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Abstract

Damage from infestations of Lymantria dispar L. in oak-dominated stands and southern
pine beetle (Dendroctonus frontalis Zimmermann) in pine-dominated stands have far
exceeded impacts of other disturbances in forests of the mid-Atlantic Coastal Plain over the
last two decades. We used forest census data collected in undisturbed and insect-impacted
stands combined with eddy covariance measurements made pre- and post-disturbance in
oak-, mixed and pine-dominated stands to quantify how these infestations altered forest
composition, structure and carbon dynamics in the Pinelands National Reserve of southern
New Jersey. In oak-dominated stands, multi-year defoliation during L. disparinfestations
resulted in > 40% mortality of oak trees and the release of pine saplings and understory veg-
etation, while tree mortality was minimal in mixed and pine-dominated stands. In pine-domi-
nated stands, southern pine beetle infestations resulted in > 85% mortality of pine trees but
had minimal effect on oaks in upland stands or other hardwoods in lowland stands, and only
rarely infested pines in hardwood-dominated stands. Because insect-driven disturbances
are both delaying and accelerating succession in stands dominated by a single genus but
having less effect in mixed-composition stands, long-term disturbance dynamics are favor-
ing the formation and persistence of uneven age oak-pine mixedwood stands. Changes in
forest composition may have little impact on forest productivity and evapotranspiration;
although seasonal patterns differ, with highest daily rates of net ecosystem production
(NEP) during the growing season occurring in an oak-dominated stand and lowest in a pine-
dominated stand, integrated annual rates of NEP are similar among oak-, mixed and pine-
dominated stands. Our research documents the formation of mixedwood stands as a conse-
quence of insect infestations in the mid-Atlantic region and suggests that managing for mix-
edwood stands could reduce damage to forest products and provide greater continuity in
ecosystem functioning.
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Introduction

Throughout the Northeast and mid-Atlantic regions of the USA, intermediate age forests with
median tree ages of approximately 70 to 110 years have regenerated following farm abandon-
ment, the cessation of industrial forestry practices such as clearcutting and charcoal produc-
tion, and a decrease in the occurrence of severe wildfires [1-3]. Disturbance regimes in these
forests differ in spatial and temporal scales, and intensity, compared to previous stand replac-
ing disturbances, and are now characterized by insect infestations, disease, windstorms, man-
aged wildland fire, and harvesting [4-7]. Impacts resulting from infestations of native and
non-native insects are especially acute in the northeastern US, as they now account for the
majority of forest damage [8-11]. On the mid-Atlantic Coastal Plain, oak (Quercus spp.) tree
mortality resulting from infestations of L. dispar (Lymantria dispar L.) in oak-dominated
stands and pine (Pinus spp.) mortality following infestations of southern pine beetle (Dendroc-
tonus frontalis Zimmermann) in pine-dominated stands over the last decade have far exceeded
the area impacted by wildfires, harvesting or windstorms, which were previously the major dis-
turbances in these forests [12-15].

The 445,000 ha Pinelands National Reserve (PNR) in southern New Jersey contains the larg-
est forested area on the mid-Atlantic Coastal Plain. Following the cessation of intensive forest
harvesting and charcoaling activities, less frequent wildfires because of suppression activities
and changes in forest management practices have facilitated the establishment and persistence
of oaks and other mesic hardwoods in the PNR (Fig 1; [12, 16-18]). More recently, oak tree and
sapling mortality in oak-dominated stands infested by L. dispar have facilitated the release and
regeneration of pines, leading to the formation of uneven-age mixed composition stands. These
“mixedwoods” are characterized by neither hardwood nor softwood species exceeding approxi-
mately 75% dominance [e.g., 19-22]. Numerous pine-dominated stands established naturally
following harvesting, charcoaling, and then repeated severe wildfires early in the 20™ century.
Continued wildfire activity and landscape-scale prescribed burning has limited the regeneration
of oaks and other mesic hardwoods and resulted in the persistence of pine-dominated stands
[12, 16, 17, 23]. Over the last two decades, pine tree mortality as a result of southern pine beetle
infestations in previously pine-dominated stands has increased the proportional basal area (BA;
mha') and biomass of oaks in upland stands, and of hardwoods such as red maple (Acer
rubrum L.) and black gum (Nyssa sylvatica Marshall) in lowland stands, also resulting in the for-
mation of uneven-age mixedwood stands (Fig 1; [15, 24, 25]).

Insect infestations that target specific softwood or hardwood species have short- and long-
term effects on the functioning of forest ecosystems [13, 26-30]. In the absence of infestations or
other major disturbance, annual net primary productivity (NPP) of intermediate age forests in
the mid-Atlantic region derived from USDA Forest Inventory and Analysis data (FIA; [9]) and
FIA-type forest census plots in the PNR range from 3.8 to 4.6 T C ha' yr''; estimates for oak-
dominated, oak-pine mixedwood, and pine-dominated forests from both sources are similar (S1
Table). Simulated values of NPP for oak-dominated, oak-pine mixedwood, and pine-dominated
stands using three different process-based models are consistent with forest census estimates of
NPP [31-34]. Estimated net ecosystem production (NEP) by oak-dominated, oak-pine mixed-
wood, and pine-dominated stands across the region derived from FIA data and model simula-
tions range from 1.2to 2.3 T C ha™ yr' (S1 Table). Derived and simulated NEP estimates are
consistent with annual NEP values calculated from eddy covariance measurements of net ecosys-
tem exchange of CO, (NEE) during undisturbed years in intermediate age oak-dominated, oak-
pine mixedwood, and pine-dominated stands in the PNR [13, 30] (S1 Table).

Short-term impacts of insect infestations on ecosystem functioning of mid-Atlantic forests
have been well-characterized using forest census, remote sensing, and carbon flux
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Conceptual model of disturbance and persistence of mixedwood stands in
the Pinelands National Reserve, New Jersey

Low fire frequency/intensity High fire frequency/intensity
Oak-dominated stands Pine-dominated stands
Lymantria dispar Southern pine beetle
infestations infestations
Oak mortality Pine mortality
Pine seedling and sapling release Oak release and regeneration (Uplands)
Pulse of pine regeneration Hardwood release and regeneration (Lowlands)
Delaying succession Accelerating succession

4 N Moderate fire frequency/intensity
Mixed composition, uneven age stands
U Moderate insect infestations

Fig 1. A conceptual model of forest composition in intermediate age oak- and pine- dominated stands in the New Jersey Pinelands
National Reserve. In oak-dominated stands, repeated defoliation by L. dispar and differential mortality of oak trees and saplings facilitates the
regeneration and release of pine seedlings and saplings. In pine-dominated stands, southern pine beetle causes significant pine tree mortality,
while oaks in upland stands and other hardwoods in lowland stands are unaffected. These infestations are favoring the formation of uneven-
aged, oak-pine mixedwoods in upland stands, and uneven-aged hardwood-pine mixedwoods in lowland stands.

https://doi.org/10.1371/journal.pone.0265955.9001

measurements (e.g., [13, 30, 35]). In addition, several simulation models have captured the
overall short-term dynamics of carbon and hydrologic cycling associated with insect infesta-
tions in these forests [27, 28, 36]. In summary, defoliators and bark beetles initially reduce the
leaf area of susceptible species in infested stands by defoliation or host tree and sapling mortal-
ity, immediately reducing photosynthetic activity and autotrophic respiration, which decreases
NEE and transpiration [13, 30, 37]. Compensatory photosynthesis by the remaining foliage,
which is typically exposed to higher light levels, and the rapid cycling of nutrients from nutri-
ent-rich litter and frass contribute to the maintenance of photosynthetic activity of the remain-
ing foliage and facilitates resprouting of new foliage [38-41]. As a result, total CO,
assimilation by photosynthesis, expressed as gross ecosystem productivity (GEP), evapotrans-
piration (Et) and ecosystem water use efficiency (WUE,), defined as the amount of CO, assim-
ilated per unit of water transpired, often recover relatively rapidly following insect damage or
other disturbances [42-44].

Repeated defoliation over consecutive growing seasons, extensive bark beetle infestations,
and other severe disturbances that result in tree and sapling mortality increase standing dead
and coarse woody debris (CWD) on the forest floor. Additional detrital mass contributes to
heterotrophic respiration as decomposition occurs, and has led to decadal-scale depressions in
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annual NEP in some forests of the PNR [29, 30]. Following significant mortality of oaks result-
ing from repeated L. dispar defoliation of an oak-dominated stand, Renninger et al. [29] esti-
mated that increased release of CO, from standing dead and CWD would depress NEP for up
to two decades. Flux measurements at this site have documented that NEP has averaged only
0.4 T Cha™ yr! over the decade following the peak of oak mortality, representing 22% of pre-
infestation values in S1 Table [30]. Similarly, Xu et al. [36, 45] used repeated forest census plots
documenting increases in CWD coupled with a process-based productivity model and
reported that relatively low annual NEP occurred in oak-dominated stands that had been
impacted by L. dispar in the Delaware Water Gap, Pennsylvania, USA.

In addition to increased standing dead and CWD in intermediate age forests, other long-
term effects of insect infestations include changes in species composition and age class struc-
ture resulting from differential tree mortality and regeneration (Fig 1). How these longer-term
changes in composition and structure potentially alter ecosystem functioning in forests of the
mid-Atlantic region have not been explored in detail. To evaluate the conceptual model in Fig
1 and understand how compositional and structural changes could affect ecosystem function-
ing over decadal time scales, we characterized how the most recent infestations of L. dispar
and southern pine beetle in the PNR have 1) altered forest composition and age class structure,
and 2) how the resulting changes potentially affect NEP, evapotranspiration (Et), and WUEe.
We used forest census data collected in plots based on FIA protocols pre- and post-infestation
and in comparative insect-infested and control stands to characterize changes in forest compo-
sition and structure. Eddy covariance measurements of NEE, energy, and water vapor fluxes in
intermediate age oak-dominated, oak-pine mixedwood, and pine-dominated stands were
employed to quantify NEP, Et and WUEe pre-, during, and post-infestation.

Materials and methods
Site description

Research sites were located in Atlantic, Burlington, Cumberland, and Ocean Counties in the
Pinelands National Reserve (PNR) of southern New Jersey, USA. Oak-dominated, mixed-
composition, and pine-dominated stands comprise the upland forests, and lowland forests are
dominated by pitch pine (Pinus rigida Mill.), mixed hardwoods, and Atlantic white cedar
(Chamaecyparis thyoides (L.) B.S.P). Most stands have regenerated naturally following cessa-
tion of timber harvesting and charcoal production towards the end of the 19th century, and
severe wildfires throughout the 20™ century [12, 16, 18]. The climate is cool temperate, with
mean monthly temperatures of 0.7 + 2.4 and 24.6 + 1.1°C in January and July, respectively
(mean + 1 SD;1988-2018; State Climatologist of New Jersey). Mean annual precipitation is
1183 + 168 mm. Soils are derived from the Cohansey and Kirkwood formations, and upland
soils are sandy, coarse-grained, and have low nutrient status, cation exchange capacity, and
base saturation, while lowland soils are higher in accumulated organic matter and nutrients
[46]. The landscape is characterized by a relatively high frequency of wildfires and prescribed
burns compared to other forest ecosystems in the northeastern US; from 2004 to 2016, over
15,000 wildfires burned 36,654 ha and prescribed fires were conducted on 84,096 ha [18, 23,
47, 48]. On average, the annual area burned in prescribed fires now exceeds that burned in
wildfires by a factor of two.

L. dispar infestations and forest structure

L. dispar has defoliated primarily oaks in large areas of upland forest throughout southern
New Jersey over the last two decades. From 2004 to 2016, total acreage with heavy (50 to 75%)
and severe (> 75%) canopy defoliation has totaled 328,700 ha in the four counties studied
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[49]. The majority of defoliation in a recent infestation occurred from 2005 to 2009, with peak
damage occurring in 2007 when approximately 20% of upland forests in the PNR and 68,650
ha in the four studied counties were heavily to severely defoliated [13, 49].

Forest census plots based on FIA protocols [9] were sampled before (2004-2005), during
(2007) and a decade after infestations (2018) to document the impacts of L. dispar infestations
on forest composition and structure in three intermediate age stands of contrasting species
composition in the PNR. Forest census plots were located in an oak-dominated stand at the
Silas Little Experimental Forest (39.9156°N, -74.5955°E) in Brendan Byrne State Forest, a mix-
edwood stand co-dominated by pitch pine (Pinus rigida Mill.) and oaks at Fort Dix
(39.9731°N, -74.4341°E), and a pitch pine-dominated stand near the Cedar Bridge fire tower
(39.8398°N, -74.3787°E) in the Greenwood Wildlife Management Area, referred to below as
“0ak”, “mixed” and “pine”, respectively. Permission to access sites was granted through a long-
term agreement between the USDA Forest Service and the New Jersey Department of Envi-
ronmental Protection (NJDEP). Stands were selected to represent the dominant age class (75-
95 years) of the three major upland forest types in the PNR, based on FIA data [50]. At the
beginning of the study in 2004, the mean age of dominant trees was 90, 74 and 80 years at the
oak, mixed and pine stands, respectively. The oak stand was dominated by chestnut oak (Quer-
cus prinus L.), black oak (Q. velutina Lam.), white oak (Q. alba L.), and scarlet oak (Q. coccinea
Muenchh.), with scattered shortleaf and pitch pines. The mixed stand was co-dominated by
pitch pine and chestnut oak, with scattered white and post (Q. stellata Wangenh.) oaks. The
pine stand was dominated by pitch pine, with post and white oak saplings in the lower canopy.
All stands had bear and blackjack oaks (Q. ilicifolia Wang. and Q. marilandica Muench.),
huckleberry (Gaylussacia baccata (Wang.) K. Koch and G. frondosa (L.) Torr. & A. Gray ex
Torr.), and blueberry (Vaccinium spp.) in the understory. Sedges (Carex pensylvanica Lam.),
bracken fern (Pteridium aquilinum (L.) Kuhn), mosses and lichens were also present. Further
descriptions of each stand can be found in S2 Table and [13, 29, 30, 50].

Forest census measurements were conducted on five circular plots (201 m?) located within
100 m of each eddy covariance tower (described below) that were sampled annually at the oak
and pine stands, and periodically at the mixed stand (sampling details are in [13, 30, 51]). In
addition, 1-km? grids consisting of 16 FIA-type plots in a 4 by 4 arrangement centered on each
eddy covariance tower were sampled periodically [51], with plots that occurred in non-for-
ested areas such as sand roads or fire breaks omitted from these analyses. During each census,
species, diameter at breast height (DBH; 1.37 m), height, and crown condition were recorded
for all live and dead trees (> 12.5 cm DBH) and saplings (2.5 to 12.5 cm DBH). Allometric
equations were used to calculate aboveground biomass and biomass of foliage of trees and sap-
lings (S2 Table; [52-54]). Censuses in the five 201 m? plots at each site were also used to moni-
tor seedling and sapling recruitment and mortality. To estimate stem and foliage biomass of
scrub oaks and shrubs in the understory, two to four 1.0 m* destructively harvested subplots
adjacent to each 201 m” census plot were harvested during peak leaf area of each growing sea-
son, dried at 70°C until dry and then weighed. Further descriptions of each stand can be found
in S2 Table and [13, 29, 30].

Southern pine beetle infestations and forest structure

The recent southern pine beetle outbreak in New Jersey started in approximately 2000, and by
2016, approximately 19,500 ha had been infested, resulting in mortality of pitch, shortleaf (P.
echinata Mill.), and Virginia (P. virginiana Mill.) pines in pine-dominated stands [14, 24, 55].
Pitch pine dominated lowlands have been impacted to a greater extent than pine dominated
upland stands [24].

PLOS ONE | https://doi.org/10.1371/journal.pone.0265955 May 4, 2022 5/24


https://doi.org/10.1371/journal.pone.0265955

PLOS ONE

Insect infestations and forest ecosystem functioning

Forest census plots based on FIA protocols [9] were installed in 10 uninfested and insect-
damaged areas in untreated pine-dominated stands of intermediate age, as part of a 51-stand
census of southern pine beetle damage conducted throughout the PNR in 2014 and 2015 [24].
Permission to access stands was granted by NJDEP and the appropriate state forest supervi-
sors. Aerial and ground-based surveys conducted by New Jersey Department of Environmen-
tal Protection and Dartmouth College researchers were used to locate beetle-damaged areas on
public lands (primarily state forests and wildlife management areas), which ranged in size
from 0.5 to 35.0 ha and were sampled approximately two to five years following infestation by
southern pine beetle [24]. Of the 51 stands, 10 stands were unmanaged and no southern pine
beetle suppression activities were conducted in infested areas; census data from these stands
were analyzed here because suppression treatments occasionally damaged remaining pine
trees and saplings in infested areas [24]. In the remaining 41 stands, southern pine beetle sup-
pression treatments consisted of felling infested trees and saplings and cutting a buffer around
the infestation, and then either leaving pine stems in place (“cut and leave”) or hauling logs to
a landing zone and chipping them (“cut and chip”). All stands were initially dominated by
pitch pine, with shortleaf and Virginia pine also present in some stands. The average age of
sampled pine trees was 77 + 24 years old (mean * 1 SD) [25]. Upland stands also contained
mixed oaks, sassafras (Sassafrass albidum (Nutt.) Nees), and an occasional beech (Fagus grand-
ifolia Ehrh.) and lowland stands also contained red maple (Acer rubrum L.), black gum (Nyssa
sylvatica Marshall), American holly (Ilex opaca Aiton), and sweetgum (Liquidambar styraciflua
L). Further descriptions of each stand can be found in S3 Table and [24, 25].

Species, DBH, height, and crown position were recorded for all live and dead trees and sap-
lings, and canopy cover was estimated visually for each FIA-type (168 m?) subplot in infested
and uninfested areas. Understory height, species composition, and visually estimated cover by
species (including tree seedlings) were recorded for each subplot, and pine seedlings were tal-
lied in each subplot when present. Allometric equations based on destructive harvests were
used to estimate total aboveground biomass and biomass of foliage of pine trees and saplings
in each hsubplot (S3 Table; [24, 53]). Published values were used to estimate biomass and bio-
mass of foliage for oaks and other hardwoods [52, 54, 56].

Leaf area and foliar nitrogen content

Specific leaf area (SLA; m® g dry weight ™) of foliage of the dominant canopy and understory
species was measured with a leaf area meter (LI-3000a, LI-COR Inc., Lincoln, Nebraska, USA)
and a conveyer belt (LI-3050c, LI-COR Inc.) using fresh samples of leaves or needle fascicles,
which were then dried at 70°C and weighed. Canopy leaf area index (LAL; m* m™* ground
area) was estimated by multiplying leaf or needle mass calculated from allometric equations
for each species by the appropriate SLA value and then summing results for all species. Pro-
jected leaf area of pine needle fascicles was multiplied by n/2 to calculate one-sided LAIL
Understory LAI at the oak, mixed and pine stands was estimated by multiplying foliage mass
of shrubs and oaks obtained from harvested 1.0 m” plots by the corresponding SLA values. Lit-
terfall was collected monthly at the oak, mixed and pine stands when present from two 0.4-m”
wire baskets per plot and used to estimate foliage mass and area for periods when extensive
defoliation occurred. Relationships between leaf litter mass and SLA were developed for the
dominant species using the same protocol used for fresh foliage.

Canopy and understory foliage was sampled for nitrogen concentrations ([N]) at the
time of peak leaf area during the growing season at the oak, mixed and pine stands through-
out the study. Oven-dry samples of live leaves or needles were ground using a Wiley mill
(Thomas Scientific, Swedesboro, NJ, USA) and digested along with appropriate standards
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using a modified Kjeldahl method [57]. An Astoria 2 Analyzer (Astoria-Pacific Interna-
tional, Clackamas, OR, USA) was used to measure the ammonium concentration of each
sample, and results were converted to [N] in foliage samples. Values for [N] of foliage were
consistent with those reported in Renninger et al. [58, 59] and Guerrieri et al. [43, 44] for
foliage at the oak and pine stands. Nitrogen content (g N m? ground area) in canopy and
understory foliage of each dominant species was then calculated by multiplying species-spe-
cific [N] by corresponding estimates of foliar biomass. At the stands infested by southern
pine beetle, N content of foliage also was estimated using needle or leaf biomass estimates
and mean foliar [N] of the dominant species.

Ecosystem functioning of oak-, mixed and pine-dominated stands

Closed-path eddy covariance systems and meteorological sensors mounted on antenna tow-
ers were used to quantify net ecosystem exchange of CO, (NEE) and latent heat flux at the
oak-, mixed and pine-dominated stands. Values were integrated over the appropriate time
intervals to estimate daily and annual net ecosystem production (NEP), evapotranspiration
(Et), and ecosystem water use efficiency (WUE,) pre-, during and post-infestation by L. dis-
par. Near-continuous measurements commenced in 2004 at the oak stand (two years prior
to L. dispar infestations) and in 2005 at the mixed and pine stands (one and two years prior
to L. dispar infestations, respectively). Eddy covariance systems, meteorological sensors,
and data processing methods are described in detail in Clark et al. [13, 30] and in S4 Table.
In summary, half-hourly fluxes were calculated from raw 10 Hz flux data using EdiRE [60],
and values were rejected when instrument malfunction occurred, during measurable pre-
cipitation or when icing occurred, and when friction velocity (u*) < 0.2 m s’!, which
ensured well-mixed conditions. To estimate half-hourly NEE values when we did not have
measurements, daytime NEE was modeled by fitting a rectangular hyperbola to the relation-
ship between photosynthetically active radiation (PAR) and NEE at bi-weekly (May) to
3-month (summer; June 1 -August 31) periods. Nighttime NEE was modeled by regressing
half-hourly net exchange rates on air temperature using an exponential function. Model
parameters and their error terms for the relationships between half-hourly daytime or
nighttime NEE and meteorological variables were calculated using SigmaPlot software
(Version 12.5, Systat Software, Inc., San Jose, CA, USA). Continuous meteorological data
and the appropriate model were then used to fill gaps for periods when fluxes were not mea-
sured, and measured and modeled values were summed to estimate daily and annual NEP.
Ecosystem respiration (R.) was estimated using nighttime NEE and continuous half-hourly
air temperature during the growing season and soil temperature during the dormant sea-
son. Error in gap-filling NEE and R, was evaluated for daytime and nighttime data

using + 1 standard error (SE) of each parameter used to model half-hourly NEE (see [30]
for details). Daily NEP and R, were summed to estimate daily and annual GEP values for
each stand.

Evapotranspiration was estimated from latent heat fluxes calculated using EdiRE. Meteoro-
logical measurements were used to calculate available energy, defined as net radiation—(soil
heat flux + heat storage terms), and gaps in Et data were filled using linear functions in Sigma-
Plot [37]. Half-hourly Et estimates were then summed to calculate daily and annual values.
Ecosystem water use efficiency (g C kg H,O™) is defined here as the ratio of daily GEP to tran-
spiration [42-44]. Following Clark et al. [42], we used data collected when we assumed the
canopy was dry to maximize the contribution of transpiration to Et in these calculations, and
days with recorded precipitation and the day following each rain event when
precipitation > 10 mm day ' were excluded from analyses.
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Statistical analyses

All datasets were first tested for normality using Kolmogorov-Smirnov tests, and homogeneity
of variances among groups were tested using Levene’s test. Values for BA and aboveground
biomass of trees and saplings, leaf area index, and nitrogen content of foliage among stands
infested by L. dispar were compared using ANOVA analyses. Comparisons among stands
were made with Tukey’s Honestly Significant Difference (HSD) tests that adjusted significance
levels for multiple comparisons. Paired sample T-tests were used to compare pre- and post-
infestation values within stands. Paired-sample T-tests were also used to compare forest struc-
ture variables in infested and uninfested areas in stands that had been impacted by southern
pine beetle. Half-hourly values of NEE for daytime and nighttime periods, and daily values of
NEP, Et and WUE, were compared among stands using ANOVA analyses. Because half-
hourly and daily values were not independent, we randomly selected 25 subsets consisting of
25 values for each variable, and then tested for differences among stands or time periods [42].
Comparisons among stands were made with Tukey's HSD tests. All statistical analyses were
conducted using SYSTAT 12 software (Systat Software, Inc., San Jose, CA, USA).

Results

L. dispar infestations and forest structure

Prior to L. dispar infestations, BA of trees and saplings was similar at the oak, mixed, and pine
stands (Fig 2A and Table 1), while aboveground tree biomass was greater at the oak stand than
at the mixed and pine stands (S2 Table). Leaf area was greatest at the oak stand and least at the
pine stand during the growing season (Fig 2B). Similarly, N content of foliage was greater at
the oak stand than at the pine stand during the growing season, with foliage of oak trees and
saplings containing 77%, 51% and 12% of total foliar N content at the oak, mixed and pine
stands, respectively (Fig 2C and Table 1). Standing dead tree and saplings and coarse woody
debris mass was < 3.1 0.6 t ha™" at the three stands at the beginning of the study (S2 Table;
see [30] for details).

Infestations of L. dispar occurred at the oak stand during the growing seasons of 2006 to
2008. During the peak of defoliation in 2007, leaf area of oaks, pines and understory vegeta-
tion was reduced to near zero, and a second partial leaf-out resulted in a total leaf area and
foliar N content of only 42% and 40% of pre-defoliation values, respectively (“Inf” in Fig 2B
and 2C). Following infestations, oak mortality peaked from 2009 to 2011, and by 2018 oak
tree and sapling BA had been reduced by ~ 40% compared to pre-infestation values. Over-
story mortality resulted in the release of pine saplings and establishment of seedlings in the
understory, and by 2018 pine trees and saplings accounted for 38% of total BA (“Post” in
Fig 2A). Although BA increment of surviving trees at the oak stand was positive, total BA
and above-ground biomass were similar at the beginning and end of the study in 2018. Oak
mortality reduced stand leaf area and foliar N content, and in 2018, N content of oak tree
and sapling foliage was less than pre-infestation values (T4 = 3.53, P < 0.05), accounting for
only 63% of total foliar N content (Fig 2C and Table 2). Oak mortality following L. dispar
infestations resulted in a maximum standing dead and CWD mass of 31.1 £ 9.1 tha™
(mean + 1 SE) in 2011, and by 2018 standing dead and CWD mass was estimated to be
19.0 + 5.3 t ha! (S2 Table; see [30] for details).

At the mixed stand, L. dispar infestations occurred from 2006 to 2008, but in contrast to
the oak stand, oak tree and sapling mortality was minor following infestations (Fig 2A).
Defoliation by L. dispar reduced leaf area and foliar N content of deciduous species to very
low values in 2007 but had relatively little effect on foliage of pine trees and saplings (Fig
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Fig 2. Effects of L. dispar infestations on forest composition and structure. (A) Basal area of pine and oak trees and
saplings, (B) maximum leaf area of pines, oaks and understory vegetation during the growing season, and (C)
maximum nitrogen content in foliage of pines, oaks and understory vegetation during the growing season prior to
infestations in 2004 (Pre), during the year of peak defoliation in 2007 (Inf), and a decade following infestations in 2018
(Post) at the oak-, mixed and pine-dominated stands. Pine tree, sapling and seedling leaf area is expressed as one-sided
LAL Leaf area and foliar nitrogen content during infestations in 2007 reflect values after a second leaf-out of foliage in
mid-July 2007 following complete defoliation of the oak stand, and partial defoliation of the mixed and pine stands.

https://doi.org/10.1371/journal.pone.0265955.9002
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Table 1. Results of ANOVA and Tukey’s HSD analyses for structural characteristics of forests infested by L. dispar.

Comparison

Before L. dispar infestations in 2004 (“Pre” in Fig 2)

Tree and sapling BA
Leaf area index

N content of foliage

During L. dispar infestation in 2007 (“Inf” in Fig 2)

Tree and sapling BA
Leaf area index

N content of foliage

Following L. dispar infestations in 2018 (“Post” in Fig 2)

Tree and sapling BA
Leaf area index

N content of foliage

F 12 P Contrasts Figure
1.0 NS NS 2A
4.6 < 0.05 O>P 2B
4.4 < 0.05 O>P 2C
2.3 NS NS 2A
1.6 NS NS 2B
0.2 NS NS 2C
3.6 < 0.10 P>M 2A
0.2 NS NS 2B
0.4 NS NS 2C

Statistical tests are for tree and sapling basal area (BA), and canopy and understory leaf area index and nitrogen (N) content of foliage in stands before, during and

following L. dispar infestations shown in Fig 2. O = oak stand, M = mixed stand, P = pine stand. NS = not significant.

https://doi.org/10.1371/journal.pone.0265955.t001

2B). By the end of the study in 2018, BA of trees and saplings had increased by 22% com-
pared to values in 2004. Increases in both pine and oak tree BA resulted from growth incre-
ments and sapling recruitment, despite some sapling mortality that occurred during the
three prescribed fires conducted between 2006 and 2018. Leaf area and N content of foliage
during the growing season of 2018 at the mixed stand had increased 15% and 18% com-
pared to 2004, although increases were not statistically significant (Fig 2B and 2C and
Table 1).

At the pine stand, oak sapling mortality was minimal following L. dispar infestations (Fig
2A). Partial defoliation of the understory and oak saplings by L. dispar in 2007 reduced under-
story LAI and N content compared to pre-disturbance periods but had little effect on pine
foliage (Fig 2B and 2C). Growth increments of trees and saplings resulted in an increase in BA
of 56% between 2004 and 2018. Although prescribed fires were conducted at the pine stand in
2008 and 2013 (see [30] for details), leaf area and foliar N content had increased 50% and 49%
by 2018 when compared to 2004, following a longer-term trend of recovery from a severe wild-
fire that had occurred in 1995 (Fig 2B and 2C).

Table 2. Results of paired-sample T-tests for structural characteristics of stands infested by southern pine beetle.

Comparison T P value Figure
Tree and sapling BA 6.0 <0.01 3A
Pine trees 6.9 < 0.01 3A
Pine saplings 0.2 NS 3A
Oaks and other hardwoods 1.1 NS 3A
Leaf area index 5.2 <0.01 3B
Pine trees and saplings 7.7 < 0.01 3B
Oaks and hardwoods 0.4 NS 3B
N content of foliage 6.6 < 0.01 3C
Pine trees and saplings 7.7 < 0.01 3C
Oaks and other hardwoods 0.6 NS 3C

Statistical tests are for trees and saplings in infested and uninfested areas shown in Fig 3.

https://doi.org/10.1371/journal.pone.0265955.t1002
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Southern pine beetle infestations and forest structure

Pine tree basal area averaged 21.8 + 2.8 m” ha™' in areas that were not infested by southern
pine beetle in southern New Jersey. Pine trees and saplings in uninfested areas accounted for
75% of total BA, 61% of tree and sapling leaf area and 78% of tree and sapling foliar N content
(Fig 3 and S3 Table). Infestations of southern pine beetle resulted in significant mortality of
pitch, shortleaf and Virginia pine trees, averaging 92% of pine tree BA, while pine sapling BA
was reduced by only approximately 5% in infested areas (Fig 3A). Beetle infestations had little
effect on the BA of oak trees and saplings in upland areas or of other hardwood trees and sap-
lings such as red maple and black gum in lowland areas (Fig 3A and Table 2).

Following southern pine beetle infestations, tree and sapling leaf area and foliar N content
in infested areas averaged 42% and 26% of values for uninfested areas, respectively (Fig 3B and
3C). While pine leaf area and foliar N content was reduced significantly, leaf area and foliar N
content of oaks and other hardwoods were nearly unchanged (Fig 3B and 3C and Table 2).
CWD was highly variable in infested areas due to a large proportion of standing dead trees in
some stands (S3 Table).

Convergence of forest structure following insect infestations

By the end of the study, changes in stand composition and structure at the oak-dominated
stand impacted by L. dispar and at untreated, previously pine-dominated stands infested by
southern pine beetle converged on attributes characterizing the mixed stand measured at the
beginning of the study. For example, Fig 4 indicates the similarity in relative BA of trees and
saplings among the oak stand in 2018 following L. dispar defoliation, the mixed stand at the
beginning of the study in 2005, and untreated pine stands following infestation by southern
pine beetle.

Ecosystem functioning of oak-, mixed and pine-dominated stands

Summertime (June 1 to August 31) half-hourly NEE during midday clear sky conditions and
daily (24-hour) NEP were greater at the oak stand than at the mixed and pine stands before L.
dispar infestations (Tables 3 and 4 and Fig 5A). However, the opposite pattern occurred during
the spring and fall seasons; before leaf expansion of oaks and understory vegetation in spring
(April to mid-May), half-hourly NEE during midday clear sky conditions and daily NEP were
greater at the pine stand than at the mixed and oak stands (Fig 5A and Table 4). Annual NEP
was similar at the oak and pine stands, and somewhat lower at the mixed stand before L. dispar
infestations, although complete annual data for the pre-disturbance period at the mixed stand
were only available for 2005 (Table 5). Daily GEP and WUE, were also greater at the oak stand
than at the mixed and pine stands during the summer, while daily GEP and WUE, during the
spring were greater at the pine stand than at the oak and mixed stands (Figs 5B and 6B). Daily
evapotranspiration rates during the summer were similar among stands, with annual values
averaging 51% to 62% of incident precipitation (Table 5).

Changes in the distribution of leaf area and foliar N content at the oak stand following L.
dispar infestations coincided with springtime increases in half-hourly NEE during midday
when PAR > 1500 pmol m™ s™* and daily NEP, and reduced summertime half-hourly midday
NEE and daily NEP, with values during both periods approaching those previously measured
at the mixed stand at the beginning of the study (Table 3 and Fig 5A; post-defoliation values in
2018). Daily GEP during the summer at the oak stand was similar in 2005 and 2018, but daily
WUE, was somewhat lower in 2018 and equivalent to rates measured previously at the mixed
stand in 2005 (Figs 5 and 6). In contrast, seasonal patterns of daily NEP, GEP, Et and WUE, at
the pine stand were similar in 2005 and 2018 (Figs 5 and 6).
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Fig 3. Effects of southern pine beetle on forest composition and structure. (A) Basal area of pine, oak and other
hardwood trees and saplings, (B) maximum leaf area of pines, oaks, and other hardwoods during the growing season,
and (C) maximum foliar N content of pines, oaks, and other hardwoods during the growing season in uninfested areas
and areas following infestation of southern pine beetle in southern New Jersey. Other hardwoods include red maple
(Acer rubrum L.), black gum (Nyssa sylvatica Marshall), sassafras (Sassafras albidum (Nutt.) Nees), sweet gum
(Liquidambar styraciflua L.), and sweetbay magnolia (Magnolia virginiana L.).

https://doi.org/10.1371/journal.pone.0265955.9003
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Fig 4. Relative basal area of pine and hardwood trees and saplings. Data are from the oak stand before L. dispar
infestation in 2005 and following tree and sapling mortality in 2018, the mixed stand at the beginning of the study in
2005, and untreated pine-dominated areas following infestation by southern pine beetle and uninfested areas. Oaks
and other hardwoods have been combined as “hardwoods”. Arrows indicate the directional changes caused by insect
infestations.

https://doi.org/10.1371/journal.pone.0265955.g004

Discussion

Infestations of L. dispar are delaying successional changes in oak-dominated stands and south-
ern pine beetle infestations are accelerating changes in pine-dominated stands, while having
only moderate effects in mixedwood stands on the mid-Atlantic Coastal Plain. In our study,
the composition and structure of oak-dominated stands infested by L. dispar and of pine-dom-
inated stands infested by southern pine beetle are converging on those characterizing oak-pine
mixedwoods in upland stands and hardwood-pine mixedwoods in lowland stands, with simi-
larly proportioned distributions of BA, leaf area, and foliar N content among oaks or other
hardwoods and pines. In the long term, repeated but less severe insect infestations and current
fire management strategies, including both wildfire suppression and the extensive use of pre-
scribed fires, will likely favor the persistence of oak-pine and hardwood-pine mixedwoods
throughout the PNR, consistent with the conceptual model in Fig 1. These outcomes parallel
observations in other mixedwood forests consisting of species with varying susceptibility to
insects, which can persist through time because of greater associational resistance to infesta-
tions compared to those dominated by a single species or genus [61, 62]. They are also consis-
tent with the theoretical framework proposed by Kern et al. [22], who predicted that insect
infestations, a disturbance from above because the canopy is impacted, coupled with low-
intensity surface fires, a disturbance from below which promotes the regeneration of shade-
intolerant species, would result in the persistence of mixedwood forests through time. Our
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Table 3. Half-hourly net CO, exchange (NEE) during spring (April 1 to May 15) and summer (June 1 to August 31) months at the oak, mixed and pine stands.

Season Half-hourly NEE (umol CO, m?s™)
Oak Mixed ‘ Pine ‘ Statistics

Daytime, before L. dispar infestations

Spring 0.42 + 1.68° 257 £2.01° -7.05 % 1.69° F,, = 109.0, P < 0.001

Summer -19.80 + 4.65° -16.18 +3.84° -15.92+3.73" Fy7,=7.0,P <0.01
Nighttime, before L. dispar infestations

Spring 2.32+1.63 1.87 + 1.52 238+ 1.64 Fy = 0.8, NS

Summer 5.86 + 2.65" 4.80 £ 1.91° 6.51 £2.25 F,7,=3.6,P <0.05
Daytime, during L. dispar infestation in 2007

Spring 0.74 +1.91* -2.88+1.78° -6.28 +2.24° F,7,=103.9,P < 0.001

Summer -2.40 + 2.96" -6.72 + 5.69° -10.08 + 3.34¢ F,7,=29.4,P <0.001
Nighttime, during L. dispar infestation in 2007

Spring 1.61 £1.46 1.72 £ 1.00 232+ 1.63 Fb,,=2.4,NS$

Summer 3.54 +2.54° 401 +1.91%® 5.19 + 2.40° Fayn=44,P < 0.05
Daytime, following L. dispar infestations in 2018

Spring 124 +2.14° -8.11 +3.23° Tyus = 8.9, P < 0.01

Summer -15.90 + 5.03 --- -14.13 + 3.55 Ty =1.4,NS
Nighttime, following L. dispar infestations in 2018

Spring 2.88 +2.21 2.57 £2.20 T4 = 0.5, NS

Summer 6.44 + 3.57 --- 6.19 + 3.25 Tss=0.3, NS

Daytime NEE values are midday values at PAR > 1500 umol m™* s' and nighttime NEE values are during well-mixed conditions when friction velocity (u*) is > 0.2 m s~

!, All values are means + 1 SD. NS = not significant.

https://doi.org/10.1371/journal.pone.0265955.t003

Table 4. Results of ANOVA analyses for ecosystem functioning of the oak, mixed and pine stands.

Comparison Fy7 P Contrasts Figure

Before L. dispar infestations in 2005
Spring NEP 68.4 < 0.001 O=M<P 5A
Summer NEP 8.6 < 0.001 O>M=P 5A
Spring GEP 42.3 < 0.001 O=M<P 5B
Summer GEP 10.6 < 0.001 O>M=P 5B
Spring Et 25.0 < 0.001 O=M<P 6A
Summer Et 1.0 NS NS 6A
Spring WUE, 21.4 < 0.001 O=M<P 6B
Summer WUE, 14.0 < 0.001 O>M=P 6B

Following L. dispar infestations in 2018
Spring NEP 29.7 < 0.001 O=M<P 5A
Summer NEP 2.8 NS NS 5A
Spring GEP 19.4 < 0.001 O=M<P 5B
Summer GEP 7.0 < 0.005 O>M=P 5B
Spring Et 14.2 < 0.001 O=M<P 6A
Summer Et 2.2 NS NS 6A
Spring WUE, 22.1 < 0.001 O=M<P 6B
Summer WUE, 1.9 NS NS 6B

Statistical tests are for daily net ecosystem production (NEP), gross ecosystem production (GEP), evapotranspiration (Et), and ecosystem water use efficiency (WUE,) at

the oak, mixed and pine stands shown in Fig 5. O = oak stand, M = mixed stand, P = pine stand, NS = not significant.

https://doi.org/10.1371/journal.pone.0265955.1004
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Fig 5. Productivity of the oak, mixed, and pine stands before L. dispar infestations in 2005 and following L. dispar
infestations in 2018. Data are presented for (A) daily net ecosystem production, (B) daily gross ecosystem production
during late spring (April 1 to May 15) and summer (June 1 to August 31) months. Arrows indicate the directional
changes in forest structure and composition following L. dispar infestations. Pre-infestation data are adapted from
Clark et al. [13, 42].

https://doi.org/10.1371/journal.pone.0265955.9005

Gross ecosystem production
(GEP; g C m2 day™ + 1 SD)

study further suggests that ecosystem functioning, especially NEP and GEP, will recover rela-
tively rapidly in oak-pine or other hardwood-pine mixedwood stands, as they can be expected
to experience less defoliation and/or lower amounts of tree and sapling mortality compared to
infestations of L. dispar in oak-dominated stands or southern pine beetle in pine-dominated
stands.

Tree species composition and initial foliage quality of canopy species (approximated by
foliar [N] in our study) influence the occurrence of the multi-year population outbreaks of L.
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Table 5. Annual values of net ecosystem production (NEP), gross ecosystem production (GEP), precipitation, and evapotranspiration (Et) at the oak, mixed and
pine stands.

Stand NEP GEP Precipitation Et
gCm?yr! gCm?yr! mm yr’ mm yr'

Before L. dispar infestations in 2005

Oak 169 + 24 1593 + 58 1100 647

Mixed 137 £ 19 1205 £ 57 1184 607

Pine 173 £ 18 1513 + 36 1230 757
During L. dispar infestation in 2007

Oak -246 £ 14 676 = 46 934 442

Mixed -20 £ 20 958 £ 52 1135 419

Pine 49+7 1378 + 43 1052 593
Following L. dispar infestations in 2018

Oak 27 +15 1550 + 43 1397 740

Pine 173 + 18 1585 + 48 1580 858

Data are for years before, during, and following L. dispar infestations. Error terms were calculated from maximum deviations from average values generated using + 1
SE of parameter values used to gap-fill missing half-hourly daytime and nighttime NEE (see [13, 30] for complete description of gap-filling procedures and error term

calculations).

https://doi.org/10.1371/journal.pone.0265955.t005

dispar which result in the extensive mortality of susceptible species [7, 63-65]. In our study,
differential mortality of black and white oaks, which have relatively high foliar [N] (=~ 2.1% N;
[66, 67]), resulted in increased dominance of chestnut oak (as reflected in increased relative
BA) with lower foliar [N] (= 1.9% N; [43, 44]). Reduced cover of oak trees and saplings facili-
tated the growth of pine saplings and the establishment and recruitment of pine seedlings,
which have much lower foliar [N] than canopy oaks (1.0 to 1.3% N), and increased leaf area
and biomass of understory vegetation [30]. The decrease in BA of susceptible oak species and
reduction in oak leaf area, combined with lower mean [N] of canopy foliage because of the
increase in pine foliage, will likely reduce the severity of L. dispar infestations in the future [7,
11, 63-65]. This outcome is consistent with observations from oak-pine mixedwood stands,
where although infestations occurred and oak trees and saplings were defoliated, cumulative
mortality was less extensive. Over time, repeated but less severe insect damage to oaks coupled
with pulses of pine seedling establishment and saplings recruitment associated with prescribed
fires will delay successional changes and likely result in uneven age mixedwood stands, as pro-
posed in Fig 1.

Extensive pine tree mortality in areas infested by southern pine beetle reported here is simi-
lar to their impacts in pine-dominated forests across the southeastern USA [68]. Initial BA of
pine trees and saplings in infested stands in the PNR (=2 22.7 m” ha™") was greater than the
average BA that can favor the large southern pine beetle aggregations leading to significant
pine tree mortality in southeastern USA forests (=~ 18 m* ha™) [14, 25, 68]. In contrast, oak
trees and saplings in upland stands and other hardwood trees and saplings in lowland stands
were essentially unaffected in infested areas, and they were often retained where suppression
treatments (e.g., cut and leave, cut and chip) were conducted in the PNR [24], and more
recently, further north on the Atlantic Coastal Plain on Long Island, New York, USA [15, 55].
Southern pine beetle rarely impacted pines in oak-dominated stands in upland locations, or in
hardwood-dominated stands in lowland locations in the PNR. Similarly, Huess et al. [15]
reported that pine mortality was lower in mixed pine-oak stands than in pine-dominated
stands following southern pine beetle infestations on Long Island, NY. In our study, BA of
pine trees and saplings (= 2.5 m” ha") in infested and treated areas was well below the
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Fig 6. Evapotranspiration and water use efficiency of oak, mixed, and pine stands before L. dispar infestations in
2005 and following L. dispar infestations in 2018. Data are presented for (A) daily evapotranspiration, and (B) daily
ecosystem water use efficiency during late spring (April 1 to May 15) and summer (June 1 to August 31) months.
Arrows indicate the directional changes in forest structure and composition following L. dispar infestations. Pre-
infestation data are adapted from Clark et al. [37, 42].

https://doi.org/10.1371/journal.pone.0265955.9006

densities that would support future aggregations of southern pine beetles [24, 55, 68]. Overall,
southern pine beetle damage can accelerate succession in infested stands on the Atlantic
Coastal Plain, also resulting in the formation of uneven age, mixedwood stands, consistent
with the conceptual model in Fig 1.

Field measurements and model simulations indicate that daily NEP, GEP and WUEe dur-
ing the growing season are greatest in oak-dominated stands and daily values in oak-pine mix-
edwood stands are intermediate between oak- and pine-dominated stands [13, 30]. Daily NEP
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and GEP during the growing season are strongly correlated with leaf area and canopy N con-
tent in forests of the PNR [30, 31, 59, 67], consistent with the relationship between LAI, canopy
N content, and NEP during the growing season reported for forests at landscape to regional
scales throughout the Northeastern USA [e.g., 35, 69, 70]. Pines and other evergreens in mix-
edwood and pine-dominated stands, however, are more productive during periods of time
when deciduous oaks, other deciduous hardwoods, and many understory species are dormant.
Integration of the seasonal patterns of C assimilation by oaks, pines and understory species
results in more similar annual rates of NEP, GEP and WUEe among oak-dominated, oak-pine
mixedwood, and pine-dominated stands [13, 30; S1 Table]. Thus, the long-term changes in
species composition and structure associated with insect infestations may have little effect on
forest carbon dynamics and hydrologic cycling at annual time scales in forests of the Mid-
Atlantic region. In contrast, short-term carbon dynamics following infestations are strongly
influenced by stand species composition. Field measurements and model simulations have
documented how insect-driven disturbance and widespread tree and sapling mortality of sus-
ceptible species can reduce NEP for at least a decade following infestations [26-30, 36, 45].
Large-scale assessments have documented how differential mortality of oaks caused by L. dis-
par infestations in oak-hickory forests have reduced or negated net increases in BA and above-
ground biomass across the mid-Atlantic region [7, 65, 71]. Because mixedwood stands are
more resistant to infestations and sustain less extensive damage, they will likely maintain con-
tinuity in ecosystem functioning to a greater extent than oak- or pine-dominated stands dur-
ing and following insect infestations [61, 62].

Numerous forest tree species in the mid-Atlantic region are tolerant of drought and fire, and
many are characterized by regeneration strategies that enhance survival following fires or other
disturbances (e.g., epicormic budding in pitch and shortleaf pines, serotinous cones in some
pitch pine populations, prolific resprouting in most oaks and red maple) [16, 38, 72]. The use of
prescribed fire to promote the regeneration of both oaks and pines is well documented in oak-
pine mixedwood stands throughout the mid-Atlantic region [47, 73-77]. In the PNR, the
majority of prescribed fires are conducted during the early spring, before oaks and other hard-
woods have leafed out, and when pitch and shortleaf pines carry only a single cohort of needles.
A seasonal peak in severe wildfires follows later in spring, also occurring before leaf expansion
of deciduous species [23, 47, 73, 78]. Mixedwood stands can be less prone to severe wildfires
compared to pine-dominated stands during the dormant season, because deciduous oaks or
other hardwoods are interspersed between pine canopies, reducing the continuity of crown
fuels and the density of ladder fuels [12, 16, 23, 24, 53, 79]. In lowland forest stands, hardwoods
such as red maple and sweetgum are less tolerant of fire than many oak species, but the use of
prescribed fires and wildfires are less frequent [16, 47, 77]. Overall, the continued extensive use
of prescribed fire and wildfire suppression contributes to oak and pine regeneration and likely
favors the persistence of oak-pine mixedwood forests, consistent with Fig 1.

Many of the dominant species in oak-pine and hardwood-pine mixedwoods are also con-
sidered to be relatively resistant to changes in climate, and are distributed across wide geo-
graphical and elevational ranges, can tolerate degraded, resource-limited environments, and
some species tolerate extreme ranges in hydrologic conditions (e.g., pitch and shortleaf pines)
[20, 72, 80]. A number of the dominant species in the mid-Atlantic region have already dis-
played increases in productivity and WUE,, as a result of increased ambient CO, concentra-
tions driving reduced transpiration [81, 82] and enhanced photosynthetic assimilation rates
[43, 44]. In a previous study using LANDIS II to simulate future interactions of wildfire and
climate in forests of the PNR, these factors were predicted to have only moderate effects on
productivity of the major tree species, primarily because of their tolerance to drought stress
and capacity to recover quickly from wildfires [34, 72].
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Finally, our study provides some insight into the value of incorporating oak-pine mixed-
woods into management strategies for forests in the mid-Atlantic region. Although mixed
composition stands are typically more expensive to manage, they provide a greater variety of
forest products when harvested selectively or thinned [20, 83]. As these forests age, simulating
natural successional processes (e.g., forest thinning, mortality, regeneration) or delaying them
through the use of prescribed fire and other silvicultural management practices would create
more resistant forests [84-86]. Over time, treatments including prescribed burning, mechani-
cal thinning, and selective cutting could reduce mortality of commercially important species
while stimulating regeneration of key oak and pine species. By diversifying age class distribu-
tions and further enhancing forest heterogeneity, multi-aged mixedwoods management strate-
gies may be particularly successful [22, 62, 87]. During and following infestations, lower levels
of tree and sapling defoliation result in a more rapid recovery of leaf area and productivity,
and reduced mortality decreases the amount of standing dead and coarse woody debris con-
tributing to ecosystem respiration. Thus, one important benefit of mixedwood management is
the faster recovery times of NEP to pre-infestation rates following insect infestations, main-
taining forest carbon sequestration rates with only minor alterations to hydrologic resources.
Forest insects have already shown us how effective such management strategies could be.

Conclusions

Insect damage is now the dominant disturbance in forests of the mid-Atlantic region. Insect
infestations that target dominant tree species are altering forest composition and structure,
resulting in stands that consist of mixtures of pines, oaks, and other hardwoods. Despite differ-
ence in forest composition, FIA data, process-based forest productivity models, and carbon
flux measurements indicate that oak-dominated, oak-pine mixedwood, and pine-dominated
forests typically have similar NPP and NEP on annual time scales. Oak-pine mixedwood
stands may be relatively resistant to future outbreaks of defoliators and bark beetles, reducing
economic losses associated with tree mortality, and potentially mitigating the short-term
impacts to ecosystem functioning resulting from insect damage, especially carbon sequestra-
tion. Management strategies that incorporate oak-pine mixedwood stands may increase the
supply of undamaged forest products and provide better continuity in ecosystem services
despite projected increases in forest insect infestations associated with changing climate.

Supporting information

S$1 Table. Productivity of undisturbed oak-dominated, mixed oak-pine, and pine-domi-
nated forests in the mid-Atlantic region. Data are net primary production estimated from
USES Forest Inventory and Analysis data (FIA, [9]) and forest inventory plots in the Pinelands
National Reserve (PNR, [13, 30]), simulated net primary production using PnET CN, a pro-
cess-based forest productivity model [30, 31], WxBGC, a second process-based forest produc-
tivity model based on BiomeBGC [32], and LANDIS II, a plot-based model that simulates
forest composition, succession, disturbance and other ecological processes linked to the CEN-
TURY succession extension (ver. 3) [33]. Estimated net ecosystem productivity is derived
from FIA data, simulated using WxBCG and LANDIS II, and calculated from carbon flux
measurements in the PNR [13, 30].

(PDF)

$2 Table. Structural characteristics of the canopy and understory in oak, mixed, and pine
stands. Data are presented for the beginning of the study in 2005 before infestation by gypsy
moth, and at the end of the study in 2018. Values are means * 1 SE. Significance levels were
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tested using ANOV As and Tukey’s HSD tests, and values indicated with different superscripts
among stands are significantly different.
(PDF)

§3 Table. Structural characteristics of the canopy and understory in uninfested areas and
areas infested by southern pine beetle. Values are means + 1 SE. Significance levels were
tested using paired sample T-tests, and values indicated with different superscripts among
areas are significantly different.

(PDF)

S$4 Table. Meteorological sensors and eddy covariance equipment used to measure turbu-
lence, net ecosystem exchange of CO, (NEE) and evapotranspiration (Et) at the oak, mixed
and pine stands.

(PDF)

Author Contributions

Conceptualization: Kenneth L. Clark, Carissa Aoki, Matthew Ayres, John Kabrick, Michael R.
Gallagher.

Data curation: Kenneth L. Clark.

Formal analysis: Kenneth L. Clark, Carissa Aoki.

Funding acquisition: Kenneth L. Clark, Matthew Ayres.
Investigation: Kenneth L. Clark, Carissa Aoki, Michael R. Gallagher.
Methodology: John Kabrick.

Project administration: Kenneth L. Clark, Carissa Aoki, Matthew Ayres, John Kabrick,
Michael R. Gallagher.

Resources: Michael R. Gallagher.

Supervision: Kenneth L. Clark, Carissa Aoki, Matthew Ayres.
Visualization: Kenneth L. Clark.

Writing - original draft: Kenneth L. Clark.

Writing - review & editing: Kenneth L. Clark, Matthew Ayres, John Kabrick, Michael R.
Gallagher.

References

1. PanY, ChenJM, Birdsey R, McCullough K, He L, Deng F. Age structure and disturbance legacy of
North American forests. Biogeosciences. 2011; 8: 715-732. https://doi.org/10.5194/bg-8-715-2011

2. Duveneck MJ, Thompson JR, Gustafson EJ, Liang Y, de Bruijn AM. Recovery dynamics and climate
change effects to future New England forests. Landscape Ecol. 2017; 32: 1385—-1397. https://doi.org/
10.1007/s10980-016-0415-5

3. Stambaugh MC, Marschall JM, Abadir ER, Jones BC, Brose PH, Dey DC et al. Wave of fire: an anthro-
pogenic signal in historical fire regimes across central Pennsylvania, USA. Ecosphere. 2018; 9: 5.
https://doi.org/10.1002/ecs2.2222

4. Vanderwel MC, Coomes DA, Purves DW. Quantifying variation in forest disturbance, and its effects on
aboveground biomass dynamics, across the eastern United States. Glob Change Biol. 2013; 19: 1504—
1517. https://doi.org/10.1111/gcb.12152 PMID: 23505000

5. CohenWB, Yang Z, Stehman SV, Schroeder TA, Bell DM, Masek JG, et al. Forest disturbance across
the conterminous United States from 1985-2012: The emerging dominance of forest decline. 2016. For
Ecol Manage. 2016; 360: 242—-252. https://doi.org/10.1016/j.foreco.2015.10.042

PLOS ONE | https://doi.org/10.1371/journal.pone.0265955 May 4, 2022 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265955.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265955.s004
https://doi.org/10.5194/bg-8-715-2011
https://doi.org/10.1007/s10980-016-0415-5
https://doi.org/10.1007/s10980-016-0415-5
https://doi.org/10.1002/ecs2.2222
https://doi.org/10.1111/gcb.12152
http://www.ncbi.nlm.nih.gov/pubmed/23505000
https://doi.org/10.1016/j.foreco.2015.10.042
https://doi.org/10.1371/journal.pone.0265955

PLOS ONE

Insect infestations and forest ecosystem functioning

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22,

23.

24,

25.

26.

27.

Kautz M, Meddens AJ, Hall RJ, Arneth A. Biotic disturbances in Northern Hemisphere forests—a synthe-
sis of recent data, uncertainties and implications for forest monitoring and modelling. Global Ecol Bio-
geog. 2017; 26: 533-552. https://doi.org/10.1111/geb.12558

Fei S, Morin RS, Oswalt CM, Liebhold AM. Biomass losses resulting from insect and disease invasions
in US forests. Proceedings of the National Academy of Sciences 2019; 116: 17371-17376. https://doi.
org/10.1073/pnas.1820601116 PMID: 31405977

Lovett GM., Weiss M, Liebhold AM, Holmes TP, Leung B, Lambert KF, et al. Nonnative forest insects
and pathogens in the United States: Impacts and policy options. Ecol Appl. 2016; 26: 1437—1455.
https://doi.org/10.1890/15-1176 PMID: 27755760

USDA Forest Service Forest Inventory and Analysis Program 2020. Available from: http://www.fia.fs.
fed.us/

Kosiba AM, Meigs GW, Duncan JA, Pontius JA, Keeton WS, Tait ER. Spatiotemporal patterns of forest
damage and disturbance in the northeastern United States: 2000—2016. Forest Ecol Manage. 2018;
430: 94-104. https://doi.org/10.1016/j.foreco.2018.07.047

Pasquarella VJ, Elkinton JS, Bradley BA. Extensive gypsy moth defoliation in Southern New England
characterized using Landsat satellite observations. Biol Invas. 2018; 20: 3047-3053. https://doi.org/10.
1007/s10530-018-1778-0

Forman RT, Boerner RE. Fire frequency and the pine barrens of New Jersey. Bul Torrey Bot Club.
1981; 108: 34-50. https://doi.org/10.2307/2484334

Clark KL, Skowronski N, Hom J. Invasive insects impact forest carbon dynamics. Glob Change Biol.
2010; 16: 88—101. https://doi.org/10.1111/j.1365-2486.2009.01983.x

Weed AS, Ayres MP, Hicke JA. Consequences of climate change for biotic disturbances in North Ameri-
can forests. Ecol Monogr. 2013; 83: 441-470. https://doi.org/10.1890/13-0160.1

Heuss M., D’Amato AW, Dodds KJ. Northward expansion of southern pine beetle generates significant
alterations to forest structure and composition of globally rare Pinus rigida forests. Forest Ecol Manage.
2019; 434: 119-130. https://doi.org/10.1016/j.foreco.2018.12.015

Little S. 1998. Fire and plant succession in the New Jersey Pine Barrens, In Pine Barrens: Ecosystem
and Landscape, Forman RTT., Ed., Academic Press: New York, USA, pp. 297-314, ISBN 0-12-
263450-0.

Scheller RM, Van Tuyl S, Clark K, Hayden NG, Hom J, Mladenoff DJ. Simulation of forest change in the
New Jersey Pine Barrens under current and pre-colonial conditions. Forest Ecol Manage. 2008; 255:
1489-1500. https://doi.org/10.1016/j.foreco.2007.11.025

La Puma IP, Lathrop RG, Keuler NS. A large-scale fire suppression edge-effect on forest composition
in the New Jersey Pinelands. Landscape Ecol. 2013; 28: 1815-1827. https://doi.org/10.1007/s10980-
013-9924-7

Helms J.A. (Ed.). 1998. The dictionary of forestry. Society of American Foresters, Bethesda, MD. 210p.

Kabrick JM, Clark KL, D’Amato AW, Dey DC, Kenefic LS, Kern CC, et al. Managing hardwood-softwood
mixtures for future forests in eastern North America: Assessing suitability to projected climate change. J
For. 2017; 115: 190-201. https://doi.org/10.5849/jof.2016-024

Vickers LA, Knapp BO, Kabrick JM, Kenefic LS, D’Amato AW, Kern CC, et al. Northeastern U.S. mixed-
woods: contemporary status, distribution, and trends. Can J For Res. 2021; 51: 881-896. https://doi.
org/10.1139/cjfr-2020-0467

Kern CC, Waskiewicz JD, Frelich L, Mufioz Delgado BL, Kenefic LS, Clark KL, et al. Understanding
compositional stability in mixedwood forests of eastern North America. Can J For Res. 2021; 24: 897—
909. https://doi.org/10.1139/cjfr-2020-0492

Gallagher MR. Monitoring fire effects in the New Jersey Pine Barrens with burn severity indices. 2017.
Ph.D. Dissertation, Rutgers University, New Brunswick, New Jersey.

Clark KL, Ayres M, Aoki C, Wengrowski E, Peterken J. Impact of Southern pine beetle on forest struc-
ture and fuel loading in a wildfire-prone landscape. 2017. Gen Tech Rep SRS-222. Asheville, NC: U.S.
Department of Agriculture, Forest Service, pp. 147—154. Available from: https://www.fs.usda.gov/
treesearch/pubs/55547

Aoki CF, Cook M, Dunn J, Finley D, Fleming L, Yoo R, et al. Old pests in new places: Effects of stand
structure and forest type on susceptibility to a bark beetle on the edge of its native range. Forest Ecol
Manage. 2018; 419: 206—-219. https://doi.org/10.1016/j.foreco.2018.03.009

Amiro BD, Barr AG, Barr JG, Black TA, Bracho R, Brown M, et al. Ecosystem carbon dioxide fluxes
after disturbance in forests of North America. J Geophys Res. 2010;115. https://doi.org/10.1029/
2010JG001390

Medvigy D, Clark KL, Skowronski NS, Schafer KVR. 2012. Simulated impacts of insect defoliation on for-
est carbon dynamics. Environ Res Let. 2012; 7: 045703. https://doi.org/10.1088/1748-9326/7/4/045703

PLOS ONE | https://doi.org/10.1371/journal.pone.0265955 May 4, 2022 21/24


https://doi.org/10.1111/geb.12558
https://doi.org/10.1073/pnas.1820601116
https://doi.org/10.1073/pnas.1820601116
http://www.ncbi.nlm.nih.gov/pubmed/31405977
https://doi.org/10.1890/15-1176
http://www.ncbi.nlm.nih.gov/pubmed/27755760
http://www.fia.fs.fed.us/
http://www.fia.fs.fed.us/
https://doi.org/10.1016/j.foreco.2018.07.047
https://doi.org/10.1007/s10530-018-1778-0
https://doi.org/10.1007/s10530-018-1778-0
https://doi.org/10.2307/2484334
https://doi.org/10.1111/j.1365-2486.2009.01983.x
https://doi.org/10.1890/13-0160.1
https://doi.org/10.1016/j.foreco.2018.12.015
https://doi.org/10.1016/j.foreco.2007.11.025
https://doi.org/10.1007/s10980-013-9924-7
https://doi.org/10.1007/s10980-013-9924-7
https://doi.org/10.5849/jof.2016-024
https://doi.org/10.1139/cjfr-2020-0467
https://doi.org/10.1139/cjfr-2020-0467
https://doi.org/10.1139/cjfr-2020-0492
https://www.fs.usda.gov/treesearch/pubs/55547
https://www.fs.usda.gov/treesearch/pubs/55547
https://doi.org/10.1016/j.foreco.2018.03.009
https://doi.org/10.1029/2010JG001390
https://doi.org/10.1029/2010JG001390
https://doi.org/10.1088/1748-9326/7/4/045703
https://doi.org/10.1371/journal.pone.0265955

PLOS ONE

Insect infestations and forest ecosystem functioning

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.

46.

47.

48.

Kretchun AM, Scheller RM, Lucash MS, Clark KL, Hom J, van Tuyl S, et al. Predicted effects of gypsy
moth defoliation and climate change on forest carbon dynamics in the New Jersey Pine Barrens. PLoS
ONE. 2014; 9: e102531. https://doi.org/10.1371/journal.pone.0102531 PMID: 25119162

Renninger HJ, Carlo N, Clark KL, Schéfer KVR. Modeling respiration from snags and coarse woody
debris before and after an invasive gypsy moth disturbance. Jour Geophys Res Biogeosciences. 2014;
119: 630-644. https://doi.org/10.1002/2013JG002542

Clark KL, Renninger H, Skowronski N, Gallagher M, Schafer KVR. Decadal scale reduction in forest net
ecosystem production following insect defoliation contrasts with short-term impacts of prescribed fires.
Forests. 2018; 9: 145. https://doi.org/10.3390/{9030145

Pan Y, Birdsey R, Hom J, McCullough K, Clark K. Improved estimates of net primary productivity from
MODIS satellite data at regional and local scales. Ecol App, 2006; 16: 125—132. https://doi.org/10.1890/
05-0247 PMID: 16705966

PanY, Birdsey R, Hom J, McCullough K. Separating effects of changes in atmospheric composition, cli-
mate and land-use on carbon sequestration of US Mid-Atlantic temperate forests. Forest Ecol Manage.
2009; 259: 151-164. https://doi.org/10.1016/j.foreco.2009.09.049

Miao Z, Lathrop RG, Xu M, La Puma IP, Clark KL, Hom J, et al. Simulation and sensitivity analysis of
carbon storage and fluxes in the New Jersey Pinelands. Environ Mod Soft. 2011; 26: 1112-1122.
https://doi.org/10.1016/j.envsoft.2011.03.004

Scheller RM, Kretchun AM, Van Tuyl S, Clark KL, Lucash MS, Hom J. Divergent carbon dynamics
under climate change in forests with diverse soils, tree species, and land use histories. Ecosphere
2012; 3: 1-16. https://doi.org/10.1890/ES12-00241.1

Deel LN, McNeil BE, Curtis PG, Serbin SP, Singh A, Eshleman KN, et al. Relationship of a Landsat
cumulative disturbance index to canopy nitrogen and forest structure. Remote Sensing of Environment
2012; 118: 40—49. https://doi.org/10.1016/j.rse.2011.10.026

Xu B, Pan'Y, Plante AF, McCullough K, Birdsey R. Modeling forest carbon cycle using long-term carbon
stock field measurement in the Delaware River Basin. Ecosphere. 2017; 8: e01802. https://doi.org/10.
1002/ecs2.1802

Clark KL, Skowronski N, Gallagher M, Renninger H, Schafer KVR. Effects of invasive insects and fire
on forest energy exchange and evapotranspiration in the New Jersey Pinelands. Agric For Met. 2012;
166—167: 50-61. https://doi.org/10.1016/j.agrformet.2012.07.007

Little S, Somes HA. 1956. Buds enable pitch and shortleaf pines to recover from injury. USDA For Serv
Sta Pap NE-81. Available from: https://www.fs.usda.gov/treesearch/pubs/13616

Gough CM, Curtis PS, Hardiman BS, Scheuermann CM, Bond-Lamberty B. Disturbance, complexity,
and succession of net ecosystem production in North America’s temperate deciduous forests. Eco-
sphere. 2016; 7: e01375. https://doi.org/10.1002/ecs2.1375

Curtis PS, Gough CM. Forest aging, disturbance and the carbon cycle. New Phytol. 2018;219: 1188—
1193. https://doi.org/10.1111/nph.15227 PMID: 29767850

Hornslein NJ, Siegert C, Renninger HJ. Physiological response of mid-canopy sweetgum trees to
overstory loblolly pine mortality. Trees. 2019; 33: 139-151. https://doi.org/10.1007/s00468-018-
1764-2

Clark KL, Skowronski N, Gallagher M, Renninger H, Schafer KVR. Contrasting effects of invasive
insects and fire on ecosystem water use efficiency. Biogeosciences. 2014; 11: 6509-6523. https://doi.
org/10.5194/bg-11-6509-2014

Guerrieri R, Lepine L, Asbjornsen H, Xiao J, Ollinger SV. Evapotranspiration and water use efficiency in
relation to climate and canopy nitrogen in US forests. 2016. J Geophys Res Biosciences. 2016; 121:
2610-2629. https://doi.org/10.1002/2016JG003415

Guerrieri R, Belmecheri S, Ollinger SV, Asbjornsen H, Jennings K, Xiao J, et al. Disentangling the role
of photosynthesis and stomatal conductance on rising forest water-use efficiency. Proc Nat Acad Sci.
2019; 116: 16909-16914. https://doi.org/10.1073/pnas.1905912116 PMID: 31383758

Xu B, PanY, Plante AF, Johnson A, Cole J, Birdsey R. Decadal change of forest biomass carbon stocks
and tree demography in the Delaware River Basin. Forest Ecol Manage. 2016; 374: 1-10. https://doi.
org//10.1016/j.foreco.2016.04.045

Tedrow, J.C.F. Soils of New Jersey. New Jersey Agricultural Experiment Station Publication A-15134-
1-82. Malabar, Florida: Krieger Publishing Co; 1986.

Little S, Moore EB. The ecological role of prescribed burns in the pine-oak forests of southern New Jer-
sey, Ecology. 1949; 30: 223-2383. https://doi.org/10.2307/1931188

National Interagency Fire Center. 2021. New Jersey State Fire Statistics. Available from: https://www.
nifc.gov/firelnfo/firelnfo_statistics.html

PLOS ONE | https://doi.org/10.1371/journal.pone.0265955 May 4, 2022 22/24


https://doi.org/10.1371/journal.pone.0102531
http://www.ncbi.nlm.nih.gov/pubmed/25119162
https://doi.org/10.1002/2013JG002542
https://doi.org/10.3390/f9030145
https://doi.org/10.1890/05-0247
https://doi.org/10.1890/05-0247
http://www.ncbi.nlm.nih.gov/pubmed/16705966
https://doi.org/10.1016/j.foreco.2009.09.049
https://doi.org/10.1016/j.envsoft.2011.03.004
https://doi.org/10.1890/ES12-00241.1
https://doi.org/10.1016/j.rse.2011.10.026
https://doi.org/10.1002/ecs2.1802
https://doi.org/10.1002/ecs2.1802
https://doi.org/10.1016/j.agrformet.2012.07.007
https://www.fs.usda.gov/treesearch/pubs/13616
https://doi.org/10.1002/ecs2.1375
https://doi.org/10.1111/nph.15227
http://www.ncbi.nlm.nih.gov/pubmed/29767850
https://doi.org/10.1007/s00468-018-1764-2
https://doi.org/10.1007/s00468-018-1764-2
https://doi.org/10.5194/bg-11-6509-2014
https://doi.org/10.5194/bg-11-6509-2014
https://doi.org/10.1002/2016JG003415
https://doi.org/10.1073/pnas.1905912116
http://www.ncbi.nlm.nih.gov/pubmed/31383758
https://doi.org//10.1016/j.foreco.2016.04.045
https://doi.org//10.1016/j.foreco.2016.04.045
https://doi.org/10.2307/1931188
https://www.nifc.gov/fireInfo/fireInfo_statistics.html
https://www.nifc.gov/fireInfo/fireInfo_statistics.html
https://doi.org/10.1371/journal.pone.0265955

PLOS ONE

Insect infestations and forest ecosystem functioning

49.

50.

51.

52,

53.

54.

55.

56.

57.
58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

New Jersey Department of Environmental Protection 2004-2016. New Jersey gypsy moth aerial defoli-
ation survey, New Jersey Department of Agriculture, Trenton, New Jersey. [cited 15 November 2019].
Available from: http://www.state.nj.us/agriculture/divisions/pi/pdf/defoliationtable.pdf

Skowronski N, Clark K, Nelson R, Hom J, Patterson M. Remotely sensed measurements of forest struc-
ture and fuel loads in the Pinelands of New Jersey. Remote Sens Environ. 2007; 108: 123—129. https://
doi.org/10.1016/j.rse.2006.09.032

Cole JA, Johnson KD, Birdsey RA, Pan Y, Wayson CA, McCullough K, et al. Database for land-
scape-scale carbon monitoring sites. Gen. Tech. Rep. NRS-119. Newtown square, PA: U.S. Depart-
ment of Agriculture, Forest Service, Northern Research Station. 12 p. https://doi.org/10.2737/NRS-
GTR-119

Whittaker RH, Woodwell GM. Dimension and production relations of trees and shrubs in the Brookha-
ven Forest, New York. J Ecol. 1968; 56: 1-25. https://doi.org/10.2307/2258063

Clark KL, Skowronski N, Gallagher M, Carlo N, Farrell M, Maghirang M. Assessment of canopy fuel
loading across a heterogeneous landscape using LiDAR. Joint Fire Sciences Program 2013, Project
10-1-02-14, Final Report, 47pp. Available from: https://www.firescience.gov/projects/10-1-02-14/
project/10-1-02-14_final_report.pdf

Chojnacky DC, Heath LS, Jenkins JC. Updated generalized biomass equations for North American tree
species. Forestry. 2014; 87: 129-151. https://doi.org/10.1093/forestry/cpt053

Dodds KJ, Aoki CF, Arango-Velez A, Cancelliere J, D’Amato AW, DiGirolomo MF, et al. Expansion of
southern pine beetle into northeastern forests: Management and impact of a primary bark beetle in a
new region. J For. 2018; 116: 178-191. https://doi.org/10.1093/jofore/fvx009

Fatemi FR, Yanai RD, Hamburg SP, Vadeboncoeur MA, Arthur MA, Briggs RD, et al. Allometric equa-
tions for young northern hardwoods: the importance of age-specific equations for estimating above-
ground biomass. C Jour For Res. 2011; 41: 881-891. https://doi.org/10.1139/x10-248

Allen S.E. 1989. Chemical analysis of ecological materials. Oxford, UK: Blackwell Scientific; 565 pp.

Renninger HJ, Schafer KVR, Clark KL, Skowronski N. Effects of a prescribed fire on water use and pho-
tosynthetic capacity of pitch pines. Trees. 2013; 27: 1115-1127. https://doi.org/10.1007/s00468-013-
0861-5

Renninger HJ, Carlo NJ, Clark KL, Schafer KVR. Resource use and efficiency, and stomatal responses
to environmental drivers of oak and pine species in an Atlantic Coastal Plain forest. Front Plant Sci.
2015; 6: 297. https://doi.org/10.3389/fpls.2015.00297 PMID: 25999966

Clement R. 2012. EdiRe data software, v. 1.5. 0.32. University of Edinburgh, Edinburgh, UK.

Barbosa P, Hines J, Kaplan |, Martinson H, Szczepaniec A, Szendrei Z. Associational resistance and
associational susceptibility: having right or wrong neighbors. Ann Rev Ecol Evol Syst. 2009; 40: 1-20.
https://doi.org/10.1146/annurev.ecolsys.110308.120242

Jactel H, Bauhus J, Boberg J, Bonal D, Castagneyrol B, Gardiner B, et al. Tree diversity drives forest
stand resistance to natural disturbances. Curr. For. Reports. 2017; 3(3): 223-243. https://doi.org/10.
1007/s40725-017-0064-1

Elkinton JS, Liebhold AM. Population dynamics of gypsy moth in North America. Ann Rev Entomol.
1990; 35: 571-596. https://doi.org/10.1146/annurev.en.35.010190.003035

Davidson CB, Gottschalk KW, Johnson JE. Tree mortality following defoliation by the European gypsy
moth (Lymantria disparL.) in the United States: a review. For Sci. 1999; 45: 74-84. https://doi.org/10.
1093/forestscience/45.1.74

Morin RS, Liebhold AM. Invasive forest defoliator contributes to the impending downward trend of oak
dominance in eastern North America. Forestry. 2015; 89: 284—289. https://doi.org/10.1093/forestry/
cpv053

Boerner RE, Lord TR, Peterson JC. Prescribed burning in the oak-pine forest of the New Jersey Pine
Barrens: effects on growth and nutrient dynamics of two Quercus species. Amer Midland Nat. 1988;
120: 108-119. https://doi.org/10.2307/2425891

Renninger HJ, Carlo NJ, Clark KL, Schafer KVR. Physiological strategies of co-occurring oaks in a
water- and nutrient-limited ecosystem. Tree Phys. 2014; 34: 159—173. https://doi.org/10.1093/treephys/
tpt122 PMID: 24488856

Guldin JM. Silvicultural considerations in managing southern pine stands in the context of southern pine
beetle. In: Southern Pine Beetle Il. USDA For. Serv., Southern Research Station. Gen Tech Rep SRS-
140;2011. pp. 317-352.

Ollinger SV, Richardson AD, Martin ME, Hollinger DY, Frolking SE, Reich PB, et al. Canopy nitrogen,
carbon assimilation, and albedo in temperate and boreal forests: Functional relations and potential cli-
mate feedbacks. Proc Nat Acad Sci. 2008; 105: 19336—-19341. https://doi.org/10.1073/pnas.
0810021105 PMID: 19052233

PLOS ONE | https://doi.org/10.1371/journal.pone.0265955 May 4, 2022 23/24


http://www.state.nj.us/agriculture/divisions/pi/pdf/defoliationtable.pdf
https://doi.org/10.1016/j.rse.2006.09.032
https://doi.org/10.1016/j.rse.2006.09.032
https://doi.org/10.2737/NRS-GTR-119
https://doi.org/10.2737/NRS-GTR-119
https://doi.org/10.2307/2258063
https://www.firescience.gov/projects/10-1-02-14/project/10-1-02-14_final_report.pdf
https://www.firescience.gov/projects/10-1-02-14/project/10-1-02-14_final_report.pdf
https://doi.org/10.1093/forestry/cpt053
https://doi.org/10.1093/jofore/fvx009
https://doi.org/10.1139/x10-248
https://doi.org/10.1007/s00468-013-0861-5
https://doi.org/10.1007/s00468-013-0861-5
https://doi.org/10.3389/fpls.2015.00297
http://www.ncbi.nlm.nih.gov/pubmed/25999966
https://doi.org/10.1146/annurev.ecolsys.110308.120242
https://doi.org/10.1007/s40725-017-0064-1
https://doi.org/10.1007/s40725-017-0064-1
https://doi.org/10.1146/annurev.en.35.010190.003035
https://doi.org/10.1093/forestscience/45.1.74
https://doi.org/10.1093/forestscience/45.1.74
https://doi.org/10.1093/forestry/cpv053
https://doi.org/10.1093/forestry/cpv053
https://doi.org/10.2307/2425891
https://doi.org/10.1093/treephys/tpt122
https://doi.org/10.1093/treephys/tpt122
http://www.ncbi.nlm.nih.gov/pubmed/24488856
https://doi.org/10.1073/pnas.0810021105
https://doi.org/10.1073/pnas.0810021105
http://www.ncbi.nlm.nih.gov/pubmed/19052233
https://doi.org/10.1371/journal.pone.0265955

PLOS ONE

Insect infestations and forest ecosystem functioning

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Zhou Z, Ollinger SV, Lepine L. Landscape variation in canopy nitrogen and carbon assimilation in a tem-
perate mixed forest. Oecologia 2018; 188: 595—-606. https://doi.org/10.1007/s00442-018-4223-2 PMID:
30003370

Anderson-Teixeira KJ, Herrmann V, Cass WB, Williams AB, Paull SJ, Gonzalez-Akre EB, et al. Long-
Term Impacts of Invasive Insects and Pathogens on Composition, Biomass, and Diversity of Forests in
Virginia’s Blue Ridge Mountains. Ecosystems. 2021; 24: 89—105. https://doi.org/10.1007/s10021-020-
00503-w

Butler-Leopold PR, Iverson LR, Thompson FR, Brandt LA, Handler SD, Janowiak MK, et al. Mid-Atlantic
forest ecosystem vulnerability assessment and synthesis: a report from the Mid-Atlantic Climate
Change Response Framework project. Gen. Tech. Rep. NRS-181. 2018 U.S. Department of Agricul-
ture, Forest Service, Northern Research Station. 294 p. Available from: https://www.fs.usda.gov/
treesearch/pubs/57325

Little S, Somes HA. Prescribed burning in the pine regions of southern New Jersey and eastern shore
Maryland-a summary of present knowledge. Station Paper NE-151. Upper Darby, PA: USDA Forest
Service, Northeastern Forest Experiment Station. 1-21. 1961;151. Available from: http://www.nrs.fs.
fed.us/pubs/sp/spne151.pdf

Brose PH, Dey DC, Phillips RJ, Waldrop TA. A Meta-Analysis of the Fire-Oak Hypothesis: Does Pre-
scribed Burning Promote Oak Reproduction in Eastern North America? For Sci. 2013; 59: 322—-334.
https://doi.org/10.5849/forsci.12-039

Brose PH. Development of Prescribed Fire as a Silvicultural Tool for the Upland Oak Forests of the
Eastern United States. J For. 2014; 112: 525-533. https://doi.org/10.5849/jof.13-088

Keyser TL, M. Arthur M, Loftis DL. Repeated burning alters the structure and composition of hardwood
regeneration in oak-dominated forests of eastern Kentucky, USA. For Ecol Manage. 2017; 393: 1—11.
https://doi.org/10.1016/j.foreco.2017.03.015

Dems CL, Taylor AH, Smithwick EAH, Kreye JK, Kaye MW. Prescribed fire alters structure and compo-
sition of a mid-Atlantic oak forest up to eight years after burning. Fire Ecol. 2021; 17: 10. https://doi.org/
10.1186/s42408-021-00093-5

Clark KL, Skowronski N, Renninger H, Scheller R. Climate change and fire management in the mid-
Atlantic region. For Ecol Manage. 2014; 327:306—15. https://doi.org/10.1016/j.foreco.2013.09.049

Skowronski NS, Clark KL, Duveneck M, Hom J. Three-dimensional canopy fuel loading predicted using
upward and downward sensing LiDAR systems. Remote Sens Environ. 2011; 115: 703-714. https://
doi.org/10.1016/j.rse.2010.10.012

McCormick J, Jones JL. The Pine Barrens: Vegetation Geography, 1973; New Jersey State Museum,
New Jersey, USA, pp. 76. https://doi.org/10.7282/T3GX49DC

Keenan TF, Hollinger DY, Bohrer G, Dragoni D, Munger JW, Schmid HP, et al. Increase in forest water-
use efficiency as atmospheric carbon dioxide concentrations rise. Nature. 2013; 499(7458): 324.
https://doi.org/10.1038/nature 12291 PMID: 23842499

Keenan TF, Gray J, Friedl MA, Toomey M, Bohrer G, Hollinger DY, et al. Net carbon uptake has
increased through warming-induced changes in temperate forest phenology. Nature Clim Change.
2014; 4:598. https://doi.org/10.1038/nclimate2253

Kenefic LS, Kabrick JM, Knapp BO, Raymond P, Clark KL, D’Amato AW, et al. Mixedwood silviculture
in North America: the science and art of managing for complex, multi-species temperate forests. Can J
For Res. 2021; 51: 921-934. https://doi.org/10.1139/cjfr-2020-0410

Webster CR, Dickinson YL, Burton JI, Frelich LE, Jenkins MA, Kern CC, et al. Promoting and maintain-
ing diversity in contemporary hardwood forests: Confronting contemporary drivers of change and the
loss of ecological memory. For Ecol Manage. 2018; 421: 98—108. https://doi.org/10.1016/j.foreco.
2018.01.010

Willis JL, Gordon JS, Tanger S, Blazier MA, Self AB, Brodbeck A. 2019. Managing mixed stands: reas-
sessing a forgotten stand type in the southeastern United States. Forests. 2019; 10: 751. https://doi.
0rg/10.3390/f10090751

Puettmann K.J., and Messier C. 2020. Simple guidelines to prepare forests for global change: the dog
and the frisbee. Northwest Sci. 93; 3—4: 209-225. https://doi.org/10.3955/046.093.0305

Castagneyrol B, Kozlov MV, Poeydebat C, Toigo M, Jactel H. 2020. Associational resistance to a pest
insect fades with time. J. Pest Sci. 2020; 93: 427—-437. https://doi.org/10.1007/s10340-019-01148-y

PLOS ONE | https://doi.org/10.1371/journal.pone.0265955 May 4, 2022 24/24


https://doi.org/10.1007/s00442-018-4223-2
http://www.ncbi.nlm.nih.gov/pubmed/30003370
https://doi.org/10.1007/s10021-020-00503-w
https://doi.org/10.1007/s10021-020-00503-w
https://www.fs.usda.gov/treesearch/pubs/57325
https://www.fs.usda.gov/treesearch/pubs/57325
http://www.nrs.fs.fed.us/pubs/sp/spne151.pdf
http://www.nrs.fs.fed.us/pubs/sp/spne151.pdf
https://doi.org/10.5849/forsci.12-039
https://doi.org/10.5849/jof.13-088
https://doi.org/10.1016/j.foreco.2017.03.015
https://doi.org/10.1186/s42408-021-00093-5
https://doi.org/10.1186/s42408-021-00093-5
https://doi.org/10.1016/j.foreco.2013.09.049
https://doi.org/10.1016/j.rse.2010.10.012
https://doi.org/10.1016/j.rse.2010.10.012
https://doi.org/10.7282/T3GX49DC
https://doi.org/10.1038/nature12291
http://www.ncbi.nlm.nih.gov/pubmed/23842499
https://doi.org/10.1038/nclimate2253
https://doi.org/10.1139/cjfr-2020-0410
https://doi.org/10.1016/j.foreco.2018.01.010
https://doi.org/10.1016/j.foreco.2018.01.010
https://doi.org/10.3390/f10090751
https://doi.org/10.3390/f10090751
https://doi.org/10.3955/046.093.0305
https://doi.org/10.1007/s10340-019-01148-y
https://doi.org/10.1371/journal.pone.0265955

