variables that were most strongly correlated with occupancy and purged any 

variables that were correlated with them (r >= 0.5).  Finally, we included percent forest 

cover (1 km radius) and the proportion of coniferous basal area in the development of all 
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models as they are commonly cited in the literature as important. The severe trimming 

resulted in between 3-9 variables for species-specific occupancy modeling.  

Model development  

Generalized linear mixed modeling approaches were used to develop species-

specific distribution models via the R package lme4 (Bates et al. 2015). For all models, 

the response variable was mean probability of occurrence. Fixed effects included the 

forest condition variables retained from the trimming exercise described above (section 

2.2). For each species, we evaluated two alternative models that had the same fixed 

effects but varied in their random effects: expert or expert + ecoregion.  To incorporate 

expert uncertainty, we used the weighted approach in the glmer function in R and 

weighted by the inverse of the expert’s standard deviation (the spread of the expert’s 

original beta distribution for a given site). In practice, this allowed for high confidence 

occurrence estimates to have more weight than low confidence estimates. We used 

Akaike’s Information Criteria (AIC, Burnham and Anderson, 2002) to compare the two 

alternative models for each species and retained the model that had the lowest AIC score 

and successfully converged to a solution without error. We further used the qqnorm 

function in R to examine the assumption of normally distributed model error terms. We 

plotted the residuals for each model against a theoretical normal distribution. The results 

indicated that the residuals for all final models were normally distributed. 

Model Validation 

We used leave-one-out cross validation methods to evaluate the performance of 

each species’ final model. This method systematically removed one observation from the 

dataset at a time, creating a new training dataset. The glmer model was then updated 
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using the training data only, and the resulting model was used to predict the response 

value of the observation left out of the model. The process results in N predictions (Table 

2) that were used in model assessment. For each sample, we assigned a “1” to model 

predictions or expert responses that were > 0.5, representing species presence. Otherwise 

we assigned “0”, representing species absence.  We then created a confusion matrix to 

assess the sensitivity (true positive rate), specificity (true negative rate), and overall 

success rate of the model. For example, the hypothetical confusion matrix below 

compares expert responses at a site (0 or 1) with model predictions at that site (0 or 1).  

 

Sensitivity is the probability of a positive test, conditioned on truly being positive. In this 

case, it is the agreement between the expert and model “1” records, calculated as 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖 =
# of true positives

# of true positives + # of false negatives
 

The hypothetical sensitivity in this case is 0.82 (45/55), which can be interpreted as the 

model performing well to predict species presence when the experts identified the species 

as present (occupancy probability > 0.5). Specificity is the probability of a negative test, 

conditioned on truly being negative. In this case, it is the agreement between the expert 

and model “0” records, calculated as 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
# of true negatives

# of true negatives + # of false positives
 

0 1
0 55 10 65
1 15 45 60

70 55

Expert Occurrence

Predicted Occurrence
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The hypothetical specificity in this example is 0.79 (55/70), which can be interpreted as 

the model performing well to predict species absence when the experts identified the 

species as absent (occupancy probability < 0.5).  

 We also reported on success rate for each species, which is the number of times 

the expert responses matched the model predictions divided by the total number of expert 

responses. 

 

3.3.5. Objective 3. Apply occupancy models to 5 timber harvest scenarios to predict 

changes in bird distribution patterns 

We input each species’ final model to the predict function in R to obtain 

predictions of forest bird occupancy rates at the 5000 FIA points under each of the five 

harvest scenarios. We updated the top species’ models using covariate values for the 50 

year and 100 year future timeframes and generated new occupancy probabilities. For the 

variables that did not have future values, namely the landscape-scale GIS variables like 

percent forest cover, we held the values constant.  

 

3.4. Results 

3.4.1. Objective 1. Conduct a regional expert survey to elicit bird species occupancy 

probabilities across the Northeast U.S. 

A total of 2588 occupancy probabilities at 377 sites were collected between March and 

May 2018. Occupancy estimates were recorded for American redstart (n = 187), 

blackburnian warbler (n = 219), black-throated blue warbler (n = 272), black-throated 

green warbler (n = 217), Canada warbler (n = 217), chestnut-sided warbler (n = 271), 
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mourning warbler (n = 198), ovenbird (n = 261), scarlet tanager (n = 171), veery (n = 

193), white-throated sparrow (n = 182), and wood thrush (n = 200). Thirty-seven experts 

voluntarily participated in the elicitation survey across the states of New York (n = 692), 

Vermont (n = 672), New Hampshire (n = 463), and Maine (n = 761) (Table 2).  

 

3.4.2. Objective 2. Build occupancy models from expert data 

The final covariate set included 20 variables that likely influence occupancy 

probability across species. Ten variables were forest structure and composition variables, 

and 10 variables were landscape-scale attributes (Table 3). Expert was included in all 

models as a random effect. An additional random effect of ecoregion was further 

included in 8 of the top species’ models. The top performing species’ models contained 

between 3 and 9 fixed effects from the final covariate set (Table 4, Table 5). Every model 

contained a mix of landscape-scale variables and on-the-ground forest structure and 

composition variables. Besides percent forest cover and proportion of coniferous basal 

area that were included in all models, adult basal area and sapling density were the most 

common covariates used in model development, 9 and 8 times, respectively (Table 4). 

While suggested by experts and supported in the literature, percent wetland cover was not 

significant in our models (Table 5).  

The results from the leave-one-out cross validation revealed overall success rates 

between 0.64 (scarlet tanager) and 0.82 (Canada warbler) (Table 6). This indicated our 

models perform well overall in predicting expert-estimated occupancy probabilities. 

Sensitivity results ranged between 0.17 (mourning warbler) to 0.86 (white-throated 

sparrow), although most species’ sensitivities were > 0.6. The two outlier sensitivity 
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results, 0.17 (mourning warbler) and 0.41 (Canada warbler), indicate poor ability of the 

models to predict species presence. In both cases, however, the specificity results for 

those species were extremely high, 0.94 and 0.95, respectively, suggesting that the 

models for mourning warbler and Canada warbler were very good at correctly predicting 

species absence. The distribution of responses for those species were skewed heavily to 

species’ absences, likely influencing the sensitivity results. Overall, the specificity results 

indicated well performing models (>= 0.57) (Table 6). 

 

3.4.3. Objective 3. Apply occupancy models to 5 timber harvest scenarios to predict 

changes in bird distribution patterns 

Harvest intensification led to a decline in occupancy for 9 species, including 

American redstart, blackburnian warbler, black-throated blue warbler, black-throated 

green warbler, mourning warbler, ovenbird, scarlet tanager, veery, and wood thrush 

(Figure 4). When comparing the business-as-usual scenario (H1) to the most intensive 

harvest regime (H4), occupancy declined between 0.01 (mourning warbler and veery) 

and 0.12 (black-throated green warbler) among this group. For every species except 

mourning warbler, the decline in occupancy due to harvest intensification was greater in 

2120 than 2070. Three species increased in occupancy probability with harvest 

intensification, including Canada warbler, chestnut-sided warbler, and white-throated 

sparrow. Occupancy increases ranged from 0.02 (chestnut-sided warbler) to 0.09 (white-

throated sparrow) and were greater in 2120 than 2070 (Figure 4).  

Future occupancy predictions for the years 2070 and 2120 varied among species 

and harvest scenarios. Occupancy probabilities increased over time in every harvest 
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scenario (e.g., H1 in 2070 compared to H1 in 2120) for 6 species, including American 

redstart, blackburnian warbler, black-throated blue warbler, black-throated green warbler, 

mourning warbler, and scarlet tanager (Figure 4). Veery and white-throated sparrow 

declined in occupancy between 2070-2120 across most harvest scenarios. Wood thrush 

and ovenbird increased in occupancy in every harvest scenario over time except the most 

intensive harvest scenario (H4) where there was <1% decline. Alternatively, chestnut-

sided warbler and Canada warbler increased in occupancy probabilities in all harvest 

scenarios except no harvest (H0) and additionally the business-as-usual (H1) for 

chestnut-sided warbler (Figure 4). 

The largest changes in occupancy in terms of magnitude resulted from the no 

harvest scenario (H0) and the most intensive harvest scenario (H4). Under the no harvest 

scenario, white-throated sparrow and Canada warbler occupancy probability declined by 

0.09 and 0.06 over time, respectively. Alternatively, occupancy for black-throated green 

warbler and blackburnian warbler increased by 0.09 and 0.08, respectively, over time 

under the same scenario. Under the most intensive harvest scenario, mourning warbler 

occupancy increased 0.12 (Figure 4). 

 

3.5. Discussion 

We used expert elicitation methods to develop 12 forest-dependent bird 

occupancy models across the states of New York, Vermont, New Hampshire, and Maine 

to predict how species distribution patterns may change in response to 5 regional forest 

management scenarios. Our models performed well at predicting species occurrence, 

demonstrating a new technique for linking species data with existing forest structure data 
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collected through the FIA program and summarized in SORTIE-ND. We integrated our 

occupancy models with 5 forest harvest simulations and estimated changes in species’ 

distributions over 50- and 100-year timeframes. These approaches can help inform 

climate, and conservation and management plans, especially as the potential to increase 

timber harvest is debated.  

 

3.5.1. Expert Elicitation 

Linking bird occupancy with site-specific on-the-ground forest metrics was key to 

our study, which limited the applicability of widely available public datasets like BBS 

and eBird. These programs tend to amass observations in places that are easy to access 

and on public lands. FIA plot locations, on the other hand, are most often on private lands 

in this region and therefore inaccessible. Our solution was to use expert elicitation at FIA 

plots, a solution employed by many other conservation and wildlife studies (White et al. 

2005, Welsh et al. 2006, Zielinski et al. 2006, Wilcox et al. 2016, Pearman-Gillman et al. 

2020). Expert elicitation can be especially useful in studies that require numerous sites 

across large geographies, historic or current management information, when time and 

resources are limited, and when data are generally lacking (White et al. 2005, Wilcox et 

al. 2016, Riskas et al. 2018, Pearman-Gillman et al. 2020, Agu et al. 2021, Camus et al. 

2022). Importantly, in our study experts provided responses that reflected an overall 

probability of occurrence in response to forest metrics, aggregating their personal 

observations over time and space (Low Choy et al. 2009). As a result, annual anomalies 

that can affect field inventories, like unusually poor reproductive years or extreme 

weather during the breeding season, do not impact our results (Marcelino et al. 2020).  



105 

While expert elicitation alleviates many challenges, the utility of expert opinion 

has been debated (Pearce et al. 2001, Clevenger et al. 2002, Johnson and Gillingham 

2004, Seoane et al. 2005). The introduction of expert bias, uncertainty, and inaccurate 

data collection are commonly cited concerns of expert elicitation (Low Choy et al. 2009, 

Martin et al. 2012). However, when expert opinion is effectively elicited through 

approaches that capture both opinion and uncertainty, using experts has been shown to 

improve model predictability (Martin et al. 2005, Low Choy et al. 2009, Murray et al. 

2009). The results demonstrate substantial agreement between our experts, ranging from 

0.64 to 0.82 agreement, for species occupancy estimates at sites. Two species, mourning 

warbler and Canada warbler, exhibited tradeoffs between low sensitivity scores and high 

specificity scores, resulting in many false negatives relative to the number of positive 

agreements, but few false positives. While overall our models performed well according 

to these methods, we did not have access to real observational bird data to validate our 

models.  

 

3.5.2. Effect of harvest scenarios on bird occupancy – modeling approach 

Many authors have focused on the impacts of clearcut management on bird 

species, and several others report on the relationship of bird presence and other 

silvicultural practices like shelterwood harvests and group selection (Hagan et al. 1997, 

DeGraaf and Yamasaki 2003, Campbell et al. 2007, Schwenk et al. 2012, Perry et al. 

2018). However, Brown et al. (2018) demonstrated that strict silvicultural practices such 

as these have given way to variable partial harvest practices. The baseline harvest regime 

used in this study characterizes current partial harvest regimes, and therefore provides 
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insight into the future occurrence of 12 forest birds based on the current practices across 

the region (H1).  

Importantly, our results represent regional average changes in bird species 

occurrence. In our models, birds respond to both on-the-ground forest structure data and 

landscape attributes surrounding the plots. Each of the sites is in a different stage of forest 

stand development resulting from the harvest regime and other behaviors built into the 

forest simulation model (e.g., neighborhood crowding and site characteristics) but 

summarized across the entire landscape. This contrasts with many studies that are 

focused on stand level harvest treatments and shorter-term changes. One advantage of our 

approach is our ability to report on average bird response across landscape-scale forest 

dynamics. For example, at a stand scale, harvest treatments may only affect mature-

preferring forest bird species short term (< 16 years) (Perry et al. 2018). Our approach 

factors in multitudes of forest stand development stages, capturing a full range of 

conditions across the landscape and providing a regional understanding of distribution 

trends over time.   

 

3.5.3. Effect of harvest scenarios on bird occupancy – key findings 

Our modeling approach resulted in two key findings. First, the majority of the 

forest birds in our study declined in distribution as timber harvest intensified, ranging 

between a 12% decline in black-throated green warbler to a 1% decline in mourning 

warbler and veery. While distribution declines were expected in species that prefer closed 

canopies and interior forest (e.g., black-throated green warbler, ovenbird, blackburnian 

warbler), we were surprised that the suite of more intermediate and edge tolerant species 
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also declined (e.g., veery, American redstart). In contrast to other studies that have 

suggested that even bird species that prefer mature habitat often respond positively to 

timber harvest (Perry et al. 2018), our results show a decline in bird species distribution 

over time that prefer mature and intermediate forests. Several birds in our study did 

respond positively to intensified management. Canada warbler, chestnut-sided warbler, 

and white-throated sparrow distributions increased as harvest intensity increased. These 

species prefer open canopies (< 30% canopy closure) and utilize early successional forest 

habitat that is more abundant in the more intensely harvested landscapes in our study.  

Second, most species in our study increased in occurrence probability between 

years 50 and 100 under the current harvest regime (H1) (n=9). Even species that declined 

with harvest intensity, had slight increases in their distributions over time. For example, 

black-throated green warbler decreased in occupancy by 12% when harvest regimes 

intensified from the current harvest (H1) to the most intensified harvest (H4). Over time, 

however, black-throated green warbler increased its occupancy by 3% under the current 

harvest regime (H1) between years 50 and 100. Almost all species whose distributions 

declined with harvest intensity, increased in occupancy over time. This is because basal 

area increased across all harvest scenarios, even the most intensified management 

scenario (Brown et al. 2018a). The majority of bird species whose distributions increased 

responded positively to adult basal area (Table 5). 

 

3.5.4. Considerations 

Changes in occupancy resulting from harvest intensification ranged from +9% 

(white-throated sparrow) to -12% (black-throated green warbler). While these changes 
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are substantial, there are two reasons our estimates may appear conservative. First, small 

changes in occupancy probabilities can translate to large changes in landscape carrying 

capacity (Nk), the maximum number of breeding territories a landscape can support 

(Brown et al. 2018b). In this study for example, Nk would represent the potential number 

of viable bird territories within the region given underlying forested conditions. 

Population metrics such as these can provide a more direct picture of wildlife population 

trends (e.g., Rosenberg et al. 2019). Brown et al. (2018) predicted that ovenbird 

occupancy in rural landscapes would decrease by less than 2% in the face of future 

development, while landscape carrying capacity would decrease by 20%. While the 

previous study focused on development pressures, we would expect forest management 

intensity to also have a larger effect on landscape carrying capacity than changes in 

species distribution. Second, in our study we assume that forested plots remain forested 

throughout the 100-year timeframe. We do not account for land use conversion, but it is 

reasonable to expect some amount of future forest loss in the study region (Brown et al. 

2014, Thompson et al. 2017b). 

 

3.5.6. Conclusion 

As demand for timber resources increase, wildlife considerations must be 

evaluated alongside other forest uses like timber production and carbon sequestration and 

storage. This study estimates the impact of different timber harvest regimes on bird 

species occupancy and provides managers with quantitative estimates and trends of 

regional species’ distributions. Future research could systematically evaluate the tradeoffs 
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of these results with alternative management objectives to effectively conserve and 

manage sustainable forested landscapes long term. 
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3.6. Tables and Figures 

3.6.1. Tables 

Table 3.1. Harvest scenario description (from Brown et al. 2018a). 
 

 
 
 
 
  

Harvest Scenario Harvest Scenario Definition
No harvest (H0) No harvest
Current harvest (H1) The current harvest regime characterized as a function of forest type/region, 

total plot basal area, and distance to the nearest improved road, including a 3 
degree C increase in mean annual temperature and a 10% increase in total 
annual precipitation over the next 100 years (Brown et al 2018)

Current harvest + intensity (H2) The current harvest regime and a 50% increase in average harvest intensity
Current harvest + frequency (H3) The current harvest regime and a 75% increase in harvest frequency
Current harvest + intensity + frequency 
(H4)

The current harvest regime, a 50% increase in average harvest intensity, and a 
100% increase in harvest frequency
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Table 3.2. Characteristics of focal species. Canopy closure categories are defined as: (1) 
Open = canopy closure < 30%, (2) Intermediate = canopy closure between 30% - 80% 
and (3) Closed = canopy closure > 80% (Hagenbuch et al. 2011). Guild categories are 
defined as: (1) Interior = species increase as percent forest cover and distance to edge 
increases, (2) Mixed = species increase as percent forest cover increases and have 
positive associations with evergreen forest, (3) Deciduous, edge tolerant = species 
increase near edges and peak mostly in forested areas, (4) Intermediate = species peak at 
intermediate forest cover, (5) Forest edge = species decrease as road density increases, 
(6) Evergreen and mixed = species increase near edges and as percent forest cover 
increases; positive association with evergreen forest (Schwenk and Donovan 2011). 
Cluster categories are defined as: (1) Interior = species increase with high percent forest 
cover, (2) Coniferous = species increase with high percent forest cover and higher 
coniferous basal area, (3) Intermediate = species increase with intermediate forest cover, 
(4) Early successional within forest matrix = species increase with early successional 
habitat within forested landscapes (Schwenk et al. 2012). 
 

 
  

Species
Canopy Closure
(Hagenbuch et al. 

2011)

Guild
(Schwenk and Donovan 

2011)

Cluster
(Schwenk et al 2012)

Birds of Conservation 
Concern

(state Audubon 
chapters, state wildlife 

action plans)

Sample 
Size

Black-throated blue warbler Intermediate Interior Interior NY, VT, ME 272

Black-throated green warbler Closed Interior Interior VT, ME 217

Blackburnian warbler Closed Mixed Coniferous VT, ME 219

Ovenbird Closed Interior Interior VT, ME 261

Veery Intermediate Deciduous, edge tolerant Intermediate VT, NH, ME 193

Wood thrush Intermediate Intermediate Intermediate NY, VT, NH, ME 200

Scarlet tanager Closed Intermediate Intermediate NY, VT, NH, ME 171

American redstart Intermediate Deciduous, edge tolerant Intermediate 187

Mourning warbler Open Forest edge Early successional 
within forest matrix

VT, ME 198

Canada warbler Intermediate Mixed Early successional 
within forest matrix

NY, VT, NH, ME 217

Chestnut-sided warbler Open Forest edge Early successional 
within forest matrix

VT, ME 271

White-throated sparrow Open Evergreen and mixed Early successional 
within forest matrix

VT 182
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Table 3.3. Final covariate list used in the development of 12 bird occupancy models, 
including covariates available in the expert survey and identified as important by experts. 
Variables included in the expert survey are shown in column 4. Expert-identified 
variables are shown in column 5.  
 

 
 
 
  

Variable Covariate name Description
Included in 
elicitation 
survey?

Experts 
identified as 
important?

Adult density Adult density Average number of adult trees per hectare (stems/ha) Yes Yes SORTIE-ND SORTIE-ND

Adult tree basal area Adult BA Average adult tree area per hectare (m2/ha) Yes Yes SORTIE-ND SORTIE-ND

Balsam fir (Abies balsama ) 
sapling relative density ABBA density Relative density of balsam fir saplings SORTIE-ND SORTIE-ND

Dead tree basal area Dead BA Average dead adult tree area per hectare (m2/ha) Yes Yes SORTIE-ND SORTIE-ND

Distance to edge Edge distance Distance to the nearest edge of a different land cover type as measured by the National 
Land Cover Database (m) Yes Yes U.S. Geological Survey

Distance to stream Stream distance Distance to the nearest stream (m) defined by the National Hydrography Dataset Yes U.S. Geological Survey

Eastern hemlock (Tsuga 
canadensis ) basal area TSCA BA Average adult tree area per hectare (m2/ha) of Eastern hemlock Yes SORTIE-ND SORTIE-ND

Ecoregion Ecoregion Ecoregions and subregions of the United States Bailey 2016

Habitat type Habitat type Majority of habitat type within a 1 km window around the site as classified by the 
Northeastern Terrestrial Wildlife Habitat Classification Yes Yes Ferree and Anderson 2013

Harvest treatment Harvest Presence of a harvest treatment within the last 10 years (1/0) Yes FIA SORTIE-ND

Percent evergreen forest cover Evergreen cover Amount of forest cover within a 300 m window around the site as measured by the 
National Land Cover Database and classified as coniferous forest Yes Yes U.S. Geological Survey

Percent forest cover Forest cover
Amount of forest cover within a 1 km window around the site as measured by the 
National Land Cover Database and classified as deciduous, coniferous, or mixed 
forest

Yes Yes U.S. Geological Survey

Percent shrub cover Shrub cover Amount of shrub cover within a 1 km window around the site as measured by the 
National Land Cover Database and classified as shrub/scrub Yes U.S. Geological Survey

Percent wetland cover Wetland cover
Amount of wetland cover within a 1 km window around the site as measured by the 
National Land Cover Database and classified as emergent herbaceous or woody 
wetlands

Yes U.S. Geological Survey

Percent woody wetland cover Woody wetland cover Amount of wetland cover within a 1 km window around the site as measured by the 
National Land Cover Database and classified as woody wetland Yes U.S. Geological Survey

Proportion conifer trees Conifer proportion The proportion of total coniferous tree basal area SORTIE-ND SORTIE-ND

Road density Road density Cumluative length of all roads per 1 km area around the site (km/km2) as measured 
by TIGER roads

Yes Yes U.S. Census Bureau

Sapling basal area Sapling BA Average sapling area per hectare (m2/ha) Yes Yes SORTIE-ND SORTIE-ND

Sapling density Sapling density Average number of saplings per hectare (stems/ha) Yes Yes SORTIE-ND SORTIE-ND

Seedling density Seedling density Average number of seedlings per hectare (stems/ha) Yes SORTIE-ND SORTIE-ND

Source
Current                      Future
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Table 3.4. Final occupancy models for focal bird species in the Northeast U.S. Models 
were developed using expert elicited data and generalized linear mixed modeling. 
Random effects are denoted by parentheses.  
 

 
  
 
 
 
  

Species Model formula

American redstart Mean ~ Forest cover + Adult BA + Sapling BA + Conifer proportion + (1 | Expert)

Blackburnian warbler Mean ~ Wetland cover + Adult BA + TSCA BA + Conifer proportion + Forest cover + (1 | Expert) + (1 | Ecoregion)

Black-throated blue warbler Mean ~ Forest cover + Shrub cover + Adult BA + Sapling BA + Conifer proportion + (1 | Expert) + (1 | Ecoregion)

Black-throated green warbler Mean ~ Forest cover + Adult BA + Conifer proportion + (1 | Expert) + (1 | Ecoregion)

Canada warbler Mean ~ Forest cover + Road density + Shrub cover + Woody wetland cover + Adult BA + Sapling BA + Seedling 
density + ABBA density + Conifer proportion + (1 | Expert)

Chestnut-sided warbler Mean ~ Edge distance + Forest cover + Road density + Shrub cover + Sapling BA + Conifer proportion + (1 | Expert) + 
(1 | Ecoregion)

Mourning warbler Mean ~ Edge distance + Shrub cover + Harvest + Adult BA + Sapling BA + Seedling density + Forest cover + Conifer 
proportion + (1 | Expert) + (1 | Ecoregion)

Ovenbird Mean ~ Forest cover + Road density + Adult BA + Sapling BA + Conifer proportion + (1 | Expert) + (1 | Ecoregion)

Scarlet tanager Mean ~ Forest cover + Adult BA + Conifer proportion + (1 | Expert) + (1 | Ecoregion)

Veery Mean ~ Shrub cover + Stream distance + Adult density + Sapling BA + Forest cover + Conifer proportion + (1 | 
Expert)

White-throated sparrow Mean ~ Edge distance + Forest cover + Harvest + Adult BA + Sapling BA + Seedling density + ABBA density + 
Conifer proportion + (1 | Expert) + (1 | Ecoregion)

Wood thrush Mean ~ Forest cover + Road density + Adult density + Sapling BA + Conifer proportion + (1 | Expert)
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Table 3.5. Fixed effect parameter estimates with standard error and p-values for 12 bird 
occupancy models in the Northeast U.S.  
 

 
 
  

Species Covariate Estimate Standard error P-value
American redstart (Intercept) 0.14 0.49 0.7762

Adult BA 1.19 0.42 0.0047
Forest cover -0.13 0.45 0.7634
Sapling density -0.28 0.33 0.3960
Conifer proportion -0.83 0.27 0.0023

Blackburnian warbler (Intercept) -2.12 0.50 0.0000
Adult BA 1.16 0.45 0.0099
Wetland cover 0.27 0.44 0.5378
Forest cover 1.07 0.45 0.0171
Conifer proportion 2.46 0.28 0.0000
TSCA BA 0.85 0.75 0.2537

Black-throated blue warbler (Intercept) -2.40 0.45 0.0000
Adult BA 1.12 0.38 0.0029
Forest cover 2.69 0.42 0.0000
Sapling density 0.32 0.36 0.3761
Shrub cover 0.62 0.45 0.1755
Conifer proportion -0.24 0.22 0.2698

Black-throated green warbler (Intercept) -2.52 0.45 0.0000
Adult BA 2.22 0.38 0.0000
Forest cover 1.67 0.43 0.0001
Conifer proportion 1.34 0.23 0.0000

Canada warbler (Intercept) -2.56 0.60 0.0000
Adult BA -0.49 0.47 0.2990
Forest cover 0.92 0.55 0.0932
Road density -0.55 0.62 0.3755
ABBA density 0.92 0.32 0.0047
Sapling density 0.48 0.48 0.3124
Seedling density 1.51 0.54 0.0048
Shrub cover 1.33 0.55 0.0160
Conifer proportion 0.29 0.27 0.2962
Woody wetland cover 1.30 0.50 0.0094

Chestnut-sided warbler (Intercept) -0.21 0.50 0.6695
Edge distance -0.70 0.58 0.2299
Forest cover -0.28 0.48 0.5547
Road density 1.56 0.53 0.0033
Sapling density 0.87 0.39 0.0275
Shrub cover 0.70 0.46 0.1318
Conifer proportion -0.34 0.22 0.1193
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Species Covariate Estimate Standard error P-value
Mourning warbler (Intercept) -1.14 0.58 0.0485

Adult BA -0.10 0.63 0.8694
Edge distance -4.75 1.04 0.0000
Forest cover -0.47 0.64 0.4654
Sapling density 0.78 0.57 0.1732
Seedling density 2.20 0.53 0.0000
Shrub cover -0.48 0.57 0.3942
Conifer proportion -0.59 0.33 0.0720
Harvest -0.63 0.29 0.0304

Ovenbird (Intercept) -0.11 0.54 0.8460
Adult BA 3.09 0.53 0.0000
Forest cover 1.52 0.50 0.0025
Road density -1.58 0.54 0.0035
Sapling density -1.49 0.46 0.0013
Conifer proportion -0.59 0.26 0.0239

Scarlet tanager (Intercept) -1.16 0.51 0.0225
Adult BA 1.51 0.38 0.0001
Forest cover 1.85 0.54 0.0006
Conifer proportion -1.92 0.26 0.0000

Veery (Intercept) -0.06 0.42 0.8899
Adult density 0.78 0.47 0.0951
Forest cover 0.84 0.41 0.0412
Sapling density -1.10 0.41 0.0072
Shrub cover -1.33 0.55 0.0159
Stream distance -1.80 0.53 0.0008
Conifer proportion -0.56 0.25 0.0254

White-throated sparrow (Intercept) -0.20 0.53 0.7028
Adult BA -0.74 0.47 0.1129
Edge distance -1.97 0.89 0.0273
Forest cover -0.46 0.64 0.4767
ABBA density 0.65 0.38 0.0823
Sapling BA 1.11 0.64 0.0803
Seedling density 2.51 0.64 0.0001
Conifer proportion 1.11 0.30 0.0002
Harvest -0.10 0.27 0.7108

Wood thrush (Intercept) -2.04 0.53 0.0001
Adult density 0.00 0.00 0.6887
Forest cover 3.30 0.47 0.0000
Road density 0.62 0.59 0.2936
Sapling density -2.02 0.43 0.0000
Conifer proportion -1.04 0.27 0.0001
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Table 3.6. Leave one out cross validation results for 12 bird occupancy models in the 
Northeast U.S. The confusion matrices compare expert responses at a site with model 
predictions at that site. “0” indicates species absence; “1” indicates species presence. 
Success rate = (number of true positives + number of true negatives) / total number of 
responses; Sensitivity = number of true positives / (number of true positives + number of 
false negatives; Specificity = number of true negatives / (number of true negatives + 
number of false positives). 
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American redstart

Success rate = 0.68
0 1

0 52 28 80 Sensitivity = 0.73
1 32 75 107

84 103 Specificity = 0.62

Blackburnian warbler

Success rate = 0.74
0 1

0 87 27 114 Sensitivity = 0.74
1 30 75 105

117 102 Specificity = 0.74

Black-throated blue warbler

Success rate = 0.67
0 1

0 88 49 137 Sensitivity = 0.66
1 40 95 135

128 144 Specificity = 0.69

Black-throated green warbler

Success rate = 0.68
0 1

0 54 34 88 Sensitivity = 0.73
1 35 94 129

89 128 Specificity = 0.61

Canada warbler

Success rate = 0.82
0 1

0 159 29 188 Sensitivity = 0.41
1 9 20 29

168 49 Specificity = 0.95

Chestnut-sided warbler

Success rate = 0.77
0 1

0 135 29 164 Sensitivity = 0.72
1 32 75 107

167 104 Specificity = 0.81

Model

Expert

Model

Expert

Model

Expert

Model

Expert

Model

Expert

Model

Expert
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Mourning warbler

Success rate = 0.78
0 1

0 147 34 181 Sensitivity = 0.17
1 10 7 17

157 41 Specificity = 0.94

Ovenbird

Success rate = 0.76
0 1

0 42 30 72 Sensitivity = 0.84
1 32 157 189

74 187 Specificity = 0.57

Scarlet tanager

Success rate = 0.64
0 1

0 48 31 79 Sensitivity = 0.67
1 30 62 92

78 93 Specificity = 0.62

Veery

Success rate = 0.66
0 1

0 74 34 108 Sensitivity = 0.61
1 32 53 85

106 87 Specificity = 0.70

White-throated sparrow

Success rate = 0.80
0 1

0 68 13 81 Sensitivity = 0.86
1 24 77 101

92 90 Specificity = 0.74

Wood thrush

Success rate = 0.71
0 1

0 86 30 116 Sensitivity = 0.65
1 29 55 84

115 85 Specificity = 0.75

Expert

Model

Model

Expert

Model

Expert

Model

Expert

Model

Expert

Model

Expert



119 

3.6.2. Figures 

 

  
 
 
Figure 3.1. Regional map of the study area showing the 5000 FIA points by forest type.  
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Figure 3.2.  Example SORTIE-ND output showing adult tree aboveground biomass 
estimates for six harvest scenarios across six forest types/regions (from Brown et al. 
2018).
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Figure 3.3.  Example of the elicitation survey interface designed to collect bird 
occurrence data for 12 species. A) Interactive satellite map, B) Site covariate values for 
the survey site locations, C) Supplementary forest structure and composition data for the 
survey sites, D) Sliders where experts recorded occupancy estimates and confidence in 
their estimates.  
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Figure 3.4. Box plots for 12 bird species models showing future probability of occurrence 
estimates in years 2070 and 2120 (y-axis). Each of the 12 boxplots show the estimated 
median for the 2 timeframes. The lower and upper hinges demark the 25th and 75th 
percentiles for the 5 harvest scenarios (x-axis). The 5 harvest scenarios represent no 
harvest (Scenario 0), current harvest (Scenario 1), and 3 harvest intensification scenarios 
(Scenarios 2-4) (Table 1). 
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4.1. Abstract 

  Forest systems face increasing pressure to simultaneously provide multiple 
ecosystem services, which are often in conflict and challenging to maximize 
concurrently. We used a Multi-Criteria Decision Analysis (MCDA) approach to consider 
four objectives: 1) net carbon impact, 2) timber production, 3) bioenergy feedstock 
supply, and 4) sustaining forest bird biodiversity. We used SORTIE-ND, a forest 
dynamics model, to simulate five forest management alternatives over 100 years across 
New York, Vermont, New Hampshire, and Maine. To estimate the effects of each harvest 
alternative on net carbon impact, timber production, and bioenergy feedstock, we 
combined the outputs of SORTIE-ND with a greenhouse gas accounting tool, ForGATE., 
and  estimated biodiversity levels using occupancy models derived through expert 
elicitation for 12 forest-dwelling bird species. We used the Simple Multi-Attribute Rating 
Technique to combine outcomes across objectives, resulting in a single, overall utility 
score for each harvest alternative. No one forest management alternative resulted in the 
greatest utility across all objectives. More intensive harvest alternatives achieved higher 
timber and bioenergy feedstock production, whereas the net carbon impact and 
biodiversity objectives were better served by less intensive harvest regimes. When all of 
the objectives were weighted equally in terms of importance, the forest management 
alternatives resulted in similar overall utility scores, emphasizing the role of decision 
maker and stakeholder values in MCDA approaches, allowing for the clear 
distinguishment of science and values. Our study that combined MCDA with forest 
dynamics, greenhouse gas accounting, and occupancy modeling provides a valuable 
approach for systematically evaluating natural resource tradeoffs. 
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4.2. Introduction 

 Forest systems face increasing pressure to simultaneously provide multiple 

ecosystem services. First, the importance of sequestering and storing carbon in forests 

continues to grow as atmospheric carbon rises to the highest levels in human history 

(IPCC 2014). Forests serve as a major global carbon sink. In the United States alone, 

forests currently sequester about 16% of carbon dioxide emissions (USFS), and 

governments are counting on forest sequestration to help meet climate goals. Second, 

timber product and wood energy consumption are projected to increase by more than a 

third over the next several decades (FAO 2022). Along with demand for traditional forest 

products and wood energy, wood product substitution for non-renewable materials is 

expected to grow substantially, largely motivated by climate change concerns (Nepal et 

al. 2021, FAO 2022). Increased timber product demand will also likely increase local and 

global forest economies and associated jobs (World Bank). Third, forest ecosystems 

provide habitat for most of the world’s terrestrial biodiversity (Pillay et al. 2022, 

Shvidenko et al. 2005). Yet, degradation of forests has contributed to a precipitous 

decline in biodiversity and associated ecosystem functions (Rosenberg et al. 2019, Betts 

et al. 2022).  

 Timber harvest directly affects the provisioning of all of these ecosystem 

services. Several authors have demonstrated the tradeoffs between intensified forest 

management and net carbon sequestration. Some studies conclude that net sequestration 

declines as harvest intensity increases, even when harvested wood product carbon storage 

is accounted for (Mika and Keeton 2015, Gunn and Buchholz 2018, Brown et al. in 

review-a). Other studies conclude the opposite and suggest that harvesting increases net 
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sequestration (Malmsheimer et al. 2008, Bradford and Kastendick 2010, Ruddell et al. 

2007). These results are heavily influenced by the total number of carbon pools and 

carbon emissions sources included in each analysis (Buchholz et al. 2016). Harvest 

intensity also directly affects the magnitude of wood products and energy feedstocks 

available. As more raw materials are removed from the forest, wood-based fuel and 

timber products can be made available. While some studies demonstrate renewable wood 

energy production can help reduce atmospheric carbon, bioenergy harvest goals may 

conflict with biodiversity conservation goals because timber harvest shapes species 

distribution patterns on the landscape (Littlefield and Keeton 2012, Work et al. 2014). 

For example, when evaluating the effect of timber harvest on over fifty species of 

northeastern breeding birds, Schwenk et al. (2012) found that harvest intensity and 

management prescription determined whether individual birds increased, decreased, or 

exhibited no change in occupancy probability. Avian loss in North American forest 

biomes has been significant over the last several decades, on the order of a billion birds 

(Rosenberg et al. 2019). This includes species of conservation concern and species that 

are dependent on mature forests (Rosenberg et al. 2019, Betts et al. 2022).  

Multi-Criteria Decision Analysis (MCDA) is one approach for evaluating 

complicated tradeoffs associated with forest management decisions. MCDA is a formal 

approach to decision-making (Belton and Stewart 2002), and has been utilized for several 

decades in natural resource management, where most decisions include multiple, and 

often competing, objectives (e.g., maximize harvest income while maximizing forest 

carbon storage). Assessing tradeoffs between management alternatives requires tools that 

can account for conflicting objectives, diverse stakeholders, uncertainty, different types 
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of data, and multiple units of analysis (Kiker et al. 2005, Wolfslehner and Seidl 2010). 

An MCDA framework can help cut through the complexity and inherent uncertainty of 

many types of problems in a systematic way (Mendoza and Martins 2006, Diaz-Balteiro 

and Romero 2008, Wang et al. 2009, Kareiva and Marvier 2012). Sustainable forestry 

problems are particularly appropriate for MCDA given the inherent challenges to 

simultaneously meeting economic, social, and environmental goals (Buchholz et al. 2009, 

Schwenk et al. 2012). 

 Understanding these forest management tradeoffs is pressing in the northeastern 

U.S., where state governments are actively debating the role of forests in meeting climate 

goals, renewable energy goals, and biodiversity goals (Biomass Energy Resource Center 

2013, Maine Governor's Energy Office 2015, New York Climate Action Council 2021, 

New Hampshire Department of Energy 2022, Vermont Department of Public Service 

2022). Timber harvest is generally sustainable, but in a geography that is predominantly 

forested (74%), and a political landscape that is setting ambitious, economy-wide 

climate-neutral goals, forest resources are being targeted to simultaneously increase 

carbon sequestration, provide timber resources and renewable energy feedstocks, and 

protect biodiversity including forest-dependent birds.  

To examine these tradeoffs, we developed a SMART (Simple Multi-Attribute 

Ranking Technique (Edwards 1977, Edwards and Barron 1994) MCDA framework, that 

predicts the consequences that alternative forest harvest scenarios (i.e., decision 

alternatives) will have with respect to competing forest management objectives (i.e., 

decision objectives) (Fig. 1). Specifically, our objectives, which follow common steps in 

MCDA analysis, were to: 1) Identify forest management decision objectives, 2) Identify 
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forest management decision alternatives, 3) Estimate the consequences of each decision 

alternative relative to each decision objective, 4) Evaluate tradeoffs among the decision 

objectives.  

 

4.3. Methods 

4.3.1. Study Area 

Our study area comprised the forested regions of the states of New York, 

Vermont, New Hampshire, and Maine, USA. The landscape is roughly 71% forest, the 

majority of which is northern hardwood-conifer forest. This forest type is characterized 

by sugar maple (Acer saccharum), American beech (Fagus grandifolia), and yellow birch 

(Betula alleghaniensis) with Eastern hemlock (Tsuga canadensis), white ash (Fraxinus 

americana), and red spruce (Picea rubens) occurring as common canopy associates on 

some sites. The climate ranges from warm summers to cold, snowy winters with average 

annual precipitation ranging between 102 cm and 124 cm. 

 

4.3.2. Objective 1. Identify forest management decision objectives (Figure 1A). 

We selected four commonly described forest management objectives for use as 

fundamental decision objectives, the objectives that decision makers ultimately value, in 

an MCDA framework: 1) maximize net carbon impact, 2) maximize timber production, 

3) maximize energy feedstock production, and 4) maximize biodiversity (Figure 1A). We 

established performance measures for each objective.  

1.1. Maximize net carbon impact. Net carbon impact refers to the total net 

sequestration that results from forest ecosystem dynamics and harvested wood product 
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processes for a given forest management alternative (described in Objective 2). Here, we 

measured net carbon impact (metric tons CO2e/ha) as total sequestration minus total 

emissions, where total sequestration equals gross forest growth plus the annual changes 

in the forest product and landfill carbon pools, and total emissions equals the summed 

emission sources (decomposition, mill waste, bioenergy production, incineration, and 

landfill decomposition).  

1.2. Maximize timber production. Timber production represents the amount of wood 

products that result from harvest operations and manufacturing. Typically, hardwood and 

softwood saw timber and pulpwood are manufactured into primary finished wood 

products, like timber lumber or plywood (Figure 2, columns B and C). Then, those 

primary finished wood products are transferred into end-use products like houses and 

furniture (Figure 2, column D). Here, we measured timber production as the metric tons 

of end-use wood products per ha, where end-use wood products equal construction 

materials (including houses), shipping materials, furniture, paper, and other 

nonresidential construction (Figure 2, column D).   

1.3. Maximize bioenergy feedstock production. Bioenergy feedstock production 

refers to the amount of harvested forest material used to produce energy. Generally, a 

portion of harvest products like pulpwood and logging residue (tops and branches left 

onsite after a harvest operation) are utilized as energy feedstocks in the form of chips, 

pellets, or residues (Figure 2, columns B and C). We measured bioenergy feedstock 

production as the cumulative metric tons of biomass from all bioenergy feedstocks per 

hectare.  
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1.4. Maximize biodiversity. We measured biodiversity as the probability of 

occurrence of 12 forest-dwelling songbirds across the study area. The suite of birds are 

all sensitive to changing forest conditions, but they prefer a range of habitat features like 

canopy cover and forest structure (Table 1). We considered the 12 bird species as 

subobjectives of the biodiversity objective, which allowed us to examine the effect of 

individual bird species on the decision outcome (Figure 1B).  

 

4.3.3. Objective 2. Identify forest management decision alternatives (Figure 1C).  

We utilized 5 timber harvest scenarios as our decision alternatives (Brown et al. 

2018a) (Figure 1C, Table 2). These forest management alternatives represent different 

harvest regimes that affect each decision objective – maximizing carbon impact, timber 

and energy feedstock production, and biodiversity – to varying degrees. Fully described 

in Brown et al. 2018, current harvest regimes were estimated for 6 different forest types 

and regions using FIA data, including aspen-birch, spruce-fir, bottomland, oak-hickory, 

northern hardwood-conifer forests in Maine, and northern hardwood-conifer forests in 

New York, Vermont, and New Hampshire. The harvest regimes were quantified by first 

establishing the annual probability that a plot was harvested, and second, if a plot was 

harvested, calculating the total amount of basal area removed (Canham et al. 2013, 

Brown et al. 2018a). In addition to the current harvest regime (H1), four other harvest 

regimes were analyzed (Brown et al. 2018a). The second harvest regime increases 

average harvest intensity by 50% (“current harvest + intensity”; H2). The third scenario 

increases the frequency of harvests by 75%, keeping the current distribution of harvest 

intensity (“current harvest + frequency”; H3). The fourth harvest regime increases 
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average harvest intensity by 50% and harvest frequency by 100% (“current harvest + 

intensity + frequency”; H4). The fifth scenario is a no harvest scenario (“no harvest”; H0) 

(Table 2).   

The five forest management alternatives were implemented in SORTIE-ND 

(Brown et al. 2018a). This model, described fully in Brown et al. 2018, calculates the 

population dynamics for all tree species in a stand. SORTIE-ND is an individual-based, 

spatially explicit model, that tracks the fate of individual seedlings, saplings, and adult 

trees and their interactions with the environment annually over 100 years. U.S. Forest 

Service Forest Inventory and Analysis (FIA) program data were used to parameterize the 

model for the 30 most common tree species in the study region. Model behaviors 

describing tree growth, natural mortality, forest management, and recruitment determine 

the trajectory of the forest over time. Every modeling scenario consists of 5000 individual 

SORTIE-ND runs that are initialized using forest data from 5000 random FIA plots 

within the study area. This represents the current condition of the landscape at time step 

0. The outputs of the model for application in this study include harvest, forest structure, 

and forest composition metrics for each forest management alternative (H0, H1, H2, H3, 

H4), time period (years 2070 and 2120), and state/region (New York, Vermont, New 

Hampshire, Maine, and New England) (Brown et al. 2018a).  

 

4.3.4. Objective 3. Estimate the consequences of each decision alternative relative to 

each decision objective (Figure 1D). 

Consequences are the predicted result of each decision alternative for each 

decision objective. Three models were used to estimate consequences in this study: 1) 
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SORTIE-ND, a forest dynamics model (Pacala et al. 1996, Coates et al. 2003, Brown et 

al. 2018a), 2) ForGATE, a greenhouse gas accounting tool (Hennigar et al. 2013, Brown 

et al. in review-a), and 3) bird species occupancy models (Brown et al. in review-b). The 

consequences for each decision objective are considered partial utilities (Figure 1D), 

whereas the total utility is a one score summary across all four decision objectives 

(Objective 4, Figure 1F). We projected the consequences (net carbon impact, timber 

production, bioenergy feedstock production, biodiversity) of the five forest management 

alternatives (H0, H1, H2, H3, H4) for two time periods (years 2070 and 2120) and five 

states/region (New York, Vermont, New Hampshire, Maine, and New England). 

3.1 Net Carbon Impact. Net carbon impact was the total net sequestration (total 

sequestration - total emissions) that results from forest ecosystem dynamics, like forest 

growth and decomposition, and the production and disposal of harvested wood products. 

The modeling framework combined a forest dynamics model, SORTIE-ND, with a 

greenhouse gas accounting tool, ForGATE, to track carbon pools and fluxes over 100 

years (Brown et al. in review-a). The authors tracked a range of carbon pools including 

forest ecosystem pools (aboveground and belowground biomass, hardwood and softwood 

detritus and coarse woody debris, mineral soil) (Figure 2, column A), forest product pools 

(construction materials, furniture, shipping materials, paper, and residue, chip, and pellet 

bioenergy feedstocks) (Figure 2, columns C and D), and waste pools (landfills and 

incinerated waste) (Figure 2, column E). Emissions sources (decomposition, mill waste, 

bioenergy production, incineration, and landfill decomposition) were also tracked (Figure 

2).  
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The forest carbon pool and harvest data from SORTIE-ND were used as inputs to 

calculate carbon storage and emissions associated with wood products and landfills based 

on  ForGATE, a greenhouse gas account tool (Hennigar et al. 2013, Brown et al. in 

review-a) (Figure 2). Described fully in Hennigar et al. 2013, ForGATE tracks the 

harvested wood from SORTIE-ND (Figure 2, column A) and transfers the carbon to 

pulpwood and sawlog pools (Figure 2, Column B). Next, carbon in these pools is 

transferred to primary finished products (i.e., lumber, plywood, oriented strand board 

(OSB), nonstructural panels, pulp/paper) via manufacturing (Figure 2, column C). 

Finally, carbon is combusted as energy or mill waste, or transferred to five end-use 

product pools (i.e., housing construction, furniture, shipping products, paper, other 

nonresidential construction) (Figure 2, column D). The authors assumed that 50% of the 

emissions from bioenergy combustion displaces fossil fuel emissions. Finally, the end-

use wood product pools terminated in one of two waste stream pools: 1) landfills, which 

both store carbon long term and emit carbon through decay, or 2) incineration (Figure 2, 

column E). The net carbon impact (metric tons CO2e/ha total sequestration - metric tons 

CO2e/ha total emissions) calculated from forest ecosystem dynamics and harvested wood 

product processes were recorded in the consequence table as partial utilities for each 

forest management alternative (Figure 1D).  

3.2 Timber Production. We utilized timber production data from Brown et al. in 

review. As described above, the forest dynamics model, SORTIE-ND, derives the 

amount of harvested biomass given a forest management alternative. Hardwood and 

softwood harvested biomass is apportioned to sawlogs, pulpwood or residue pools 

according to Timber Product Output (TPO) data (Brown et al. in review-a) (Figure 2, 
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columns A and B). TPO studies are conducted by the U.S. Forest Service and estimate 

the use of roundwood from timber harvest through targeted nationwide mill surveys. 

Once harvested biomass is apportioned to sawlogs, pulpwood, or residue, it is tracked via 

ForGATE through the manufacturing and production of end-use wood products (Brown 

et al. in review-a) (Figure 2, columns C and D). We recorded the cumulative amount of 

end-use finished wood products (metric tons of wood products/ha) as partial utilities for 

each forest management alternative.  

3.3 Bioenergy feedstock production. Bioenergy feedstock production represents the 

amount of harvested forest material used to produce energy, given forest management 

alternatives. We utilized bioenergy feedstock production data from Brown et al., in 

review. The authors allocated a proportion of the harvested material resulting from 

SORTIE-ND model runs to bioenergy feedstocks (Figure 2, columns A, B and C). The 

feedstock scenario assumed 5% of hardwood and softwood sawlogs are diverted to chip 

and pellet energy feedstocks, 20% of hardwood and softwood pulpwood are diverted to 

energy feedstocks, and 25% of logging residues are diverted to energy feedstocks. Here, 

we utilized the annual amount of total bioenergy feedstock supply for three feedstock 

products, chips, pellets, and residues (metric tons of bioenergy feedstocks/ha), as 

consequences for each forest management alternative (Figure 1D). Brown et al., in 

review assumed that all energy feedstocks were combusted in the year they were 

produced.  

3.4 Biodiversity. We used forest bird occupancy data to represent biodiversity 

levels, described fully in Brown et al. in review-b. The authors used expert elicitation 

techniques and generalized linear mixed modeling approaches to estimate the probability 
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of occurrence of 12 forest-dependent songbirds across the study region (Table 1). Many 

of these species are identified as species of concern and are associated with different seral 

stages of forest development.  Thirty-seven experts voluntarily estimated occupancy 

probability via a web survey for the 12 bird species based on a survey site map, site 

covariates, and supplemental figures describing basal area and composition for adult trees 

and saplings. Species-specific occupancy models were generated through generalized 

linear mixed modeling methods, where the mean probability of occurrence was the 

response variable, fixed effects included on-the-ground covariates from SORTIE-ND as 

well as landscape-scale covariates derived from GIS, and random effects included expert 

and/or ecoregion (ref). The bird models were projected out 100 years under changing 

forest conditions derived from the forest management alternatives. Partial utilities were 

calculated for each individual bird species (Figure 1D).  

 

4.3.5. Objective 4. Evaluate tradeoffs among the decision objectives (Figure 1F). 

Because the decision objectives vary in scale (e.g., net carbon impact is not 

directly comparable with biodiversity level), we normalized the data within the partial 

utilities from Objective 3 using a maxi-min approach (ref). This method rescales each 

row in the consequence table between 0 and 1, where the best harvest alternative for a 

given objective is scored 1, the worst harvest alternative is scored 0, and the remaining 

alternatives are scored between 0 and 1 based on their distances from the optimum. 

Within this method, we calculated the total utility of each alternative by adding the scaled 

values across all four foundational objectives. The resulting total utility scores provide a 

quantifiable “consequence” of each forest management scenario (Figure 1F). Decision 
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makers use these results to inform their decisions, often selecting the alternative that 

provides the overall highest utility.   

The total utility scores imply that all four decision objectives are equally 

important. However, diverse stakeholders will value these objectives differently. For 

example, state representatives who are charged with meeting climate goals may value net 

carbon impact more than biodiversity. MCDA allows these values to be incorporated as 

weights through a formal process (Figure 1E). These weights represent the social value 

that stakeholders place on each objective and have no bearing on the data within the 

consequence table (thus separating “values” from “science” in the decision problem). The 

challenge lies in rigorously assessing the weights so that they reflect the values of 

stakeholders.  

Here, we examined a full range of weighting options across all decision 

objectives. We systematically calculated the total utility of each harvest scenario under 

all combinations of weighting schemes, where each decision objective was weighted with 

five different values (0, 0.25, 0.5, 0.75, and 1), resulting in 625 possible weighting 

schemes for each region (ME, NH, NY, VT, Northeast) and timeframe (2070 and 2120) 

combination.  We retained only those weighting schemes whose values summed to 1 (n = 

35/625), resulting in 350 different weighting schemes in total (35 schemes * 6 regions * 2 

timeframes).  This approach allowed us to examine the resulting utility scores for each 

harvest scenario across a full range of  hypothetical stakeholder values. The total utility 

of each decision alternative is the value in the consequence table, multiplied by the 

weight (or value preference) for each decision objective (Fig. 1F).  

We further examined the biodiversity objective because it is comprised of 12 
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forest-dwelling songbird subobjectives (Figure 1B). All of the songbirds are sensitive to 

changes in forest condition, but they prefer different forest niches for nesting. We tested 

the sensitivity of the subobjective weighting by grouping the songbirds into three 

categories of habitat preference: 1) forest interior, closed canopy (blackburnian warbler, 

black-throated green warbler, ovenbird, scarlet tanager), 2) intermediate canopy cover 

(American redstart, black-throated blue warbler, veery, wood thrush), and 3) early 

successional, open canopy (Canada warbler, chestnut-sided warbler, mourning warbler, 

white-throated sparrow). We systematically shifted the total weight assigned to the 

biodiversity objective to each group of birds and compared the resulting utility scores.  

 

4.4. Results 

4.4.1. Consequences 

We calculated the consequences of 50 different combinations of forest 

management decision alternatives (harvest scenarios H0, H1, H2, H3, H4), years (2070 

and 2120), and state/region (New York, Vermont, New Hampshire, Maine, New 

England) (Appendix S4). The results for each decision objective varied over time and 

space. Net carbon impact values ranged from 110.4 metric tons CO2e/ha (harvest 

scenario H4, year 2070, NY) to 555.0 metric tons CO2e/ha (harvest scenario H0, year 

2120, NH). As the forest management alternatives intensified in harvest, net carbon 

impact decreased (Figure 3). Harvested wood product values ranged from 0 to 25.2 

metric tons harvested wood products/ha (harvest scenario H4, year 2120, ME). All 

scenarios that included the no forest management decision alternative (H0) resulted in no 

harvested wood products and no energy feedstock production. The amount of harvested 
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wood products increased as harvest intensity increased. Bioenergy feedstock production 

ranged from 0 to 1.0 metric tons bioenergy feedstocks/ha/yr (harvest scenario H4, year 

2070, ME) and increased as harvest intensity increased (Figure 3). The biodiversity 

values ranged from 0.17 to 0.94 and varied significantly by species (Figure 4). Canada 

warbler and mourning warbler were among the species with the lowest occupancy scores; 

ovenbird and scarlet tanager were among the species with the highest occupancy scores.  

 

4.4.2. Tradeoffs 

 We calculated utility scores for 350 different weighting schemes. When each of 

the four objectives was weighed the same, utility scores varied by geography and year 

(Figure 5). A single result is highlighted in Table 3, which illustrates the calculations of 

the total utility score for the region-wide scenario in the year 2120 when the foundational 

objectives were weighted equally (weight = 0.25) and the forest-bird subobjectives were 

weighted equally (weight = 0.021). Table 3A shows the consequences, or partial utilities, 

representing the scientific predictions from models that estimated the effects of the forest 

management alternatives on carbon impact, timber and energy feedstock production, and 

biodiversity. To compare the tradeoffs between objectives, the consequence table results 

were scaled such that the best alternative for a given objective was scored 1, the worst 

alternative was scored 0, and the remaining scenarios were scored between 0 and 1 based 

on their distances from the optimum (Table 3B). Total utility equals the dot product of 

the partial utilities and the weights of each objective and subobjective, revealing utility 

scores of 0.50, 0.52, 0.50, 0.49, and 0.50 for harvest scenarios H0, H1, H2, H3, and H4 

respectively (Table 3B).  Harvest alternative H1 has the highest total utility in terms of 
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overall rank (Table 3B), but other alternatives are in contention. This same example is 

illustrated in Figure 5. The partial utilities of each objective (Table 3B) are graphed in the 

New England panel (Figure 5, top left). The cumulative bars are representative of the 

overall rank of the harvest alternative utility scores, although to calculate total utility, the 

partial utilities were multiplied by objective weight. In this example, harvest alternative 

H1 represents the highest total utility (Figure 5, top left). 

When all weights were assigned to one decision objective (weight = 1), the no 

management alternative (H0) resulted in the highest utility for maximizing biodiversity 

and maximizing net carbon impact. The most intensive harvest regime (H4) resulted in 

the highest utility for maximizing timber products. This same alternative (H4) also 

yielded the highest utility score for the majority of state and year combinations when 

maximizing energy feedstock production. There was a large gap in utility score between 

the no management alternative (H1) and the harvested management alternatives (H1-H4) 

whose values were clustered more closely together. This gap was consistent when the no 

management alternative had both the highest and lowest utility scores.   

Across all weighting scenarios, the no harvest forest management alternative (H0) 

most frequently resulted in the highest utility score (Figure 6). This same forest 

management alternative (H0) also resulted in the lowest utility score most often (Figure 

6). Similarly, the most intensive timber management scenario (H4) resulted in frequent 

high and low utility scores (Figure 6). These results are due, in part, to the relationship 

between harvest, timber products, and bioenergy feedstock production. As harvest 

intensity increases, the amount of timber products and energy feedstocks also increase 

(Figure 3), which is reflected in the partial utility scores for those objectives. On the other 
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hand, the utility score for the no harvest alternative (H0) is driven by the values of net 

carbon impact and forest bird biodiversity. Because the H0 alternative generates no 

harvested wood products, it receives no partial utility for timber production or bioenergy 

feedstocks when the foundational objectives are weighted equally. Therefore, the H0 total 

utility score is often the lowest decision alternative score despite the large net carbon 

impact partial utility.   

Twelve forest-dwelling songbirds comprise the biodiversity decision objective. 

Holding the state/region, year, and fundamental objective weighting constant at 

Northeast, 2120, and 0.25 for each foundational objective, respectively, we calculated the 

sensitivity of the individual bird subobjectives relative to the overall utility score for the 

forest management alternatives. Weighting the 12 birds equally resulted in the current 

harvest regime having the highest utility score, ranging from 0.49 (H3) to 0.52 (H1). We 

shifted all the biodiversity weight to each group of habitat-preferring birds by weighting 

each bird in the group 0.063 (n = 4) and the remainder of the birds 0 (n = 8) (Table 1). 

When both the closed canopy bird group and the intermediate canopy bird group were 

highly valued, the current harvest regime (H1) resulted in the highest utility. When the 

early successional, open canopy group was preferred, the most intensive harvest regime 

(H4) scored the highest in utility. Importantly, the range of utility scores was minimal 

across the forest management alternatives when valuing closed canopy and intermediate 

forest birds (closed canopy bird range = 0.49 (H3) to 0.52 (H1) and intermediate forest 

birds range = 0.49 (H3) to 0.53 (H1)). Within the early successional open canopy, the 

spread of utility scores was much greater, ranging between 0.25 (H0) to 0.75 (H4). 
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4.5. Discussion 

 We used an MCDA framework to evaluate forest management alternatives 

relative to maximizing net carbon impact, timber and bioenergy feedstock production, 

and biodiversity objectives. No one forest management alternative resulted in the greatest 

utility across all scenarios, due to the varying effects of timber harvest activities and 

weighting on the decision objectives. This means that the values of decision makers will 

have a large influence over the utility outcomes and tradeoffs will be required.  

These results underscore a key feature of MCDA. The process allows for the 

systematic evaluation of tradeoffs between multiple important and competing objectives. 

This was the case in our study where the no harvest scenario (H0) was both the most 

frequent highest performing forest management alternative as well as the most frequent 

lowest performing alternative, making up roughly 40% of all weighting combinations 

(Figure 5). Examining the effects of the forest management alternatives on the individual 

decision objectives and maximally weighting each objective highlighted the juxtaposition 

of several goals. First, net carbon sequestration declines as forest intensity increases. 

Even though more intensified timber harvest increases the amount of carbon stored in 

wood products, that does not make up for the loss in average carbon storage across the 

landscape and the emissions associated with the production and disposal of harvested 

wood products. This means that the highest utility forest management alternative for net 

carbon impact (H0) is the lowest utility forest management alternative for timber 

production. The opposite is also true in that the highest utility forest management 

alternative for timber production (H4) is the lowest utility forest management alternative 

for net carbon impact. Second, bioenergy feedstock production is similarly related to the 
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intensity of harvest and the amount of woody material diverted to energy feedstocks. It 

follows that forest management alternatives that are most beneficial for bioenergy 

feedstock production (H4) are most detrimental for net carbon impact, even when 

factoring in fossil fuel emissions displacement by forest bioenergy. In practice, it is 

impossible to simultaneously maximize competing objectives. 

 The MCDA process cuts through the impasse of competing objectives by 

formally incorporating the perspectives of decision makers or stakeholders. There is a 

clear separation of science, the results of which are factually reported without bias in the 

consequence table, and values, which are incorporated through the weighting of decision 

objectives (Adem Esmail and Geneletti 2018). Weighting is a crucial step in MCDA as it 

directly influences the scoring of the preferred alternatives. Integral to the process is 

making value judgements explicit and ideally incorporating stakeholder input (Adem 

Esmail and Geneletti 2018). While we were unable to incorporate stakeholders into our 

study, we calculated the utility scores for 350 different weighting combinations so as not 

to influence the utility outcomes according to our own values or the hypothetical values 

of decision makers.  

 We explored the sensitivity of weighting by examining the effect of the 

biodiversity subobjective weights on the total utility score. Utility scores were sensitive 

to the habitat preferences of three bird groupings: 1) forest interior, closed canopy, 2) 

intermediate forest cover, and 3) early successional, open canopy (Table 1). When birds 

that prefer closed and intermediate canopy cover were prioritized, the current harvest 

regime (H1) resulted in the highest utility score. Alternatively, when birds associated 

with open canopies were highly valued, the most intensive harvest regime (H4) was the 
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preferred alternative. Perspectives vary widely on whether forest management should 

favor early seral habitats that support declining early successional bird populations (King 

and Schlossberg 2014, Litvaitis et al. 2021) or late-successional habitats that are 

underrepresented in the landscape (Brown et al. 2018a) and promote structural 

complexity co-benefits like carbon storage and biodiversity (Ford and Keeton 2017, 

McGee 2018, Thom and Keeton 2020). These are value differences and MCDA 

frameworks allow for the incorporation of these opposing viewpoints.  

Notably, the range of total utility scores is minimal across the forest management 

alternatives when closed and intermediate canopy cover preferring bird groups were 

valued (closed canopy bird range = 0.49 (H3) to 0.52 (H1) and intermediate forest bird 

range = 0.49 (H3) to 0.53 (H1)). Absolute differences between forest management 

alternatives should be interpreted cautiously when the range of utility scores is so 

minimal. In our presentation of the bird sensitivity results, equal weight was assigned to 

the foundational objectives (weight = 0.25). When more weight is assigned to 

maximizing biodiversity, the spread of utility scores is greater across the forest 

management objective. This means that the no harvest (H0) and current harvest scenarios 

(H1) become the preferred forest management alternatives by a wider margin as the 

overall biodiversity objective weight increases and closed and intermediate canopy birds 

are valued. While a strength of MCDA is its ability to evaluate tradeoffs between 

conflicting values and objectives, the sensitivity of the weighting schemes could heavily 

influence the utility score outcomes, which should be evaluated relative to the utility 

scores of all alternatives.  
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Decision makers develop solutions based at least in part on their values. The 

MCDA framework explicitly accounts for this component of the decision-making 

process. In our study there were several examples of the utility scores for forest 

management alternatives being similar across all alternatives. For example, in Table 3, 

the objectives and subobjectives were set equally, and the resulting utility scores were 

nearly equal across the forest management alternatives, ranging from 0.49 (H3) to 0.52 

(H1). There is no clear timber harvest alternative that will equally meet carbon, timber 

and energy production, and biodiversity goals, which emphasizes the importance of both 

science and values in natural resource decision making.  

 We used one MCDA approach, Simple Multi-Attribute Rating Technique 

(SMART) (Edwards 1977, Edwards and Barron 1994). Several different approaches can 

be classified as MCDA methods, but they all utilize multiple criteria to make decisions 

and the decision-makers are always individuals or groups of individuals (Belton and 

Stewart 2002, Mendoza and Martins 2006). As a framework for forest management and 

other types of complex natural resource decision problems that aspire to meet multiple 

objectives, MCDA is a favorable process. Forest management in the U.S. is increasingly 

vying to meet multiple objectives, and an MCDA framework can aid in evaluating 

tradeoffs between different harvest regimes. One strength of MCDA approaches is the 

possible aggregation of different types of quantitative data with normative opinions. The 

framework strips out the complexity of assessing criteria with multiple units (e.g., 

comparing tons of carbon against species occurrence), providing stakeholders with a 

uniform rating scheme upon which to establish preferences. Overall the approach is 



152 

flexible, not only resulting in preferred alternatives, but also improved understanding of 

the tradeoffs through changing weighting preferences.  

Alternatively, when applying MCDA frameworks there are several pitfalls that 

may lead to suboptimal outcomes (Adem Esmail and Geneletti 2018). Of particular 

relevance is the crucial element of weighting. Successful MCDA processes understand 

the implication of weighting, convey the importance of weighting to relevant 

stakeholders, and use sensitivity analyses to examine the robustness of the results (Adem 

Esmail and Geneletti 2018). And the results of an MCDA approach are only as good as 

the objectives and alternatives presented to stakeholders. Additionally, MCDA processes 

may not capture the full range of values across whole populations, as they are particularly 

good at targeting decision maker values (Saarikoski et al. 2016). A failure to consider the 

values of all stakeholders can undermine progress toward achieving MCDA goals and 

objectives (Armitage et al. 2020).   

Federal and state governments are increasingly identifying the critical role forests 

play in meeting climate, energy, biodiversity, and timber production goals. All of these 

objectives cannot be maximized concurrently. Our study exemplified these complexities 

by bringing together models of forest dynamics, greenhouse gas accounting, and species 

occupancy to evaluate forest management tradeoffs on four decision objectives. No one 

solution is the best alternative for all objectives, thereby emphasizing the importance of 

decision maker preferences. MCDA provides a formal process for integrating quantitative 

data and stakeholder values to identify solutions that meet multiple objectives, while 

explicitly identifying tradeoffs.  
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4.6. Tables and Figures 

4.6.1. Tables 

Table 4.1. Characteristics of focal species and subobjective categories. Canopy closure 
categories are defined as: (1) Open = canopy closure < 30%, (2) Intermediate = canopy 
closure between 30% - 80% and (3) Closed = canopy closure > 80% (Hagenbuch et al. 
2011). Guild categories are defined as: (1) Interior = species increase as percent forest 
cover and distance to edge increases, (2) Mixed = species increase as percent forest cover 
increases and have positive associations with evergreen forest, (3) Deciduous, edge 
tolerant = species increase near edges and peak mostly in forested areas, (4) Intermediate 
= species peak at intermediate forest cover, (5) Forest edge = species decrease as road 
density increases, (6) Evergreen and mixed = species increase near edges and as percent 
forest cover increases; positive association with evergreen forest (Schwenk and Donovan 
2011).  Cluster categories are defined as: (1) Interior = species increase with high percent 
forest cover, (2) Coniferous = species increase with high percent forest cover and higher 
coniferous basal area, (3) Intermediate = species increase with intermediate forest cover, 
(4) Early successional within forest matrix = species increase with early successional 
habitat within forested landscapes (Schwenk et al. 2012) (from Brown et al. in review-b). 
 

 
 
  

Subobjective group Species
Canopy Closure

(Audubon Vermont 
2011)

Guild
(Schwenk and Donovan 

2011)

Cluster
(Schwenk et al 2012)

Birds of Conservation 
Concern

(state Audubon chapters, 
state wildlife action 

plans)
Forest interior, 
closed canopy

Blackburnian warbler Closed (> 80%) Mixed Coniferous NY, ME

Forest interior, 
closed canopy

Black-throated green warbler Closed (> 80%) Interior Interior NY, VT, ME

Forest interior, 
closed canopy

Ovenbird Closed (> 80%) Interior Interior

Forest interior, 
closed canopy

Scarlet tanager Closed (> 80%) Intermediate Intermediate NY, VT, NH, ME

Intermediate canopy 
cover 

American redstart Intermediate 
(30 - 80%)

Deciduous, tolerant of 
edges

Intermediate NY, ME

Intermediate canopy 
cover 

Black-throated blue warbler Intermediate 
(30 - 80%)

Interior Interior NY, VT, ME

Intermediate canopy 
cover 

Veery Intermediate 
(30 - 80%)

Deciduous, tolerant of 
edges

Intermediate NY, VT, NH, ME

Intermediate canopy 
cover 

Wood thrush Intermediate 
(30 - 80%)

Intermediate Intermediate NY, VT, NH, ME

Early successional, 
open canopy

Canada warbler Intermediate 
(30 - 80%)

Mixed Early successional within 
forest matrix

NY, VT, NH, ME

Early successional, 
open canopy

Chestnut-sided warbler Open (< 30%) Forest edge, early 
successional

Early successional within 
forest matrix

NY, VT, ME

Early successional, 
open canopy

Mourning warbler Open (< 30%) Forest edge, early 
successional

Early successional within 
forest matrix

ME

Early successional, 
open canopy

White-throated sparrow Open (< 30%) Evergreen and mixed Early successional within 
forest matrix

VT, ME
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Table 4.2. Timber harvest scenarios. 

 

 

 

 

  

Harvest Scenario Harvest Scenario Definition

No harvest (H0) No harvest
Current harvest (H1) The current harvest regime characterized as a function of forest type/region, total plot basal area, and distance to the 

nearest improved road, including a 3 degree C increase in mean annual temperature and a 10% increase in total annual 
precipitation over the next 100 years (Brown et al 2018)

Current harvest + intensity (H2) The current harvest regime and a 50% increase in average harvest intensity
Current harvest + frequency (H3) The current harvest regime and a 75% increase in harvest frequency
Current harvest + intensity + frequency (H4) The current harvest regime, a 50% increase in average harvest intensity, and a 100% increase in harvest frequency
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Table 4.3. Example of Multi-Criteria Decision Analysis consequence table and tradeoff 
results. Consequences, or partial utilities, represent the effect of forest management 
harvest alternatives on the objectives, and are generated from models of forest dynamics, 
greenhouse gas accounting, and forest bird occupancy (Table A). To examine tradeoffs 
between the various objectives, these values must be scaled (Table B). They can also be 
weighted to incorporate stakeholder values (Table B). One final utility score results for 
each forest management alternative (Table B). 

 

 

 

 

  

Geography = New England
Timeframe = 2120

A
Foundational Objective Weight Subobjective Weight H0 H1 H2 H3 H4

Maximize net carbon impact 0.25 0.250 473.67 239.75 218.41 185.66 164.53
Maximize timber production 0.25 0.250 0.00 17.54 18.74 20.78 22.37
Maximize energy feedstock production 0.25 0.250 0.00 0.51 0.50 0.58 0.69
Maximize biodiversity 0.25 AMRE 0.021 0.69 0.63 0.62 0.61 0.60

BTBW 0.021 0.61 0.55 0.55 0.54 0.53
BTNW 0.021 0.65 0.51 0.50 0.47 0.45
BLBW 0.021 0.51 0.41 0.40 0.39 0.37
CAWA 0.021 0.22 0.25 0.25 0.26 0.26
CSWA 0.021 0.50 0.52 0.53 0.53 0.54
MOWA 0.021 0.26 0.25 0.25 0.24 0.25
OVEN 0.021 0.88 0.77 0.75 0.73 0.71
SCTA 0.021 0.70 0.64 0.63 0.62 0.61
VEER 0.021 0.56 0.55 0.54 0.54 0.53
WOTH 0.021 0.46 0.43 0.42 0.41 0.40
WTSP 0.021 0.48 0.56 0.58 0.59 0.61

B
Foundational Objective Weight Subobjective Weight H0 H1 H2 H3 H4

Maximize net carbon impact 0.25 0.250 1.00 0.24 0.17 0.07 0.00
Maximize timber production 0.25 0.250 0.00 0.78 0.84 0.93 1.00
Maximize energy feedstock production 0.25 0.250 0.00 0.74 0.73 0.84 1.00
Maximize biodiversity 0.25 0.250 1.00 0.32 0.24 0.13 0.00

UTILITY -> 0.50 0.52 0.50 0.49 0.50

Forest Management Alternative

Forest Management Alternative
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4.6.2. Figures 

 

 

 
Figure 4.1. Multi-Criteria Decision Analysis (MCDA) framework. Key components 
include the identification of decision objectives and decision alternatives (A, B, C). From 
there, consequences are calculated and represent the effect of decision alternatives (C) 
relative to the objectives (D). Weighing schemes (E) are applied to the consequence 
results to generate a total utility score for each decision alternative (F). 
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Figure 4.2. Carbon transfer from forest pools through waste pools and release to the 
atmosphere. Forest carbon (column A) is transferred to harvest products (column B) as 
defined by each harvest regime (Brown et al. 2018a). Carbon in harvest product pools 
(column B) is transferred to end products, waste pools, or the atmosphere (columns C, D, 
and E) based on ForGATE (Hennigar et al. 2013). Ovals indicate carbon pools that can 
accumulate or decline, rectangles represent annual pass-through pools, and clouds 
represent GHG emissions (from Brown et al. in review-a). 
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Figure 4.3. SORTIE-ND outputs for five forest management alternatives varying by 
harvest frequency and intensity illustrating the accumulation of (1) biomass energy 
feedstocks (upper left), (2) net carbon impact (upper right), and (3) timber products (from 
Brown et al. in review-a).  
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Figure 4.4. Box plots for 12 bird species models showing future probability of occurrence 
estimates in years 2070 and 2120 (y-axis). Each of the 12 boxplots show the estimated 
median for the 2 timeframes. The lower and upper hinges demark the 25th and 75th 
percentiles for the 5 harvest scenarios (x-axis). The 5 harvest scenarios represent no 
harvest (Scenario 0), current harvest (Scenario 1), and 3 harvest intensification scenarios 
(Scenarios 2-4) (Table 1) (from Brown et al. in review-b). 
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Figure 4.5. Partial scaled utilities for each forest management alternative relative to four 
decision objectives – maximizing net carbon impact, maximizing timber production, 
maximizing bioenergy feedstock supplies, and maximizing biodiversity. 
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Figure 4.6. The frequency of the highest and lowest utility scores for five forest 
management alternatives (n=350 for both utility categories). 
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6.4. Appendix S4 

Appendix S4. Consequence table derived during Multi-Criteria Decision Analysis 
process for all combinations of forest management alternatives (n=5), years (n=2), and 
geographies (n=5). 
 

 

Scenario Year State
Net sequestration

(metric tons CO2e/ha)

Harvested wood 
products 

(metric tons HWP/ha)

Bioenergy feedstocks
(metric tons bioenergy 

feedstocks/ha)

AMRE BTBW BTNW BLBW CAWA CSWA MOWA OVEN SCTA VEER WOTH WTSP
0 2070 ME 0.66 0.57 0.64 0.52 0.28 0.58 0.28 0.82 0.58 0.55 0.40 0.60 314.8 0.0 0.0
0 2070 NE 0.66 0.59 0.60 0.48 0.23 0.51 0.25 0.84 0.67 0.56 0.44 0.53 289.8 0.0 0.0
0 2070 NH 0.68 0.62 0.63 0.53 0.19 0.53 0.25 0.88 0.74 0.59 0.50 0.45 327.7 0.0 0.0
0 2070 NY 0.67 0.56 0.52 0.40 0.17 0.43 0.21 0.84 0.75 0.56 0.47 0.46 251.6 0.0 0.0
0 2070 VT 0.66 0.69 0.63 0.47 0.19 0.39 0.19 0.91 0.84 0.57 0.53 0.44 249.7 0.0 0.0
0 2120 ME 0.69 0.59 0.67 0.54 0.26 0.57 0.29 0.85 0.61 0.54 0.43 0.53 469.2 0.0 0.0
0 2120 NE 0.69 0.61 0.65 0.51 0.22 0.50 0.26 0.88 0.70 0.56 0.46 0.48 473.7 0.0 0.0
0 2120 NH 0.71 0.65 0.70 0.58 0.18 0.52 0.25 0.91 0.76 0.59 0.52 0.41 555.0 0.0 0.0
0 2120 NY 0.71 0.59 0.60 0.45 0.17 0.42 0.22 0.89 0.79 0.57 0.47 0.43 466.4 0.0 0.0
0 2120 VT 0.70 0.72 0.71 0.52 0.19 0.38 0.19 0.94 0.86 0.59 0.55 0.40 454.4 0.0 0.0
1 2070 ME 0.61 0.53 0.51 0.43 0.30 0.60 0.26 0.71 0.52 0.55 0.37 0.66 244.5 12.0 0.8
1 2070 NE 0.62 0.55 0.50 0.41 0.25 0.53 0.23 0.76 0.63 0.55 0.42 0.58 209.3 9.5 0.5
1 2070 NH 0.64 0.59 0.54 0.46 0.21 0.54 0.23 0.82 0.69 0.58 0.48 0.50 226.0 9.1 0.3
1 2070 NY 0.63 0.53 0.45 0.35 0.18 0.44 0.20 0.79 0.72 0.55 0.45 0.50 159.6 6.1 0.2
1 2070 VT 0.62 0.67 0.56 0.42 0.21 0.40 0.18 0.87 0.81 0.56 0.51 0.48 169.3 7.4 0.3
1 2120 ME 0.60 0.52 0.48 0.40 0.30 0.60 0.29 0.70 0.52 0.52 0.39 0.64 213.8 21.7 0.6
1 2120 NE 0.63 0.55 0.51 0.41 0.25 0.52 0.25 0.77 0.64 0.55 0.43 0.56 239.7 17.5 0.5
1 2120 NH 0.66 0.61 0.60 0.51 0.20 0.53 0.24 0.85 0.71 0.59 0.49 0.48 312.7 16.3 0.3
1 2120 NY 0.66 0.56 0.51 0.40 0.18 0.43 0.20 0.83 0.74 0.57 0.45 0.49 260.3 11.9 0.3
1 2120 VT 0.65 0.69 0.61 0.45 0.21 0.39 0.18 0.89 0.83 0.58 0.52 0.46 251.6 14.4 0.9
2 2070 ME 0.60 0.52 0.49 0.41 0.30 0.60 0.26 0.70 0.52 0.55 0.37 0.67 238.4 13.3 0.8
2 2070 NE 0.61 0.54 0.49 0.40 0.25 0.53 0.23 0.75 0.62 0.55 0.42 0.58 202.7 10.6 0.5
2 2070 NH 0.63 0.58 0.54 0.46 0.21 0.54 0.23 0.82 0.69 0.59 0.48 0.50 222.2 9.8 0.2
2 2070 NY 0.63 0.53 0.44 0.35 0.19 0.44 0.20 0.78 0.71 0.55 0.45 0.50 153.2 7.4 0.2
2 2070 VT 0.62 0.67 0.56 0.42 0.21 0.40 0.18 0.87 0.81 0.56 0.51 0.48 156.6 7.8 0.2
2 2120 ME 0.59 0.51 0.46 0.39 0.31 0.61 0.30 0.67 0.51 0.51 0.38 0.66 190.4 23.0 0.5
2 2120 NE 0.62 0.55 0.50 0.40 0.25 0.53 0.25 0.75 0.63 0.54 0.42 0.58 218.4 18.7 0.5
2 2120 NH 0.65 0.60 0.57 0.49 0.21 0.54 0.23 0.84 0.70 0.59 0.49 0.49 281.1 18.8 0.5
2 2120 NY 0.66 0.55 0.51 0.39 0.19 0.43 0.20 0.82 0.74 0.57 0.45 0.50 244.5 12.9 0.4
2 2120 VT 0.65 0.68 0.60 0.45 0.21 0.39 0.18 0.88 0.82 0.58 0.51 0.46 231.8 14.8 0.5
3 2070 ME 0.59 0.51 0.47 0.40 0.31 0.61 0.25 0.67 0.51 0.54 0.36 0.67 234.2 14.3 0.8
3 2070 NE 0.60 0.53 0.46 0.38 0.25 0.53 0.22 0.73 0.61 0.55 0.41 0.60 187.5 12.2 0.6
3 2070 NH 0.62 0.57 0.50 0.44 0.22 0.55 0.22 0.80 0.67 0.58 0.48 0.52 185.3 13.6 0.6
3 2070 NY 0.62 0.52 0.42 0.34 0.19 0.44 0.19 0.77 0.70 0.55 0.44 0.51 127.1 8.9 0.4
3 2070 VT 0.61 0.66 0.52 0.40 0.21 0.40 0.17 0.85 0.80 0.56 0.50 0.50 136.0 10.5 0.6
3 2120 ME 0.58 0.50 0.44 0.37 0.31 0.61 0.28 0.65 0.50 0.51 0.37 0.68 171.7 24.6 0.7
3 2120 NE 0.61 0.54 0.47 0.39 0.26 0.53 0.24 0.73 0.62 0.54 0.41 0.59 185.7 20.8 0.6
3 2120 NH 0.63 0.58 0.54 0.47 0.21 0.54 0.22 0.82 0.68 0.58 0.48 0.51 208.4 23.0 0.6
3 2120 NY 0.65 0.54 0.48 0.38 0.19 0.44 0.20 0.81 0.73 0.57 0.44 0.51 200.3 15.1 0.4
3 2120 VT 0.63 0.68 0.58 0.44 0.21 0.40 0.18 0.88 0.82 0.58 0.51 0.48 194.0 17.2 0.5
4 2070 ME 0.58 0.50 0.44 0.38 0.31 0.61 0.25 0.65 0.50 0.54 0.36 0.69 236.6 15.3 1.0
4 2070 NE 0.59 0.53 0.44 0.37 0.26 0.53 0.22 0.71 0.60 0.55 0.41 0.61 181.1 13.1 0.7
4 2070 NH 0.61 0.56 0.48 0.42 0.22 0.55 0.22 0.79 0.67 0.58 0.47 0.53 165.1 14.2 0.4
4 2070 NY 0.61 0.51 0.41 0.33 0.19 0.45 0.19 0.75 0.69 0.55 0.44 0.52 110.4 9.8 0.4
4 2070 VT 0.60 0.65 0.51 0.39 0.21 0.41 0.17 0.84 0.79 0.56 0.49 0.51 127.3 11.1 0.6
4 2120 ME 0.57 0.50 0.41 0.35 0.32 0.62 0.29 0.61 0.49 0.50 0.36 0.70 155.0 25.2 0.7
4 2120 NE 0.60 0.53 0.45 0.37 0.26 0.54 0.25 0.71 0.61 0.53 0.40 0.61 164.5 22.4 0.7
4 2120 NH 0.62 0.58 0.52 0.45 0.22 0.54 0.22 0.80 0.68 0.58 0.47 0.52 176.5 24.6 0.7
4 2120 NY 0.64 0.54 0.47 0.37 0.20 0.44 0.20 0.79 0.72 0.57 0.44 0.53 175.6 17.6 0.6
4 2120 VT 0.62 0.67 0.55 0.42 0.22 0.40 0.17 0.86 0.81 0.58 0.50 0.49 169.8 20.5 0.8

Biodiveristy (probability of occurrence)
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