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ABSTRACT

Exotic forest insects and pathogens (EFIP) have
become regular features of temperate forest
ecosystems, yet we lack a long-term perspective on
their net impacts on tree mortality, carbon
sequestration, and tree species diversity. Here, we
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analyze 3 decades (1987-2019) of forest monitor-
ing data from the Blue Ridge Mountains ecoregion
in eastern North America, including 67 plots
totaling 29.4 ha, along with a historical survey
from 1939. Over the past century, EFIP substan-
tially affected at least eight tree genera. Tree host
taxa had anomalously high mortality rates
(= 6% year ' from 2008 to 2019 vs 1.4% year '
for less-impacted taxa). Following the arrival of
EFIP, affected taxa declined in abundance (— 25 to
— 100%) and live aboveground biomass (AGB;
— 13 to — 100%) within our monitoring plots. We
estimate that EFIP were responsible for 21-29% of
ecosystem AGB loss through mortality (— 87 g m >
year ') from 1991 to 2013 across 66 sites. Over a
century, net AGB loss among affected species totaled
roughly 6.6-10 kg m 2. The affected host taxa ac-
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counted for 23-29% of genera losses at the plot scale,
with mixed net effects on «-diversity. Several taxa
were lost from our monitoring plots but not com-
pletely extirpated from the region. Despite these
losses, both total AGB and a-diversity were largely
recovered through increases in sympatric genera.
These results indicate that EFIP have been an
important force shaping forest composition, carbon
cycling, and diversity. At the same time, less-affected
taxa in these relatively diverse temperate forests
have conferred substantial resilience with regard to
biomass and «-diversity.

Key words: temperate forest; invasives; forest
insect pests; forest pathogens; tree mortality; di-
versity; biomass; carbon; conservation.

HiGHLIGHTS

e Exotic forest pests have substantially impacted at
least 24% of tree genera (n = 8).

e Exotic forest pests were linked to 21-29% of
biomass losses in recent decades.

e Exotic forest pests had mixed effects on tree
biodiversity.

INTRODUCTION

Forests harbor the majority of terrestrial biodiver-
sity and play a critical role in climate regulation
(Hassan and others 2005; Bonan 2008), yet their
future is uncertain in the face of multiple anthro-
pogenic global change pressures (for example, Sala
2000; Friedlingstein and others 2006). One of the
largest and most imminent hazards to temperate
forest health is exposure to exotic forest insects and
pathogens (EFIP), which can cause extensive tree
mortality and substantially impact forest structure,
tree diversity, and energy, water, carbon, and
nutrient fluxes (Boyd and others 2013; Lovett and
others 2016; Seidl and others 2018; Fei and others
2019). They can also have massive economic and
societal costs (Bradshaw and others 2016).

Exotic insects and pathogens have become com-
mon features of most temperate forest ecosystems
worldwide (Boyd and others 2013). In the USA, at
least 471 EFIP have been documented since 1635
(Aukema and others 2010), with up to 45 invasive
EFIP in some counties of the northeast (Liebhold and
others 2013). Each invasion has impacted host taxa
that evolved in isolation from the insect or pathogen

and lack defense mechanisms, at times virtually
eliminating once-abundant tree genera from the
landscape (Lovett and others 2006). For example,
American chestnut (Castanea dentata) has been
eliminated as a canopy species in the eastern USA by
chestnut blight (Anagnostakis 1987), eastern hem-
lock (Tsuga canadensis) is experiencing severe decli-
nes across much of its native range (Ellison and
others 2018) due to the hemlock woolly adelgid, and
ash trees (Fraxinus spp.) are currently being deci-
mated by emerald ash borer (Herms and McCul-
lough 2014). EFIP invasions are expected to
continue for the foreseeable future, driven by ever-
increasing global trade and travel along with asso-
ciated EFIP introductions (Levine and D’Antonio
2003; Aukema and others 2010; Boyd and others
2013) and probable exacerbation by climate change
(Ayres and Lombardero 2000; Dukes and others
2009; Seidl and others 2018).

Despite their prevalence and potentially damag-
ing effects, relatively little is known regarding the
net impacts of EFIP on forest composition, biomass,
and diversity (Peltzer and others 2010), particularly
over the long term (Strayer and others 2006). The
effects of individual EFIP disturbances have previ-
ously been quantified, most commonly with
emphasis on stands where the impact is particularly
severe (for example, Flower and others 2013; Finzi
and others 2014), and there are regional assess-
ments of recent (post-2004) impacts and threats of
multiple EFIP (Fei and others 2019; Potter and
others 2019). However, we are unaware of any
study that has characterized the aggregate long-
term impacts of multiple EFIP on forest composi-
tion, biomass, and diversity.

Here, we draw on long-term forest monitoring
plots throughout Shenandoah National Park (SNP)
and at the adjacent Smithsonian Conservation
Biology Institute (SCBI) to characterize the impacts
of multiple EFIP on forests within the Appalachian/
Blue Ridge Mountains ecoregion. Combined, our
records include more than 350,000 tree observa-
tions over 3 decades (1987-2019), with a total
sample area of 29.4 ha distributed throughout the
81,900 ha study region. We focus on eight tree
genera that were substantially impacted by EFIP
over the past century (Table 1). For outbreaks that
peaked prior to the start of our quantitative records,
we supplement our quantitative data with quali-
tative species abundance descriptions from an SNP
vegetation survey in 1939 (Berg and Moore 1941).
We address three major questions regarding the
impact of exotic insects and pathogens: (1) How has
each tree host taxa been impacted in terms of
abundance, live aboveground biomass (henceforth,
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Table 1. Impactful Exotic Forest Insects and Pathogens in the Blue Ridge Mountains
Insect/ pathogen(s) Host species Insect/pathogen  Origin Years of References
type outbreak in
study region

Chestnut blight (Cryphonectria American chestnut Fungal/stem rot  Asia Mid-1920s Anagnostakis

parasitica (Murrill) Barr) (Castanea dentata (still pre- (1987)
(Marshall) sent)
Borkh)

Dutch elm disease (Ophiostoma  Elm (Ulmus ameri-  Fungal/stem rot  Asia Likely 1940s Brasier (1991,
spp.?) cana L., Ulmus to present 2000)

rubra Muhl.)?

Neofusicoccum spp. (previously Redbud (Cercis Fungal/stem rot  Unknown Unknown Wester and oth-
Botryosphaeria spp.) canadensis 1.) (globally (by 1950 ers (1950);

dis- in D.C.); Sakalidis and
tributed)® currently others (2013)
present

Butternut canker (Ophiognomo- Butternut (Juglans  Fungal/stem rot  Asia Likely 1970s Morin and oth-
nia clavigignenti-juglan- cinerea L.) to present ers (2018)
dacearum (N.B. Nair, Kostichka
¢ J.E. Kuntze Broders & Bo-
land)

Dogwood anthracnose patho-  Dogwood (Cornus Fungal/stem rot  Asia Likely mid-  Caetano-An-
gen (Discula destructiva Red- florida L., Cornus 1980’s to ollés and oth-
lin) alternifolia L. 1.) present ers (2001),

Carr and Ba-
nas (2000)

Gypsy moth (Lymantria dispar Oaks (Quercus spp.; Insect/defoliator  Europe 1984-1995 Kasbohm
L.) 11 species) (still pre- (1994)

sent)d

Hemlock woolly adelgid (Adel- Hemlock (Tsuga Insect/phloem Asia 1988-2007 Ellison and oth-
ges tsugae (Annand)) canadensis (L.) feeder (still pre- ers (2018)

Carricre) sent)

Emerald ash borer (Agrilus pla- Ash (Fraxinus amer- Insect/xylem dis- Asia 2013-pre- Herms and

nipennis Fairmaire) icana L., F. nigra ruptor sent McCullough
Marshall, F. (2014)

pennsylvanica
Marshall)

Criteria for inclusion are detailed in Appendix S1.
“Causal agents include Ophiostoma ulmi (Buisman) Nannf, Ophiostoma novo-ulmi Brasier, and Ophiostoma himal-ulmi Brasier & M.D. Mehrotra. Vectors include Scolytus
multistriatus (Marsham) (exotic), Scolytus schevyrewi Semenov (exotic), and Hylurgopinus rufipes (Eichhoff) (native) .
YUlmus americana is more vulnerable than Ulmus rubra, but both are affected. The taxa are also affected by elm yellows (Ophiostoma ulmi (Buisman) Melin & Nannf. And O.
novo-ulmi Brasier), but we do not have any definitive evidence of this disease within our monitoring plots.
“The Neofusicoccum species complex affects orchard species and is globally distributed, with frequent movement across international borders (Sakalidis and others 2013). The
most widespread is N. parvum Pennycook and Samuels.
“The first and largest outbreak occurred from 1984 to 95 and was suppressed in 1995 through the spraying of Bacillus thuringiensis var.curstaki. Thereafter, populations have
largely been kept in check by the naturally occurring fungal pathogen: Entomophaga maimaga Humber, Shimazu, and Soper. There have been smaller subsequent outbreaks.

AGB), and mortality rate?; (2) How have EFIP af-
fected ecosystem-level AGB?; and (3) How have
EFIP altered tree biodiversity at the stand level (a-
diversity) and landscape scale (y-diversity)?

MATERIALS AND METHODS
Study Sites and Data

Our study sites included long-term forest moni-
toring plots throughout Shenandoah National Park

(SNP) and at the adjacent Smithsonian Conserva-
tion Biology Institute (SCBI), which together are
distributed across an approximately 130 km stretch
of the Appalachian/Blue Ridge Mountains ecore-
gion spanning 38.12-38.89°N latitude and 78.14-
78.77°W longitude (Figure 1). Terrain is moun-
tainous, with elevations of our study plots ranging
from 273 to 1097 m.a.s.l. Climate is humid warm
temperate (Koppen zone Cfa) with temperate
oceanic (Cfb) and warm-summer humid conti-
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Figure 1. Map of the study region and plots within Shenandoah National Park (SNP) and the Smithsonian Conservation

Biology Institute (SCBI). Plot details are given in Table 2.

nental (Dfa) climates at higher elevations. The re-
gion is mostly forested, including broadleaf decid-
uous, mixed, and conifer forests. Dominant tree
genera currently include oaks (Quercus montana
Willd, Quercus rubra L.), tulip poplar (Liriodendron
tulipifera L.), maples (Acer rubrum L., Acer saccharum
Marshall), birch (Betula alleghaniensis Britton, Betula
lenta L.), black gum (Nyssa sylvatica Marshall), ash
(Fraxinus americana, F. pennsylvanica), black locust
(Robinia pseudoacacia 1.), basswood (Tilia americana

L.), and hickories (Carya glabra (Mill.) Sweet, Carya
cordiformis (Wangenh.) K. Koch, Carya tomentosa
(Lam.) Nutt., Carya ovalis (Wangenh.) Sarg., Carya
ovata (Mill.) K. Koch) (Cass and others 2012; Young
and others 2009). Forests are mostly mature sec-
ondary, having undergone logging, agricultural
clearing, and use for small-scale farms and pasture
prior to establishment of SNP in 1935 and SCBI in
1975 (Conners 1988; Bourg and others 2013).
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The vegetation of SNP was surveyed shortly after
the Park’s establishment, with qualitative abun-
dance descriptors reported by species (Berg and
Moore 1941). Quantitative censuses of trees at least
10 cm in permanent plots began in 1987, as de-
tailed in Appendix S2. We focus here on 66
24 x 24 m plots that have been continuously
censused since at least 1991 (SNP-66; Figure 1;
Table 2), which constitute 41% of current moni-
toring sites selected to represent a stratified sample
of bedrock geology type, slope aspect, and elevation
in the current monitoring scheme (Mahan and
others 2007). We also examine subsets of these 66
plots to characterize the impacts of the gypsy moth
(SNP-Quercus; n =38) and the hemlock woolly
adelgid (SNP-Tsuga; n = 10; Table 2). At SCBI, we
evaluate two 1-ha forest monitoring plots estab-
lished in 1995 (SCBI-MAB), as well as the 25.6-ha
ForestGEO vegetation dynamics plot into which
they were incorporated in 2008 (SCBI-ForestGEO;
Figure 1), all of which were subdivided into
20 x 20 m quadrats. While limited to a single site
(38° 53" 36.6°° N, 78° 08 43.4”” W), the SCBI re-
cords capture smaller individuals ( £ 1 c¢m), cover
a large contiguous area, and include detailed an-
nual monitoring of tree mortality and its causes
since 2014 (Table 2).

Analyses

Aboveground biomass of individual trees was cal-
culated using allometric equations selected from
existing compilations for North America (Jenkins
and others 2003; Chojnacky and others 2014),
giving precedence to taxa-specific and local allo-
metric equations as described by Gonzalez-Akre
and others (2016). Abundance and AGB (Mg dry
biomass) per genus and for all species combined
were summed across each 24 x 24 m SNP plot or
20 x 20 m quadrat at SCBI (640 total in ForestGEO
plot) and linearly interpolated across censuses to
create time series. Annual stem mortality rate (m;
% year '), biomass mortality (g m~? year '), and
woody aboveground net primary productivity,
ANPP0dy (8 m 2 yearfl), were calculated as in
Gonzalez-Akre and others (2016) when individual
trees were reliably tracked (Table 2). We limited
our calculation of m to cases when at least 100
individuals at least 10 cn DBH were present per
genus at SCBI-ForestGEO.

The annual net change in AGB, AAGB, is the
balance between AGB losses (that is, woody mor-
tality) and gains from growth and recruitment
(ANPP,,004y). However, because tree mortality is
rare and our plots/quadrats are relatively small and

diverse, we expected that mortality would domi-
nate AAGB within any given genera, plot, and
census interval in which it occurs, such that gen-
era-specific AAGB values would approach woody
mortality when negative (AAGB™) and ANPP,,4y
when positive (AAGB™). This logic was verified by
comparing AAGB~ and AAGB™ with woody mor-
tality and ANPP,,,0qy, respectively, when the latter
could be calculated.

We quantified «- and y-diversity at the genus
level using the presence—absence metrics. Specifi-
cally, for each set of plots, «-diversity was defined
as the number of genera present within each plot
(SNP) or 20 x 20-m sampling quadrat (SCBI), and
y-diversity was defined as the total number of
genera present within each set of plots (Table 2).

For tree taxa subjected to an EFIP outbreak more
than a decade prior to the start of our records
(before the mid-1980s), we used the 1939 vegeta-
tion survey of Berg and Moore (1941) to roughly
estimate historical abundance and biomass, as de-
tailed in Appendix S3.

Attribution of Losses to EFIP

We identified EFIP-tree host combinations (Ta-
ble 1) that met three criteria, as detailed in Ap-
pendix S1: (1) The insect or pathogen was exotic in
origin and transported to the region by human
activities; (2) the presence of the EFIP was con-
firmed within our specific study area through
observations of the insect/pathogen or its signa-
tures on dead or declining host trees; (3) the host
taxa had suffered substantial (> 20%) decline in
abundance or displayed elevated mortality rates
(> 5% year ') concurrent with EFIP presence.
Because most of the EFIP considered here affected
all species within a genus that were present in our
plots, and because not all trees were successfully
identified to species during the forest censuses, we
conducted analyses at the genus level. An excep-
tion was the genus Juglans, including J. cinerea
(heavily impacted by butternut canker) and J. nigra
L. (little impacted); these species were treated
separately.

Losses occurring within a host tree genus during
the time period over which the associated EFIP was
present (Tables 1, S1) were classified as EFIP asso-
ciated, and the rest as EFIP-unlikely. For AAGB~ and
a-diversity losses, the EFIP-associated category was
subdivided into EFIP-likely, referring to losses
exceeding typical rates of ““background’”” mortality
and likely due to EFIP, and EFIP-possible, referring
to losses likely to have occurred regardless of the
presence of EFIP, even if EFIP induced. Losses were
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partitioned through multiplication by a weighting
factor representing the fraction of losses above
“background”” mortality, fes, (Table S4). Specifi-
cally, ferp was calculated as fefip = 1 —mb/meﬁp,
where my, is likely ‘“’background’” mortality and
Merip 1 total observed mortality during a time when
the EFIP was present. For genera for which our
records covered periods both with and without
EFIP (Quercus, Fraxinus), my, was defined based on
the period without EFIP. For all other taxa, n, was
defined as the average mortality rate observed at
SCBI across all species unaffected by EFIP
(1.4% year '). For genera present in the SCBI-
ForestGEO plot and affected by EFIP between 2008
and 2019 (Ulmus, Cercis, Cornus, and Fraxinus), Megp
was calculated from our mortality census data. For
Tsuga, 100% mortality by 2007 was compared to
mortality that would have been expected over the
same period at the background rate. For Quercus, for
which we lacked mortality rate data during the
EFIP outbreak, m.s, and my, were defined as
AAGB~ during EFIP and non-EFIP periods,
respectively. For Castanea, meq, could not be cal-
culated, so, given the lethality of chestnut blight,
we assigned fesp €qual to the maximum among the
other species. For AAGB, the null expectation is
that ‘“‘background” mortality (or AAGB™) is bal-
anced by growth (AAGB™), resulting in zero net
change, so EFIP-associated losses were not parti-
tioned.

REsuLTs

Identification of Focal EFIP-Tree Host
Pairs

We identified eight EFIP with host taxa that had
undergone substantial decline over the past cen-
tury (Tables 1, 3). With the exception of chestnut
blight, characteristic symptoms of all EFIP agents
were observed on dead or declining trees within
our study plots (Tables 2, S1; Figure 2). There were
six additional EFIP-host tree combinations where
the insect/pathogen was confirmed present in our
study region but for which we lacked evidence of
significant EFIP-attributable decline in the host
species (Table S2). Two tree genera, Pinus and Ro-
binia, suffered more than 20% declines in the SNP-
66 plots, but these declines were primarily
attributable to causes other than EFIP (Appendix
S2). All tree genera experiencing more than
5% year ' mortality rates during any census peri-
od at the SCBI-ForestGEO plot had documented
EFIP, with the exception of Carpinus caroliniana in
2019 (cause uncertain) (Figure 2).

Impacts on Tree Taxa

Three previously important canopy taxa: C. den-
tata, Ulmus spp., and J. cinerea, were affected by
exotic pathogens that established in the region
prior to the start of our records (Table 3). In 1939,
C. dentata was described as “‘previously abundant,”
with AGB estimated at roughly 1.6-5 kg m 2,
prior to the arrival of the chestnut blight (Tables 3,
S3). C. dentata individuals at least 10 cm DBH
disappeared from the SNP-66 plots in 2010, but
repeated formation of short-lived sprouts from
long-dead stumps maintained smaller individuals
throughout the region. Where smaller trees were
sampled at SCBI-ForestGEO, several of such
sprouts persisted at DBH at least 1 cm through
2018 (Appendix S4).

Ulmus americana and U. rubra were both de-
scribed as ‘‘sparse” in 1939, prior to arrival of
Dutch elm disease, corresponding to an estimated
AGB of roughly 0.3 kg m~2 (Tables 3, $3). Within
the time frame of our records, they persisted at low
densities (Table 3), low biomass, and increasingly
small sizes (Appendix S4). U. americana constituted
8% and 4% of living Ulmus spp. in the most recent
censuses at SNP-66 and SCBI-ForestGEO, respec-
tively. At SCBI, the genera had an anomalously
high mortality rate of 14.1% year ' for stems at
least 10 cm from 2008 to 2019, compared to a
mean of 1.4% year ' across all species with no
documented EFIPs (Figure 2A). Recently dead
individuals displayed symptoms of Dutch elm dis-
ease (Figure 2B).

Juglans cinerea was described as ‘““common’ in
1939 prior to the arrival of butternut canker, cor-
responding to AGB of roughly 0.8 kg m™* (Ta-
bles 3, S3). It was never recorded in the SNP-66
plots, and in the SCBI-ForestGEO plot, it declined
from four living individuals in 2008 to two in 2018
(max DBH = 28 cm in both years).

Two small tree genera: Cornus and Cercis, were
affected by fungal pathogens and exhibited
declining trends and high mortality throughout the
course of the study period. Cornus declined dra-
matically in most individual plots and on average in
all sets of plots—up to 90% from 1995 to 2018 in
the SCBI-MAB plots (Figure 3E, F, Appendix S4).
Cercis exhibited more modest but still substantial
declines (Appendix S4)—up to 76% from 1995 to
2018 for stems at least 4 cm in the SCBI-MAB
plots. At SCBI, recent (2008-2019) mortality rates
of stems at least 10 cm averaged 7.1% year ' for
Cornus and 6.2% year ' for Cercis, with recently
dead individuals displaying signs of fungal patho-
gens (Figure 2).
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Figure 2. Elevated tree mortality rates attributable to exotic insects and pathogens in the SCBI-ForestGEO plot from 2008
to 2019. A Mortality rates of trees > 10 cm DBH, with genera affected by EFIP during this time period (Table 1) shown in
color and others in grey. Included are genera with N = 100 individuals in 2008, with the exception of focal taxa Cornus
(N2p0s = 29). Dashed line indicates annualized mortality rate for the period prior to initialization of the annual census.
Arrows on upper axis indicate census years. Impact of the insect/pathogen was confirmed though observations of signs and
symptoms of the disease on recently dead individuals: B gallery of Dutch elm disease vector Scolytus multistriatus on Ulmus
rubra; fungal cankers/stem rot on C Cornus florida and D Cercis canadensis, and B Agrilus planipennis galleries under the bark

of Fraxinus americana.

Quercus declined between 1987 and 1995, con-
current with a gypsy moth infestation (Figure 3A,
B). In the SNP-Quercus plots (Table 2), losses during
this period averaged 24.9% of individuals and 15%
of AGB. Assuming that percent loss rates for Quer-
cus in SNP-Quercus plots were representative across
the SNP-66 plots, we estimate AAGB ~ —
1.5 kg m~* during this outbreak across SNP-66
plots. After 1995, Quercus AGB increased gradually
over most of the study period (Figure 3B). These
increases were driven by individual tree growth as
opposed to new recruitment. Quercus tree density
continued to decline slowly after 1995 (Figure 3A),
but these declines were not attributed to gypsy
moths.

Tsuga was initially present in ten of SNP-66 plots
(Figure 3C, D), in which its 1991 AGB averaged
5.9 kg m 2 and ranged from 0.1 to 15.9 kg m 2
(0.4-55% total AGB). It underwent sharp decline
from 1994 to 2007, beyond which live individuals
were no longer recorded in SNP-66 monitoring
plots, although more than 20,000 insecticide-trea-
ted trees remain alive throughout SNP.

Fraxinus mortality attributed to the emerald ash
borer was captured in SCBI censuses (Figure 3G,
H). In 2013, prior to the start of its decline, Fraxinus
AGB was increasing at SNP and stable at SCBI
(Figures 4, S1). Stems at least 10 cm DBH averaged

0.23 individuals per 100 m? and 1.4 kg AGB m 2
across the SNP-66 plots (Table 3) and 0.34 indi-
viduals per 100 m?* and 1.7 kg AGB m™? at SCBI-
ForestGEO (Figure 4). At SCBI, emerald ash borer-
driven mortality was first detected in 2016 and
accelerated steeply thereafter, exceeding
12.5% year ! for stems at least 10 cm in 2018 and
2019 (Figure 2). As of 2019, Fraxinus had lost 28%
of individuals and 30% of AGB (relative to 2016),
and 95% of remaining live trees were categorized
as “‘unhealthy.”

Impacts on Carbon Cycling

EFIP were associated with substantive portions of
recorded AGB losses (Figure 4). The variable
AAGB~, which we use to approximate AGB losses
due to tree mortality, captured the majority of
biomass mortality during periods for which the
latter could be calculated (Table 2; Figure 4). In
SNP, EFIP were associated with 29% (21% EFIP-
likely, 8% EFIP-possible) of AAGB~ from 1991 to
2013 in the SNP-66 plots (Figure 4A-C), corre-
sponding to an average loss rate of — 87 gm~™
2 year '. In SNP-Quercus and SNP-Tsuga plots, EFIP
were associated with much higher fractions of
AAGB™: 49% (41% EFIP-likely; Figure 4D-F) and
55% (41% EFIP-likely; Figure 41), respectively. At
SCBI, EFIP were associated with only 8% (6%
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Figure 3. Trends in abundance and biomass for four genera impacted by EFIP since 1989: A, B Quercus, C, D Tsuga, E, F
Cornus, and G, H Fraxinus. Trends for all individual SNP-66 plots are shown (thin lines; not plotted for Fraxinus because
SNP-66 record does not capture emerald ash borer outbreak), along with means across all sites and across SNP-Quercus or
SNP-Tsuga plots. For Cornus and Fraxinus, trends at SCBI are also plotted, where error bars indicate = 1 SE of the mean
across subplots. Minimum DBH is as in Table 2. Note that y-axes differ. Shaded bars at the top of the figure indicate the

relative intensity through time of the EFIPs.

EFIP-likely, Figure 4J-L) of AAGB~ in the MAB
plots (1995-2018) and 24% (19% EFIP-likely; Fig-
ure 4M-0) of AAGB™ across the full ForestGEO
plot (2008-2018).

Shifting focus from AAGB~ to net changes in
average AGB (AAGB) across the SNP-66 plots, EFIP
were associated with AGB loss of roughly 6.6—
10 kg m™2, or on average about 66-100 gm~
2 year™!, over the about 100-year period from the
arrival of chestnut blight in the mid-1920s through
the anticipated near-total loss of Fraxinus (by
~ 2025; Table 3). Of this, roughly 2.7-6.0 kg AGB
m 2 was lost starting prior to the start of our
quantitative records in 1987, including about 1.6—
5.0 kg m~? from C. dentata, about 0.8 kg m~2 from
J. cinerea, and about 0.3 kg m~2 from Ulmus spp.
(Table 3). These estimates have very high uncer-
tainty (Appendix S3, Tables 3, S3). Losses recorded
in our quantitative records total 2.4 kg m~
%~ 1.5kgm? from Quercus, 0.9 kg m > from

Tsuga, 0.04 kg m™> from Cornus, and less than
0.01 kg m~2 from Cercis. Fraxinus AGB averaged
1.5 kg m~ 2 across the SNP-66 plots in 2013, pre-
dicted to be mostly or completely lost within the
next decade.

Despite EFIP-associated losses, average AGB in-
creased by 2.6 kg m~? between 1991 and 2013
across the SNP-66 plots (Figure 4B, C). Taxa with
the largest AAGB during this period included Liri-
odendron (1.7 kg m™?), Quercus (1.2 kg m~?), Frax-
inus (0.6 kg m~?), Betula (0.4 kg m™?), and Acer
(0.3 kg m~?). The more heavily impacted SNP-
Quercus and SNP-Tsuga plot sets experienced net
AGB losses (— 1.4 and — 4.8 kg m ™2, respectively;
Figure 4F, I). In contrast, at SCBI, where EFIP im-
pacts on AGB were relatively minor, AGB increased
by 7.4 kg m~ 2 between 1995 and 2018 in the MAB
plots (Figure 4K, L) and by 2.6 kg m~? between
2008 and 2018 across the full ForestGEO plot
(Figure 4N, O).
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Figure 4. Changes in live aboveground biomass (AGB) by genera and EFIP-status. The first column shows AAGB™
(positive values) and AAGB™ (negative values) by genera per plot or quadrat from one census to the next (first column). In
the second column, these changes are summed across genera and grouped by the likelihood that the loss was EFIP driven.
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shows cumulative gains and losses across the census period for each plot set. Plot sets are as described in Table 2.
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Impacts on Tree Diversity

EFIP-associated declines in individual genera con-
tributed substantively to changes in «- and y-di-
versity (Figure 5). Across the SNP-66 plots, «-
diversity losses and gains nearly balanced such that
the average number of genera per plot declined
only 3% from 1991 to 2013 (Figure 5C). EFIP-
likely and EFIP-possible losses contributed 23%
and 6%, respectively, to a-diversity losses (Fig-
ure 5A-C). There was a net change in the total
number of genera present in these plots (y-diver-
sity) of + 2 genera (from 26 to 28). This included a
loss of three genera to EFIP (Castanea, Cercis, and
Tsuga), stochastic loss of one genus that probably
was not affected by EFIP (that is, disappearance of
genera known to persist in the region), and
stochastic gain of six genera (that is, appearance or
reappearance of native tree genera).

Changes in diversity were much more variable
within plot sets focused on a single forest type
(SNP-Quercus, SNP-Tsuga, SCBI). In the SNP-Quer-
cus plots, which were originally heavily dominated
by oaks (83-100% oak biomass), gypsy moth-as-
sociated oak mortality led to increased «- and y-
diversity (Figure 5E-H). In contrast, in the SNP-
Tsuga plots, which had 0.4-55% Tsuga biomass, loss
of Tsuga following hemlock woolly adelgid arrival
contributed to declines in both a- and y-diversity
(Figure 5I-L), in part because most regenerating
hardwood trees remained below 10 cm DBH. At
SCBI, losses of Cornus, Cercis, Ulmus, Castanea, and
Fraxinus contributed to declines in «-diversity, with
EFIP-associated losses contributing 47% and 51%
to total losses in the SCBI-MAB and SCBI-Forest-
GEO plots, respectively (Figure 5N-T). Stochastic
losses and gains in a-diversity were approximately
balanced at SCBI (Figure 50, S), and no y-diversity
losses were attributed to EFIP (Figure 5P, T).

DiscussioN

Over the past century, EFIP have significantly im-
pacted at least eight tree genera—a total of at least
22 species—in the Appalachian/Blue Ridge
Mountains ecoregion (Tables 1, S2). This represents
24% of the 33 genera registered in our monitoring
plots. Within our long-term monitoring plots, EFIP
were associated with notably elevated mortality
rates (Figure 2) and steep declines in abundance
and AGB (Figure 3; Table 3). With the partial
exception of Quercus spp., which regained AGB but
not abundance following a gypsy moth outbreak
(Figure 3A, B), these declines have not been re-
versed, leaving multiple tree species imperiled (C.

dentata, J. cinerea, U. americana, T. canadensis, Fraxi-
nus spp.; ITUCN 2019). Despite substantial EFIP-as-
sociated losses, ecosystem AGB increased and
diversity held relatively constant across the full set
of SNP plots because less-affected taxa in these
relatively diverse temperate forests compensated
losses.

Analysis Uncertainty

The precision with which we were able to quantity
the impacts of EFIP ranged from extremely coarse
for the outbreaks that occurred primarily prior to
the initiation of our monitoring plots to high for
subsequent outbreaks. Estimates of total losses for
the earliest outbreaks (C. dentata, Ulmus spp., C.
canadensis, and J. cinerea) are necessarily very rough
(Tables 3, S3; Appendix S3). Notably, this group
includes C. dentata, which could contribute up to
about 50% of estimated AGB losses over the cen-
tury scale (Table 3). Although our estimated range
of AGB loss aligns with estimates that C. dentata
historically accounted for about 8-25% of domi-
nant trees in the study region (Karban 1978;
Conners 1988; Hanberry and Nowacki 2016),
uncertainty remains high. On the other end of the
spectrum, Tsuga and Fraxinus spp. losses to date
have been captured with monitoring frequencies of
1-4 years since the beginning of documented EFIP
activity (Table 2), and the causal agents have been
confirmed by tree-level observations within our
plots.

Our approach likely overestimates some aspects
of EFIP impacts, while underestimating others.
While our analysis should accurately capture the
impacts of more virulent and lethal EFIP that kill
the majority of adult trees once established in the
region (for example, chestnut blight, butternut
canker, hemlock woolly adelgid, emerald ash bor-
er) or that contribute to most of the mortality for
the host taxa during an outbreak (gypsy moths on
Quercus spp.), it may mis-attribute some instances
of mortality to the EFIP in cases where the EFIP is
less virulent and/or lethal (for example, Neofusicoc-
cum spp. on C. canadensis, Dutch elm disease on U.
rubra). Additional factors including native pests or
pathogens, environmental stress, and natural suc-
cession may all contribute to individual mortality
and population trends. In particular, it is difficult to
know how much Neofusicoccum spp. infections have
contributed to the decline of Cercis canadensis, which
remains common in the region despite the long-
term presence of the pathogen and may be
undergoing successional declines in these aging
forest stands.
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Figure 5. Changes in o- and y-diversity, including losses driven by invasive insects and pathogens. Shown are changes in
the presence or absence of genera (a-diversity) through time, both by genus (first column) and by the likelihood that the
loss was EFIP driven (second column). Changes, which are registered at the midpoint of a census interval, are averaged
across plots (SNP) or quadrats (ForestGEO); for example, loss of one genus in one SNP-66 plot equates to — 0.015 averaged
across plots. The third and fourth columns show cumulative change of a-diversity and in the total number of genera across
all plots or subplots (y-diversity), respectively, with y-diversity plots annotated with the names of EFIP-affected genera that

were lost. Plot sets are as described in Table 2.

At the same time that our approach may mis-
attribute some mortality to EFIP, it misses the ef-
fects of multiple EFIP known to affect trees within
the region (Table S2) and potentially others that
could have been missed by our search process.

Documented EFIP that affected trees in the region
during our analysis period but were not included in
our analysis include balsam woolly adelgid (Adelges
piceae), which decimated high-elevation popula-
tions of Abies balsamea within SNP; white pine
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blister rust (Cronartium ribicola), which has been
confirmed on Pinus strobus; beech bark disease
(Neonectria spp.), which has killed Fagus grandifolia
trees in SNP; thousand cankers disease (Geosmithia
morbida), which appears to be affecting Juglans spp.
in our plots; and emerald ash borer on novel host
Chionanthus virginicus (Cipollini 2015), which has
been confirmed in the SCBI-ForestGEO plot. De-
spite the fact that some of our estimates are nec-
essarily coarse, the broad-scale overview that we
derived from available data and historical records
provides a unique long-term picture into the
magnitude of the impact of EFIP on forest compo-
sition, diversity, and AGB.

Impacts on Tree Taxa

All of the EFIP-affected taxa considered here de-
clined in  abundance—sometimes  precipi-
tously—and have not subsequently recovered. The
majority (n = 5) of the EFIP considered here have
driven their host taxa (n = 7) to the IUCN red list of
threatened and endangered species (IUCN 2019).
Castanea dentata (critically endangered) persists
mainly as non-reproductive sprouts from old
stumps or root systems (Anagnostakis 1987); Ulmus
americana (endangered) underwent drastic reduc-
tions in average lifespan but still persists mainly as
smaller individuals. Juglans cinerea (endangered)
has decreased about 58% across its US range
(Morin and others 2018). Tsuga canadensis (near-
threatened) experience nearly 100% mortality
upon exposure to the adelgid, and untreated trees
will likely be extirpated from the entire mid-At-
lantic region before 2050 (Ellison and others 2018).
The three Fraxinus species (all critically endan-
gered) undergo nearly 100% mortality of repro-
ductively mature individuals from emerald ash
borer (Herms and McCullough 2014; Abella and
others 2019). The future survival of these species
will likely depend on conservation and restoration
actions (for example, Jacobs 2007, Herms and
McCullough 2014; Morin and others 2018). In
contrast, U. rubra, Quercus spp., Cornus spp., and
Cercis canadensis remain fairly common and are not
currently at risk of extinction (IUCN 2019). Al-
though the continued declines of U. rubra and
Cornus spp. are probably largely attributable to EFIP
(Figure 2, Table S4), declines of Cercis canadensis
may be primarily successional, with some acceler-
ation by the pathogen. Continued declines in
Quercus spp. abundance are not attributable to
gypsy moths, but rather to oak decline and failure
to regenerate in closed-canopy forests impacted by

fire suppression, invasive plants, and heavy deer
herbivory (Oak and others 2016).

Impacts on Carbon Cycling

Our results indicate that EFIP have been a signifi-
cant driver of AGB loss to mortality on a multi-
decade timescale (Figure 4, Table 3), which com-
plements a recent analysis demonstrating their
large regional impact over the past decade (Fei and
others 2019). Despite the fact that EFIP were
associated with increased biomass mortality in our
study plots, average AGB increased (Figures 4, S1).
Increasing AGB is typical of forests in the eastern
USA, most of which are recovering from past har-
vesting and/or agricultural activities (McGarvey
and others 2014; Zhu and others 2018). Biomass
accumulation in the secondary forests analyzed
here was at least somewhat curtailed by losses of
EFIP-affected taxa, although biomass mortality was
often compensated by growth of less-affected taxa
(Figure 4). Quantifying the magnitude to which
EFIP reduced the net carbon balance of ecosystems
in this region, including their impact on forest
carbon pools other than AGB (Peltzer and others
2010; Fraterrigo and others 2018), will require
representing EFIP impacts in models (Dietze and
Matthes 2014). Representation of EFIP-driven
mortality in models will be particularly important
given that tree mortality is one of the largest
uncertainties in projections of future forest
dynamics (Bugmann and others 2019) and thereby
the future of the terrestrial carbon sink (Friedling-
stein and others 2006). Our results demonstrate
that representation of EFIP in models is important
to accurately characterize forest carbon cycling in
this region—particularly considering that EFIP
outbreaks are likely to become more prevalent in
the future (Levine and D’Antonio 2003; Dukes and
others 2009).

Impacts on Tree Diversity

Despite major reductions in abundance for a
quarter of the tree genera of the region, tree bio-
diversity has not changed dramatically in recent
decades. In part, this may be explained by the
limited temporal scope of our analysis, which
misses initial declines in several taxa and captures
only the initial stages of decline in Fraxinus.

Our analysis shows that EFIP-associated losses on
local (a-) diversity can be positive or negative
(Figure 5). Mortality can reduce a-diversity if trees
that die are not replaced or are replaced by species
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already present. This was the case in SNP-Tsuga and
SCBI plots (Figure 5) and, historically, in an oak—
chestnut forest in SNP’s White Oak Canyon fol-
lowing the loss of Castanea dentata, which was re-
placed primarily by Quercus rubra (Karban 1978). In
some cases, however, mortality of canopy domi-
nants allows more species to establish (Ellison and
others 2018)—as observed in SNP-Quercus plots
(Figure 5). Thus, the lack of any major overall
trend in a-diversity across the SNP-66 plots (Fig-
ure 5C) is the aggregate of variable local commu-
nity dynamics.

EFIP have yet to affect the regional species pool.
Although three genera (Castanea, Cercis, Tsuga) were
lost from the SNP-66 monitoring plots, contributing
negatively to observed y-diversity (Figure 5D),
none of these have been extirpated from the re-
gion. Such stability in a regional tree species pool
has also been observed over four centuries for New
England forests (Thompson and others 2013), de-
spite exposure to even more EFIP (Liebhold and
others 2013). Thus, despite the often dramatic
declines in abundance caused by EFIP, persistence
of scattered individuals, often small and non-re-
productive, lends stability to the regional species
pool.

CONCLUSIONS

Our analysis points to EFIP as a major driver of
forest composition, biomass, and diversity over the
past century. While our quantitative estimates are
specific to our study plots, the Blue Ridge Moun-
tains ecoregion is centrally located within the
temperate forest biome of eastern North America
and broadly representative in terms of host taxa
and EFIP exposure (Liebhold and others 2013;
Potter and others 2019). Thus, the observed
importance of EFIP to forest dynamics is probably
general across the biome (Fei and others 2019).
Their impact is likely to be even greater in the fu-
ture, given the number of nascent EFIP threats
combined with continuing introductions and
exacerbating effects of climate change (Seidl and
others 2018). From a scientific standpoint, ongoing
monitoring and model development will be critical
to predicting how EFIP will impact future forest
dynamics (Dietze and Matthes 2014) and, in turn,
Earth’s climate (Friedlingstein and others 2006;
Bugmann and others 2019). From the standpoint of
forest management and conservation, limiting the
spread of invasives on both global and local sca-
les—for example, through strengthened regulations
to prevent transport and release of EFIP and en-
hanced plant biosecurity cyberinfrastructure (Ma-

garey and others 2009)—will yield benefits for
biodiversity, climate change mitigation, and other
ecosystem services. Meanwhile, the impacts of the
inevitable arrival of new EFIP may be moderated
through conservation of diverse forests, which may
be less susceptible to invasion (Guo and others
2019) and more resistant and resilient to distur-
bance (Isbell and others 2015); mitigation of cli-
mate change, which exacerbates EFIP threats
(Ayres and Lombardero 2000; Dukes and others
2009; Seidl and others 2018); control of EFIP, when
possible (for example, Hansen and others 2019;
McCarty and Addesso 2019); and conservation and
restoration of resistant host populations (for
example, Jacobs 2007; Herms and McCullough
2014; Morin and others 2018).
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