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Abstract Native to Asia, the emerald ash borer
(Agrilus planipennis Fairmaire) has caused extensive
mortality of ash tree species (Fraxinus spp.) in the
eastern United States. As of 2013, the pest was
documented in 18 % of counties within the natural
range of ash in the eastern United States. Regional
forest inventory data from the U.S. Forest Service
Forest Inventory and Analysis program were used to
quantify trends in ash mortality rate and volume per
hectare relative to the year of initial emerald ash borer
detection. Results indicate that the annual ash mortal-
ity rate increases by as much as 2.7 % per year after
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initial detection of the pest in a county. Corresponding
decreases in ash volume (as much as 1.8 m® per
hectare per year) continue for several more years until
most live ash is killed. These results, while not
necessarily representative of the effects on ash in
urban ecosystems, document the severe impact this
invading herbivore is having on forests as it expands
its range in North America.
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Introduction

Invasions by non-native insects and pathogens can
alter the productivity and stability of forest ecosystems
around the world (Liebhold et al. 1995; Gandhi and
Herms 2010a; Holmes et al. 2009; Aukema et al.
2011). On average, one such damaging alien pest
establishes in the United States every other year
(Aukema et al. 2010) with exceptionally high numbers
of these species in the northeastern USA (Liebhold
et al. 2013).

While most of the non-native insects and pathogens
that have become established in forests of eastern
North America have had minimal, if any impacts, a
handful of species have severely altered forests in
profound ways (Niemela and Mattson 1996; Aukema
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et al. 2010). For example, chestnut blight, caused by
the fungal pathogen Cryphonectria parasitica (Mur-
rill) Barr, rapidly spread through eastern North
America killing virtually all of its hosts, effectively
extirpating American chestnut, Castanea dentate
(Marshall) Borkh, from eastern forests (Woods and
Shanks 1959). Similarly, emerald ash borer (EAB-
Agrilus planipennis Fairmaire) is currently expanding
its range in much of this same region and is poised to
eliminate the vast majority of its hosts in the genus
Fraxinus (Herms and McCullough 2014).

By contrast, there are other non-native species that
have become established but do not eliminate their
hosts. Instead, they exhibit recurrent and sometimes
cyclical outbreaks. For example, the gypsy moth
(Lymantria dispar Linnaeus) was accidentally intro-
duced near Boston in 1868 or 1869 and has been
continuously expanding its range, which currently
extends over the entire northeastern U.S. and eastern
provinces of Canada (Liebhold et al. 1992; Tobin et al.
2007). Once gypsy moth becomes established in an
area, populations exhibit periodic outbreaks in sus-
ceptible forests (Johnson et al. 2006) resulting in
varying levels of host tree mortality (Davidson et al.
1999), but host species continue to persist even many
decades after invasion (Morin and Liebhold 2016).

Native to Asia, EAB was initially detected in
Michigan and Ontario in 2002 although it probably
originally established in the early 1990s (Bray et al.
2011; Siegert et al. 2014). As of 2013, EAB had been
discovered in 18 % of counties in the 37 state region
that comprise the natural range of ash species (Frax-
inus spp.) in the eastern United States (Fig. 1a). Some
of the areas with the highest ash densities had yet to be
invaded by EAB based on 2013 detection reports;
these include portions of northern Minnesota, northern
Wisconsin, northeastern Pennsylvania, and southern
New York (Fig. 1a). The substantial impacts of EAB
on ash species in individual stands has been well
documented (Smith 2006; Gandhi et al. 2008; Smitley
et al. 2008; Knight et al. 2013; Burr and McCullough
2014; Klooster et al. 2014). One regional study of the
Great Lakes States quantified a major decline in ash
abundance within 50 km of its introduction point near
Detroit, Michigan (Pugh et al. 2011). As it continues to
spread, EAB has the potential to functionally extirpate
ash with extensive economic and ecological impacts
(Gandhi and Herms 2010b; Herms and McCullough
2014; Klooster et al. 2014).

@ Springer

Fig. 1 a Distribution of ash basal area per hectare in the eastern p
United States with EAB epicenter and b year of initial EAB
detection by county, 2013 (as of Dec. 31, 2013)

An essential part of the management for any
invasive pest is measuring the extent of its impacts
over time (Parker et al. 1999). Here, we analyze
remeasured regional forest inventory data from the
U.S. Forest Service Forest Inventory and Analysis
(FIA) program to quantify regional trends in live ash
volume and ash mortality, relative to the historical
invasion of EAB. As this analysis uses data from
across the entire range of the EAB invasion in the
United States, it provides unique information related
to the regional wave of tree mortality associated with
EAB that can be used to predict impacts as this species
continues to expand its range.

Methods

The Forest Inventory and Analysis (FIA) program of the
U.S. Department of Agriculture (USDA) Forest Service
conducts an ongoing inventory of forest attributes
nationwide (Bechtold and Patterson 2005). The current
FIA sampling design is based on a tessellation of the
United States into hexagons approximately 2458
hectares in size with at least one permanent plot
established in each hexagon. The population of interest
(forest land area) is stratified and plots are assigned to
strata to increase the precision of estimates. Tree and site
attributes are measured for forested plots established in
each hexagon. Plots consist of four 7.2-m fixed-radius
subplots on which standing trees and various other
environmental characteristics are inventoried (Bechtold
and Patterson 2005).

The study area used in this analysis includes counties
in the 22 states in the eastern United States where EAB
had been detected as of 2013: Connecticut, Georgia,
[linois, Indiana, Iowa, Kansas, Kentucky, Maryland,
Massachusetts, Michigan, Minnesota, Missouri, New
Hampshire, New Jersey, New York, North Carolina,
Ohio, Pennsylvania, Tennessee, Virginia, West Vir-
ginia, and Wisconsin (Fig. 1b). Annual estimates of
forest conditions from 2009 through 2014 were calcu-
lated using individual years of inventory data for
counties grouped by the year of first EAB detection.
Although we utilized EAB detection data only up
through 2013, we chose to include forest inventory data
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through 2014 in order to ascertain trends including the
most recent data that were available. Due to sample size
all ash species were combined in our analyses. Two
metrics were calculated to assess the impact of EAB on
regional dynamics of all ash species in the study area:
live ash volume per hectare and annual ash mortality
rate. This rate was computed from remeasured forest
inventory data and expressed as the percentage of initial
ash volume that died between measurements. The
uninvaded area provides “background” mortality rates
for ash species which can be compared against the rates
ininvaded areas order to attribute broad impacts of EAB
at aregional geographic scale. The number of plots used
to generate the estimates and the associated sampling
errors are included as supplementary material (Online
Resources 1, 2).

Counties were grouped according to their year of
first EAB detection; since the exact year of establish-
ment was unknown, year of first detection was used as
a proxy for the timing of establishment. Note that we
use the term invasion interchangeably with detection
but acknowledge the difference. Linear regression
models were fit to test for temporal trends in mortality
rate and volume per hectare as functions of number of
years since first detection. Although the individual
regressions are based on only six points, it is important
to note that in most cases each estimate is based on
hundreds of plots (Supplementary Tables 1 and 2).
Plots of residuals versus predicted values were exam-
ined to ensure that the assumptions of linearity and
homoscedasticity were met, and normal probability
plots of residuals were inspected to test for normally
distributed errors. In addition, we evaluated leverage
and found that no individual points unduly influenced
the regression equations. Note that the mean annual
change according to the annual estimates and the
slopes according to the regression models are pre-
sented in the results tables. Additionally, annual
estimates of mortality rate for invaded counties were
pooled and an exponential regression model was fit to
mortality as a function of years since invasion. This
model is presented to illustrate the time lag between
EAB detection and impacts on mortality.

Results

The annual mortality rate for ash species across all
uninvaded counties (i.e., “background mortality”) in
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the 22-state study area remained close to 1 % of
volume across all inventory years (Table 1; Fig. 2),
but increases generally become evident 6-7 years
after first EAB detection (Fig. 3). The annual mortal-
ity rate generally rises with increasing years since
invasion (Figs. 2, 3). For example, the annual mortal-
ity rate increase ranges from 0.8 % per year in the
counties invaded in 2007 and 2008 to 2.7 % per year in
the counties invaded in 2003 and 2004. Despite the
stable trend in annual mortality rate in the uninvaded
areas, the increasing annual mortality rates in the
EAB-invaded area cause an overall increase of 0.2 %
per year for the full 22-state study area. The exceptions
to these trends are the 2002 invasion category and the
counties invaded in 2009 or more recently. The annual
mortality rate in the counties invaded in 2002
decreased by 1.4 % per year from a high of 23 % in
2009, and the annual mortality rates in the counties
invaded in 2009 or more recently have not risen
substantially above background mortality as of 2014
(Table 1; Fig. 2).

Trends of decreasing ash volume per hectare are
evident in EAB-invaded areas (Table 2). From 2005
to 2010, ash volume increased by about 0.3 m> per
hectare per year across all uninvaded counties in
the 22-state study area, but drastic decreases
occurred 5-10 years after first EAB detection
(Fig. 4). The rate of and direction of change in
ash volume per hectare varied with years since
invasion (Fig. 4). For example, decreases in ash
volume per hectare ranged from 1.8 m® per year in
counties invaded in 2005 and 2006 to 1.4 m’ per
year in counties invaded in 2003 and 2004, and ash
volume per hectare is still increasing in the counties
invaded in 2009 and 2010. Although ash volume
per hectare continues to increase at 0.1 m® per year
across the full 22-state area, the impacts of
increasing mortality in the EAB-invaded areas
caused the increase in ash volume to slow relative
to the uninvaded counties where ash volume per
hectare increased by 0.3 m® per year. The excep-
tions to these trends are the 2002 invasion category,
the counties invaded in 2007 and 2008, and the
counties invaded in 2011 and more recently. The
volume per hectare in the counties invaded in 2002
remained low during the entire period with no clear
trend. In counties invaded after 2007, there has not
yet been a substantial decrease in volume (Table 2;
Fig. 4).
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Table 1 Annual ash mortality rate by EAB detection history and parameters of linear regressions

EAB detection year Annual ash mortality rate (%)

Mean change  Parameters of linear regression

2009 2010 2011 2012 2013 2014 Coefficient  p* R-square
Undetected 0.9 1.2 1.1 1.0 1.2 14 0.1 0.0700 0.0696  0.6024
Pre-2003 23.1 23.6 214 21.3 214 16.1 -14 —1.1860 0.0371  0.7026
2003-2004 3.9 6.0 6.4 6.5 14.3 17.4 2.7 2.6410 0.0112  0.8322
2005-2006 24 24 3.6 7.0 8.3 10.8 1.7 1.8100 0.0015  0.9371
2007-2008 1.2 0.8 0.3 3.8 7.0 53 0.8 1.2230 0.0393  0.6948
2009-2010 1.4 1.0 2.1 23 24 1.5 0.0 0.1460 0.3402  0.2264
2011-2012 0.9 0.9 1.0 1.9 1.0 2.0 0.2 0.1960 0.1244  0.4848
2013 22 0.9 1.0 1.3 1.5 1.0 -0.2 —0.1140 0.3648  0.2069
Total (22-state area) 1.3 14 1.5 1.9 2.3 23 0.2 0.2250 0.0034  0.9064
Sampling errors and number of plots are presented in Supplementary Table 1
* Bold indicates significance at the oo = 0.05 level
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Discussion

The impact of EAB invasion on ash mortality has been
clearly demonstrated in localized areas (Smith 2006;
Gandhi et al. 2008; Smitley et al. 2008; Knight et al.
2013; Burr and McCullough 2014; Klooster et al.
2014) as well as in a much smaller regional analysis
(Pugh et al. 2011). Some studies provide evidence that
impacts (Smith 2006) and susceptibility (Anulewicz
et al. 2008) vary among ash species but all ash species
are susceptible (Herms and McCullough 2014). Our

study aims to quantify the overall increase in mortality
of all ash species across the range of EAB.

As EAB continues to spread across the range of ash
in the United States, regional inventory data can be
used to quantify trends in ash mortality and subsequent
decreases in ash density across time. Our analyses
highlight upward trends in annual mortality rates and
the corresponding decreasing trend in ash volume with
increasing years since EAB invasion. The one inva-
sion category that behaved consistently different
through time was the group of counties invaded in
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Fig. 3 Annual ash 30 -
mortality as a function of
years since EAB detection
with exponential regression

. 25 4
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Table 2 Ash volume per hectare (m*) by EAB detection history and parameters of linear regressions

EAB invasion status ~ Annual volume per hectare m?)

Mean change  Parameters of linear regression

2009 2010 2011 2012 2013 2014 Coefficient  p* R-square
Undetected 39 4.5 4.6 4.8 5.0 54 0.3 0.2616 0.0018  0.9322
Pre-2003 0.6 0.0 0.1 0.4 1.6 0.2 —0.1 0.0873 0.5911  0.0784
2003-2004 8.4 7.8 72 6.9 4.7 1.6 —-14 —1.2449 0.0105  0.8375
2005-2006 12.6 10.6 8.5 73 5.1 3.6 -1.8 —1.7875 <0.0001  0.9953
2007-2008 6.2 8.3 52 53 4.7 3.6 —0.5 —0.6751 0.0645  0.6158
2009-2010 7.9 9.0 8.7 8.9 9.4 9.6 0.3 0.2667 0.0256  0.7506
2011-2012 6.3 5.8 52 6.3 6.8 7.1 0.2 0.2269 0.1901  0.3831
2013 7.2 7.6 9.4 8.3 8.7 9.0 0.4 0.3273 0.1129  0.5062
Total (22-state area) 4.9 54 5.4 5.5 5.6 5.6 0.1 0.1188 0.0396  0.6935

Sampling errors and number of plots are presented in Supplementary Table 2

* Bold indicates significance at the oo = 0.05 level

2002. Siegert et al. (2014) reported that EAB had
invaded the area surrounding Detroit, Michigan, a
decade or more before it was initially discovered in
2002. Therefore, the largest wave of mortality had
likely already occurred prior to the collection of the
data utilized in this study. This would explain both the
low ash density (Fig. 1a; Table 2) and declining
mortality rates (Table 1) in counties where EAB was
initially discovered in 2002. Declining mortality rates
are likely due to a dearth of host material to colonize,

@ Springer

but also because natural enemies (such as Atanycolus
spp.) begin to exert a regulatory effect on populations
(Duan et al. 2015). Mortality and changes in ash
volume were analyzed in detail for this area by Pugh
et al. (2011).

The lag period between initial detection and the
onset of ash volume decrease can be attributed both to
demographics of invading populations and the nature
of the scale of historical invasion data; a county is
considered invaded once EAB is found reproducing in
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any location but it may take several years for the insect
to invade the entire county. Once populations are
established in an area, it may take several more years
for their populations to build to a level sufficient to kill
a significant fraction of hosts (Flower et al. 2013).
Such lags are a common phenomenon in the dynamics
of invading populations and may arise from a multi-
tude of reasons (Crooks 2005). Because highly
sensitive methods for detecting low-density EAB
populations are lacking, in most cases, EAB may be
present in an area for years prior to detection (Herms
and McCullough 2014). Thus, the lag between initial
establishment and the accumulation of substantial tree
mortality may actually be much greater than the
7-10 years detected here. Other factors that may
impact this lag include ash density and EAB spread
phenomena such as variation in insect flight, the 1- or
2-year life cycle, and transport by humans. Addition-
ally, awareness of EAB has increased markedly since
the early 2000s which may contribute to earlier
detections.

The magnitude of damages inflicted by EAB on a
regional scale greatly exceeds that of most outbreak-
ing forest insects. For example, over the course of only
5 years, there was an 81 % decrease in ash volume in
counties where EAB was first discovered in 2003 and
2004, even though ash volume was actually increasing
in uninvaded areas (Table 2). By contrast, although
increases in host species mortality due to invasive

forest insect outbreaks have been documented region-
ally, the degree of mortality reported was substantially
lower for gypsy moth (Morin and Liebhold 2016) and
hemlock woolly adelgid (Morin and Liebhold 2015).
The extreme magnitude of these impacts most likely
reflects the low level of resistance present in most
North American ash species to attack by this insect
(Herms and McCullough 2014). This massive pulse of
tree mortality no doubt has effects on other parts of
forest communities but only a few of these have been
measured (Gandhi and Herms 2010b; Flower et al.
2013; Koenig et al. 2013).

A critical question about the impacts of EAB that
remains unresolved is what fraction of ash trees will
survive once the invasion is complete. Data shown
here (Table 1) indicate that in the arcas where EAB
has been the longest (first detected in 2002), mortality
rates declined between 2009 and 2014. While this
suggests that the initial EAB epidemic associated with
the invasion wave may be subsiding in these areas,
there is little ash left in these areas (Table 2) and it is
not clear whether most of the remaining ash will die
(Knight et al. 2012).

Conclusion

Remeasurement of regional forest inventory data can
provide powerful information to characterize the
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impacts of an invasive pest by quantifying mortality
rates and volume trends across large areas. An increase
in ash mortality and corresponding decrease in ash
volume generally begins 67 years after EAB is first
detected in a county and continues for several more
years until the live ash resource is reduced to very low
levels in the region. As EAB continues to spread, it has
the potential to functionally extirpate a large fraction
of the ash component with potentially devastating
economic and ecological impacts. Further monitoring
and analysis will be needed to quantify the timing and
magnitude of EAB impacts as this species expands its
range across the eastern United States and Canada.
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