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INTRODUCTION

The emerald ash borer (Agrilus planipennis) 
(EAB) is a wood-boring beetle from Asia that 
has killed billions of ash (Fraxinus spp.) trees 

in North America since its accidental introduction 
to southeastern Michigan in the mid-1990s. The 
EAB spread rapidly and has become one of the 
most costly/destructive pests in North America 
(Aukema and others 2011). It affects multiple ash 
species, driving several to be listed as endangered 
( Jerome and others 2017). Previous studies have 
shown substantial EAB-caused mortality of larger 
size classes of ash in forests (Flower and others 
2013, Morin and others 2017); however, in some 
sites, ashes have survived as lingering survivor 
trees (Koch and others 2015), small seedlings 
(Klooster and others 2014), or trees from root 
sprouts (Kashian 2016). 

The impacts of invasive pests on host trees 
vary by species and vary across the landscape 
based on geophysical characteristics and forest 
stand conditions (Flower and Gonzalez-Meler 
2015). Earlier research has indicated differences 
in mortality from EAB among ash species 
(Anulewicz and others 2007, Rebek and others 
2008, Tanis and McCullough 2012), which may 
be due to tree resistance to EAB, the preference 
of EAB adults, or both (Koch and others 2015). 
For example, adult EABs have been shown to 
prefer other native ash species over blue ash (F. 
quadrangulata) (Pureswaran and Poland 2009, 
Tanis and McCullough 2012). Understanding 
patterns of ash decline and mortality helps forest 
managers plan for and manage EAB impacts and 
also provides context for identification of lingering 
ash trees to test for EAB resistance.

METHODS
We studied the EAB impacts on ash in two 
very different landscape contexts in Ohio and 
Pennsylvania. The Ohio sites are typically smaller 
forested areas, including Federal and State lands, 
local parks, and privately owned land, completely 
surrounded by agricultural areas or suburban 
housing and retail. In contrast, the Pennsylvania 
sites are in the Allegheny National Forest (ANF), 
a heavily forested landscape with considerable 
geographic relief surrounded by and interspersed 
with forested State and private lands.

In Ohio, we set up three monitoring plots in 
each of 60 sites during 2005–2008 prior to ash 
mortality to include a range of ash densities, stand 
ages, and species: white ash (F. americana), green 
ash (F. pennsylvanica), pumpkin ash (F. profunda), 
black ash (F. nigra), and blue ash. Each of these 
five ash species has different habitat affinities, 
ranging from upland forests for white ash, to 
riparian areas for green ash, to limestone areas 
with high calcium soils for blue ash, to wet forests 
for black, pumpkin, and green ash. We used bark 
and twig morphology to identify blue ash, bark 
and sessile leaflets to identify black ash, and seed 
shape and calyx length to identify white, green, 
and pumpkin ash. We collected voucher specimens 
of ash seeds, leaves, and twigs and preserved 
them at the U.S. Department of Agriculture, 
Forest Service, Northern Research Station lab in 
Delaware, OH. In sites that contained a mix of 
white and green ash and hybrids, or green and 
pumpkin ash, it was difficult to distinguish among 
these tree species and so they were pooled.
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In Ohio, we measured ash trees ≥10 cm 
diameter at breast height (d.b.h.) in three to 
five 11.3-m-radius circular plots per site and 
measured ash saplings and seedlings in smaller 
nested plots (see Knight and others 2014 for 
detailed methods). We tracked >3,000 individual 
trees and recorded ash canopy health condition 
on a 1–5 scale where 1 is healthy, 5 is dead, 
and 2, 3, and 4 are stages of decline. We also 
recorded EAB symptoms, d.b.h., mortality, and 
tree fall. Tree fall was defined as the main trunk 
of the tree on the ground, due to the lower trunk 
snapping or uprooting. We visited plots yearly 
2005–2014 and again in 2019; we visited sites 
with remaining live trees in 2020 and 2021. From 
2008–2021, in nine sites in central Ohio and five 
sites in northwestern Ohio, we measured EAB 
populations. We hung four purple prism traps 
coated with tanglefoot and baited with manuka 
oil lures in ash trees throughout the season when 
EAB adults are active (450–550 growing degree 
days [GDD] to late August) and counted EAB 
adults caught on the traps.

In northwestern Pennsylvania, we set up 190 
monitoring plots in 2010 prior to ash mortality at 
the ANF. In contrast to the Ohio sites, the ANF is 
marked by considerable topography, creating upper 
slope areas where soil base cations may be depleted 
due to leaching and lower slope areas with richer 
soils. These soil differences have led to declines 
in ash health in upper slope areas prior to EAB 
impact (Royo and Knight 2012). We selected ash 
sites by superimposing a 700-ha grid throughout 
the ANF land base and used existing stand 
composition data to identify blocks containing ash 
and to select paired upper and lower slope plots. 

All ash trees in monitoring plots at the ANF are 
white ash, and very few ash saplings and seedlings 
existed in any of our sites. We used basal area factor 
(BAF) 10 prism plots to record ash canopy health 
condition, d.b.h., and mortality of ash trees in 2010, 
2015, and 2018–2021.

RESULTS
Figures 8.1 and 8.2 depict the progression of ash 
mortality across the landscapes of Ohio and the 
ANF, respectively. In most sites, ash trees (≥10 cm 
d.b.h.) were relatively healthy at the beginning 
of the monitoring period and then progressed 
to substantial mortality. At the ANF, white ash 
had experienced 77-percent mortality by 2021. 
Mortality patterns differed markedly by species 
in Ohio (table 8.1), with blue ash exhibiting 
better survival rates than other species. In sites 
containing both white ash and blue ash, the white 
ash was attacked and killed first. Then, the blue 
ash began to decline, with some trees succumbing 
to EAB, but with >70 percent of the trees 
surviving. In contrast, < 5 percent of the white and 
green ash trees ≥10 cm d.b.h. originally present 
in all plots were still alive by 2019. In most sites, 
black ash had 100-percent mortality; however, at a 
few sites where nearby ash trees had been treated 
with systemic insecticide, black ash and pumpkin 
ash had greater survival. Ash trees fell rapidly 
after mortality, with 20 percent of the trees falling 
within 2 years and >80 percent falling within 8 
years (fig. 8.3). 
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(A) (B)

(C) (D)

Mean ash canopy 
health condition

0.00–1.00
1.01–2.00
2.01–3.00
3.01–4.00
4.01–5.00

Figure 8.1—Ash canopy health condition of trees ≥10 cm diameter at breast height in Ohio in (A) 2008, (B) 2011, (C) 
2014, and (D) 2019. Ash canopy health condition is a 1–5 rating, where 1 is a healthy canopy, 5 is a completely dead 
canopy, and 2, 3, and 4 are stages of decline. Sites in northwestern Ohio and central Ohio where emerald ash borer traps 
were used yearly are circled in panel D.
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Figure 8.2—Ash canopy health condition from prism plots on the Allegheny National Forest (ANF) in (A) 
2010, (B) 2015, (C) 2018, and (D) 2021. 
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Table 8.1—Differences in mortality and canopy health condition for ash trees ≥10 cm 
d.b.h. recorded in the Ohio monitoring plots, 2006–2019 

Species
Number of 

trees
Mean initial 

d.b.h. 

Mean canopy 
health rating, 

2019 a Dead, 2019

cm percent
White ash (Fraxinus americana) 529 24.1 5.0 98.6
Black ash (F. nigra) 80 20.5 4.7 91.8
Green ash (F. pennsylvanica) 391 25.9 4.9 95.8
Pumpkin ash (F. profunda) 50 27.0 4.2 66.7
Blue ash (F. quadrangulata) 60 28.1 2.9 28.3
Green ash/white ashb 308 21.3 5.0 99.1
Green ash/pumpkin ashb 444 24.2 4.9 97.2

a Canopy health is rated on a 1–5 scale where 1 is healthy and 5 is dead. 
b Species were lumped in sites with evidence of a mix of white and green ash and hybrids, or green and pumpkin ash.
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Figure 8.3—Percentage of fallen dead trees from 1,100 
ash trees ≥10 cm diameter at breast height that died during 
2006–2014 in Ohio.
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In Ohio, the abundance of ash saplings (1.0–9.9 
cm d.b.h.) was quite variable and did not show 
consistent changes in abundance from pre-EAB 
to post-EAB impact (table 8.2). The sapling size 
class is highly dynamic due to mortality and 
recruitment, with some of the larger saplings 
killed by EAB, other saplings dying from other 
causes, and recruitment occurring especially in 
areas where abundant ash seedlings grew rapidly 
as canopy gaps opened. In many Ohio sites, 
ash seedlings are abundant (data not shown). 
However, newly germinated seedlings are not 
present or very rare.

The EAB traps in Ohio showed similar patterns 
in each monitored site. Trap catch numbers 
increased slowly at first and then rapidly in an 
exponential pattern, with peak catches typically 
coinciding with 50-percent mortality of the 
ash trees at a site, then a rapid crash in EAB 
populations as the remaining ash trees died  
(fig. 8.4). However, EAB populations persisted at 
low levels and showed a small resurgence more 
recently in northwestern Ohio (fig. 8.5).

Table 8.2—Presence of live mature ash (≥10 cm d.b.h.) and presence and abundance of ash saplings (1.0–9.9 cm 
d.b.h.) in Ohio monitoring plots prior to emerald ash borer (EAB) impact (2006–2008) and after EAB impact (2019)

pre-EAB post-EAB

Species

Number of 
plots with 

mature trees

Number of 
plots with 
saplings

Mean number 
of saplings 

per plot

Standard 
deviation 

saplings per plot

Mean number 
of saplings 

per plot 

Standard 
deviation 

saplings per plot

White ash (Fraxinus americana) 68 15 1.2 3.9 0.2 0.6
Black ash (F. nigra) 26 12 4.5 10.5 4.0 7.4
Green ash (F. pennsylvanica) 35 12 5.9 18.4 3.2 9.6
Pumpkin ash (F. profunda) 9 0 0.0 0.0 2.0 2.3
Blue ash (F. quadrangulata) 22 12 8.7 20.8 4.1 8.4
Green ash/white asha 36 11 3.7 9.9 1.7 4.6
Green ash/pumpkin asha 39 12 0.9 1.8 1.9 4.2

a Species were lumped in sites with evidence of a mix of white and green ash and hybrids, or green and pumpkin ash.
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Figure 8.4—Emerald ash borer (EAB) 
trap catches and the percentage of live 
ash trees ≥10 cm diameter at breast 
height (d.b.h.) at a site in central Ohio 
showing the typical pattern of ash and 
EAB population dynamics.

Figure 8.5—Emerald ash borer trap 
catches in northwestern and central 
Ohio monitoring sites. Note: Due to the 
COVID-19 pandemic, data were not 
collected from central Ohio sites in 2020.
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CONCLUSIONS
Our data show nearly complete mortality of most 
species of ash ≥10 cm d.b.h. in two very different 
landscapes in Ohio and Pennsylvania. Tracking 
of individual trees on a yearly basis during a rapid 
mortality event allowed us to accurately quantify 
the effect of EAB. Because many trees die and fall 
in <4 years, estimates of mortality from one-time or 
longer interval surveys that only include standing 
trees likely underestimate mortality from EAB. 

The survival of larger ash trees during the initial 
wave of EAB infestation may result from multiple 
mechanisms, including adult EAB feeding and 
landing preference, tree resistance (i.e., the tree’s 
ability to kill the EAB larvae) (Koch and others 
2015), and tree tolerance (i.e., the tree’s ability 
to survive and grow while infested). The small 
percentage of large ash trees that have survived 
EAB infestation in Ohio and at the ANF are of 
considerable interest because they may be useful 
for breeding programs for resistance to EAB. 

Consistent with research in Michigan showing 
blue ash to have generally higher survival than 
other ash species (Tanis and McCullough 2012), 
the survival of blue ash in the Ohio sites was 
much better than other species. This may be 
due to adult EAB having reduced preference 
for blue ash, as shown in feeding and landing 
studies (Pureswaran and Poland 2009). Long-
term monitoring of blue ash sites will determine 
whether this higher survival rate will persist.

While the larger trees exhibit very high 
mortality rates, smaller ash saplings likely have 
less mortality caused by EAB, and seedlings <0.5 
cm d.b.h. are not infested by EAB. We recorded 

abundant regeneration at some of the Ohio 
monitoring sites. The future dynamics of EAB 
populations and the surviving ash populations 
will determine the future of ash in Ohio. At 
the ANF, there is almost no ash regeneration at 
our monitoring sites, and white ash has simply 
disappeared from the landscape in only a decade. 

For more information:  
Kathleen Knight 
kathleen.s.knight@usda.gov

ACKNOWLEDGMENTS
The U.S. Department of Agriculture’s Animal 
and Plant Health Inspection Service (APHIS) 
Plant Protection and Quarantine, Forest Service 
Forest Health Monitoring, Forest Service Special 
Technology Development Program, Forest Service 
and APHIS Emerald Ash Borer Technology 
Development, Forest Service Targeted Allocation, 
and National Resources Inventory grant programs 
funded the monitoring work. We thank the Ohio 
Department of Natural Resources, Metroparks, 
and other public and private landowners of Ohio 
for access to study sites. Allegheny National 
Forest staff including Steve Forry, Andrea Hille, 
and Justin LaMountain have assisted with data 
sharing and study logistics. We thank the many 
student interns and Forest Service technicians 
who have assisted in data collection and entry 
on this project, including Stephanie Smith, Kyle 
Costilow, Lawrence Long, Ernie Wiltsie, Joshua 
Hanson, Grag Sanford, Eric Baxter, Stephanie 
Fluke, Jamie Himes, Ashley Will, Britton Flash, 
Bernadette Wiggin, Joel Throckmorton, Thomas 
Macy, Robert Ford, Sagar Jasani, Zak Morvay, 



Fo
re

st 
He

alt
h M

on
ito

rin
g

147

SE
CT

ION
 3 

   C
ha

pt
er

 8

Sarah Starr, Mike Marshall, Ellie Monarch, 
Rachel Hefflinger, Sam Stroebel, Dane Weeks, 
Erik DeBurgomaster, Ben Gombash, Matt 
Higham, Scott Kelsey, Parker Jones, Eli Aubihl, 
Dawlton Nelson, Vikram Singh, Jesse Reardon, 
Emily Melnik, Sara Miller, Lillian Ostrander, 
Brandon Marcucci, Alexander Skowron, Ben 
Phillips, Beth Tull, Grace Gutierrez, Debilea 
Chapel, Grace Kirwin, Dean Kralic, Ed Vandever, 
Julia Zick, Joan Jolliff, Kirsten Lehtoma, and 
Danielle Kelley. We thank Bill Oldland for 
sponsoring the Evaluation Monitoring grant 
and providing input. We thank Susan Crocker 
and Toby Petrice for helpful comments on this 
manuscript.

LITERATURE CITED
Anulewicz, A.C.; McCullough, D.G.; Cappaert, D.L. 2007. Emerald 

ash borer (Agrilus planipennis) density and canopy dieback in 
three North American ash species. Arboriculture & Urban 
Forestry. 33(5): 338–349. https://doi.org/10.48044/jauf.2007.039.

Aukema, J.E.; Leung, B.; Kovacs, K. [and others]. 2011. Economic 
impacts of non-native forest insects in the continental United 
States. PLOS ONE. 6(9): e24587. https://doi.org/10.1371/
journal.pone.0024587.

Flower, C.E.; Gonzalez-Meler, M.A. 2015. Responses of temperate 
forest productivity to insect and pathogen disturbances. Annual 
Review in Plant Biology. 66: 547–569. https://doi.org/10.1146/
annurev-arplant-043014-115540.

Flower, C.E.; Knight, K.S.; Gonzalez-Meler, M.A. 2013. Impacts of 
the emerald ash borer (Agrilus planipennis) induced ash (Fraxinus 
spp.) mortality on forest carbon cycling and successional dynamics 
in the Eastern United States. Biological Invasions. 15(4): 931–944. 
https://doi.org/10.1007/s10530-012-0341-7.

Jerome, D.; Westwood, M.; Oldfield, S.; Romero-Severson, J. 2017. 
Fraxinus americana. The IUCN Red List of Threatened Species. 
https://www.iucnredlist.org/species/61918430/61918432. [Date 
accessed: May 11, 2022].

Kashian, D.M. 2016. Sprouting and seed production may promote 
persistence of green ash in the presence of the emerald ash borer. 
Ecosphere. 7(4): e01332. https://doi.org/10.1002/ecs2.1332.

Klooster, W.S.; Herms, D.A.; Knight, K.S. [and others]. 2014. Ash 
(Fraxinus spp.) mortality, regeneration, and seed bank dynamics in 
mixed hardwood forests following invasion by emerald ash borer 
(Agrilus planipennis). Biological Invasions. 16: 859–873. https://
doi.org/10.1007/s10530-013-0543-7.

Knight, K.S.; Flash, B.P.; Kappler, R.H. [and others]. 2014. 
Monitoring ash (Fraxinus spp.) decline and emerald ash borer 
(Agrilus planipennis) symptoms in infested areas. Gen. Tech. Rep. 
NRS-139. Newtown Square, PA: U.S. Department of Agriculture, 
Forest Service, Northern Research Station. 18 p. https://doi.
org/10.2737/NRS-GTR-139.

Koch, J.L.; Carey, D.W.; Mason, M.E. [and others]. 2015. 
Intraspecific variation in Fraxinus pennsylvanica responses 
to emerald ash borer (Agrilus planipennis). New Forests. 46: 
995–1011. https://doi.org/10.1007/s11056-015-9494-4.

Morin, R.S.; Liebhold, A.M.; Pugh, S.A.; Crocker, S.J. 2017. 
Regional assessment of emerald ash borer, Agrilus planipennis, 
impacts in forests of the Eastern United States. Biological 
Invasions. 19: 703–711. https://doi.org/10.1007/s10530-016-
1296-x.

Pureswaran, D.S.; Poland, T.M. 2009. Host selection and feeding 
preference of Agrilus planipennis (Coleoptera: Buprestidae) on ash 
(Fraxinus spp.). Environmental Entomology. 38: 757–765. https://
doi.org/10.1603/022.038.0328.

Rebek, E.J.; Herms, D.A.; Smitley, D.R. 2008. Interspecific 
variation in resistance to emerald ash borer (Coleoptera: 
Buprestidae) among North American and Asian ash 
(Fraxinus spp.). Environmental Entomology. 37(1): 242–246. 
https://doi.org/10.1603/0046-225X(2008)37[242:IVIRTE]2.0.
CO;2.

Royo, A.A.; Knight, K.S. 2012. White ash (Fraxinus americana) 
decline and mortality: the role of site nutrition and stress history. 
Forest Ecology and Management. 286: 8–15. https://doi.
org/10.1016/j.foreco.2012.08.049.

Tanis, S.R.; McCullough, D.G. 2012. Differential persistence of 
blue ash and white ash following emerald ash borer invasion. 
Canadian Journal of Forest Research. 42: 1542–1550. https://doi.
org/10.1139/x2012-103.

https://doi.org/10.48044/jauf.2007.039
https://doi.org/10.1371/journal.pone.0024587
https://doi.org/10.1371/journal.pone.0024587
https://doi.org/10.1146/annurev-arplant-043014-115540
https://doi.org/10.1146/annurev-arplant-043014-115540
https://doi.org/10.1007/s10530-012-0341-7
https://www.iucnredlist.org/species/61918430/61918432
https://doi.org/10.1002/ecs2.1332
https://doi.org/10.1007/s10530-013-0543-7
https://doi.org/10.1007/s10530-013-0543-7
https://doi.org/10.2737/NRS-GTR-139
https://doi.org/10.2737/NRS-GTR-139
https://doi.org/10.1007/s11056-015-9494-4
https://doi.org/10.1007/s10530-016-1296-x
https://doi.org/10.1007/s10530-016-1296-x
https://doi.org/10.1603/022.038.0328
https://doi.org/10.1603/022.038.0328
https://doi.org/10.1603/0046-225X(2008)37[242:IVIRTE]2.0.CO;2
https://doi.org/10.1603/0046-225X(2008)37[242:IVIRTE]2.0.CO;2
https://doi.org/10.1016/j.foreco.2012.08.049
https://doi.org/10.1016/j.foreco.2012.08.049
https://doi.org/10.1139/x2012-103
https://doi.org/10.1139/x2012-103

	CHAPTER 8: Ash Tree Decline and Mortality in Ohio and the Allegheny National Forest in Pennsylvania
	INTRODUCTION
	METHODS
	RESULTS
	CONCLUSIONS
	ACKNOWLEDGMENTS
	LITERATURE CITED



