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ABSTRACT 

 

 

Forest pests, the most significant agent of disturbance in forested ecosystems of 

North America, are highly sensitive to climate change. Southern pine beetle (SPB) is a 

highly destructive pine forest pest that is expanding its historic range in the southeastern 

US to affect the globally rare northeastern pitch pine barrens as winter temperatures 

warm. By generating high levels of mortality in canopy pitch pine, SPB is accelerating 

the ongoing conversion of fire-dependent pine barrens to mesophilic forests. We aimed 

to support the adaptive management of pine barrens ecosystems in the context of these 

two threats by (1) assessing stand conditions and management outcomes within two 

inland pine barrens and (2) developing a hazard rating model that predicts stand-level 

SPB susceptibility. Our findings support the concept of pine barrens as a landscape 

mosaic maintained by human and environmental disturbance regimes. Hazard ratings 

show that SPB susceptibility increases with increasing pitch pine basal area, previous 

year SPB detections nearby, and on sandy soils. Stands with pitch pine basal areas less 

than 15 m2/ha appeared to be less susceptible to SPB infestation. This tool can help 

reduce landscape-scale vulnerability to SPB by supporting land managers in the 

identification and prioritization of high hazard stands for prevention treatments. An 

alignment between treatments effective in reducing SPB vulnerability and conserving the 

pine barrens mosaic (primarily thinning and prescribed fire) indicates that pine barrens 

can be managed both to improve resilience to future threats and preserve historic 

ecological conditions. 

  



 

ii 

ACKNOWLEDGEMENTS 

 

I am deeply grateful to my advisor, Tony D’Amato, for the attentiveness, support, and 

enthusiasm he gave to me and this project, and for his dedication to uplifting the field 

of forestry. Thank you to Kevin Dodds for sharing his expertise, always being there to 

inspire new ideas, and empowering me throughout this project. Thank you to Jennifer 

Pontius and Scott Merrill for their excellence in research and teaching; Jen’s feedback 

greatly improved the applicability of this work and Scott provided much needed 

assistance with the complexities of modeling. Thank you to my entire committee for 

being great role models and creating a supportive environment. Thank you to these 

amazing field technicians who are as fun as they are productive; Edward Jamison, 

Tessa McGann, and Sophie Marinace. Thank you to Amanda Mahaffey for being yet 

another great role model, and for connecting me to professionals in my field. Thank 

you to the many land managers and fire science professionals who shared their 

knowledge and information, especially Neil Gifford, Jeff Lougee, Bryan Ellis, and 

James Rittenhouse. Thank you to the University of Vermont, the Rubenstein School of 

Environment and Natural Resources, and the U.S. Forest Service for the support. Thank 

you to the Silviculture and Applied Forest Ecology Lab for helping me grow as a 

researcher. Thank you to my fellow graduate students, especially Jess Wikle, Tessa 

McGann, Hanusia Higgins, and Al Freeman, for community, thought-provoking 

conversation, and technical assistance. Finally, I am so thankful for my family and 

friends who provide endless laughter, affirmation, support, and adventure. A special 

thank you to my husband, Jacob Penner; your curiosity makes me a better scientist. 



 

iii 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ............................................................................................. ii 

LIST OF TABLES .......................................................................................................... vi 

LIST OF FIGURES ....................................................................................................... vii 

CHAPTER 1: INTRODUCTION .................................................................................... 1 

CHAPTER 2: FOREST STRUCTURE AND COMPOSITION ACROSS 

COMMUNITY TYPES AND MANAGEMENT REGIMES IN NORTHEASTERN 

PITCH PINE BARRENS ................................................................................................. 5 

2.1 Abstract ...................................................................................................................... 5 

2.2 Introduction ................................................................................................................ 6 

2.3 Methods.................................................................................................................... 10 

2.3.1 Study Site Selection and Description .............................................................. 10 

2.3.2 Field Procedures .............................................................................................. 12 

2.3.3 Data Analysis ................................................................................................... 14 

2.4 Results ...................................................................................................................... 16 

2.4.1 Stand Attributes ............................................................................................... 16 

2.4.2 NMDS and PERMANOVA ............................................................................. 16 

2.5 Discussion ................................................................................................................ 23 

2.5.1 Communities of the Pine Barrens .................................................................... 23 

2.5.2 Managing Pine Barrens Communities ............................................................. 26 

2.5.3 Study Limitations ............................................................................................. 29 



 

iv 

2.6 Conclusion ............................................................................................................... 31 

CHAPTER 3: DEVELOPMENT OF A HAZARD RATING MODEL TO PREDICT 

STAND-LEVEL SUSCEPTIBILITY OF NORTHEASTERN PITCH PINE BARRENS 

TO SOUTHERN PINE BEETLE IMPACTS ................................................................ 33 

3.1 Abstract ................................................................................................................ 33 

3.2 Introduction .......................................................................................................... 34 

3.3 Methods ............................................................................................................... 38 

3.3.1 Study Site Selection and Description .............................................................. 38 

3.3.2 Data Collection ................................................................................................ 40 

3.3.3 Data Analysis ................................................................................................... 41 

3.4 Results.................................................................................................................. 42 

3.4.1 Stand Conditions and Candidate Models ......................................................... 42 

3.4.2 Model Validation and Selection ...................................................................... 43 

3.5 Discussion ................................................................................................................ 47 

3.5.1 Study Limitations ............................................................................................. 52 

3.6 Conclusion ............................................................................................................... 53 

CHAPTER 4: SUMMARY............................................................................................ 55 

4.1 Conclusions and Implications ............................................................................. 55 

REFERENCES .............................................................................................................. 58 

APPENDIX A ................................................................................................................ 71 



 

v 

APPENDIX B ................................................................................................................ 75 

 

  



 

vi 

LIST OF TABLES 

Table Page 

Table 2.1. Pine barrens community types and management strategies in sample  

stands at the Albany Pine Bush (APB) and the Ossipee Pine Barrens (OPB). 

Community type absence is indicated with “na”. .......................................................... 14 

 

Table 2.2. PERMANOVA results for overstory conditions in the Albany Pine Bush  

and Ossipee Pine Barrens by community type, management strategy, and site  

groupings. Analysis was performed on a Bray-Curtis dissimilarity matrix using 999 

permutations. Significant values (*) are based on α = 0.05 ........................................... 18 

 

Table 3.1. Predictor variables of the two candidate models; stand model (SM) and  

pitch pine model (PM). β = regression coefficient, SE = standard error, z = z value,  

p = p-value, OR = odds ratio. Significant p-values (*) are based on α = 0.05. PM  

(in bold) was selected as the hazard rating model (HRM)……………………………..44 
 

Table 3.2. Performance of two candidate models (SM and PM) by ∆AIC,  

McFadden's R2, AUC (area under ROC curve), and accuracy (from 10-fold cross 

validation). PM (in bold) was selected as the hazard rating model (HRM)…………... 44 

 

Table 3.3. Accuracy estimates of two candidate models (SM and PM) from 10-fold  

cross-validation repeated 5 times. PM (in bold) was selected as the hazard  

rating model…………………………………………………………………………… 44 

 



 

vii 

LIST OF FIGURES 

Figure Page 

Figure 2.1. Size class distributions of the four pine barrens communities sampled in  

the Albany Pine Bush; (a) pitch pine-scrub oak thicket, (b) successional northern 

sandplain grasslands, (c) pitch pine-scrub oak barrens, and (d) pitch pine-oak forest.  

Size class bins are 10 cm except for the smallest size class which only includes trees  

7.5-10 cm in diameter. Trees per hectare values are averaged across sample stands. ... 19 

 

Figure 2.2. Size class distributions of the three pine barrens communities sampled  

in the Ossipee Pine Barrens; (a) pitch pine-scrub oak thicket, (b) pitch pine-scrub  

oak woodland, and (c) pitch pine-oak forest. Size class bins are 10 cm except for  

the smallest size class which only includes trees 7.5-10 cm in diameter. Trees per  

hectare values are averaged across sample stands. ........................................................ 20 

 

Figure 2. 3. Size class distributions of managed (a, b) and unmanaged stands (c, d)  

in the Albany Pine Bush (APB; a, c) and the Ossipee Pine Barrens (OPB; b, d). Size  

class bins are 10 cm except for the smallest size class which only includes trees  

7.5-10 cm in diameter. Trees per hectare values are averaged across sample stands. ... 21 

 

Figure 2.4. Nonmetric multidimensional scaling ordination based on stand-level 

composition and structural conditions in the Albany Pine Bush and the Ossipee  

Pine Barrens. Hulls delineate community type and point shape depicts  

management status. Vectors (from envfit function) are stand conditions with unique  

and significant loadings. Vector direction indicates increasing stand condition value  

and vector length indicates correlation with axis scores (R2 value). PP-OF =  

pitch pine-oak forest. PP-SOB = pitch pine-scrub oak barrens. PP-SOT = pitch pine-

scrub oak thicket. PP-SOW = pitch pine-scrub oak woodland. SNSG = successional 

northern sandplain grasslands. ....................................................................................... 22 

 

Figure 2.5. Nonmetric multidimensional scaling ordination based on stand-level 

composition and structural conditions in the Albany Pine Bush and the Ossipee  

Pine Barrens. Hulls delineate management status. Vectors (from envfit function)  

are stand conditions with unique and significant loadings. Vector direction indicates  

increasing stand condition value and vector length indicates correlation with  

axis scores (R2 value). .................................................................................................... 22 

 

Figure 2.6. Conceptual diagram of ecological succession in northeastern pitch pine-

dominated communities under different disturbance regimes. Circular arrows  

indicate a disturbance regime that maintains a community type, while the large 

downward arrow shows the direction of succession as fire frequency and/or intensity 

decreases. The number of fire symbols corresponds to fire frequency and the size of  

fire symbols corresponds to fire intensity. Adapted from Jordan et al. (2003). ............ 24 



 

viii 

 

Figure 3.1. Map of studied pitch pine stands on Long Island, NY showing SPB 

infestation status, previous year SPB spots, and pitch pine basal area………………... 39 
 

Figure 3.2. Stand basal area (a), pitch pine basal area (b), and previous year SPB  

spots within 690 m (c) of infested and uninfested stands on Long Island, NY.  

Different letters indicate significantly different group means (α = 0.05) according to 

Wilcoxon rank sum tests………………………………………………………………. 45 
 

Figure 3.3. SPB hazard ratings predicted across increasing previous year SPB spots 

within 690 m (x-axis) by soil texture (line style) and pitch pine basal area (m2/ha;  

line color)……………………………………………………………………………… 46 
 

Figure 3.4. Stand-level SPB hazard ratings across increasing pitch pine basal area 

(m2/ha; x-axis) and previous year SPB spots within 690 m (y-axis) for loamy (a)  

and sandy (b) soils. The dashed line corresponds to the mean number of previous  

year SPB spots within 690 m of stands on Long Island, NY (8.27 spots). Hazard  

ratings correspond as follows: very low = 0-0.2, low = 0.2-0.4, moderate = 0.4-0.6,  

high = 0.6-0.8, very high = 0.8-1……………………………………………………… 46 
 

Figure 3.5. Conceptual diagram of SPB hazard rating for northeastern pitch pine 

barrens…………………………………………………………………………………. 52 
 



 

1 

CHAPTER 1: INTRODUCTION 

Forest pests, the most significant agent of disturbance in forested ecosystems of 

North America (Logan et al., 2003), are highly sensitive to climate change (Ayres and 

Lombardero, 2000; Dale et al., 2001; Logan et al., 2003). Current research suggests that 

the effects of even moderate climate change will independently and interactively impact 

the distribution, abundance, and dynamics of many forest pests (Ayres and Lombardero, 

2000; Jactel et al., 2019). Correspondingly, there are growing instances of rising 

temperatures facilitating a northward expansion of phytophagous insect populations into 

previously unaffected, highly susceptible ecosystems (Carroll et al., 2003; Jactel et al., 

2019; Jepsen et al., 2008; Parmesan, 2006; Pureswaran et al., 2018). One example is 

underway in North America where bark beetles (genus Dendroctonus) are threatening 

the persistence of rare pine ecosystems (Cooke and Carroll, 2017; Lesk et al., 2017; 

Logan et al., 2010; Ungerer et al., 1999).  

Southern pine beetle (SPB; Dendroctonus frontalis Zimmermann) is a highly 

destructive pine forest pest that is expanding its historic range in the southeastern US to 

affect novel ecosystems in the Northeast (Clarke and Nowak, 2009; Lesk et al., 2017; 

Payne, 1980; Price et al., 2006; Ungerer et al., 1999). One such ecosystem is the 

northeastern pitch pine barrens; a globally rare mosaic of fire-dependent grasslands, 

shrublands, wetlands, woodlands, and forests (Edinger et al., 2014). Within the last two 

decades, the beetle has joined two other forces to accelerate the ongoing loss of these 

pitch pine-dominated communities: land development and fire suppression (Dodds et al., 

2018; Heuss et al., 2019; Kurczewski and Boyle, 2000; Noss et al., 1995). 
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Accelerating suburban sprawl and the desirability of relatively flat, well-drained 

areas for building have made pine barrens increasingly attractive for residential and 

commercial development. For example, from 1973-2000, over 9000 hectares of the 

Atlantic Coastal Pine Barrens ecoregion was converted to urban development (Good and 

Good, 1984; Sohl and Sohl, 2012). This threat is largely related to the occurrence of pine 

barrens within densely populated coastal regions due to the combination of favorable site 

characteristics (sandy, well-drained soils in dunes and outwash plains) and a history of 

human-caused disturbance (Copenheaver et al., 2000; Edinger et al., 2014; Kurczewski 

and Boyle, 2000; Parshall et al., 2003; Poulos, 2015).  

Disturbance and land use history have been shown to be important factors in 

determining the distribution and characteristics of pine barrens communities 

(Copenheaver et al., 2000). Prior to European colonization, fire was widely used by 

Native Americans for vegetation and game management (Abrams and Nowacki, 2021, 

2008; Day, 1953; Kimmerer and Lake, 2001; Patterson and Sassaman, 1988; Poulos, 

2015). Because conditions prone to lightening-ignition are uncommon in the Northeast, 

it was this Indigenous burning that likely maintained pitch pine and created localized 

barrens and grasslands (Motzkin and Foster, 2002; Patterson and Sassaman, 1988; Welch 

et al., 2000). In the 17th – 19th centuries, practices such as logging, land clearing, and 

repeated unintentional and intentional burning by colonizers favored pitch pine 

dominance over hardwoods and led to the expansion of pine barrens (Kurczewski and 

Boyle, 2000; Parshall et al., 2003). However, burning on public lands came to an abrupt 

halt in the early 20th century when federal land managers adopted fire suppression as a 
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primary management tactic (Welch et al., 2000). Furthermore, the forced removal of 

Native Americans from the Northeast resulted in the reduction or elimination of 

traditional Indigenous land management practices (Kimmerer and Lake, 2001). This lack 

of fire led to “mesophication”; a positive feedback loop in which conditions continually 

improved for shade-tolerant mesic species at the expense of shade-intolerant, fire-

adapted species (Nowacki and Abrams, 2008). As a result, many barrens that had thrived 

on disturbance reverted to hardwood forests (Kurczewski and Boyle, 2000).  

Mesophication of pine barrens communities leads to the loss of rare and important 

ecosystem structure and function in the northeast. Shrubland birds, which are 

proportionately more threatened than forest-interior birds (King et al., 2011), rely on 

open-canopy shrubland or savanna habitats for nesting; a habitat that only covers 3% of 

the region (Akresh and King, 2016; Bried et al., 2011; Gifford et al., 2010; King et al., 

2011). Rare reptiles and amphibians persist in the sandy dunes of the pine barrens 

(Stewart and Rossi, 1981) and unique and abundant floral resources support rare 

butterflies and moths like the federally endangered Karner blue (Lycaeides melissa 

samuelis) and regionally rare frosted elfin (Callophrys irus) (Bried et al., 2014; Wagner 

et al., 2003). Thus, the pine barrens landscape contributes disproportionately to regional 

biodiversity and habitat availability (Bried et al., 2014, 2011).  

This thesis aims to inform the adaptive management of northeastern pitch pine 

barrens in the context of ongoing ecosystem loss to mesophication and southern pine 

beetle impacts (Heuss et al., 2019; Nowacki and Abrams, 2008). In Chapter 2, we assess 

structural and compositional characteristics of different pine barrens communities in two 



 

4 

inland pine barrens to gain a deeper understanding of the current status of these systems 

and outcomes of various management activities. In Chapter 3, we develop a hazard rating 

model specific to northeastern pitch pine forests that predicts stand-level susceptibility 

to SPB; a tool that can be used to identify and prioritize vulnerable stands for prevention 

management. The final chapter summarizes management applications and future 

research direction. 
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CHAPTER 2: FOREST STRUCTURE AND COMPOSITION ACROSS 

COMMUNITY TYPES AND MANAGEMENT REGIMES IN 

NORTHEASTERN PITCH PINE BARRENS 

2.1 Abstract 

Pitch pine (Pinus rigida) barrens are a globally rare, fire-dependent ecosystem of 

great ecological, social, and cultural significance found primarily in the northeastern US. 

In many cases, fire has been excluded from these systems leading to habitat degradation 

and biodiversity loss as pine barrens landscapes homogenize into closed-canopy forests 

of shade-tolerant, mesophytic species. Pine barrens that remain often require active 

management to persist. This study aims to support the adaptive management of pine 

barrens ecosystems in the face of mesophication by gaining a better understanding of the 

current status of these systems and the outcomes of different management regimes. 

Specifically, our objective is to add to the baseline compositional and structural 

information available on northeastern pitch pine barrens by (1) characterizing the range 

of stand conditions present in the Albany Pine Bush in New York and the Ossipee Pine 

Barrens in New Hampshire and (2) assessing how stand conditions differ between 

management strategies and community types at the two sites. We sampled overstory 

characteristics in five community types (successional northern sandplains grasslands, 

pitch pine-scrub oak barrens, pitch pine-scrub oak thicket, pitch pine-scrub oak 

woodland, and pitch pine-oak forest) that were actively managed with one of three 

treatments (burning, thinning, and their combination) or unmanaged. Distinction in 

structural and compositional conditions among sampled communities supports the 
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concept of pine barrens as a landscape mosaic maintained by multiple, unique 

disturbance regimes. We found that managed stands exhibited similar overstory 

characteristics regardless of management strategy, but that they differed significantly 

from unmanaged stands, which had more trees per hectare, higher basal area, lower pitch 

pine dominance, and smaller average diameters. These differences suggest that lack of 

active management may lead to a transition towards stand conditions that deviate from 

characteristics historically associated with pine barrens communities. Furthermore, the 

range in composition and structure across pine barrens communities documented in this 

and previous studies underscores the importance of management plans that utilize a 

diversity of treatments applied at frequencies and intensities consistent with historic 

disturbance regimes for each pitch pine community type. Such strategies would maintain 

the mosaic of habitat conditions required to support the suite of species endemic to these 

communities, and would confer resilience to emerging stressors, such as southern pine 

beetle, which often generates greatest impacts in unmanaged, homogeneous forest 

conditions. 

2.2 Introduction 

Ecosystems that experience regular fire compose 46% of the global area of major 

habitat types (Hardesty et al., 2005) and exhibit exceptionally high species richness and 

endemism (He et al., 2019). From Siberia’s taiga forests to the eucalyptus forests of 

Australia, fire is a major ecological and evolutionary force that works across 

spatiotemporal scales to drive patterns in biodiversity (Hardesty et al., 2005; He et al., 

2019; Pausas et al., 2017). Fires are characterized by fire regimes, or repeated patterns in 



 

7 

fire interval, intensity, size, seasonality, and spread (He et al., 2019), that affect 

ecosystem structure and composition (Bond et al., 2005; He et al., 2019; Pausas and 

Keeley, 2009). In turn, fire regimes are affected by plant communities and climatic 

factors; a process which forms a complex feedback between fire, climate, 

biogeochemistry, and plants (Archibald et al., 2018; Krawchuk and Moritz, 2011; Rogers 

et al., 2015). This cycle reinforces site-specific ecological, environmental, and fire 

characteristics and creates a global landscape mosaic (He et al., 2019). If fire were to be 

removed from Earth, biodiversity would plummet as major biomes homogenize (Bond 

et al., 2005). 

Changes to fire regimes have become a global conservation issue (Hardesty et al., 

2005). Many unique fire-dependent savannas, grasslands, shrublands, barrens, and 

woodlands around the world are experiencing degradation and biodiversity loss as a 

result of fire exclusion or suppression (Durigan and Ratter, 2016; Scheller et al., 2005). 

This results from a multitude of factors, including the removal of Indigenous people and 

Indigenous land management practices (Kimmerer and Lake, 2001), expansion of the 

wildland urban interface, inadequate fire management plans, and concerns among the 

public and decision-makers about fire escape and smoke mitigation (Black et al., 2020; 

Durigan and Ratter, 2016; Knowlton, 2013; van Wagtendonk, 2007). These factors are 

magnified by the unfortunate reality that many fire-dependent ecosystems, particularly 

grasslands and savannas, are understudied, underappreciated, and under-conserved 

(Bond and Parr, 2010). 
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One fire-dependent ecosystem of great ecological, social, and cultural 

significance is the pitch pine barrens of the northeastern United States. This ecosystem 

occurs on sandy, nutrient poor soils along the Atlantic Coast from New Jersey to Maine 

and inland throughout the Northeast. It is a biodiverse mosaic of barrens, woodland, 

wetland, shrubland, and grassland communities that are broadly referred to as the “pine 

barrens”. (Bried et al., 2014; Edinger et al., 2014). Pitch pine (Pinus rigida Mill.) and 

oaks (Quercus rubra L., Q. velutina Lam., Q. coccinea Münchh., or Q. alba L.) are the 

dominant tree species which grow in variable proportions and densities over understories 

of scrub oak (Quercus ilicifolia Wang.), heath shrubs, and grasses (Edinger et al., 2014; 

Jordan et al., 2003). Relative to other forest types and regions of the northeastern US, 

pitch pine barrens historically experienced fairly frequent meso- and stand-scale fire and 

wind events resulting in a comparatively greater amount of young forest conditions in 

these areas (Lorimer and White, 2003). These early-successional communities provide 

habitat for many rare and declining wildlife species, including the endangered Karner 

blue butterfly (Lycaeides melissa samuelis), the pine barrens treefrog (Hyla andersonii), 

and shrubland bird species like the prairie warbler (Setophaga discolor) (Bried and 

Gifford, 2010; Gifford et al., 2010; NJFAC, 2006). As such, there is considerable interest 

in generating management strategies that can maintain these historic barrens conditions 

and associated species (Bried et al., 2014). 

Pitch pine is a highly fire adapted species with thick insulating bark, semi-

serotinous cones, and the ability to epicormically sprout (Gucker, 2007; Jordan et al., 

2003). Fire is critical for pitch pine regeneration, as it is a shade intolerant species that 
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requires bare mineral soil for germination (Lee et al., 2019; Little and Garrett, 1990). In 

the absence of fire, organic material accumulates, pitch pine loses dominance, and pine 

barrens convert to closed canopy mesic forests dominated by less fire adapted hardwood 

species like oaks and red maple (Acer rubrum L.) or white pine (Pinus strobus L.) 

(Forman and Boerner, 1981; Howard et al., 2011; Jordan et al., 2003; Kurczewski, 2000; 

Milne, 1985; Scheller et al., 2008; Seischab and Bernard, 1991). This process of 

“mesophication” over time is consistent with patterns documented with the cessation of 

fire in other temperate fire-dependent communities (Nowacki and Abrams, 2008).  

Loss of overstory pitch pine to emerging stressors, such as the northward 

expansion of southern pine beetle, Dendroctonus frontalis Zimmermann (Lesk et al., 

2017), has accelerated these trends, as hardwood species now largely dominate areas 

impacted by this insect  (Heuss et al., 2019). As a result, management strategies focused 

on restoring and maintaining historical pine barrens conditions are now not only viewed 

as critical to achieving biodiversity objectives, but also for increasing resilience to this 

emerging threat (Dodds et al., 2018). 

As with many other fire-dependent ecosystems, the primary strategies used to 

maintain and restore pine barrens communities rely on prescribed burning and thinning 

in combination with mowing and/or herbicide treatment to mimic historic disturbance 

regimes (Bried et al., 2015, 2014, 2011; Bried and Gifford, 2010; Gifford et al., 2010; 

Howard et al., 2011; Jordan et al., 2003). Despite the proven effectiveness of these 

approaches, substantial economic, operational, and social obstacles exist to their 

implementation due to a lack of local markets for low-quality wood (Dodds et al., 2018), 
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public resistance to forest management practices in an exponentially expanding wildland-

urban interface (Blanchard and Ryan, 2007; Radeloff et al., 2005; Ryan, 2012), and 

complex impacts of climate change (Kretchun et al., 2014; Lesk et al., 2017; Li and 

Waller, 2017; Lucash et al., 2014). As such, there is a need for a greater understanding 

of how these systems are changing with and without active management to guide, 

improve, and justify adaptation strategies (Alagona et al., 2012; Manning et al., 2011; 

Wortley et al., 2013).  

This study aims to support the adaptive management of pine barrens ecosystems 

in the face of emerging stressors and management obstacles that accelerate 

mesophication. Specifically, our objective is to add to the baseline compositional and 

structural information available on northeastern pitch pine barrens by (1) characterizing 

the range of stand conditions present in the Albany Pine Bush in New York and the 

Ossipee Pine Barrens in New Hampshire and (2) assessing how stand conditions differ 

between management strategies and community types at the two sites. This work can 

assist future conservation initiatives in identifying communities in danger of being lost, 

generating benchmarks for management, and ensuring that management achieves desired 

outcomes. 

2.3 Methods 

2.3.1 Study Site Selection and Description 

The Albany Pine Bush (APB) in New York (NY) and the Ossipee Pine Barrens 

(OPB) in New Hampshire (NH) were selected as study sites because they are two of the 

northernmost examples of pitch pine barrens that have not been altered by southern pine 
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beetle in species composition or stand structure (Dodds et al., 2018). The APB and OPB 

are representative of other northeastern pitch pine barrens in that they formed on nutrient-

poor, well-drained sand deposits and have since been heavily shaped by land-use history 

(Motzkin et al., 1999). Additionally, once considered wastelands, these barrens have 

become increasing attractive for residential, commercial, and industrial development 

(Barnes, 2003), which amplifies threats of land conversion, fire suppression, and habitat 

fragmentation (APBPC, 2017; Lougee, 2015). Consistent with other pine barrens, the 

APB and OPB support rare and endangered Lepidoptera, birds, amphibians, reptiles, and 

plant assemblages and are managed with conservation and restoration objectives 

(APBPC, 2017; Lougee, 2015). 

The APB is located in Albany and Schenectady counties, NY on sand deposits 

that were shaped into dunes following the draining of a glacial lake 12,000 years ago 

(APBPC, 2017). Early human activity in the Pine Bush came from Native Americans 

who burned for wildlife habitat improvement and game management (Abrams and 

Nowacki, 2021; Day, 1953). The ancestral lands of the Mohawk People are west of the 

Pine Bush in the Mohawk Valley, and the ancestral lands of the Mohican People are 

along the Hudson River to the east (Barnes, 2003). European colonizers arrived in the 

1600s and harvested pitch pine for fuel, timber, tar, and the glass industry (APBPC, 2017; 

Barnes, 2003; Milne, 1985). The Pine Bush was considered a wasteland that was often 

used as dumping grounds (Barnes, 2003), and in the 20th century, much was developed 

for residential and commercial purposes or replaced by hardwood forest (APBPC, 2017; 

Barnes, 2003). It was not protected until 1973 when the New York State Department of 
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Environmental Conservation (NYS DEC) purchased approximately 180 hectares of the 

land (APBPC, 2017). The Albany Pine Bush Preserve Commission (APBPC) was 

established in 1988 and it continues to manage the now 1,255 hectare preserve with fire, 

ecological, and community outreach objectives. 

The Ossipee Pine Barrens is a 1,092 hectare preserve located in east-central NH 

in Carrol County (Howard et al., 2011) on Abenaki ancestral lands. The preserve contains 

the largest tract of pitch pine-scrub oak barrens in NH and sits on sandy soils deposited 

in an outwash plain during glacial retreat (Lougee, 2015; Patterson, 2001). Modern pitch 

pine stands were formed in the 19th century by selective logging of more valuable red 

and white pine and associated railroad fires (Patterson, 2001). Pitch pine remains the 

dominant tree species in the barrens, but fire suppression, heavy pitch pine logging, and 

forest management activities favoring white pine in recent decades have reduced its 

proportion (Patterson, 2001). An estimated 1,500 hectares of historic pine barrens habitat 

has been lost due to development in the areas surrounding the preserve (Lougee, 2015). 

The Nature Conservancy (TNC) began protecting the barrens in 1988 and has managed 

these areas with prescribed burns and mechanical treatments since 2006 (Lougee, 2015). 

2.3.2 Field Procedures 

Field work was conducted at the APB and OPB from June - August 2020. The 

community types (Edinger et al., 2014) and management histories within each preserve 

were provided by land managers. We defined a stand as a unit of land exhibiting 

contiguous structure, species composition, and management history, and distributed 

sample stands across the preserves with the intent of capturing a variety of community 
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types and management strategies. The five sampled community types include: (1) 

successional northern sandplains grasslands, (2) pitch pine-scrub oak barrens, (3) pitch 

pine-scrub oak thicket, (4) pitch pine-scrub oak woodland, and (5) pitch pine-oak forest 

(Table 2.1). Communities of similar structure dominated by pitch pine, oak, red maple, 

and white pine were grouped into the “pitch pine-oak forest” community type. Sample 

stands were either unmanaged or actively managed with one of three primary strategies: 

(1) burning, (2) thinning, and (3) burning and thinning. Mowing is commonly used to 

support burning and thinning operations at both the APB and OPB and was therefore not 

specified as a management strategy on its own, but was part of the overall management 

regime occurring in these management types. A total of 75 stands were sampled (50 in 

the APB and 25 in the OPB), but community types or management strategies with too 

few replications were excluded from analysis. In total, 69 stands (49 in the APB and 20 

in the OPB) were assessed (Table 2.1). Within sample stands, three 400 m2 fixed radius 

plots were randomly established with a distance of at least 40 m between plot centers. 

Species, status (live or snag), crown class (dominant, codominant, intermediate, or 

suppressed), and diameter at breast height (DBH; 1.37 m) were recorded for every living 

tree and snag larger than 7.5 cm in diameter occurring within these plots to characterize 

patterns in overstory structure and composition.  
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Table 2.1. Pine barrens community types and management strategies in sample stands at the Albany 

Pine Bush (APB) and the Ossipee Pine Barrens (OPB). Community type absence is indicated with 

“na”. 

 

Community type Burned Thinned 

Burned and 

thinned Unmanaged 

Community 

total 

  APB OPB APB OPB APB OPB APB OPB APB OPB 

Successional northern 

sandplains grassland 2 na 0 na 1 na 0 na 3 na 

Pitch pine-scrub oak 

thicket 5 0 0 1 2 1 0 0 7 2 

Pitch pine-scrub oak 

barrens 8 na 1 na 12 na 0 na 21 na 

Pitch pine-scrub oak 

woodland na 3 na 2 na 5 na 4 na 14 

Pitch pine-oak forest 8 0 2 0 2 2 6 2 18 4 

Management total 23 3 3 3 17 8 6 6 49 20 

 

2.3.3 Data Analysis 

The size class distributions characterizing each community were assessed by 

regressing the base 10 logarithm of TPHA across all combinations of three variables that 

represented 5-cm diameter class midpoints: DBH, DBH2, and DBH3 (Janowiak et al., 

2008). The candidate model with the highest adjusted R2 and the lowest residual standard 

error was selected (Janowiak et al., 2008). Size class distribution shapes were then 

assigned based on the variables included in the selected model and the sign of their 

coefficients (Janowiak et al., 2008). 

Remaining analyses were conducted in R statistical software using the vegan 

package (Oksanen et al., 2020; R Core Team, 2019). Nonmetric multidimensional scaling 

(NMDS; metaMDS function) was used to examine gradients in structural and 

composition characteristics across management strategies and community types  (Kenkel 

and Orloci, 1986). The analysis was run on a Bray-Curtis dissimilarity matrix of key pine 
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barrens conditions (Howard et al., 2011) that were averaged at the site level and square 

root transformed to minimize the effect of large values on the overall ordination solution. 

The 12 structural and compositional conditions included were (1) basal area of pitch pine, 

(2) basal area of white pine, (3) basal area of oak, (4) basal area of red maple, (5) total 

basal area of hardwoods, (6) stand basal area, (7) trees per hectare (TPHA), (8) 

proportional basal area of pitch pine, (9) proportional basal area of pine, (10) quadratic 

mean diameter (QMD), (11) proportion of trees larger than 40 cm in diameter, and (12) 

the standard deviation of basal areas in each of the three plots (Howard et al., 2011). To 

assess the contribution of each stand condition to the ordination structure, we used the 

envfit function. The envfit function calculates vector loadings on NMDS axes for each 

stand condition (equivalent to vector direction cosines), performs rank correlations 

between loadings and NMDS axis scores, and assesses statistical significance using a 

permutation test with 999 permutations. The resulting vectors indicate direction of 

increasing stand condition values and correlation strength with axis scores (vector length 

is scaled by R2 values). The ordination was rotated so that the proportion pitch pine vector 

runs along NMDS1 in the positive direction. 

We used permutational multivariate analysis of variance (PERMANOVA; adonis 

function) to test if stand structure and composition differed between management 

strategy, community, and site groups or their interaction (Anderson, 2001). The analysis 

was performed on the same dissimilarity matrix used for our NMDS and was based on 

999 permutations. Statistical significance was determined at α = 0.05 and the betadisper 

function (an analogue to the Levene’s test) confirmed the assumption of homogeneity of 
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variances. Lastly, pairwise PERMANOVA tests were used to evaluate differences in 

stand structure between management strategies and community types. Bonferroni-

corrected significance levels were adjusted for multiple comparisons.  

  

2.4 Results 

2.4.1 Stand Attributes 

The five sampled natural communities can broadly be divided into two groups 

based on level of canopy closure and tree density: the pitch pine-oak forest and pitch 

pine-scrub oak woodland form a more closed canopy group (which contains the only 

unmanaged stands) and the pitch pine-scrub oak barrens, pitch pine-scrub oak thicket, 

and successional northern sandplains grasslands form a more open canopy group (all of 

which were managed). The closed canopy group had a higher mean basal area and TPHA, 

but a lower QMD than the open canopy group (Appendix A.1). Size class distribution 

patterns were increasing-q shaped in the closed canopy group and unimodal in the open 

canopy (Figure 2.1, Figure 2.2). Consistent with these trends, unmanaged stands 

exhibited higher stand basal area and TPHA, and lower QMD and proportion pitch pine 

than managed stands (Appendix A.2). Furthermore, unmanaged stands had an 

increasing-q shaped diameter distribution while managed stands had a unimodal diameter 

distribution (Figure 2.3).  

2.4.2 NMDS and PERMANOVA 

Structural and compositional characteristics were significantly different between 

community types (PERMANOVA p = 0.001) and management regimes (PERMANOVA 
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p = 0.001), but not their interaction (PERMANOVA p = 0.068, Table 2.2). Pairwise 

PERMANOVA indicated significant differences between six community pairs: (1) pitch 

pine-oak forest, (2) pitch pine-scrub oak thicket, and (3) pitch pine-scrub oak barrens all 

differed from each other; pitch pine-scrub oak woodland differed from (4) pitch pine-

scrub oak thicket and (5) pitch pine-scrub oak barrens; and (6) successional northern 

sandplains grasslands differed from pitch pine-oak forest (Appendix A.3). These 

distinctions were illustrated in the NMDS ordination space (stress = 0.101, Figure 2.4). 

Pitch pine-oak forests and pitch pine-scrub oak thickets were located in opposing 

portions of the ordination with pitch-pine oak forests located in the bottom left quadrant 

characterized by high hardwood and red maple basal area, and pitch pine scrub-oak 

thickets located in the upper right quadrant characterized by high QMD and proportion 

pitch pine (Figure 2.4). Pitch pine-oak forests overlapped with pitch pine-scrub oak 

woodlands in the bottom right quadrant, which was associated with high pitch pine basal 

area, and with pitch pine-scrub oak barrens in the upper left quadrant, which was 

characterized by stands with high QMD and oak basal area. Pitch pine-scrub oak thickets 

also overlapped with woodlands and barrens and were localized further in the direction 

of high QMD and/or proportion pitch pine. The sample size of successional northern 

sandplain grasslands was not large enough to generate a hull, but the three points for 

these communities were contained within the hulls of pitch pine-scrub oak barrens, pitch 

pine-scrub oak thickets, and pitch pine-scrub oak woodlands. 

Pairwise PERMANOVA revealed significant differences in overstory 

characteristics between managed and unmanaged stands (PERMANOVA p = 0.006), but 
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not between active management strategies (burning, thinning, and their combination; 

Appendix A.4). This was evident in the separation of managed and unmanaged groups 

in the NMDS ordination space, and the general overlap between all management 

strategies (Figure 2.5). Managed stands were localized in the top half of the ordination, 

which was associated with high QMD, while unmanaged stands were localized in the 

bottom half of the ordination characterized by high stand basal area. Managed stands also 

tended to have a higher proportional pitch pine basal area than unmanaged stands which 

had more hardwoods, red maple, and white pine. 

 

Table 2.2. PERMANOVA results for overstory conditions in the Albany Pine Bush and Ossipee Pine 

Barrens by community type, management strategy, and site groupings. Analysis was performed on a 

Bray-Curtis dissimilarity matrix using 999 permutations. Significant values (*) are based on α = 0.05 

Group DF SS F R2 p 

Community type 4 0.77 15.16 0.31 0.001* 

Management strategy 3 0.81 21.20 0.32 0.001* 

Site (APB or OPB) 1 0.08 6.26 0.03 0.011* 

Management x community 8 0.15 1.45 0.06 0.126 

Community x site 1 0.02 1.45 0.01 0.214 

Management x site 1 0.03 2.22 0.01 0.124 
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Figure 2.1. Size class distributions of the four pine barrens communities sampled in the Albany Pine 

Bush; (a) pitch pine-scrub oak thicket, (b) successional northern sandplain grasslands, (c) pitch pine-

scrub oak barrens, and (d) pitch pine-oak forest. Size class bins are 10 cm except for the smallest size 

class which only includes trees 7.5-10 cm in diameter. Trees per hectare values are averaged across 

sample stands. 
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Figure 2.2. Size class distributions of the three pine barrens communities sampled in the Ossipee Pine 

Barrens; (a) pitch pine-scrub oak thicket, (b) pitch pine-scrub oak woodland, and (c) pitch pine-oak 

forest. Size class bins are 10 cm except for the smallest size class which only includes trees 7.5-10 cm 

in diameter. Trees per hectare values are averaged across sample stands. 
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Figure 2. 3. Size class distributions of managed (a, b) and unmanaged stands (c, d) in the Albany Pine 

Bush (APB; a, c) and the Ossipee Pine Barrens (OPB; b, d). Size class bins are 10 cm except for the 

smallest size class which only includes trees 7.5-10 cm in diameter. Trees per hectare values are 

averaged across sample stands. 
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Figure 2.4. Nonmetric multidimensional scaling ordination based on stand-level composition and 

structural conditions in the Albany Pine Bush and the Ossipee Pine Barrens. Hulls delineate 

community type and point shape depicts management status. Vectors (from envfit function) are 

stand conditions with unique and significant loadings. Vector direction indicates increasing stand 

condition value and vector length indicates correlation with axis scores (R2 value). PP-OF = pitch 

pine-oak forest. PP-SOB = pitch pine-scrub oak barrens. PP-SOT = pitch pine-scrub oak thicket. PP-

SOW = pitch pine-scrub oak woodland. SNSG = successional northern sandplain grasslands. 

 

 

Figure 2.5. Nonmetric multidimensional scaling ordination based on stand-level composition and 

structural conditions in the Albany Pine Bush and the Ossipee Pine Barrens. Hulls delineate 

management status. Vectors (from envfit function) are stand conditions with unique and significant 

loadings. Vector direction indicates increasing stand condition value and vector length indicates 

correlation with axis scores (R2 value). 
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2.5 Discussion 

2.5.1 Communities of the Pine Barrens 

The pitch pine communities we sampled reflect different developmental stages, 

some more transient than others, which are dependent on specific environmental and 

anthropogenic disturbances and their interaction with site conditions (Figure 2.6). The 

successional northern sandplain grasslands community is the earliest successional variant 

of inland pine barrens (APBPC, 2017) and has been described as a transient, short-lived 

state that relies on frequent fire and/or mechanical removal of woody plants to persist 

(Edinger et al., 2014). In the absence of frequent fire, grasslands transition to pitch pine-

scrub oak barrens and pitch pine-scrub oak thicket, which are similar community types 

maintained by fire every 6-15 years, but may contain tall, dense shrubs  presumably due 

to lower fire frequencies (Bried and Gifford, 2010, 2008). This stage progresses to the 

pitch pine-scrub oak woodland community in the absence of frequent fires, with these 

communities containing more trees (NHESP, 2007) and a fire return interval of 20-40 

years. (Jordan et al., 2003). Pitch pine-oak forests are the latest successional stage we 

sampled and represent conditions developing under lower fire frequencies, which allow 

for increases in tree density and oak dominance (Buell and Cantlon, 1950; Good and 

Good, 1984; Parshall et al., 2003). Such conditions were historically maintained by a 

moderate intensity fire interval of 40-200 years or a low intensity fire interval of 5-40 

years (Jordan et al., 2003). The dominance of less pyrophilic species, such as white pine 

and red maple, at the OPB suggest these systems are in a later successional state than 

those at the APB (Howard et al., 2011; Palus et al., 2018). The general tendency of pine 
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barrens systems to transition to closed canopy systems dominated by less fire-adapted 

species over time underscores the importance of restoring disturbance if maintenance of 

the full range of barrens conditions is a conservation goal. 

 

Figure 2.6. Conceptual diagram of ecological succession in northeastern pitch pine-dominated 

communities under different disturbance regimes. Circular arrows indicate a disturbance regime 

that maintains a community type, while the large downward arrow shows the direction of succession 

as fire frequency and/or intensity decreases. The number of fire symbols corresponds to fire 

frequency and the size of fire symbols corresponds to fire intensity. Adapted from Jordan et al. 

(2003).  
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This successional trend is further evidenced in the distinction between 

unmanaged and managed pitch pine-oak forests at both the APB and the OPB. Relative 

to their managed counterparts, unmanaged pitch pine-oak forests had greater tree 

densities dominated by less pyrophilic species (oak, red maple, white pine, and others) 

with remaining highly pyrophilic pitch pine concentrated in large size classes. These 

findings are consistent with previous research which has shown that pitch pine-oak 

communities transition to dense forests dominated by less fire-adapted species in the 

absence of  disturbance (Alexander et al., 2021; Forman and Boerner, 1981; Howard et 

al., 2011; Jordan et al., 2003; Kurczewski, 2000; Milne, 1985; Palus et al., 2018; 

Scheller et al., 2008; Seischab and Bernard, 1991). As this transition proceeds, it 

becomes increasingly difficult to reintroduce fire due to the accumulation of 

mesophytic litter and the establishment of a cool, moist microclimate which decrease 

flammability (Nowacki and Abrams, 2008). 

Consistent with the patterns we documented, many formerly open-canopy, fire-

dependent communities in the eastern United States have transitioned to closed-canopy 

forests of shade-tolerant, fire-sensitive plants (Bried et al., 2014; Nowacki and Abrams, 

2008). This trend has been referred to as “mesophication”: a positive-feedback cycle in 

which conditions brought by canopy closure and mesophytic species (shading, 

mesophytic litter, cool and moist microclimates) increasingly favor mesophytic species 

over shade-intolerant, disturbance-dependent species (Nowacki and Abrams, 2008). 

Mesophication was greatly exacerbated by fire suppression policies of the 1920s, the 

effects of which have been referred to as “one of the unrecognized ecological 
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catastrophes of landscape history” (Frost, 1998). Since then, mesophication has caused 

rapid composition and structural changes and biotic homogenization in fire-adapted 

ecosystems, including loss of more open, woodland conditions in many regions, 

including the pine barrens (Hanberry et al., 2012; Li and Waller, 2015; Nowacki and 

Abrams, 2008; Palus et al., 2018).  

2.5.2 Managing Pine Barrens Communities 

The threat of ecosystem conversion stemming from fire exclusion has led to an 

increased emphasis on conservation and restoration strategies that preserve fire-

dependent communities such as pine barrens (Quigley et al., 2021; Scheller et al., 2005; 

Vander Yacht et al., 2019). The results of this study indicate that burning, thinning, and 

their combination can all maintain the unique and ecologically important overstory 

conditions of fire-dependent ecosystems. Thinning has previously proven highly 

effective in creating open-canopy barrens for ecological health and reduced crown fire 

threat (Bried et al., 2015, 2014; King et al., 2011; Patterson and Crary, 2007), and clear-

cuts have been used as an operationally efficient tool in mimicking fire-generated 

openings and restoring the native pine barrens landscape (Radeloff et al., 2000). Like 

thinning, fire is effective in encouraging the maintenance of an open canopy of fire-

dependent tree species (Jordan et al., 2003; Kurczewski and Boyle, 2000), but it also 

generates additional structural, ecological, and chemical effects. For example, fire 

impacts ectomycorrhizal communities (Tuininga and Dighton, 2004), provides cues for 

seed germination and recruitment (Keeley et al., 1985; Keeley and Fotheringham, 2000), 

removes hardwood litter (Kirkman et al., 2001), and increases the availability and 
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heterogeneity of ecologically important dead and charred wood (Eriksson et al., 2013). 

Furthermore, research has shown that fire may limit tree growth and maintain barrens 

conditions by reducing soil nutrient stocks, organic matter, and soil water retention 

(Boerner, 1982; Nave et al., 2011; Neill et al., 2007; Quigley et al., 2021, 2020, 2019). 

Thus, although thinning has shown to be an effective tool in achieving a variety of 

management objectives, it cannot entirely approximate the effects of fire. The lack of 

distinction that we observed between stands managed with and without fire is likely 

attributed to the fact that our analysis of overstory characteristics did not reflect the 

complex effects of fire on below ground conditions, understory communities, and plant 

regeneration. 

In addition to considering the overstory characteristics sampled in this study, 

effective management plans for pine barrens must consider the structure and composition 

of understory communities and tree regeneration. Of particular concern is the 

development of tall, dense shrub thickets in the absence of disturbance. These thickets 

do not provide open barrens habitat of grasses, forbs, scrub oak, and other native shrubs 

(Bried and Gifford, 2010) and may prevent pitch pine regeneration (Landis et al., 2005; 

Lee et al., 2019), which may explain the low number of pitch pine we observed in pitch 

pine-scrub oak thickets. Prescribed burning and mowing are effective both in reducing 

scrub oak densities to desired levels and promoting pitch pine regeneration (Bried and 

Gifford, 2010; Lee et al., 2019; Little and Garrett, 1990; Patterson and Crary, 2007). 

Although we were unable to directly compare the effects of fire to those of mowing, 

previous research suggests that these treatments can be applied in combination to meet 
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ecologic, economic, and fuel reduction objectives. Patterson and Crary (2007) 

determined that mechanical pretreatment followed by growing season burning and/or 

additional mechanical treatment is optimal (Poulos et al., 2020; Thomas P. Rooney and 

Mark K. Leach, 2010). Herbicide has also been proposed as a cost-effective management 

strategy for pine barrens understories; particularly in initiating an early shrubland state 

in a dense thicket, after which frequent, low-intensity burning can maintain low shrub 

densities (Bried and Gifford, 2010).  

Effective management of a disturbance-dependent ecosystem such as pine 

barrens requires a diversity of tools optimized for specific objectives (Bassett et al., 2020; 

Bried et al., 2015; Bried and Gifford, 2010; Swengel, 1998). Considering this knowledge, 

the lack of distinction we observed among overstory characteristics in actively managed 

stands should not be interpreted as evidence that burning, thinning, and their combination 

generate identical pine barrens communities. Instead, this finding indicates that (1) active 

management is effective in generating overstory characteristics historically associated 

with pine barrens and that (2) land managers have multiple tools available when 

influencing pine barrens communities. These conclusions have two primary applications 

for the management of pine barrens throughout the northeast. First, this study can help 

justify the use of forest management activities to achieve pine barrens conservation 

objectives. Second, our broad classifications of management strategies can be tailored to 

meet fine scale management objectives and to work within potential site restrictions. This 

flexibility is necessary when managing disturbance-dependent ecosystems situated 
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within densely populated regions (APBPC, 2017; Blanchard and Ryan, 2007; Dodds et 

al., 2018; Ryan, 2012).  

The restoration of the relationship between people, fire, and ecosystems is another 

essential component of long-term, effective management of fire-dependent communities 

(Larson et al., 2021). The wildland-urban interface in pine barrens is expanding rapidly, 

and community members who are unfamiliar with the ecological and fuel reduction 

benefits of prescribed burning are less likely to support management efforts (Blanchard 

and Ryan, 2007; Ryan et al., 2013; Ryan, 2012). Thus, education on management 

techniques and forest regeneration can increase local support for and acceptance of 

prescribed burns on public lands (Ryan et al., 2013; Ryan, 2012). Management of fire-

dependent ecosystems can also be improved by engaging with Indigenous communities 

(Huffman, 2013; Larson et al., 2021), descendants of whom likely created historic 

barrens and grasslands in the Northeast (Motzkin and Foster, 2002; Patterson and 

Sassaman, 1988; Welch et al., 2000). Traditional fire knowledge and practice continues 

to grow, and engaging practitioners can help to restore socio-ecological systems and 

solve fire-related problems of global significance (Huffman, 2013; Larson et al., 2021). 

2.5.3 Study Limitations 

Study limitations exist in that (1) we only evaluated two examples of northeastern 

pitch pine barrens, (2) we only assess overstory conditions at one point in time, (3) we 

could not directly assess the effects of mowing, and (4) we did not assess management 

frequency or intensity. 
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This study assessed stand conditions at two sites (the APB and OPB) which 

differed significantly in overstory characteristics (PERMANOVA p = 0.011). Yet despite 

this difference, the effects of management on overstory characteristics in each preserve 

were similar. This suggests that even with regional variability among pine barrens, our 

conclusions regarding their management are applicable throughout the Northeast.  

This study only assessed the structure and composition of trees larger than 7.5 cm 

in diameter at one point in time, so we are unable to quantify factors such as tree 

regeneration, shrub cover, herbaceous cover, grass cover, or below ground conditions 

that vary across pine barrens communities in space and time. Therefore, our finding that 

burning, thinning, and their combination have similar effects on pine barrens composition 

and structure applies only to overstory communities. Previous studies have shown that 

fire provides ecological, chemical, and structural effects that cannot be approximated 

with thinning. We therefore conclude that fire remains a necessary component of pine 

barrens management plans. 

Because mowing is rarely used as a treatment on its own, we were unable to 

separate the effects of mowing from other treatments, and therefore, unable to assess 

whether mowing impacts the overstory of pine barrens. Additionally, we did not assess 

management frequency or intensity which are important components of disturbance 

regimes (He et al., 2019). Even so, our classifications of burning, thinning, burning and 

thinning, and no management are broad enough to be adjusted and combined with other 

treatments (like mowing or herbicide application) to achieve fine scale management 

objectives.  
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Future studies could build on this work by examining the effects of management 

frequency and intensity across soil texture and moisture gradients over time in order to 

identify disturbance regimes that promote distinct pine barrens communities. 

2.6 Conclusion 

Results support the concept of pine barrens as a landscape mosaic maintained by 

unique disturbance regimes (Forman and Boerner, 1981). When disturbance is removed, 

the mosaic homogenizes as communities densify and transition toward forests of shade-

tolerant, mesophytic species at the expense of open canopy grasslands and shrublands 

(Bried et al., 2014; Nowacki and Abrams, 2008). Therefore, the northeastern pine barrens 

is a disclimax community, or a community caused by human or environmental 

disturbance (Lee et al., 2019). The five sampled communities likely exist in the following 

order from early successional states that experience frequent or high intensity 

disturbance, to later successional states that experience less frequent or lower intensity 

disturbance: successional northern sandplain grasslands, pitch pine-scrub oak barrens, 

pitch pine-scrub oak thicket, pitch pine-scrub oak woodland, and pitch pine-oak forest. 

We found that prescribed fire, thinning, and their combination are effective in 

maintaining overstory characteristics historically associated with pine barrens 

communities. However, previous work has demonstrated the unique ecological, 

chemical, and structural effects that fire has on factors other than overstory characteristics 

(Kurczewski and Boyle, 2000; Quigley et al., 2021, 2020, 2019). We therefore conclude 

that management plans should apply fire with additional treatments across soil texture 

and moisture gradients (Jordan et al., 2003) to meet stand-specific objectives and 



 

32 

maintain the unique range of compositional and structural characteristics associated with 

pine barrens. 
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CHAPTER 3: DEVELOPMENT OF A HAZARD RATING MODEL TO 

PREDICT STAND-LEVEL SUSCEPTIBILITY OF NORTHEASTERN PITCH 

PINE BARRENS TO SOUTHERN PINE BEETLE IMPACTS 

3.1 Abstract 

Climate change-induced alterations to historic patterns in forest pest disturbance 

are having significant impacts on forested ecosystems. As rising temperatures enhance 

insect fitness at higher latitudes, there are growing examples of phytophagous insect 

populations expanding into previously unaffected regions. One such example is 

occurring in North America as southern pine beetle (SPB; Dendroctonus frontalis 

Zimmermann) expands northward into ecologically and culturally important northeastern 

pitch pine barrens. By assessing stand conditions present in SPB-infested and uninfested 

pitch pine stands on Long Island, NY, we developed a regionally calibrated hazard rating 

model that predicts stand-level susceptibility to SPB. The model indicates that SPB 

susceptibility increases with increasing pitch pine basal area, the number of previous year 

SPB spots nearby, and sandy soil texture. Based on predictions from this model, stands 

with pitch pine basal areas less than 15 m2/ha appeared to be less susceptible to SPB 

infestations. This tool extends hazard rating capabilities to inform adaptation strategies 

to this novel pest across a broader landscape. Specifically, it can help reduce landscape-

scale vulnerability to SPB by supporting land managers in identifying and prioritizing 

highly susceptible stands for SPB prevention treatments. An alignment between 

treatments effective in reducing SPB vulnerability and conserving pine barrens 

communities (primarily thinning and prescribed fire) indicates that pine barrens can be 
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managed both to improve resilience to future threats and conserve historic ecological 

conditions. 

3.2 Introduction 

Forest insect pests are globally important drivers of forest landscape dynamics 

due to their impact on key forest components, including vegetation structure and 

composition, water and nutrient cycling, and wildlife habitat (Adams et al., 2009; Boon, 

2012; Dale et al., 2001; Hicke et al., 2012; Mcshea et al., 2007; Veblen et al., 1991). The 

physiologic thermal sensitivity of insects makes temperature a primary determinant of 

their distribution and dynamics, but forest pest populations are also influenced by 

ecological factors such as the abundance of host species, predators, pathogens, and 

mutualists (Deutsch et al., 2008; Dukes et al., 2009). Given the importance of climate in 

independently and interactively affecting each of these factors, climate change can 

significantly alter historic patterns in forest pest disturbance (Ayres and Lombardero, 

2000; Jactel et al., 2019; Logan et al., 2003). Climate change is expected to impact the 

geographic range, frequency, and severity of insect outbreaks as insects and host species 

encounter climatic perturbations that effect their fitness (Ayres and Lombardero, 2000; 

Jactel et al., 2019; Logan et al., 2003; Pureswaran et al., 2018). These climate-induced 

changes to historic patterns in pest disturbance can have severe consequences for forest 

ecosystems. 

There are a growing number of examples of phytophagous insect populations 

expanding their range as temperatures rise (Carroll et al., 2003; Dale et al., 2001; Jepsen 

et al., 2008; Niemelä et al., 2001; Parmesan, 2006; Pureswaran et al., 2018). One of the 
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most well-understood examples has occurred among bark beetles (genus Dendroctonus) 

in North America where milder winters have enhanced beetle fitness at northern and high 

elevation distributions (Cooke and Carroll, 2017; de la Giroday et al., 2012; Lesk et al., 

2017; Raffa et al., 2013; Sidder et al., 2016; Ungerer et al., 1999). Southern pine beetle 

(SPB; Dendroctonus frontalis Zimmermann) is a bark beetle whose wide-scale ecologic, 

economic, and social impacts have made it one of most destructive pests of pine forests 

(Clarke and Nowak, 2009; Coulson and Klepzig, 2011; Dodds et al., 2018; Payne, 1980; 

Price et al., 2006). Despite its short generation time, high dispersal capabilities, and wide 

host distribution, SPB’s lower lethal air temperature (-16°C) has historically limited it to 

the southeastern United States, Mexico, and Central America with northern populations 

reaching Ohio, Pennsylvania, and Maryland (Payne, 1980; Price et al., 2006; Ungerer et 

al., 1999). However, warming minimum winter air temperatures in the last two decades 

have facilitated a novel, northward range expansion of SPB into northeastern ecosystems 

dominated by potential host species with limited historical exposure to this threat (Lesk 

et al., 2017; Tran et al., 2007; Ungerer et al., 1999; Williams and Liebhold, 2002). In 

particular, SPB has recently emerged as a threat to the globally rare, fire-dependent 

northeastern pitch pine barrens (described in Chapter 2). In many infested areas, SPB is 

accelerating the ongoing transition of open-canopy pitch pine barrens to forests 

dominated by less pyrophilic species like oaks, red maple, and white pine by generating 

high levels of mortality in canopy pitch pine (Heuss et al., 2019; Howard et al., 2011; 

Nowacki and Abrams, 2008). This loss may continue as SPB-suitable climates are 

expected to reach 78% of pitch pine forests by 2050 (Lesk et al., 2017). 
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SPB populations follow a pulse eruptive cycle in which favorable environmental 

conditions lead to irregular explosive population growth and the death of a large portion 

of host species (Berryman, 1986). During these outbreaks, semiochemical 

communication among SPB organizes mass attacks that can overwhelm resin defense 

systems of healthy trees and cause host death in as little as two to four months (Hain et 

al., 2011; Hassett et al., 2017; Sullivan, 2010). Incidences of SPB outbreak in the 

southeastern US have been reduced through the application of forest management 

treatments such as stand thinning and prescribed burning that promote stand health and 

disrupt SPB pheromonal communication (Brown et al., 1987; Burkhart et al., 1986; 

Nebeker and Hodges, 1983; Nowak et al., 2015; Showalter and Turchin, 1993). With the 

exception of relatively small-scale applications, these silvicultural treatments have not 

been widely implemented in the Northeast to pitch pine-dominated communities (Dodds 

et al., 2018). This is attributed to many obstacles, including the high cost of thinning 

operations stemming from an absence of local markets and the low value of harvested 

materials relative to southeastern pine systems (Dodds et al., 2018), the lack of pitch 

pine-specific stocking guides and other management tools, and public resistance to 

management in a rapidly expanding wildlife-urban interface (Blanchard and Ryan, 2007; 

Radeloff et al., 2005; Ryan, 2012). Together, these obstacles, the looming threat of SPB, 

and the disturbance requirements of pine barrens ecosystems, make it important for 

management decisions to be highly ecologically and economically effective. 

Hazard rating is a powerful tool for understanding relationships between pest 

activity and forest conditions. Based on factors that predispose stands to pest infestation, 
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its purpose is not to predict when or if damage will occur, but to provide land managers 

with information useful in identifying areas that may require preventative management, 

increased surveillance, accelerated suppression action, or post-damage appraisal (Hicks 

et al., 1987). Hazard models have successfully been applied in the southeastern United 

States to determine stand-level SPB susceptibility using various predictors based on 

stand and site conditions, including host species abundance, site quality, age structure, 

density,  landform, and SPB abundance (Billings and Upton, 2010; Dodds et al., 2018; 

Hicks et al., 1987, 1980; Mason et al., 1985). Due to the comparatively small and isolated 

distribution of northeastern pine-dominated forests and the unique species composition, 

SPB hazard models developed for southeastern forests have limited applicability to the 

Northeast (Dodds et al., 2018). Even so, one preliminary hazard rating model was 

successfully used to help prioritize at-risk areas in state-owned pitch pine stands on Long 

Island, NY for thinning and suppression (Dodds et al., 2018). Expansion of this work to 

a more comprehensive model developed specifically for pitch pine forests would be an 

important component of SPB adaptation in the Northeast (Dodds et al., 2018).  

We aimed to expand hazard rating capabilities to inform adaptation strategies to 

this novel pest dynamic across a broader landscape. We developed a regionally calibrated 

hazard rating model that uses (1) site characteristics, (2) stand descriptors, and (3) 

previous SPB activity to predict stand-level susceptibility of northeastern pitch pine-

dominated communities to SPB. This tool can be applied to reduce landscape-scale 

vulnerability to SPB by supporting the identification and prioritization of highly 

susceptible stands for prevention management. Further applications exist in efforts to halt 
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the range expansion of SPB into northern pine forests and promote the development of 

healthy pine barrens ecosystems. 

3.3 Methods 

3.3.1 Study Site Selection and Description 

We selected the pine barrens of Long Island, NY as our study region because it 

is a core region of pitch pine dominance containing SPB-infested and uninfested stands. 

New York State Department of Environmental Conservation (NYS DEC) has been 

gathering information about SPB on Long Island since it was first identified there in 

2014. Furthermore, these pine barrens are similar to other pitch pine barrens across the 

Northeast in ecological characteristics and ownership patterns (Heuss et al., 2019). These 

attributes make the pine barrens of Long Island an ideal system in which to evaluate and 

compare characteristics of infested and uninfested pine barren forests and develop hazard 

rating models with wider application. 

The pine barrens of Long Island occur in Suffolk County, New York in the 

southeast region of the state. The soils are moderately to excessively drained, medium to 

coarse textured loamy sands and sandy loams which formed from glacial deposits in the 

Wisconsin Age (Kurczewski and Boyle, 2000; Warner et al., 1975). Coastal Native 

American tribes likely managed these forests with fire to promote oak as a food source 

(from mast) and pine as a source of wood and resin for canoe building (Abrams and 

Nowacki, 2021). In the 17-19th centuries, logging and land clearing by European 

colonizers caused frequent fires which led to the expansion of pitch pine forests 

throughout Suffolk County (Kurczewski, 2000). As in many fire-dependent ecosystems, 
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fire suppression policies of the 1920s accelerated the positive feedback loop of 

“mesophication” which caused many of Long Island’s pyrophilic pitch pine communities 

to transition to closed canopy forests of less fire-adapted species (Nowacki and Abrams, 

2008; Welch et al., 2000). Additionally, commercial, residential, and industrial 

development caused substantial alteration, fragmentation, and destruction of a large 

portion of these areas (Jordan et al., 2003). In an effort to protect this ecosystem, the 

Long Island Pine Barrens Preservation Act of 1995 identified 21,266 hectares of land in 

Suffolk County as a core preservation area that encompasses a mosaic of pitch pine-oak- 

heath woodland, pitch pine-scrub oak barrens, and dwarf pine plains (Kurczewski and 

Boyle, 2000).  

 

Figure 3.1. Map of studied pitch pine stands on Long Island, NY showing SPB infestation status, 

previous year SPB spots, and pitch pine basal area.  
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3.3.2 Data Collection 

Field work was conducted from June - July 2019. Sample stands were 

concentrated in large (at least 50 trees cut) and recent (0-2 years old) SPB infestations 

that were identified through communication with the NYS DEC. Stands were sampled 

using the same methodology as in Chapter 2, but stages of SPB attack (0, 1, 2, or 3) were 

recorded for host species (pitch pine and white pine) with a 0 indicating an uninfested 

tree, 1 indicating a newly attacked tree, 2 indicating a tree containing developing broods, 

and 3 indicating a tree that had been killed and vacated by SPB (Billings and Pase, 1979). 

Diameters of cut pitch pine stumps were recorded in order to reconstruct stands that had 

been treated with sanitation harvests for SPB suppression to pre-infestation conditions. 

To predict a tree’s diameter at breast height (DBH; 1.37 m) from its stump diameter (SD), 

DBH and SD measurements were taken from 58 additional pitch pine trees. DBH and 

SD exhibited a linear relationship modeled by the following equation which had an R2 

value of 0.986: 

DBH = 0.9163(SD) – 1.3386 

We sampled a total of 23 stands, although one was excluded from analysis due to 

outlying stand conditions. NYS DEC provided 2018-2019 SPB survey and treatment data 

from which we were able to utilize stand-level SPB presence/absence data and density 

estimates (m2/ha; collected with a prism) from an additional 95 pitch pine stands on Long 

Island, NY. In total, we assessed 2019 stand conditions within 117 stands; 78 of which 

were SPB-infested. Soil texture for each stand was obtained from the SSURGO database 

through the USDA Web Soil Survey (Soil Survey Staff, n.d.).  
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3.3.3 Data Analysis 

Statistical analyses were conducted in R (R Core Team, 2019). Non-parametric 

Wilcoxon rank sum tests (wilcox.text function) in the stats package (R Core Team, 2019) 

were first used to compare stand conditions between SPB-infested and uninfested stands.  

Logistic regression (stats package; glm function; binomial family) was then used to 

model and analyze stand-level SPB susceptibility. We used a model comparison 

approach to determine the best predictors of SPB infestation status (1 - infested and 0 - 

uninfested) from eight factors related to SPB susceptibility in past work: pitch pine basal 

area (m2/ha), pine basal area (white and pitch pine), proportional pitch pine basal area, 

proportional pine basal area, hardwood basal area, total stand basal area, soil texture 

(sand or loam), and a measure of SPB pest pressure. A stand’s pest pressure was 

quantified using the number of previous year (2018) SPB spots within a radius of 690 m; 

the approximate maximum dispersal distance of half of SPB individuals (Turchin and 

Thoeny, 1993). The dredge function in the MuMIn package (Barton, 2020) was used to 

compare models based on Akaike’s Information Criterion (AIC), and the two most 

parsimonious equivalent models (∆AIC ≤ 2) were identified as candidates (Burnham and 

Anderson, 2004). Candidate models were further evaluated using McFadden’s R2, 

Receiver Operating Characteristic (ROC) curves (60% of data used for training, 40% 

reserved for testing), and 10-fold cross validation (repeated five times). The optimal 

model was selected based on model performance, ecological meaningfulness, and 

applicability to forest management decisions. The relative contribution of each predictor 

variable to the model was assessed using its odds ratio, equal to the exponent of 
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regression coefficients or the factor by which odds of infestation changes given a one 

unit increase in the predicator variable (Szumilas, 2010). 

3.4 Results 

3.4.1 Stand Conditions and Candidate Models 

Uninfested stands exhibited significantly lower pitch pine basal area, pine basal 

area, proportional pitch pine basal area, and proportional pine basal area and fewer SPB 

spots within 690 m than SPB-infested stands (Figure 3.2, Appendix B.1, Appendix B.2).  

SPB infestation status was associated with stand basal area, soil texture, and 

previous year SPB spots within 690 m based on the inclusion of these predictor variables 

in the top candidate model (referred to as stand model or “SM”; Table 3.1). A competing 

candidate model (referred to as pitch pine model or “PM”) indicated pitch pine basal 

area, soil texture, and previous year SPB spots within 690 m were also effective at 

approximating SPB infestation status (Table 3.1). Odds ratios of all three continuous 

predictor variables (stand basal area, pitch pine basal area, and previous year SPB spots 

within 690 m) were greater than 1, indicating a positive correlation with odds of SPB 

infestation. Previous year SPB spots within 690 m exhibited the same odds ratio in both 

models (odds ratio = 1.30) which was higher than the odds ratios of stand basal area in 

SM (odds ratio = 1.07) and pitch pine basal area in PM (odds ratio = 1.08). Estimates for 

the discrete variable, soil texture, indicated classification as sand (as opposed to loam) 

had the highest odds ratio in both models but was higher in SM (odds ratio = 5.49) than 

in PM (odds ratio = 5.18). Sandy soils therefore seem to be associated with increased 

incidences of SPB infestation. 
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3.4.2 Model Validation and Selection 

Model validation outcomes for the two candidate models indicated good model 

fit, with PM performing slightly better in all tests (Table 3.2). SM had a higher 

McFadden’s pseudo R2 (SM McFadden’s pseudo R2 = 0.401, PM = 0.387) and slightly 

higher accuracies evidenced by ROC curves (SM AUC = 0.883, PM = 0.846; Table 3.2, 

Table 3.3; Appendix B.3, Appendix B.4) and ten-fold cross validations (SM overall 

accuracy = 0.814, PM = 0.805; Table 3.2, Table 3.3). Furthermore, both models exhibited 

higher sensitivities than specificities (Table 3.3).  

Overall, model validation outcomes suggests that, although SM performed 

slightly better than PM, the two candidate models were comparable (∆AIC ≤ 2). We 

therefore used reasonings related to ecological meaningfulness and management 

applicability to select one candidate model as the hazard rating model. Firstly, unlike 

pitch pine basal area, stand basal area did not differ significantly between infested and 

uninfested stands. This suggests that stand basal area is not a primary factor that is 

predisposing stands to infestation (Hicks et al., 1987). Second, SPB populations are 

known to be highly dependent on the availability of host species (Mason et al., 1985; 

Showalter and Turchin, 1993). Since host basal area cannot be distinguished from non-

host basal area in SM, the model could generate unrealistic predictions. For example, an 

overstocked oak stand that contains no pitch pine would receive a high hazard rating from 

SM even though it is not susceptible to infestation. We therefore conclude that PM is a 

stronger, more realistic, and more applicable model than SM. PM (hereafter referred to 

as the hazard rating model or HRM) indicates that SPB susceptibility increases with pitch 
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pine basal area, number of previous year SPB spots within 690 m, and on sandy soils 

(Figure 3.3, Figure 3.4).  

Table 3.1. Predictor variables of the two candidate models; stand model (SM) and pitch pine model 

(PM). β = regression coefficient, SE = standard error, z = z value, p = p-value, OR = odds ratio. 

Significant p-values (*) are based on α = 0.05. PM (in bold) was selected as the hazard rating model 

(HRM).  
SM  PM (HRM) 

Predictor variables β SE z P OR  β SE z p OR 

Stand basal area 

(m2/ha) 

0.07 0.03 2.61 0.01* 1.07  --- --- --- --- --- 

Pitch pine basal 

area (m2/ha) 

--- --- --- --- ---  0.08 0.03 2.39 0.02* 1.08 

Soil type: sand 1.70 0.73 2.32 0.02* 5.49  1.65 0.73 2.25 0.02* 5.18 

Previous year SPB 

spots ≤ 690 m 

0.26 0.07 3.82 0.00* 1.30  0.27 0.07 3.73 0.00* 1.30 

 

 

Table 3.2. Performance of two candidate models (SM and PM) by ∆AIC, McFadden's R2, AUC (area 

under ROC curve), and accuracy (from 10-fold cross validation). PM (in bold) was selected as the 

hazard rating model (HRM). 

Candidate model ∆AIC McFadden’s R2 AUC Accuracy 

SM 0 0.401 0.883 0.814 

PM (HRM) 1.956 0.387 0.846 0.805 

 

 

Table 3.3. Accuracy estimates of two candidate models (SM and PM) from 10-fold cross-validation 

repeated 5 times. PM (in bold) was selected as the hazard rating model. 

 Confusion matrix  

Candidate model Predicted Reference Accuracy assessment 

Infested Uninfested Total 

SM Infested 342 61 403 Overall accuracy = 0.814 

Uninfested 48 134 182 Sensitivity =  0.877 

Total 390 195 585 Specificity = 0.687     
Balanced accuracy =  0.782 

PM (HRM) Infested 338 62 400 Overall accuracy =  0.805 

Uninfested 52 133 185 Sensitivity =  0.867 

Total 390 195 585 Specificity = 0.682     
Balanced accuracy =  0.774 
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Figure 3.2. Stand basal area (a), pitch pine basal area (b), and previous year SPB spots within 690 m 

(c) of infested and uninfested stands on Long Island, NY. Different letters indicate significantly 

different group means (α = 0.05) according to Wilcoxon rank sum tests. 
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Figure 3.3. SPB hazard ratings predicted across increasing previous year SPB spots within 690 m (x-

axis) by soil texture (line style) and pitch pine basal area (m2/ha; line color). 

 

 

Figure 3.4. Stand-level SPB hazard ratings across increasing pitch pine basal area (m2/ha; x-axis) 

and previous year SPB spots within 690 m (y-axis) for loamy (a) and sandy (b) soils. The dashed line 

corresponds to the mean number of previous year SPB spots within 690 m of stands on Long Island, 

NY (8.27 spots). Hazard ratings correspond as follows: very low = 0-0.2, low = 0.2-0.4, moderate = 

0.4-0.6, high = 0.6-0.8, very high = 0.8-1. 
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3.5 Discussion 

The output of our hazard rating model (HRM) corresponds to the probability that 

a stand is infested given its pitch pine basal area, number of previous year SPB spots 

within 690 m, and soil texture. However, hazard ratings do not correspond to risk, or the 

actual probability of infestation. Instead, by assessing conditions that predispose stands 

to infestation, hazard ratings describe stand-level SPB susceptibility. Hazard ratings 

close to 1.0 indicate that a stand’s conditions make it highly susceptible to SPB 

infestation (high hazard stand) while hazard ratings close to 0 indicate that a stand’s 

conditions are not conducive to SPB infestation (low hazard stand). A high hazard stand 

that is isolated from SPB activity or in a period of low SPB population can therefore exist 

with little to no risk of attack and vice versa (Hicks et al., 1987). This means that, in 

addition to areas within the extent of SPB infestations, the HRM can be applied outside 

of the current range of SPB (where actual risk of infestation is currently low) to inform 

prevention management in regions that may experience future outbreaks. This would be 

accomplished by indicating that all stands outside the current range of SPB have 0 nearby 

SPB spots and then, as in other scenarios, prioritizing stands with higher hazard ratings 

for prevention management. 

The HRM has a higher sensitivity than specificity, which means that it is better 

able to identify infested stands than uninfested stands. Furthermore, it has a higher false 

positive rate than false negative rate, meaning that it is more likely to incorrectly classify 

an uninfested stand as infested than an infested stand as uninfested. This is most likely 

due to our greater sample size of infested stands. When applied to hazard ratings (the 
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model’s output), these statistics imply that the model is more likely to overpredict than 

underpredict a stand’s hazard. This trend is particularly evident at low pitch pine basal 

areas; a stand with very few pitch pines may receive an unrealistically high hazard rating 

if it occurs on sand and/or in close proximity to SPB spots. For these reasons, the model 

is not as useful in stands that contain very few or no host trees (e.g., pitch pine basal area 

less than 10 m2/ha). Stands with such few host trees are unlikely to become infested and 

may not require assessment with a hazard rating tool.  

Many stand conditions have been shown to impact SPB susceptibility in the 

Southeast, with pine basal area being one of the most important and commonly cited 

(Kushmaul et al., 979; Lorio, 1978; Mason et al., 1985). This is consistent with our HRM 

which indicates that stands with higher pitch pine basal areas are more susceptible to 

SPB. This relationship likely results from three factors: (1) trees in denser stands have 

lower vigor, growth, and defensive capabilities, (2) SPB populations (particularly at low 

levels) are strongly dependent on the availability and accessibility of hosts, and (3) 

airflow is not as disruptive to SPB aggregation pheromones in closed-canopy conditions 

(Brown et al., 1987; Lorio and Hodges, 1968, 1977; Mason et al., 1985; Showalter and 

Turchin, 1993; Thistle et al., 2004). For these reasons, past work in the Southeast has 

recommended that stands with a density greater than 27.5 m2/ha in basal area be reduced 

to less than 18.4 m2/ha. Based on the predictions of our HRM, pitch pine basal areas less 

than 15 m2/ha appeared to be less susceptible to SPB infestations. This lower density 

suggested for pitch pine systems likely reflects the historic woodland and barrens 

structure of these ecosystems relative to the highly stocked, economically important 
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southern pine plantations where hazard rating have previously been developed (Asaro et 

al., 2017; Mason et al., 1985). 

Our inclusion of the number of previous year SPB spots within 690 m (the 

approximate maximum dispersal distance of half of SPB individuals (Turchin and 

Thoeny, 1993)) was used to account for stands that were SPB-infested not because they 

contained hazardous stand conditions, but because there they were in close proximity to 

beetle source populations in neighboring infested stands. This concept is often 

overlooked in studies, yet it can have drastic impacts on landscape-level vulnerability 

(Showalter and Turchin, 1993). When SPB populations are low, spots typically initiate 

in high hazard stands because they provide optimal habitat for beetles (Mason et al., 

1985). As conditions become more favorable for SPB, spots increase in number and size 

and expand into moderate or low hazard stands (Mason et al., 1985). Thus, by harboring 

SPB populations and facilitating an initial outbreak, the existence of high hazard stands 

increases the susceptibility of moderate and low hazard stands. Eliminating high hazard 

stands has been demonstrated to prevent future spot development and reduce landscape-

scale susceptibility (Mason et al., 1985). 

Site characteristics including slope, landform, and clay content have previously 

been incorporated into SPB hazard ratings (Mason et al., 1985). Our HRM indicates that 

odds of infestation are over five times as great for stands growing on sand than stands 

growing on loam. The strength of this variable is likely attributed to its ability to capture 

multiple factors that impact overall stand susceptibility. The first is likely linked to the 

effect of water stress on pitch pine’s defensive capabilities. Pitch pines defend against 
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SPB using resin to “pitch out” attacking beetles (Lorio and Hodges, 1977).  Sustained 

resin flow is dependent on adequate oleoresin exudation pressure (OEP) which decreases 

as water stress increases (Vite, 1961). Thus, better hydrated trees are better equipped to 

expel invading beetles, while trees under severe water stress have almost no defense 

capabilities (Lorio and Hodges, 1968, 1977; Thatcher, 1960). The greater water retention 

of loamy soil (Kurczewski and Boyle, 2000) may translate into less water stress and 

greater defensive capabilities in pitch pines growing on these sites versus those on sandy 

soils.  

The second explanation for lower hazard ratings on loamy sites is presumably 

related to the more mixed composition associated with pitch pine forest on these sites 

relative to more pure pine conditions on sandy soils. In particular, mesophytic 

communities, like oak-pitch pine forest or pitch pine-oak forest, tend to develop on sites 

with finer-grained, moderately permeable loamy soils (Jordan et al., 2003; Kurczewski 

and Boyle, 2000). These communities have greater hardwood-dominance than the 

xerophytic communities such as pitch pine-oak-heath woodlands or pitch pine-scrub oak 

barrens that grow on coarser-grained, sandy soils (a trend reflected in the lower on 

average pitch pine basal area and proportion pitch pine in our study stands that occurred 

on loam). Hardwoods have been suggested to impact SPB susceptibility through two 

mechanisms; they could promote infestation through direct competition with pines 

(Hicks, 1980) or, as nonhost species, they could interfere with beetle dispersal and host 

discovery to inhibit infestation (Belanger and Malac, 1980; Showalter and Turchin, 

1993). Results of a 1993 study that investigated the interactive effects of pine and 
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hardwood basal areas on SPB susceptibility supported the later mechanism (Showalter 

and Turchin, 1993). This implies that the lower hazard ratings for stands on loamy soil 

may be due to the presence of more hardwoods that disrupt infestation spread. 

In agreement with many hazard rating systems developed for the Southeast, our 

HRM suggests that an effective way to reduce SPB susceptibility is to reduce pine basal 

area. This can be accomplished through application of thinning and prescribed fire 

(Brown et al., 1987; Clarke and Nowak, 2009; Nowak et al., 2015; Showalter and 

Turchin, 1993). These treatments bring additional benefits to northeastern pitch pine 

barrens; they have proven effective in reducing risk of severe crown fires and generating 

conditions that restore pitch pine dominance, ecosystem function, and habitat structure 

critical to regional biodiversity (Bried et al., 2015, 2014, 2011; Bried and Gifford, 2010; 

Gifford et al., 2010; Howard et al., 2011; Jordan et al., 2003). 
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Figure 3.5. Conceptual diagram of SPB hazard rating for northeastern pitch pine barrens. 

 

3.5.1 Study Limitations 

Study limitations exist in that (1) stand inventory data provided by the NYS DEC 

were not collected using the same methodology as in our data collection, (2) we focus 

only on accessible predictors of SPB hazard, and (3) the HRM was developed using only 

data from coastal pine barrens. 

Basal area estimates from the NYS DEC were obtained using a prism which is 

not as precise as our methodology. We were also unable to include assessments of stand 

conditions that were not recorded by the NYS DEC (such as the number of trees per 

hectare or quadratic mean diameter). Even so, the NYS DEC data greatly expanded our 

dataset and allowed us to create a model effective in approximating the infestation status 

of sampled stands. Within this model, we only included predictors that would be 
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accessible to land managers. This makes the model more applicable and realistic, but not 

necessarily as accurate as a model that uses additional or more complex predictors to 

classify infestation status. For example, we include previous year SPB spots because land 

managers are unlikely to have reliable estimates of current year SPB activity when 

making management decisions. Similarly, soil texture is a predictor that captures 

multiple, more specific factors including water retention, site quality, and community 

type. Lastly, our HRM was developed using data only from coastal pine barrens which 

differ from inland barrens in factors that have the potential to impact SPB susceptibility, 

including  exposure to saltwater spray/intrusion and more severe storms, and distinct 

communities types (Art et al., 1974; Asaro et al., 2017; Edinger et al., 2014; Oosting and 

Billings, 1942). However, because SPB outbreaks have not occurred in northern inland 

barrens, the Long Island pine barrens offer the northernmost system in which conditions 

present in SPB-infested and uninfested stands can be compared. 

3.6 Conclusion 

Our HRM uses three variables accessible to land managers to predict stand-level 

SPB susceptibility: (1) pitch pine basal area, (2) the number of previous year SPB spots  

nearby, and (3) soil texture. We found that stand hazard increases with increasing pitch 

pine basal area, the number of previous year SPB spots nearby, and on sandy soils. Basal 

area reduction treatments such as thinning and prescribed burning have not only proven 

to be effective in achieving SPB resilience, but they have also been applied to achieve 

pine barrens conservation objectives. This clear alignment implies that northeastern pitch 
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pine barrens can be managed both to conserve historic ecological conditions and improve 

resilience to future threats.  
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CHAPTER 4: SUMMARY 

4.1 Conclusions and Implications 

This study evaluates northeastern pitch pine barrens in the context of two threats: 

mesophication and southern pine beetle impacts. The first chapter provides an assessment 

of the current status of five pine barrens communities and the outcome of different 

management strategies. Our results support the concept of northeastern pitch pine barrens 

as a landscape mosaic of different communities maintained by disturbance regimes. 

Consistent with the process of mesophication, the removal of this disturbance causes the 

mosaic to homogenize as communities transition to closed-canopy forests dominated by 

mesophilic species (Bried et al., 2014; Howard et al., 2011; Nowacki and Abrams, 2008). 

Prescribed fire, thinning, and their combination were all effective in maintaining 

overstory structure and composition consistent with historic pine barrens conditions.  

The second chapter builds on this work by considering the threat of SPB; we 

compare stand conditions present in SPB-infested and uninfested pitch pine stands on 

Long Island, NY and present the first regionally calibrated hazard rating model (HRM) 

that can be applied across northeastern pitch pine-dominated ecosystems to obtain stand-

level measurements of SPB susceptibility. Our hazard rating model indicates that 

infestation status can be approximated using pitch pine basal area, the number of previous 

year SPB spots nearby, and soil texture. Specifically, we found that stand susceptibility 

increases with increasing pitch pine basal area, previous year SPB spots nearby, and on 

sandy soils. Stands with a pitch pine density less than 15 m2/ha appeared to be less 

susceptible to SPB infestation. 
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In agreement with previous research conducted in the southeastern US, our work 

suggests that density reduction techniques like prescribed fire and thinning would be 

effective in reducing SPB vulnerability in northeastern pitch pine-dominated ecosystems 

(Brown et al., 1987; Clarke and Nowak, 2009; Nowak et al., 2015; Showalter and 

Turchin, 1993). The HRM can support the ecologic and economic efficacy of these 

treatments by assisting managers in identifying stands that provide optimal beetle habitat 

and opportunities for initial outbreak (Mason et al., 1985). As discussed in Chapter 1, 

burning and thinning have also proven effective in preserving diverse communities 

within the pine barrens mosaic and reducing crown fire risk; especially when combined 

with supporting treatments such as mowing or herbicide (Bried et al., 2015, 2014, 2011; 

Bried and Gifford, 2010; Gifford et al., 2010; Howard et al., 2011; Jordan et al., 2003; 

Patterson and Crary, 2007). Therefore, prioritizing the correction of stand conditions in 

high hazard stands will not only help to reduce landscape-scale vulnerability to SPB, but 

it will also help to restore the pine barrens mosaic. 

Despite the many ecological benefits of fire in pine barrens, returning fire to 

forested ecosystems has the potential to lower tree vigor, especially during periods of 

drought stress (Collins et al., 2014; van Mantgem et al., 2013). However, it has been 

suggested that repeated fires have less impact on tree vigor than initial fire due to reduced 

fuel loads and increased heterogeneity in vegetation structure resulting from initial fire 

(Collins et al., 2014). One way to potentially balance tree vigor with other objectives 

(such as fuel reduction or habitat conservation) is to apply repeated prescribed burns 

beginning several years after an initial mechanical treatment (Collins et al., 2014).  This 
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would allow residual trees to improve vigor before burning, which may make them better 

able to withstand potential fire injury (Collins et al., 2014). This gradual approach to 

reintroducing fire could be useful when restoring pitch pine dominance and open stand 

conditions to closed canopy oak-pine forests that have experienced decades of fire 

suppression. 

Further study is needed to understand the vulnerability of more northern hard 

pines (e.g. red and jack pine) and lower quality hosts (e.g. soft pines and spruce) to SPB 

impacts (Dodds et al., 2018). Because they are on the frontier of SPB range expansion, 

pitch pine forests could act as corridors through which SPB travels to contiguous pine 

forests in northern regions of the Northeast and Canada. Therefore, applying SPB 

adaptation strategies in northeastern pitch pine barrens could help prevent SPB impacts 

in additional novel ecosystems. To build on our work, future studies could assess how 

the frequency and intensity of management applied to reduce SPB susceptibility affects 

the resulting community. A further understanding of the disturbance required to restore 

adequate pitch pine regeneration and soil characteristics associated with pine barrens 

communities to closed-canopy pitch pine woodlands or oak-pine forests is of particular 

interest. 
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APPENDIX A 

Appendix A.1. Structural characteristics of five pine barrens communities in the Albany Pine Bush 

and the Ossipee Pine Barrens. Characteristics were averaged across sampled stands. ba = basal area 

per hectare (m2/ha). 
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Appendix A.2. Structural characteristics of unmanaged stands and stands managed using burning, 

thinning, and burning and thinning in the Albany Pine Bush and the Ossipee Pine Barrens. 

Characteristics were averaged across sampled stands. ba = basal area per hectare (m2/ha). 
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Appendix A.3. Pairwise PERMANOVA results for community types in the Albany Pine Bush and 

Ossipee Pine Barrens. Significant values (*) are based on Bonferroni-corrected p-values (α = 0.05) to 

adjust for inflated Type 1 error. PP-OF = pitch pine-oak forest. PP-SOB = pitch pine-scrub oak 

barrens. PP-SOT = pitch pine-scrub oak thicket. SNSG = successional northern sandplains 

grasslands. PP-SOW = pitch pine-scrub oak woodland. 

Community pairs F R2 p 

PP-OF vs PP-SOB 37.55 0.48 0.01* 

PP-OF vs PP-SOT 36.61 0.56 0.01* 

PP-OF vs SNSG 8.68 0.27 0.03* 

PP-OF vs PP-SOW 0.55 0.02 1 

PP-SOB vs PP-SOT 10.17 0.27 0.02* 

PP-SOB vs SNSG 0.49 0.02 1 

PP-SOB vs PP-SOW 22.85 0.41 0.01* 

PP-SOT vs SNSG 3.78 0.27 0.66 

PP-SOT vs PP-SOW 23.35 0.53 0.01* 

SNSG vs PP-SOW 5.34 0.26 0.21 
 

 

Appendix A.4. Pairwise PERMANOVA results for management strategies in the Albany Pine Bush 

and Ossipee Pine Barrens. Significant values (*) are based on Bonferroni-corrected p-values (α = 

0.05) to adjust for inflated Type 1 error. B = burned. BT = burned and thinned. T = thinned. None = 

no management. 

Management pairs F R2 p 

B vs BT 0.55 0.01 1 
B vs None 20.31 0.36 0.006* 
B vs T 2.10 0.07 0.798 
BT vs None 32.87 0.48 0.006* 
BT vs T 2.29 0.07 0.642 
None vs T 21.64 0.57 0.006* 
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Appendix A.5. Stand condition loadings on NMDS axes from the envfit function. The function 

calculates stand condition loadings on each NMDS axis, performs rank correlations between stand 

condition loadings and NMDS axis scores, and assesses statistical significance using a permutation 

test with 999 permutations. Significant values (*) are based on α = 0.05. Basal area is in m2/ha. 

Stand condition NMDS1 

loading 

NMDS2 

loading 

R2 p 

Pitch pine basal area 0.51 -0.86 0.55 0.001* 

White pine basal area 0.06 -1.00 0.39 0.001* 

Oak basal area -0.99 0.13 0.63 0.001* 

Red maple basal area -0.64 -0.77 0.49 0.001* 

Hardwood basal area -0.98 -0.18 0.73 0.001* 

Stand basal area 0.01 -1.00 0.80 0.001* 

Trees per hectare 0.17 -0.99 0.70 0.001* 

Proportion pitch pine 1.00 0.00 0.79 0.001* 

Proportion pine 0.98 -0.17 0.64 0.001* 

Quadratic mean diameter -0.22 0.98 0.30 0.001* 

Proportion of trees > 40 cm in diameter -0.32 0.95 0.19 0.002* 

Standard deviation in basal area between plots 0.22 -0.98 0.10 0.026* 
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APPENDIX B 

Appendix B.1. Descriptive statistics of model inputs: pitch pine basal area (m2/ha) and number of 

previous year (2018) spots within 690 m (the approximate distance of half of SPB individuals 

(Turchin and Thoeny, 1993)). 

Stand condition n Mean Minimum Maximu

m 

Standard 

deviation 

Infested stands: pitch pine 

basal area 

7

8 

17.91 1.38 39.03 8.13 

Infested stands: Previous 

year SPB spots ≤ 690 m 

7

8 

11.85 0.00 30.00 9.99 

Uninfested stands: Pitch pine 

basal area 

3

9 

14.10 0.00 35.52 9.13 

Uninfested stands: Previous 

year SPB spots ≤ 690 m 

3

9 

1.13 0.00 17.00 3.20 

 

 

Appendix B.2. Wilcoxon rank sum tests for differences in mean stands conditions between infested 

and uninfested pitch pine stands. Significant values (*) are based on α = 0.05. W = Wilcoxon test 

statistic. 

Stand condition W p 

Pitch pine basal area 1933.5 0.017* 

Pine basal area 1952.5 0.012* 

Stand basal area 1803 0.102 

Hardwood basal area 1427 0.581 

Proportional pitch pine basal area 1903 0.026* 

Proportional pine basal area 1903 0.026* 

Previous year SPB spots within 690 m 2555 0.000* 
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Appendix B.3. ROC curve for SM predictions. AUC = 0.883. 

 

 

Appendix B.4. ROC curve for hazard rating model (PM) predictions. AUC = 0.846. 

 


