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Abstract

1. Climate change is facilitating a novel range expansion of southern pine beetle (SPB)

into globally rare north-eastern pitch pine barrens.

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

stands on Long Island, NY, USA, we developed a regionally-calibrated hazard rating

model that predicts stand-level SPB susceptibility.

3. The model indicates that a stand’s SPB susceptibility increases with (1) increasing

pitch pine basal area, (2) increasing instances of previous year SPB spots nearby,

and (3) sandy soil texture.

4. The model informs adaptation strategies to a novel pest dynamic by supporting the

identification and prioritization of high hazard stands for prevention management.

5. An alignment between treatments effective in reducing SPB vulnerability and con-

serving pine barrens communities indicates that pine barrens can be managed both

to improve resilience to future threats and preserve historic ecological conditions.
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INTRODUCTION

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 habi-

tat (Adams et al., 2009; Boon, 2012; Dale et al., 2001; Hicke

et al., 2012; Mcshea et al., 2007; Veblen et al., 1991). Given the impor-

tance of climate to the physiological and ecological determinants of

pest distribution and dynamics, climate change is indirectly affecting

forests by altering the range, frequency, or severity of pest outbreaks

(Ayres & Lombardero, 2000; Deutsch et al., 2008; Dukes et al., 2009;

Jactel et al., 2019; Logan et al., 2003; Pureswaran et al., 2018). Such cli-

mate change-induced alterations to historic disturbance regimes can

present novel ecological effects and management challenges.

As temperatures rise, there are a growing number of examples of

phytophagous insect populations expanding their ranges (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

most well-understood examples has occurred among bark beetles

(Coleoptera: Curculionidae: Scolytinae) in North America. Southern

pine beetle [Dendroctonus frontalis Zimmermann (SPB)] is a bark beetle

whose wide-scale ecologic, economic, and social impacts have

deemed it one of most destructive pests of pine forests (Clarke &

Nowak, 2009; Coulson & 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 south-

eastern United States, Mexico, and Central America, with northern
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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 enhanced beetle

fitness at northern distributions and allowed for damaging populations

to expand (Lesk et al., 2017; Ungerer et al., 1999; Weed et al., 2013).

The ongoing northward expansion of SPB threatens ecosystems

dominated by potential host species with limited historical exposure

to the beetle, including the globally rare north-eastern pitch pine bar-

rens (Lesk et al., 2017; Tran et al., 2007; Ungerer et al., 1999;

Williams & Liebhold, 2002). In SPB-infested pine barrens, high levels

of mortality in canopy pitch pine (Pinus rigida Mill.) are accelerating

the ongoing transition of open-canopy, fire-dependent pitch pine bar-

rens to forests dominated by less pyrophilic species like oaks (genus

Quercus), red maple (Acer rubrum L.), and white pine (Pinus strobus L.;

(Heuss et al., 2019; Howard et al., 2011; Nowacki & Abrams, 2008).

SPB damage may extend to more northern pine barrens as SPB-

suitable climates are expected to reach 78% of pitch pine forests by

2050 (Lesk et al., 2017).

SPB populations follow a pulse eruptive cycle in which favourable

environmental conditions lead to irregular explosive population

growth and the death of a large portion of host species

(Berryman, 1986). During these outbreaks, semiochemical communi-

cation between SPB organizes mass attacks that can overwhelm resin

defence systems of healthy trees and cause host death in a matter of

days to weeks (Hain et al., 2011; Hassett et al., 2017; Sullivan, 2011).

Incidences of SPB infestation in the south-eastern United States have

been reduced in some stands through the application of forest man-

agement treatments such as stand thinning and prescribed burning

that promote stand vigour and disrupt SPB pheromonal communica-

tion (Brown et al., 1987; Burkhart et al., 1986; Nebeker &

Hodges, 1983; Nowak et al., 2015; Showalter & Turchin, 1993). With

the exception of relatively small-scale applications, these silvicultural

treatments have not been widely implemented in pitch pine-

dominated communities in the north-eastern United States (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 south-

eastern 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 inter-

face (Blanchard & Ryan, 2007; Radeloff et al., 2005; Ryan, 2012).

Together, these obstacles, the looming threat of SPB, and the distur-

bance requirements of pine barrens ecosystems make it important for

management decisions to be ecologically and economically effective.

Hazard rating is a powerful tool for understanding the relation-

ships between pest activity and forest conditions. Based on factors

that predispose stands to pest infestation, its purpose is not to predict

when or if damage will occur, but to identify conditions where infesta-

tions are most likely to occur and areas where damage (e.g., tree mor-

tality) is expected to be greatest (Mason et al., 1985). Hazard rating

models thus provide land managers with information useful in identi-

fying areas that may require preventative management, increased sur-

veillance, accelerated suppression action, or post-damage appraisal

(Hicks et al., 1987). Hazard models have successfully been applied in

the south-eastern United States to determine stand-level SPB suscep-

tibility using various predictors based on stand and site conditions,

including host species abundance, site quality, age structure, density,

landform, and SPB abundance (Billings & Upton, 2010; Dodds

et al., 2018; Hicks et al., 1980, 1987; Mason et al., 1985). As part of

the National Insect and Disease Risk Map (NIDRM) effort in 2012, a

GIS-based multi-criteria/weighted modelling framework was utilized

to classify SPB hazard (based on weighted inputs of pine basal area,

quadratic mean diameter of pines, stem density index, and history of

past SPB outbreaks) at 240-meter resolution across all lands/

ownerships in the south-eastern United States (Krist Jr. et al., 2014).

The results were subsequently ‘rolled up’ to classify SPB hazard at the

county scale across the south-eastern United States, for use by federal

and state partners in targeting prevention and surveillance activities

(https://www.fs.fed.us/foresthealth/applied-sciences/mapping-reporting/

spb-hazard-rating-maps.shtml). Due to the comparatively small and iso-

lated distribution of north-eastern pine-dominated forests and the

unique species composition, SPB hazard models developed for

south-eastern forests have limited applicability to the north-east

(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, New York (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 adaption to SPB in the north-

east (Dodds et al., 2018).

We aimed to expand hazard rating capabilities to inform adapta-

tion strategies to this novel pest dynamic across a broader land-

scape. We developed a regionally-calibrated hazard rating model

that uses (1) site characteristics, (2) stand conditions, and (3) previous

SPB activity to predict stand-level susceptibility of north-eastern

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 pre-

vention management.

METHODS

We selected the pine barrens of Long Island, NY as our study area

because it is a core region of pitch pine dominance containing SPB-

infested and uninfested stands. New York State Department of Envi-

ronmental 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 north-east in ecological characteristics and ownership pat-

terns (Heuss et al., 2019). These attributes make the pine barrens of

Long Island an ideal system in which to evaluate and compare charac-

teristics of infested and uninfested pine barren forests and develop

hazard rating models with wider application (Figure 1).

Located on the Atlantic Coast, the Long Island pine barrens are

vulnerable to hurricanes. High wind speeds and saltwater spray
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associated with Hurricane Sandy in 2012 may have elevated tree

stress and predisposed forests to the 2014 SPB infestation (Asaro

et al., 2017; Griffiths & Orians, 2004). As trees recover from this

stress, SPB vulnerability may decrease; however, projected increases

in the intensity of hurricanes for this region suggest these events are

likely to remain a component of the disturbance regimes for these

ecosystems into the future (Holland & Bruyère, 2014).

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 and other local stake-

holders. We sampled a total of 23 stands, although one was excluded

from analysis due to outlying stand conditions. Additionally, NYS DEC

provided 2018–2019 SPB survey and treatment data (SPB presence/

absence data and basal area estimates from a prism) for 95 pitch pine

stands on Long Island, NY. In total, we assessed 2019 stand condi-

tions 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.).

Fieldwork was conducted from June to July 2019. Within sample

stands, three 400 m2 fixed-radius plots were randomly established

with a distance of at least 40 m between plot centres. Tree species,

health status (live or snag), crown class (dominant, codominant, inter-

mediate, 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 within plots. Stage of SPB attack (0, 1, 2, or 3) was recorded

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

uninfested tree, 1 indicating a newly attacked tree, 2 indicating a tree

containing developing brood, and 3 indicating a tree that had been

killed and vacated by SPB (Billings & Pase, 1979). Because we aimed

to identify conditions that facilitate SPB infestation, SPB-killed trees

and stumps of trees cut during sanitation harvests were included in

data collection efforts so stands could be reconstructed to pre-

infestation conditions. To predict a tree’s diameter at breast height

(DBH) from its stump diameter (SD), DBH and SD measurements

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

a linear relationship modelled by the following equation, which had an

R2 value of 0.986:

DBH¼0:916 SDð Þ�1:339:

We limited our analyses to stand conditions recorded by the NYS

DEC during SPB survey and treatment efforts so that stand inventory

data from 95 additional stands could be included. Statistical analyses

were conducted in R (R Core Team, 2021). Non-parametric Wilcoxon

rank-sum tests (stats package; wilcox.text function) were first used to

compare stand conditions between SPB-infested and uninfested

F I GU R E 1 Map of studied pitch pine stands on Long Island, NY showing southern pine beetle (SPB) infestation status, previous year SPB
spots, and pitch pine basal area.
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stands (R Core Team, 2021). Logistic regression (stats package; glm func-

tion; binomial family) was then used to model and analyse stand-level

SPB susceptibility (R Core Team, 2021). 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 susceptibil-

ity 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 the number of nearby previous year (2018) SPB spots deter-

mined from aerial surveys, defined as a group of six or more neigh-

bouring trees infested by SPB within a radius of 690 m, or the

approximate maximum dispersal distance of half of SPB individuals

(Turchin & Thoeny, 1993). The dredge function (MuMIn package) was

used to compare models based on Akaike’s information criterion (AIC),

and the two most parsimonious equivalent models (ΔAIC ≤2) were iden-

tified as candidates (Barton, 2020; Burnham & Anderson, 2004). Candi-

date models were further evaluated using McFadden’s R2, receiver

operating characteristic (ROC) curves (60% of data used for training,

40% reserved for testing), and ten-fold cross-validation (repeated five

times). The optimal model was selected based on model performance,

ecological meaningfulness, and applicability to forest management deci-

sions. The relative contribution of each predictor variable to the model

was assessed using its odds ratio, equal to the exponent of regression

coefficients or the factor by which odds of infestation changes given a

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

RESULTS

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 previous year SPB spots nearby than

reconstructed SPB-infested stands (Figure 2).

SPB infestation status was associated with stand basal area, soil

texture, and previous year SPB spots based on the inclusion of these

predictor variables in the top candidate model (SM for “stand
model”, Table 1). A competing candidate model (PM for “pitch pine”
model, Table 1) also indicated that soil texture and previous year

SPB spots were effective at approximating SPB infestation status,

but it included pitch pine basal area instead of stand basal area. Odds

ratios of all three continuous predictor variables used in these

models (stand basal area, pitch pine basal area, and previous year

SPB spots) were greater than 1, indicating a positive correlation with

odds of SPB infestation. Previous year SPB spots exhibited the same

odds ratio in both models (OR = 1.30), which was higher than the

odds ratios of stand basal area in SM (OR = 1.07) and pitch pine

basal area in PM (OR = 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 (OR = 5.49)

than in PM (OR = 5.18).

F I GU R E 2 Stand basal area (a), pitch pine basal area (b), and previous year southern pine beetle (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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Model validation and selection

Model validation outcomes for the two candidate models indicated

good model fit, with SM performing slightly better in all tests (Table 2).

SM had a higher McFadden’s pseudo R2 (SM R2 = 0.401, PM = 0.387)

and slightly higher accuracies evidenced by ROC curves

(SM AUC = 0.883, PM = 0.846; Table 2) and ten-fold cross-validations

(SM overall accuracy = 0.814, PM = 0.805; Tables 2 and 3). Both

models exhibited higher sensitivities than specificities (Table 3). Since

performance of candidate models was comparable, PM (hereafter called

hazard rating model or HRM) was selected over SM as the optimal

model. This selection was justified for two primary reasons. First, unlike

pitch pine basal area (used in HRM), total stand basal area (used in SM)

did not significantly differ between infested and uninfested stands

(Figure 2). Second, research has shown that SPB populations are highly

dependent on the availability of host species: a factor that could not be

distinguished in SM (Mason et al., 1985; Showalter & Turchin, 1993).

The HRM predicts probability of SPB infestation (interpreted as hazard)

using the following equation where PBA = pitch pine basal area (m2/

ha), SPB = number of previous year SPB spots within 690 m, and STF

= soil texture factor (1.645 for sand and 0 for loam):

Hazard rating¼ 1
1þexp − −3:035þPBA�0:075þSPB�0:265þSTFð Þð Þ

Thus, stand-level hazard rating increases with (1) increasing pitch

pine basal area, (2) increasing number of previous year SPB spots

nearby, and (3) on sandy soil (Figures 3 and 4).

DISCUSSION

Hazard rating model as a forest management tool

Statistically, predictions from the hazard rating model (HRM) corre-

spond to the probability that a stand is infested given its pitch pine

basal area, number of previous year SPB spots nearby, and soil tex-

ture. When interpreted as a forest management tool, however, model

predictions do not correspond to “risk”, or the actual probability of

pest infestation (Hicks et al., 1987). Instead, model outputs corre-

spond to “hazard ratings”. Hazard ratings describe stand-level

T AB L E 1 Predictor variables of the two candidate models; SM and PM

SM PM (HRM)

Predictor variables Β SE z p OR β SE z p OR

Intercept �3.34 0.97 �3.43 0.001* 0.04 �3.03 0.92 �3.29 0.001* 0.05

Stand basal area (m2/ha) 0.07 0.03 2.61 0.009* 1.07 — — — — —

Pitch pine basal area (m2/ha) — — — — — 0.08 0.03 2.39 0.017* 1.08

Soil type: sand 1.70 0.73 2.32 0.020* 5.49 1.65 0.73 2.25 0.024* 5.18

Previous year SPB spots ≤690 m 0.26 0.07 3.82 <0.001* 1.30 0.27 0.07 3.73 <0.001* 1.30

Note: 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.

T AB L E 2 Performance of two candidate models (SM and PM)
based on ΔAIC, McFadden’s R2, AUC (area under ROC curve), and
accuracy (from ten-fold cross-validation)

Candidate model ΔAIC McFadden’s R2 AUC Accuracy

SM 0 0.401 0.883 0.814

PM (HRM) 1.956 0.387 0.846 0.805

Note: PM (in bold) was selected as the hazard rating model.

T AB L E 3 Accuracy estimates of two candidate models (SM and PM) from ten-fold cross-validation repeated five times

Confusion matrix

Candidate model Predicted

Reference

Accuracy assessmentInfested 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

Note: PM (in bold) was selected as the hazard rating model.
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susceptibility to infestation by analysing attributes that predispose a

stand to infestation (Hicks et al., 1987). Ratings closer to zero indicate

that a stand’s conditions are not conducive to pest infestation (i.e., it

is a low hazard stand), while values closer to one indicate that a

stand’s conditions are highly conducive to infestation (i.e., it is a high

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 risk of

F I GU R E 3 Southern pine beetle (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 colour).

F I GU R E 4 Stand-level southern pine beetle (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).
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infestation is currently low) to inform prevention management in

regions that may experience future infestations and outbreaks.

Hazard rating predictors

Many stand conditions have been shown to impact SPB susceptibility

in the south-eastern United States, with pine basal area being one of

the most important and commonly cited (Krist Jr. et al., 2013;

Kushmaul et al., 1979; Lorio Jr., 1978; Mason et al., 1985). This is con-

sistent 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 vig-

our, growth, and defensive capabilities; (2) SPB populations (particu-

larly at low levels) are strongly dependent on the availability and

accessibility of hosts; and (3) airflow is not as disruptive to SPB aggre-

gation pheromones in closed-canopy conditions (Brown et al., 1987;

Lorio Jr. & Hodges, 1968; Lorio Jr. & Hodges, 1977; Mason

et al., 1985; Showalter & Turchin, 1993; Thistle et al., 2004, 2011).

For these reasons, past work in the south-eastern United States 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 predic-

tions 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 southern pine plantations where haz-

ard ratings have previously been developed (Asaro et al., 2017; Krist

Jr. et al., 2013; Mason et al., 1985).

Our inclusion of the number of previous year SPB spots nearby

(i.e., risk) was used to account for stands that were SPB-infested not

because they contained hazardous stand conditions, but because they

were in close proximity to beetle source populations in neighbouring

infested stands. This concept is often overlooked in studies, yet it can

have drastic impacts on landscape-level vulnerability (Showalter &

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 favourable for SPB,

spots increase in number and size and expand or proliferate into mod-

erate or low hazard stands (Mason et al., 1985). Thus, by harbouring

SPB populations and facilitating an initial infestation, 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 sus-

ceptibility (Mason et al., 1985).

In areas such as Long Island where SPB is already present, the

number of previous year SPB spots nearby can be determined using

available survey data collected during annual state and federal aerial

insect and disease surveys. The inclusion of this predictor in the HRM

increases prediction accuracy by 10%, largely because it improves the

model’s ability to identify uninfested stands. However, regardless of

whether previous year SPB activity is included in the model, the rela-

tionship between hazard and the other two predictors (pitch pine

basal area and soil texture) remains the same. Therefore, if SPB is not

yet present in an area or if SPB spot data are unavailable, pitch pine

basal area and soil type alone can offer strong guidance for reducing

stand hazard.

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. First,

the variable could be capturing the effect of water stress on pitch

pine’s defensive capabilities. Pitch pines defend against SPB using

resin to “pitch out” attacking beetles (Lorio Jr. & Hodges, 1977), but

sustained resin flow is dependent on adequate oleoresin exudation

pressure, which decreases beyond moderate levels of moisture stress

(Lorio, 1986). Thus, better hydrated trees are better equipped to expel

invading beetles, while trees under severe water stress have almost

no defence capabilities (Lorio Jr. & Hodges, 1968; Lorio Jr. &

Hodges, 1977; Thatcher, 1960). The greater water retention of loamy

soil (Kurczewski & Boyle, 2000) may translate into less water stress

and greater defensive capabilities in pitch pines growing on loamy soil

than those growing 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 & Boyle, 2000). These communities have greater hard-

wood dominance than xerophytic communities such as pitch pine-

oak-heath woodlands or pitch pine-scrub oak barrens that grow on

coarser-grained, sandy soils. This was reflected in our study in that

loamy stands exhibited a lower percentage of pitch pine trees than

sandy stands. Hardwoods have been suggested to impact SPB suscep-

tibility 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 & Malac, 1980; Showalter &

Turchin, 1993). Results of a 1993 study that investigated the interac-

tive effects of pine and hardwood basal areas on SPB susceptibility

supported the later mechanism (Showalter & Turchin, 1993). This

implies that lower hazard ratings predicted for stands on loamy soil

may be due to the presence of more hardwoods that disrupt infesta-

tion spread.

Management implications

In agreement with many hazard rating systems developed for the

south-eastern United States, our HRM suggests that an effective way

to reduce SPB susceptibility is to maintain open stand conditions and

promote stand health by reducing pitch pine basal area. This can be

accomplished through application of thinning and prescribed fire
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(Brown et al., 1987; Clarke & Nowak, 2009; Nowak et al., 2015;

Showalter & Turchin, 1993), processes that have shaped the pine barrens

landscape for centuries. In the pine barrens of Long Island, Coastal

Native American tribes likely managed with fire to promote oak as a food

source (from mast), pine as a source of wood and resin for canoe build-

ing, and berry production from Vaccinium (Abrams & Nowacki, 2021;

Kimmerer & Lake, 2001). 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

& Boyle, 2000). Fire suppression policies of the 1920s abruptly reduced

the amount of fire in the north-east, thereby accelerating the conversion

of pyrophilic pitch pine communities to closed-canopy, mesic forests

through the process of mesophication (Nowacki & Abrams, 2008; Welch

et al., 2000). Thus, in addition to SPB resilience, prescribed fire and thin-

ning bring many benefits to north-eastern pitch pine barrens; they have

proven effective in reducing the 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., 2011, 2014,

2015; Bried & Gifford, 2010; Gifford et al., 2010; Howard et al., 2011;

Jordan et al., 2003).

CONCLUSION

Our HRM uses three variables accessible to land managers to predict

stand-level SPB susceptibility. We found that stand hazard increases

with (1) increasing pitch pine basal area, (2) increasing instances of

previous year SPB spots nearby, and (3) sandy soil texture. 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 objec-

tives. This clear alignment implies that north-eastern pitch pine bar-

rens can be managed both to conserve historic ecological conditions

and improve resilience to future threats.
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