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ABSTRACT

This thesis, presented in four chapters, focuses on differences in forest vegetation, black
ash (Fraxinus nigra) dendroecology across 24 black ash stands, and longhorn beetle (Coleoptera:
Cerambycidae) species assemblages across eight stands, representing different stages of the
emerald ash borer (EAB) (Agrilus planipennis Fairmaire) invasion referred to as: Post-, Mid-, and
Pre-Invasion stands. Chapter one consists of a comprehensive assessment of forest vegetation
across EAB Invasion Strata. Post-Invasion stands in the Lower Peninsula and eastern Upper
Peninsula have experienced extensive overstory black ash mortality and Mid-Invasion stands have
experienced some black ash mortality, while black ash in Pre-Invasion stands were predominately
healthy. Black ash recruits (trees DBH 2.5-10 cm) in Post-Invasion stands exhibited high rates of
mortality, and many recruits in Post- and Mid-Invasion stands were infested with EAB larvae.
Chapter two focuses on the dendroecology of black ash overstory trees and recruits in 24 stands.
Age of black ash recruits also varied but one recruit was 98 years old. In Post-Invasion stands,
increases in annual ring width following overstory black ash mortality indicated release of black
ash recruits. Chapter three examines cerambycid beetle species assemblages in eight black ash
stands in Michigan’s Upper Peninsula, in stands representing Mid and Pre-Invasion conditions.
We recorded 43 new county records for 22 species of cerambycids and captured two species not
previously reported from the Upper Peninsula. Finally, chapter four presents results from a 15-
year common garden study in which survival and EAB infestations were tracked for four North
American ash species: black ash, blue ash (Fraxinus quadrangulata), green ash (Fraxinus
pennsylvanica), and white ash (Fraxinus americana), along with two Asian ash species: Chinese

ash (Fraxinus chinensis) and Manchurian ash (Fraxinus mandshurica).
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PREFACE

Emerald ash borer (EAB) (Agrilus planipennis Fairmaire) is the most destructive forest
insect pest to ever invade North America, killing hundreds of millions of ash trees since its
introduction in the mid-1990s (Herms and McCullough 2014, Siegert et al. 2014). Of particular
concern, is the impact that EAB will have on black ash (Fraxinus nigra), the most vulnerable and
preferred host EAB has encountered to date (Engelken and McCullough 2020, Mathieu and
McCullough 2025, Siegert et al. 2021, Smith et al. 2015). Black ash, found growing in forested
wetlands and generally wet stands (Gucker 2005a), comprises an important component of the
landscape in the Great Lakes States, often dominating especially wet stands. Additionally, black
ash is a cultural keystone species used by Indigenous people throughout its range for traditional
basketry practices (Costanza et al. 2017, Diamond and Emery 2011, Siegert et al. 2023). Given
the species importance, and the threat posed by emerald ash borer, understanding the ecology of
black ash forests is paramount to facilitating preservation and EAB management efforts.

This thesis, presented in four chapters, seeks to understand the impacts of EAB on black
ash forests by comparing forest vegetation composition and radial growth of black ash overstory
trees and recruits across 24 stands representing varying EAB invasion conditions. Cerambycid
species assemblages are also explored in eight black ash stands in Michigan’s Upper Peninsula.
Results from a long-term study established in 2007 to investigate host preference and
vulnerability of multiple ash species exposed to EAB are presented in Chapter 4.

Chapter one consists of a comprehensive assessment of forest vegetation, in which I
explore differences in overstory, recruit, sapling, and seedling densities, as well as shrub and
herbaceous plant composition in black ash stands across three broad Invasion Strata, representing

Post-, Mid-, and Pre-Invasion conditions. In addition to vegetation assessments, we debarked
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black ash recruits in stands where black ash regeneration was abundant, to understand if and to
what degree EAB is infesting younger black ash. Overall, the majority of overstory black ash in
our Post-Invasion stands have succumbed to EAB, and nearly 55% of overstory black ash in Mid-
Invasion are dead, with the rest in decline. Overstory black ash in Pre-Invasion stands appeared
healthy. There were no differences in regeneration densities (recruits and saplings) across broad
Invasion Strata, however five Post-Invasion stands had low densities of recruits, saplings, and
seedlings. Over half of the total black ash recruit stems present in Post-Invasion stands were dead,
a significantly higher proportion than percent mortality of black ash recruits in Pre-Invasion
stands. Furthermore, high proportions of live black ash recruits in Post- and Mid-Invasion stands
exhibited signs of EAB infestation (i.e. epicormic shoots and woodpecker holes), suggesting that
EAB infests and kills recruits during the middle stages of infestation and after overstory black ash
trees die. We observed EAB galleries on black ash recruits across all Invasion Strata, with the
highest gallery density present on recruits in Mid-Invasion stands. Bareground and graminoid
percent coverage did not differ by Invasion Strata, however seedling density was negatively
correlated with graminoid percent coverage across all stands. Multivariate analysis of overstory,
recruit, and sapling species showed few differences in tree communities across Invasion Strata.
Despite mortality and EAB infestations on black ash recruits in Post- Invasion stands and
Mid- Invasion stands, chapter two explores the release of black ash recruits across Invasion Strata,
shedding light on black ash stand dynamics in the wake of EAB. Through collection of increment
cores from live overstory black ash trees in Pre- and Mid-Invasion stands, and live black ash
recruits across Invasion Strata, we characterize the dendroecology of black ash in Michigan
forests. Old overstory black ash trees were present in Pre- and Mid-Invasion stands, with one

stand containing two overstory black ash over the age of 200, and the oldest at 283 years old. We



expect that this one stand represents old growth conditions. Age class distribution of overstory
black ash trees across Pre- and Mid-Invasion stands represents uneven aged forests, with multiple
different cohorts present in the overstory. Black ash recruits across all stands were variable in age,
however, we did not observe very old recruits in some instances. The oldest black ash recruit was
98 years old, and 16 recruits were over 75 years old across all stands, contributing to the mounting
evidence that black ash is a shade tolerant species and can remain in the understory for decades.
Black ash recruits appeared to release in Post-Invasion stands following the loss of overstory
black ash, with average annual ring width increasing by 95% on average across our Post-Invasion
sites. We also noted the absence of older black ash recruits in Post-Invasion stands where EAB
had been present longer, suggesting a shift in the age class of regenerating black ash in the wake
of EAB. Finally, increment cores collected from balsam fir recruits, where it co-occurred with
black ash at relatively high densities, showed no significant increases in balsam fir radial growth
following the loss of overstory black ash in Post-Invasion stands.

Chapter three explores cerambycid communities in black ash forests of Michigan’s Upper
Peninsula, contributing to the literature on the biodiversity of these unique forest systems. Native
woodboring beetles are often overlooked in our forests, and they play important roles in nutrient
cycling and decomposition. Cross vane panel traps baited with 3R* lures and UHR ethanol were
deployed across eight black ash stands representing varying levels of EAB infestation. Coarse
woody debris in these stands was quantified, and multivariate analysis conducted to understand
how changes in snag density and CWD volume from EAB caused black ash mortality impacts
cerambycid species assemblages. We captured a total of 705 beetles over 2 years of trap
deployment, representing 28 species. The most commonly caught beetles were Clytus ruricola

(Olivier) and Xylotrechus colonus (Fabricius), representing almost 80% of beetle captures
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combined. There were no differences in beetle species assemblages based on EAB Invasion
Strata, and no stand level data (i.e. CWD volume, snag basal area) were significant predictors of
cerambycid species assemblages. Despite these insignificant results, upon lengthy review of
Michigan cerambycid county record literature, we recorded 43 new county records for 22
cerambycid species in Michigan’s Upper Peninsula, and one new state record.

Chapter four, currently published in the journal of Environmental Entomology, details the
results of a 15 yearlong common garden study, in which the survival and growth of multiple ash
species was recorded. This common garden study, linked to the previous chapters through the
inclusion of black ash, contributes to the literature on EAB host preference and vulnerability. Four
North American ash species were included in this study: black ash (F. nigra), blue ash (F.
quadrangulata), green ash (F. pennsylvanica), and white ash (F. americana), along with two
Asian ash species: Chinese ash (F. chinensis), and Manchurian ash (F. mandshurica), were
planted in in 2007, protected from EAB with tree wrap until 2011, and then monitored until 2022.
The study focuses on data from 2017-2022, tracking tree survival, DBH, woodpecker hole and
exit hole density, and tree annual increment over time. All black ash died within the first year of
exposure to EAB, and the majority of Chinese ash (86%) and green ash (63%) where dead by
2022. Only 12 % of white ash were dead in 2022, and all blue ash were alive. We also observed
high densities of woodpecker holes and EAB exit holes on green, white, and Chinese ash, but low
densities on blue ash. Furthermore, live Manchurian ash appeared healthy, with few signs of EAB
infestation. Low mortality of blue ash, and clearly low densities of exit holes and woodpecks
contributes to the evidence that blue ash are less vulnerable to and less preferred by EAB its other

North American counterparts.
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In all, this thesis provides information on the status of black ash forests before, during, and
after EAB invasion, shedding light on the impacts that EAB has had on Michigan’s black ash
forests. Although most overstory black ash trees in Post-Invasion stands have been killed,
substantial differences amongst regenerating tree communities were not observed across Invasion
Strata, suggesting that regenerating tree communities remain relatively unchanged in the wake of
EAB. Furthermore, high proportions of dead black ash recruits hint toward the eventual demise of
black ash through the interactions between the orphaned black ash cohort and EAB. Because the
loss of overstory black ash will result in severely depressed seed production, the future of black
ash depends on the black ash regeneration. Colonization by EAB makes it unlikely that black ash
regeneration will reach a size and age where they are capable of producing seed, despite the
apparent ability to release of black ash recruits following overstory ash mortality observed in our
study. More research is needed to continually monitor the status of regenerating black ash present

in aftermath forests to determine if releasing black ash recruits eventually produce seed.
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CHAPTER ONE: FOREST VEGETATION OF MICHIGANS BLACK ASH FORESTS
ACROSS THREE EAB INVASION STRATA

Introduction

First detected in 2002, emerald ash borer (EAB) (Agrilus planipennis Fairmaire), a
phloem-feeding beetle from Asia introduced into Michigan in the early 1990s (Siegert et al.
2014), has become the most destructive forest insect to invade North America (Herms and
McCullough 2014, McCullough 2020, Ward et al. 2021). To date, EAB is established in 37 U.S.
States and six Canadian Provinces (USDA Aphis, 2025) and has killed hundreds of millions of
ash trees (Herms and Mccullough 2014). As EAB continues to spread, millions more are at risk
(Herms and McCullough 2014, Klooster et al. 2018, Ward et al. 2021), as all major North
American ash species (Fraxinus spp.) can be colonized by EAB. During early stages of
infestation, individual trees exhibit few or no external signs or symptoms (Cappaert et al. 2005).
As densities of larval galleries build over time, thin or yellowing foliage, canopy dieback,
epicormic shoots, and holes left by woodpeckers feeding on late instar and pre-pupal larvae
become apparent (Anulewicz et al. 2007, Herms and McCullough 2014). Most overstory ash
trees succumb within four to six years following EAB infestation (Herms and McCullough 2014,
Klooster et al. 2014, Smith et al. 2015).

Although all ash species EAB has encountered in North America to date can be colonized
and killed, variation in EAB host preference and vulnerability among North American ash
species is consistently observed (Engelken and McCullough 2020a, Mathieu and McCullough
2025, Rebek et al. 2008, Robinett and McCullough 2019, Tanis and McCullough, 2012, 2015).
Blue ash (F. quadrangulata) is the least preferred and vulnerable EAB host, followed by white
ash (F. americana) which is intermediately vulnerable, and green ash (F. pennsylvanica) which

is considered highly vulnerable (Rebek et al. 2014, Tanis and McCullough, 2012, 2015, Robinett



and McCullough 2019, Engelken and McCullough 2020, Mathieu and McCullough 2025). Black
ash (F. nigra) is consistently the most preferred and vulnerable host of the major North
American ash species encountered by EAB (Smith et al. 2015, Engelken and McCullough 2020,
Mathieu and McCullough 2025, Siegert et al. 2021). Mortality rates of 80% or higher for
overstory black ash were reported in Michigan stands following EAB invasion (Klooster et al.
2014, Engelken and McCullough 2020, Siegert et al. 2021). By 2040, projections suggest > 90%
of black ash basal area across nearly its entire native range is likely to be dead (Siegert et al.
2023), generating concerns about the ecological and cultural impacts of losing black ash entirely.

Commonly found in forested wetlands of North America’s Great Lakes region, the
northeastern US, and southeastern Canada, black ash is considered an ecologically foundational
species. Traits including hypertrophied lenticels, adventitious roots, shallow rooting depth and
vegetive sprouting facilitate black ash growth in boggy, swampy, or ephemerally flooded stands
where many other trees species cannot survive (Erdman et al. 1987, Tardiff and Bergeron 1993,
1999, Gucker 2005a, Benedict and Frelich 2008, Shannon et al. 2018, COSEWIC 2020). In
stands dominated by black ash, evapotranspiration by overstory trees facilitates hydrological
regulation (D’Amato et al. 2018, Palik et al. 2012, 2021), senescent leaves provide an input of
high-quality nutrients in autumn (Toczydlowski et al. 2019, Youngquist et al. 2017) and trees
provide habitat for wildlife, including, birds, amphibians, deer, and ground beetles (COSEWIC
2018, Kolka et al. 2018). Although black ash is typically associated with hydric conditions, it can
also grow in mesic or well-drained area (Benedict and Frelich 2008, Costanza et al. 2017,
Gucker 2005a, Palik et al. 2021), where it is generally a minor or co-dominant overstory

component.



Black ash trees can co-occur with numerous tree species across its native range and, until
the EAB invasion, were most frequently a component of lowland hardwood forests (Gucker
2005a, Rudolf, 1970). Other associates noted in the Lakes States region include white cedar
(Thuja occidentalis), basswood (Tillia americana), balsam fir (Abies balsamea), silver maple
(Acer saccharinum), balsam poplar (Populus balsamifera), and black spruce (Picea mariana)
(Erdman et al.1987, Weber et al. 2007, Wright and Rauscher 1990, Zogg and Burton 1995).
Multiple shrubs including various alder species (A/nus spp.) and Michigan holly (Z/ex
verticulata) often grow in patches within black ash forests (Weber et al. 2007, Zogg and Burton
1995). An array of understory plant species flourish in light gaps that can be common in black
ash stands, including multiple species of sedges (Carex spp.) and rushes (Juncaceae spp.), forbs
including dwarf red raspberry (Rubus pubescens), marsh marigold (Caltha palustris), Impatiens
spp, and multiple fern species (Weber et al. 2007).

Along with its ecological importance, black ash is considered a cultural keystone species,
serving as a significant cultural and spiritual resource for members of many Native American
and First Nations people throughout the eastern US and Canada. For millennia, indigenous
basketmakers have harvested black ash to craft utilitarian and artistic baskets from sapwood
(Benedict and David 2004, Costanza et al. 2017, Diamond and Emery 2011, Siegert et al. 2023),
an arduous process that takes years to master (Costanza et al. 2017, Diamond and Emery 2011,
Siegert et al. 2023). Basket making begins with the careful selection of a suitable tree which is
felled, then cut to a 2-3 m length and hauled out of the forest. Logs are debarked, then must be
pounded with the back of an axe or similar tool to separate individual growth rings, which are
shaved further down to splints that can be woven together (Costanza et al. 2017, Diamond and

Emery 2011). This practice has been passed down through generations, and in modernity, has



become an essential aspect of cultural preservation for tribes that practice black ash basketry
(Costanza et al. 2017, Frey and Greenlaw 2019). Furthermore, black ash plays a role in the
spiritual aspects and traditions of multiple tribal cultures, including the W8banaki creation story
and has medicinal traits (Costanza et al. 2017, Siegert et al. 2023).

Ongoing spread of EAB and high levels of black ash mortality sustained in post-invasion
stands have intensified interest in and concern regarding the status of black ash regeneration,
along with condition of other vegetation in affected stands. Results from studies attempting to
simulate potential impacts of EAB, e.g., by felling large numbers of black ash trees in winter
(Cianciolo et al. 2021, Davis et al. 2016, D’ Amato et al. 2018, Kolka et al. 2018, Slesak et al.
2014, Windmuller-Camppione et al. 2020) have reported changes in hydrology, tree species
composition, and increases in shrub and sedge cover. While these studies provide insight into
black ash ecology, direct impacts of EAB on overstory composition and tree regeneration in
black ash stands have yet to be explored.

Michigan, the original epicenter of the EAB invasion in North America (Cappaert et al.
2005, Siegert et al. 2014), provides a unique opportunity to assess conditions in black ash stands
at different stages of invasion. Post-Invasion sites where the majority of overstory black ash have
died are primarily present in the Lower and eastern Upper Peninsula. Parts of the eastern and
central Upper Peninsula contain stands representing Mid-Invasion conditions, where overstory
black ash are declining, dying, and dead. Pre-Invasion stands, present in the central and western
Upper Peninsula, are the last healthy black ash stands in Michigan, where there are few to no
signs of infestation and no EAB-caused tree mortality.

To document and understand the broad impacts of EAB invasion on vegetation in forest

stands dominated by black ash, we quantified species composition, abundance, and condition of



overstory trees and regeneration, along with shrub and herbaceous plant communities in stands
representing different stages of EAB invasion. Here, we describe how overstory tree
communities have changed in the wake of EAB, and the extent of overstory black ash mortality
in our Mid- and Post-Invasion stands. We then examine the density and condition of regenerating
trees, with emphasis on differences in density and condition of black ash recruits (DBH 2.5-10
cm), saplings (height > 1 m; diam < 2.5 cm), and seedlings (height < 1 m) across Invasion
Strata. Finally, we assess differences in shrub and herbaceous plant percent coverage across
Invasion Strata.
Methods

Stand Selection: We selected 24 stands where black ash is currently or was historically
present (Table S1). Stands were identified by accessing maps and data from EAB impact surveys
conducted between 2019-2022, Michigan forest cover maps (MI DNR 2022) (ArcGIS Pro; ESRI,
Redlands CA), and forest inventory data provided by the Hiawatha National Forest. Potential
stands were visited to confirm the presence of black ash, assess invasion status and stand size.
We classed stands into three broad Invasion Strata: Post-Invasion where > 80% of overstory
black ash had been killed by EAB (n = 12 stands), representative of overstory black ash mortality
cited in lower Michigan as of 2020 by Engelken and McCullough 2020 and Siegert et al. 2021,
Mid-Invasion where 20 to 80% of overstory black ash were killed (n = 5 stands) and Pre-
Invasion stands where < 20% of overstory black ash were dead (n = 7 stands) (Fig. 1.1). Seven
Post-Invasion stands represented sites with abundant regeneration of all species (>500 recruit
stems/ ha), while the other five Post-invasion stands had low or negligible regeneration (<500
recruit stems /ha). These stands are referred to henceforth as Post-Invasion Ample Regeneration,

and Post-Invasion Minimal Regeneration. Post-Invasion stands are pooled for most analysis, but



separated to understand if and how differences in overstory tree basal area and density may
impact tree regeneration in Post-Invasion conditions.

Survey Design: We delineated boundaries of stands using Google Earth imagery (Google
Inc, Mountain View, CA, 2023), then overlaid a 50 m x 50 m grid using the fishnet tool in
ArcGIS Pro (ESRI, Redlands, CA, 2023). We identified grid cells within each stand where
overstory black ash or recruits occurred, then randomly selected three of those grid cells for
surveys (Fig. 1.2A). At the center of selected grid cells, we established nested, fixed radius plots
comprised of a macroplot (11.4 m radius) and a subplot centered within the macroplot (8§ m
radius). If center plots did not include a minimum of six overstory black ash trees or six black
ash recruits (alive or dead), we randomly selected a new grid cell. To evaluate herbaceous
vegetation, a 1x1 m quadrat was oriented diagonally away from the center point in a random
compass heading and two additional 1x1 m quadrats were located on the northern and southern
perimeter of each subplot. Two 25 x 2 m transects to quantify coarse woody debris were
established from the center of each plot in random compass headings; one was located between
0-180° and the other was located between 180-360°, ensuring transects did not overlap.

Overstory assessments: In macroplots (Fig. 1.2B), we measured diameter at breast height
(DBH) (1.3 m aboveground) and visually estimated canopy condition (percent transparency;
percent dieback) of live and dead overstory trees (DBH > 10 cm) by species. We recorded
external signs of EAB infestation including the number of distinct holes left by woodpeckers
preying on late-instar EAB larvae and counted live epicormic shoots up to 2 m high on the trunk,
as well as basal sprouts. Density of overstory trees standardized per ha, and proportion of live
and dead overstory black ash trees were calculated for each species and for all species combined

in each stand and averaged for stands representing Pre-, Mid- and Post-Invasion strata. Overstory



trees were further grouped into 5 cm size classes (starting at 10 cm DBH) to document size class
structure within stands. Basal area of overstory trees by species was calculated for each stand
then averaged by Invasion Strata to assess relative dominance by species. Relative importance
values (RIV), defined as the sum of relative density, relative dominance, and relative frequency,
were calculated for each tree species tallied in each stand and averaged by Invasion Strata.
Species richness of overstory trees was also calculated for each site.

Regeneration assessments: We recorded DBH of live and dead recruits (DBH 2.5 to 10
cm) in subplots (Fig. 1.2B), estimated canopy condition of live recruits, counted woodpecks and
live epicormic shoots and up to 2 m high and tallied live basal sprouts. Live and dead saplings
(height > 1 m; DBH < 2.5 cm) within subplots were tallied by species. Percent coverage of Alnus
spp. and abundant shrub species within subplots or numbers of individual stems of occasional
shrub species were recorded. Densities of live and dead recruits and saplings along with the
proportion of live black ash recruits with external signs of EAB infestation (> 3 epicormic
sprouts or > 1 woodpeck) were calculated, standardized per ha for each stand and averaged by
Invasion Strata.

Emerald ash borer colonization of recruits: We randomly selected and felled three live
black ash recruits (1 per plot) in stands where ample regeneration was present (> 6 black ash
recruits within plots or within 10 m of plots). Each recruit was cut into three ~1 m bolts,
beginning just above the root flare. Bolts were transported back to the lab and carefully
debarked within five days. Numbers of EAB galleries and live larvae were recorded. We
calculated phloem area following McCullough and Siegert (2007) using measurements of the
length and circumference of each bolt end and standardized galleries and larvae per m? of

phloem area. Average densities of galleries and larvae were then calculated for each stand.



Tree seedings and herbaceous plants: We recorded the number of tree seedlings present
by species or genera in the three microplots (1x1 m) established in each macroplot. In the
microplot centered in each macroplot (Fig. 1.2 B), we identified herbaceous plants minimally to
family and to genus or species when possible and estimated percent cover. Herbaceous plants
were identified using field guides (Chadde 2016, 2017) and mobile applications (Seek by
iNarualist, 2023, v2.17.0) (Hart et al. 2023). To further increase sampling effort, we established
two microplots on the perimeter of the macroplots (Fig 1.2. B), and estimated percent cover of
sedges, grasses, forbs, ferns, bare ground, bryophytes, and woody plants. Invasive plant species,
excluding ferns and graminoids, were noted.

Coarse woody debris: In each of the two 25 x 2 m transects (Fig. 1.2 B), we measured
diameter of coarse wood debris (CWD) pieces (> 4.0 cm), the length of the piece within the
transect and recorded species or genera (when possible). Pieces of CWD were assigned to one of
four decay classes following Engelken and McCullough (2020a): (1) bark present to mostly
present and firm, few areas of solid wood exposed; (2) bark loose and sloughing off in multiple
spots, exposed wood mostly firm with some soft areas; (3) bark absent or loose in some areas,
mix of firm and soft exposed wood; (4) bark absent, exposed wood soft and spongy. Pre-EAB
black ash basal area and density was estimated in Post- and Mid-Invasion sites using the DBH of
the trunks of fallen ash trees (DBH > 10 cm) encountered in transects and basal area of standing
dead overstory ash (snags) in macroplots. Pre-EAB basal area and densities were averaged by
site and Invasion Strata.

Statistical analysis: Analysis and data management were conducted using R (R Core
Team, 2024; Version 4.3.2). Generalized linear models (GLMs) and mixed models were

constructed using the glmmTMB package (Brooks et al. 2017; Version 1.1.9), and likelihood



ratio tests were used to evaluate significance of GLMs and GLMMs (Bolker 2025). All model
assumptions were checked using simulated residual plots from the DHARMa package (Hartig
2022, v0.4.6), and model contrasts and model estimates were obtained using the emmeans
package (Lenth 2024; Version 1.10.2).

To evaluate differences in recruit density (all species) among stands representing
different invasion strata, we conducted one-way ANOVA, with log transformed stand average
density as the response, and Invasion Strata as the predictor. One-way ANOVA was also used to
test for differences among Invasion Strata in density of black ash recruits (square root
transformed). We tested for significant differences in relative black ash recruit density, alive and
dead, across Invasion Strata using beta regression. These analyses were repeated for saplings of
all species (square root transformed) and black ash recruits.

Differences in the proportion of black ash basal area before EAB and basal area of all live
species between two types of Post-Invasion stands (Post-Invasion Ample Regeneration and Post-
Invasion Minimal Regeneration) were assessed using two-sample t-tests. To further assess these
relationships, we used linear regression to predict average recruit density (all species) by
proportion of black ash basal area before EAB and residual tree basal area separately.

To evaluate differences in average proportion of black ash recruits that were dead and
live black ash recruits with signs of EAB infestation across Invasion Strata (Post, Mid, Pre), we
used quasi-binomial GLMs, accounting for overdispersed binomial data, with the proportion of
dead black ash recruits or the proportion of infested black ash recruits as response variables and
Invasion Strata (three-level factor) as the predictor in separate models. Differences in density of
EAB galleries on black ash recruits by Invasion Strata were assessed using a one-way ANOVA,

with square root transformed average gallery density as a response and Invasion Strata as a



factor. The number of EAB larval galleries recorded on recruits was regressed against live black
ash basal area recorded in each stand using a negative binomial GLM, to account for
overdispersed count data, with phloem area sampled as a model offset.

Differences in percent cover of shrubs, bare ground, and graminoids among Invasion
Strata were assessed using beta regression separately for microplots and for data from auxiliary
plots to examine the impacts of canopy loss on the herbaceous plant layer. To assess potential
competition between regenerating tree species and shrubs, sapling density was regressed against
percent cover of shrubs (all species) with simple linear regression using combined data from
microplots and auxiliary plots.

We tested for differences in densities of total seedlings and black ash seedlings across
Invasion Strata separately, using negative binomial GLMMs with plot seedling density as a
response, Invasion Strata as a fixed effect and Stand as a random effect, and total area sampled
as a model offset (Table S1.1). To understand how percent cover of graminoids impacted total
seedling density, and if the relationships between seedling density changed across Invasion
Strata, we compared three models negative binomial models: one with mean percent graminoid
cover as the sole predictor, a second with mean percent graminoid cover and Invasion Status as a
three level factor as predictors, and a third with mean percent graminoid cover and an interaction
with Invasion Status as predictors, all with total stand seedling counts as a response, with area
sampled as a model offset.

Total counts of overstory trees, recruits, and saplings by species from each stand were
assessed to understand black ash forest community structure within Post-, Mid-, and Pre-
Invasion stands. Using the vegan package in R (Oksanen et al. 2022; Version 2.6.4), we

calculated species alpha diversity of overstory trees, recruits, and saplings separately used a one-
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way ANOVA to test for differences in alpha diversity across Invasion Strata. Species counts
were then Hellinger transformed (Legendre and Gallagher 2001) and principal component
analysis (PCA) was conducted for overstory, recruit and sapling communities separately. Given
recent research projecting the impending loss of black ash as EAB advances (Siegert et al. 2023),
we ran additional PCAs to explore forest communities in the absence of black ash for overstory,
recruit, and sapling communities. We used redundancy analysis (RDA) and ANOVA with
permutations to test for significant differences in overstory tree communities among Invasion
Strata (Legendre and Gallagher 2001).

Similarity of overstory / recruits, and overstory / sapling species were assessed with Co-
Inertia Analysis (ColA) conducted on PCA objects obtained from the dudi function from the
ade4 package in R (Dray et al. 2007; Version 1.10.0). Co-Inertia of overstory / recruit and
overstory / sapling distance matrices within stands were assessed and permutation tests were
conducted to determine significance of individual ColA. These tests were conducted twice, once
with ash species included in the distance matrix and once with ash excluded from the distance
matrix to evaluate the influence of ash on relationships between overstory and regenerating
communities. We calculated similarity of overstory / recruit and overstory / saplings, represented
by the distance between points from the ColA for each stand, and conducted a one-way ANOVA
to discern differences in the similarity of overstory and regeneration species by Invasion Strata.
Results

Overstory: Black ash had the highest relative importance values within all Pre- and Mid-
Invasion sites, whereas northern white cedar and balsam fir were more important species in Post-
Invasion stands (Table 1.1). Diameter class distributions of black ash in Mid- and Pre-Invasion

sites represented uneven-aged forests, with some large overstory trees and many trees in smaller
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and intermediate size classes (Fig. 1.3; Table S1.2). This trend was less pronounced in Post-
Invasion stands, presumably due to EAB-caused mortality of overstory black ash, which also
contributed to lower basal area of live black ash in Post- and Mid-Invasion stands compared to
Pre-Invasion stands. Overstory tree species richness was lower in Post-Invasion stands (5.25 +
0.637) than in Pre-Invasion (8 £ 0.834) stands (F = 3.654; d.f. =2, 21; P =0.043), and species
richness in Mid-Invasion stands did not differ among other Strata. This difference in overstory
tree species diversity, was likely drive by the mortality of overstory black ash in Post-Invasion
stands, which averaged 89.2 + 6.4%, compared with 52.4 +12.0% and 4.4 + 1.3% in Mid-
Invasion and Pre-Invasion stands, respectively.

Recruits: Live recruits were observed in every stand, although density and composition
varied (Fig. 1.4). Common recruit species across all stands included black ash and balsam fir,
with red maple, white cedar, green ash, and balsam poplar occurring less frequently (Figure 1.4).
Recruit species richness did not differ by Invasion Strata (F = 1.626; d.f. = 2,21; P =0.2205),
and the median species richness across all stands was four. Average density of total live recruits
was similar among Post-, Mid- and Pre-Invasion stands (Fig. 1.5A) (F=0.68; d.f. =2,21; P=
0.516). Post-Invasion stands with minimal regeneration had on average 116 + 35 recruits per ha,
significantly lower than average recruit densities of other Invasion Strata (F = 11.35; d.f. = 3, 20;
P <0.001) (Fig. 1.5B). Similarly, there was no difference in density of dead recruits across
Invasion strata (F = 0.84; d.f. =2, 21; P = 0.447). Mean current live basal area of all species in
Post-Invasion sites with Ample Regeneration (10.94 m?/Ha; 95% CI [7.44, 14.44]) was 2.3 times
higher than in Post-Invasion Stands with Minimal Regeneration (4.72 m?/Ha; 95% CI [.574,
8.86]) (F=16.53; d.f. =1, 10, P=0.029), and recruit density in Post-Invasion stands was

significantly correlated with live tree basal area (F = 5.43; d.f. = 1, 10; P=0.0419; Adj. R’ =

12



0.29), however there was no significant difference in Pre-EAB black ash relative basal area (F =
4.06; d.f.=1,10; P=0.072).

We observed live black ash recruits in all stands, except for two Post-Invasion Minimal
Regeneration stands that had few live recruits of any species. Black ash consistently comprised a
large proportion of live recruit stems, and density did not differ across Invasion Strata (F = 0.57;
d.f.=2,21; P=0.576) (Fig. 1.5A). Generally, density of dead black ash recruits was similar
among all Post-, Mid-, and Pre-Invasion stands (F = 2.57; d.f. =2, 21; P=0.1) (Fig. 1.5A),
however we observed differences in the proportion of black ash recruits that were dead among
Invasion Strata (x> =14.197; d.f. =2; P <0.001). The proportion of dead black ash recruits was
2.4 times higher in Post-Invasion stands than in Mid-Invasion stands, and 4.8 times higher than
in Pre-Invasion stands (Fig 1.6A).

EAB infestation of recruits: Live black ash recruits with signs of EAB infestation
(epicormic shoots or woodpecker holes) were observed in all Post- and Mid-Invasion stands, and
in four Pre-Invasion stands (57%). However, in three of the four Pre-Invasion stands where EAB
signs were observed, only 3% of recruits in each stand had one or more epicormic shoots, likely
reflecting natural stress. Overall, a higher proportion of live black ash recruits had signs of EAB
infestation in Post- and Mid-Invasion sites than in Pre-Invasion sites (y> = 10.96; d.f. =2; P =
0.004) (Fig. 1.6B).

Black ash recruits were felled and debarked in 16 of the 24 stands including six, three,
and seven Pre-, Mid-, and Post-Invasion stands, respectively. We recorded EAB galleries and
live larvae on debarked black ash recruits in each of these Post-Invasion and Mid-Invasion
stands, compared with only two of the Pre-Invasion stands (33%). On average, 81 + 10% and 78

+ 11% of debarked recruits in Post-Invasion and Mid-Invasion stands, respectively, had EAB
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galleries, compared to 39.8 +20% of recruited in Pre-Invasion stands. Densities of EAB galleries
differed among invasion strata (F = 4.86: d.f. =2, 13; P =0.0265). Recruits in Mid-Invasion
stands had the highest and most variable density of galleries, followed by Post-, and Pre-Invasion
stands (Fig. 1.7A). Density of EAB galleries on recruits was negatively related to basal area of
live black ash trees (y> = 8.55; d.f. =1, P=0.0035) (Fig. 1.7B).

Saplings and Shrubs: Live saplings were present at varying densities in all stands, with
the exception of one Post-Invasion stand, and represented 20 tree species (Fig. 1.8). Black ash
and balsam fir were common sapling species, frequently encountered in all Invasion Strata (Fig.
1.8). Sapling species richness did not differ among Invasion Strata (F = 1.007; d.f. =1, 21; P=
0.832), and the median species richness was four. Density of live saplings (all species) was
highest and most variable in Mid-Invasion stands, compared to Post-, and Pre-Invasion stands
but differences among Invasion Strata were not significant (F = 0.545; d.f. =2, 21; P=0.6) (Fig
1.5B). Dead saplings were present in 18 of 24 stands but densities were generally low, and total
dead sapling density did not differ by Invasion Strata (F = 0.397; d.f. =2, 21, P> 0.5) (Fig.
1.5B).

Black ash, the most common and abundant sapling species, was tallied in 21 stands and
was only absent from two Post-Invasion and one Pre-Invasion stand, all of which had few
saplings of any species. Density of black ash saplings was highest in Mid-Invasion stands
followed by Post and Pre-Invasion stands, but did not differ among Invasion Strata (F = 0.45; d.f.
=2,21; P>0.5). On average 43 = 6 %, 50 = 10%, and 37 = 12% of live saplings were black ash
in Post-, Mid-, and Pre-Invasion stands, respectively. Dead black ash saplings were present in 14
stands; however, their densities were similarly low across all Invasion Strata (F =0.177; d.f. =2

and 21; P=0.8) (Fig. 1.5B)
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Shrub species were present in all 24 stands, but species composition varied. Alder (4/nus
spp.) was present in 19 stands while Michigan holly (/lex verticulata), and cherry species
(Prunus spp.) were each present in six stands (Table 1.2). Other shrubs occurring less frequently
and at lower densities included buckthorn species (Rhamnaceae spp.), and mountain maple (4cer
spicatum). Percent cover of all shrub species differed among Invasion Strata (F =4.251; d.f. =2,
21; P=0.028), and was highest in Post- and Mid-Invasion stands which did not differ from each
other, and lowest in Pre-Invasion stands (Table 1.2). There was no relationship between shrub
percent cover and sapling density (F = 1.704; d.f. = 3, 20; P = 0.198). Two common invasive
shrubs in Michigan, multi-flora rose (Rosa multiflora) and autumn olive (Elaeagnus umbellata),
were present at low densities in one Post-Invasion stand in the central Lower Peninsula.

Seedlings and Herbaceous Plants: Ten seedling species were observed in microplots,
with seedlings being observed in 87% of stands (Table 1.3), and only not present in two Post-
Invasion stands. Average total seedling density ranged from 0 seedlings/Ha to 142,000 + 59,389
seedlings/Ha and differed significantly by Invasion Strata (3> = 10.3; d.f. = 2; P = 0.006). Total
seedling density was 7.2 times greater in Pre-Invasion stands (60872 seedling/Ha; 95% CI
[24056,154032]) than in Post-Invasion stands (8346 seedling/Ha; 95% CI [3791,18377]) and
there was no significant difference among seedling densities in Mid-Invasion stands and other
Invasion strata (17264 seedling/Ha, 95% CI [5518,54010]) (Table 2). Seedling density was
negatively correlated with mean percent cover of graminoids, regardless of Invasion Strata (F =
y? =3.98;d.f.=1; P =0.046 ) (Fig. 1.9; Table 1.5).

The most prevalent seedling species was black ash, which occurred in 20 stands at

varying densities. Black ash seedling density differed significantly by Invasion Strata (y> =9.7;
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d.f.=2; P =0.0078) and was highest in Pre-Invasion Stands followed by Mid-Invasion and
Post-Invasion stands (Table 1.3).

Frequently observed herbaceous plant species in microplots were similar across Invasion
strata although percent cover varied (Table 1.4). We found no difference in bare ground percent
coverage across Invasion Strata (x> = 5.68; d.f. = 2; P = 0.0582), and the average total percent
coverage of graminoids did not differ significantly (y>=2.5; d.f. =2; P =0.276) (Table 1.4). In
auxiliary microplots, we also found no difference in total graminoid cover by Invasion Strata (y>
=0.358; d.f. =2; P = 0.836). It is important to note that auxiliary plots in three Post-Invasion
stands with Minimal Regeneration and one Mid-Invasion stand contained Typha spp.,
contributing to graminoid percent cover in those stands. There was a significant difference in the
percent cover of bare ground found in auxiliary plots (x> = 8.87; d.f. =2; P =0.0174), however,
post-hoc tests revealed that percent cover only differed significantly in Mid- and Pre-Invasion
stands. Multivariate analysis of auxiliary plot communities revealed no significant differences in
plant community coverage by Invasion Strata (Fig. 1.10).

Tree Communities - Beta Diversity: Species composition of overstory trees differed
among Invasion Strata when ash species were included in analysis (F = 2.145; d.f. =2,21; P =
0.006), and this pattern was largely driven by the lack of live overstory black ash in Post-
Invasion stands (Fig. 1.11A). When black ash was excluded, overstory tree beta diversity did not
differ among Invasion Strata (F = 1.078; d.f. =2, 21; P = 0.362 ) (Fig. 1.11B). Beta diversity of
recruit communities did not differ by Invasion Strata when ash species were included in analysis
(F=1.258;d.f.=2,21; P=0.198) (Fig. 1.11C), or excluded from analysis (F = 1.585; d.f. = 2,

21, P=0.085) (Fig. 1.11C). Sapling community beta diversity did not differ among Invasion
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Strata when ash was included in analysis (F = 1.175; d.f. = 2, 21; P =0.261) (Fig. 1.11D), nor
when ash was excluded from analysis (F = 1.462; d.f. =2, 21; P=10.095) (Fig 1.11E).

Co-inertia analysis demonstrated similarities between overstory and recruit communities
when ash species were included (RV = 0.53; P=0.001) (Fig. 1.12A), but also when ash species
were excluded (RV = 0.55;, P=0.001) (Fig. 1.12B). When ash was included, balsam fir, black
ash and green ash contributed substantially to the structure of the ColA plot, indicating these
overstory and recruit species were generally correlated (Fig S1.2). When ash was excluded,
balsam fir, red maple, and white cedar influenced the ColA plot, and like species were also
generally correlated with one another. Sapling communities appeared to be less related to
overstory communities than recruit communities when ash was included (RV = 0.44,; P = 0.002)
(Fig. 1.12 C), and more closely related to overstory communities when ash was excluded based
on RV value (RV = 0.5; P> 0.001) (Fig 1.12D). Species influencing overstory-sapling ColA
were similar to the overstory-recruit ColA regardless of whether ash was included or excluded
(Fig. S1.2). For all ColA, except the ColA assessing Overstory-Sapling similarity when black
ash was included, similarity between communities (Overstory-Recruit, Overstory-Sapling), did
not differ by Invasion Strata (Table 1.7). Similarity of overstory trees to sapling species was
significantly higher in Mid-Invasion stands, and Post-Invasion stands with Minimal
Regeneration appeared to have the lowest and most variable similarity, albeit not significantly
lower (Table 1.7).
Discussion

We recorded near complete mortality of overstory black ash in all Post-Invasion stands,

and extensive black ash decline was underway in Mid-Invasion stands, consistent with previous

reports (Klooster et al. 2014, 2018, Engelken et al. 2020a, Siegert et al. 2021). Overstory
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mortality has not yet occurred in Pre-Invasion stands. We also observed EAB larvae and
galleries on black ash recruits indicating these small trees are likely to succumb within the next
few years. Lower densities of recruits, saplings, and seedlings in five Post-Invasion stands
suggests unfavorable conditions for all regenerating tree species in some instances. Furthermore,
larval galleries on live black ash recruits and the presence of dead black ash recruits demonstrate
that EAB is still present at residual densities within Post-Invasion stands and has caused
significant mortality of black ash recruits. Together, these results demonstrate that future changes
in forest vegetation composition following EAB infestation are affected by cascading impacts of
losing overstory black ash and by continued mortality of advanced regeneration.

Density and composition of regeneration in black ash forests in different states or regions
varies considerably (Windmuller-Campione et al. 2021, Springer and Dech 2021, Palik et al.
2012, D’Amato et al. 2018), and we similarly noted variability in recruits and saplings in our
stands. In some Post-Invasion stands we observed significantly lower densities of regeneration
(recruits, saplings, and seedlings). Combined with significantly lower basal area of live non-ash
trees compared to other Post-Invasion stands, there is the potential that lower regeneration could
be linked to the more pronounced loss of black ash. It is, however, difficult to discern whether
the loss of overstory black ash from these stands created unfavorable conditions for regeneration,
or if regeneration conditions were poor prior to EAB infestation. Windmuller-Campione et al.
(2021) observed no significant relationship between residual basal area of trees and regeneration
density post-harvest in black ash stands in Minnesota. Similar results were reported from surveys
in stands dominated by young white ash regeneration, where Pre-EAB ash basal area was not
correlated with recruit or sapling densities (Wilson et al. 2025). We expect that regeneration

conditions were poor in our Post-Invasion stands with Minimal Regeneration prior to EAB
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infestation due to the lack of advanced tree regeneration observed, signaling low rates of
seedling establishment and growth prior to EAB. These poor growing conditions are likely
compounded by changes associated with the loss of overstory black ash, including increased sun
exposure through canopy gap formation, hydrological changes (Krezmein et al. 2024; Slesak et
al. 2014), and reduced black ash seed production (Klooster et al 2014).

Despite the low densities of regeneration in five Post-Invasion stands, overall, we did not
observe differences in regeneration density amongst Post-, Pre-, and Mid-Invasion stands. Black
ash was a dominant regeneration species in these Post-Invasion stands and in Pre- and Mid-
Invasion sites, along with other species that were abundant in the regeneration layer. These
results provide evidence supporting the intuitive hypothesis described by Bowen and Stevens
(2014), that conditions in hardwood swamps with a lower component of ash prior to EAB will
experience less pronounced changes with respect to forest composition as non-ash species are
already present in the understory and overstory, and therefore capable of replacing ash following
mortality. Much of the work to monitor regeneration dynamics of black ash was conducted in
northern Minnesota, where extensive stands of black ash, which often comprises over 80% of
overstory trees, occur. These stands tend to have few non-ash tree species regenerating and
regeneration is primarily dominated by black ash and shrubs (Palik et al. 2012; D’ Amato et al.
2018). Most black ash stands in lower Michigan, and portions of the eastern Upper Peninsula
contain a lower component of overstory black ash compared to the large, forested wetland stands
in Minnesota, which may contribute to the common presence of non-ash regeneration in these
stands.

Presence of non-ash overstory trees and regeneration is especially important given the

interaction between residual populations of EAB and regenerating black ash in Post-Invasion
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conditions. Along with relatively high densities of black ash recruits, saplings, and seedlings in
most of our Post-Invasion stands, we also observed high proportions of both dead black ash
recruits and live recruits exhibiting signs of EAB infestation. EAB can colonize and kill trees
with diameters as small as 2 cm (Cappeart et al. 2005), thus EAB infesting and killing black ash
recruits is unsurprising. We found similar proportions of live black ash recruits exhibiting
symptoms of EAB colonization in Mid- and Post-Invasion stands, but fewer dead black ash
recruits in Mid-Invasion stands, signaling that EAB likely infests black ash recruits during mid to
late stages of infestation. Live black ash recruits present in Post-Invasion stands likely represent
saplings or smaller recruits that were not colonized by EAB and have released following the
formation of canopy gaps. Interactions between EAB and the orphaned cohort of ash species are
well discussed throughout the literature focusing on ash regeneration in Post-EAB forests
(Wilson et al. 2025, Hoover et al. 2023, Klooster et al. 2014, Siegert et al. 2021) and demonstrate
importance of EAB’s persistence on the landscape.

Gallery densities and the presence of live EAB larvae feeding on black ash recruits within
our study further depict interactions between black ash recruits and EAB during Post- and Mid-
Invasion conditions. In Post-Invasion stands, total EAB gallery density was generally lower than
stands representing Mid-Invasion conditions, a result that can be explained by reduced live ash
phloem area in Post-Invasion stands. Siegert et al. (2021) observed a 29-fold reduction in live
phloem area between Mid- and Post-Invasion conditions in study sites containing black and
green ash, corresponding with a proportional reduction in EAB density. It is therefore
unsurprising that EAB gallery density were highest in Mid-Invasion conditions where EAB
population densities are presumably highest, and ample phloem still exists for larval

development. Lower EAB gallery densities found on black ash recruits in Post-Invasion stands
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and a slightly lower proportion of likely infested recruits in these stands reflects low residual
populations of EAB following black ash overstory mortality as described by Klooster et al.
(2014).

Pressure from EAB, and the presumable mortality of black ash regeneration as they
release make it unlikely that regenerating trees will reach a size class where they can produce
seed (Gucker 2005a). Even if black ash can release and produce seed, the low number of seeds
produced by small trees and the limitations of seed viability and seedling establishment make it
unlikely that black ash will remain present within the seed bank (Klooster 2014).

In Post-Invasion stands an apparent lack of seedlings supports our hypothesis that
seedling establishment can be lower in Post-Invasion sites, however the exact mechanisms that
lead to this are unclear. In Post-Invasion stands that lacked black ash seedlings, the absence of
seed produced by overstory black ash is likely the largest contributor to reduced total seedling
densities, as black ash seedlings were the dominant seedling species across Invasion Strata
(Klooster et al. 2014). However, water inundation (Tardif and Bergeron 1999) and interspecific
competition with herbaceous plants and shrub species are also likely to depress black ash
seedling populations (Looney et al. 2017).

Although we lack direct hydrology data from our stands, the potential for hydrology
changes and increasing water tables following overstory ash mortality is well known, in both
upland and riparian forest systems, and in simulated black ash harvests. Robertson et al. (2018)
found a significantly lower soil moisture in canopy gaps where white ash had been killed by
EAB compared to undisturbed forested areas, and significantly higher daily evapotranspiration
rates in forests than in canopy gaps. Krezmein et al. (2024) observed increased water table depth

in riparian canopy gaps that formerly contained green and black ash. Similarly, in Minnesota
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black ash forests, water table levels following the girdling and clearcutting of black ash increased
and remained high (Slesak et al. 2014). In Post-Invasion sites with minimal regeneration, lower
average non-ash basal area and generally high pre-EAB black ash relative basal area could
foreseeably lead to more pronounced changes in hydrology, compared to what would be seen
when substantial basal area of non-ash species remain after EAB.

Herbaceous plant species present in black ash stands do not appear to differ greatly across
Invasion Strata, and the percent cover of graminoids and bare ground were consistent even when
overstory black ash were dead. Because black ash stands often contain many canopy gaps and
have diverse and well-established herbaceous plant communities in their understories (Weber et
al. 2007), we are not surprised by this result. Looney et al. (2017) observed increased abundance
of graminoids in black ash stands that were clearcut to resemble EAB-related mortality, however
the composition of herbaceous plants in girdled tree treatments and control treatment remained
the same. Overstory tree conditions in Post- and Mid-Invasion study sites are more resemblant of
girdle treatments described by Looney et al. (2017), thus our results are consistent with their
work. Of note, is the presence of Typha species (cattails) in multiple Post-Invasion stands and
one Mid-Invasion stand that all had high relative dominance of ash species in the overstory prior
to EAB infestation. Presence of cattails suggests an ecological regime shift and supports the
hypothesis that in some cases, the loss of overstory black ash due to EAB converts forested
wetlands to ecosystems that resemble wet meadows (Windmuller-Campione et al. 2021, Looney
et al. 2017, Krezmien et al. 2024).

The most important community differences observed across our stands was the difference
in overstory tree communities, driven by the lack of overstory black ash in Post-Invasion Stands.

There were no differences in regeneration communities when ash was included or excluded in
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analysis, suggesting no large shift in community composition has occurred yet, despite mortality
of black ash recruits in Post-Invasion stands. We expect, that as mortality of black ash recruits
continues, and saplings grow and are eventually killed by EAB, we will see a shift in Post-
Invasion tree communities similar to what we observed in overstory tree species. When other
tree species are present in the overstory and regeneration layers, we expect that the loss of black
ash will result in a shift in species dominance, likely favoring red maple, balsam fir, and white
cedar. These tree species were found throughout our study area as both overstory and
regenerating trees. Furthermore, the results of our Co-Inertia analysis support the hypothesis that
regenerating tree communities resemble overstory tree species, suggesting that overstory non-ash
tree species will contribute to regeneration in Post-Invasion forests.

As EAB continues to spread, the opportunity to better understand and preserve black ash
forests with respect to regeneration dynamics and species composition is waning. High levels of
overstory and recruit mortality in Post-Invasion forests suggest that the persistence of black ash
on the landscape will be limited, as recruits, saplings, and seedlings will likely be killed by EAB
before they can produce seeds. Densities of all recruit species appear to be low in some Post-
Invasion stands, particularly those that had high relative pre-EAB black ash basal area and lower
residual basal area of non-ash. Given the cultural importance and ecological significance of this
unique species, black ash conservation and preservation is a priority for forest managers and
landowners, we encourage researchers to establish long term studies within black ash stands in
areas where EAB has not yet arrived. These studies should look to not only assess changes in
forest vegetation overtime but also assess hydrological changes to more fully understand the

legacy effects of EAB on black ash forest communities.
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Tables

Table 1.1 Mean (SE) relative importance values (RIVs) of the ten most important overstory tree
species by Invasion Strata, with blank spaces indicating the absence of particular species within
stands at each Stratum.

Species Post-Invasion Mid-Invasion  Pre-Invasion
Fraxinus nigra 35.12 (20.63) 94.04 (21.12)  106.43 (14.23)
Thuja occidentalis 58.23 (17.15) 66.3 (23.56) 25.32 (14.98)
Abies balsamea 41.57 (12.74) 41.49 (9.14) 17.4 (5.76)
Betula papyrifera 12.44 (4.09) 25.32 (11.37) -
Acer rubrum 34.7 (11.92) 21.46 (6.91) 14.27 (5.92)
Fraxinus pennsylvanica - 15.16 (10.83) 33.32 (13.49)
Betula alleghaniensis - 13.68 (4.34) 11.36 (4.34)
Populus balsamifera 14.36 (9.72) 12.87 (6.94) 14.91 (14.91)
Ulmus americana 27.59 (13.22) 5.35(3.78) 14.65 (5.65)
Populus grandidentata - 2.43 (2.43) -
Tilia americana 14.56 (8.57) - 12.43 (4.54)
Picea mariana 14.02 (7.73) - -
Populus tremuloides 12.38 (12.38) - 27.12 (14.37)
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Table 1.2. Mean (+ SE) shrub percent cover across Invasion Strata with significant differences
denoted by stars (*; P < 0.05), densities (stems - ha''), and frequencies of the four most
frequently occurring shrubs by genus or species in 24 stands grouped by Invasion Strata.

Mean (SE) Total . Mean (SE) Stem
Status Shrub % Cover Species Frequency Density
Alnus spp. 10 1240.24 (137.63)
Post- o Prunus spp. 6 14.65 (7.61)
Invasion 22.9% (4.30) Cornus sericea 3 2.73 (1.50)
Ilex verticulata 3 262.87 (111.90)
Alnus spp. 5 1255.85 (129.70)
Mid- Prunus spp. 3 16.4 (8.92)
. 4% (6.70)*
Invasion 30.4%(6.70) Rhamnus spp. 2 35.41 (21.71)
Amelanchier spp. 1 3.93 (3.93)
Alnus spp. 4 589.29 (103.05)
Carpinus
I Pre'- 6.7% (5.63) caroliniana 2 14.99 (7.75)
fvasion Ilex verticulata 2 12.18 (7.69)
Amelanchier spp. 1 0.94 (0.94)
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Table 1.3. Mean (SE) seedling densities (seedlings - ha!) of the four most abundant seedling
species by Invasion Strata. Significant differences are indicated by letters (P < 0.05), for
comparisons of black ash seedling density and total seedling density among Invasion Strata.

Status

Species

Mean (SE) Seedling Mean (SE) Total
Density Seedling Density

Post-Invasion

Fraxinus nigra
Acer rubrum
Populus balsamea

Ulmus americana

18796 (8880)*
926 (830)
463 (463)
370 (209)

21389 (9418)A

Mid-Invasion

Fraxinus nigra
Acer rubrum
Thuja occidentalis

Abies balsamea

30000 (24741)AB
4000 (3014)
3333 (2222)
2889 (1846)

40444 (28654)AB

Pre-Invasion

Fraxinus nigra
Ulmus americana
Acer rubrum

Acer saccharum

54603 (11014)®
1746 (1411)
1270 (921)
794 (794)

60159 (11356)B
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Table 1.4. Mean (SE) graminoid percent cover and bareground percent cover for auxiliary plots
in stands across Invasion Strata, frequency expressed as number of stands where plants occurred,
and mean (SE) percent cover of the four most frequently recorded plants by Invasion Strata.

Mean (SE) Mean (SE) 0
Status Graminoid % Bareground Species Frequency Mean (SE)%
0 Cover
Cover Yo Cover
Asteraceae spp. 10 5.03 (3.07)
Post- Equisetum spp. 7 0.78 (0.25)
. 38.1% (6.1 30.5% (0.4
Invasion 0 (6.1) 0 (0-4) Impatiens spp. 7 3.9(1.74)
Galium spp. 6 0.75 (0.42)
Impatiens spp. 4 7.38 (6)
Mid- Asteraceae spp. 3 1.12 (0.5)
. 38.5% (9.3 23.1% (5.5
Invasion 0(3) 0 (5:5) Equisetum spp. 3 1.08 (0.58)
Galium spp. 3 0.52 (0.24)
Impatiens spp. 7 4.67 (1.87)
Pre- Asteraceae spp. 6 1.21 (0.32)
. 24.1% (6.6 41.9% (5.6
Invasion (6.6) 0 (5.6) Onoclea sensibilis 6 1.89 (0.53)
Equisetum spp. 5 2.83(1.5)
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Table 1.5. Likelihood ratio tests comparing the null models and three other negative binomial
models predicting total seedling density by mean graminoid cover, mean graminoid cover and
Invasion Strata as a factor, and with an interaction between mean graminoid cover and Invasion
Strata.

Model Log L D.F. Chisq P
Null Model -86.15 - - -
Seedling Density ~

Mean Graminoid Cover -84.16 1 3.98 0.046
Seedling Density ~ Mean
Graminoid Cover + -83.9 3 0.0515 0.773
Invasion Status

Seedling Density ~ Mean
Graminoid Cover - -82.25 3 24 0.135
Invasion Status
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Table 1.6. ANOVA table with estimated means (SE) testing for a difference in the ColA
distances between Overstory/Recruit communities and Overstory/Sapling communities.
Distances were tabulated by using the coordinates of each community within the canonical ColA

plot.
Overall Model Model Estimates

Modl D.F. F p Status Es(tg]g;i te
Co-Inertia Distances Post-Invasion 0.65(0.12)
Overstory/Recruits 2,21 0.09 0.9 Mid-Invasion 0.56 (0.16)
(Including Black Ash) Pre-Invasion 0.59 (0.15)
Co-Inertia Distances Post-Invasion 0.71(0.17)
Overstory/Recruits 2,21 0.09 0.9 Mid-Invasion 0.73 (0.25)
(Excluding Black Ash) Pre-Invasion 0.84 (0.24)
Co-Inertia Distances Post-Invasion 1.63 (0.25)°
Overstory/Saplings 2,21 10.03 >0.001 Mid-Invasion 0.41 (0.1)*
(Including Black Ash) Pre-Invasion 1.43 (0.3)°

Co-Inertia Distances Post-Invasion 1.21(0.2)
Overstory/Saplings 2,21 1.45 0.2582 Mid-Invasion 0.74 (0.19)
(Excluding Black Ash) Pre-Invasion 1.21(0.26)
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Figure 1.1. Map of 24 black ash stands assessed in Michigan representing three broad Invasion
Strata (Post-, Mid-, and Pre-Invasion), and the location of Post-Invasion stands with ample and

minimal regeneration.
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Figure 1.2. (A) Representation of grid cells overlaying a black ash stand where gray hexagons
represent suitable grid cells and hexagons with black points represent three randomly selected
cells where plots were centered. (B) Layout of nested fixed radius plots including a 11.4 m
macroplot (solid outer circle), 8 m sublot (dashed inner circle), 1x1 m herbaceous plot oriented

diagonally from the center at a random compass heading (gray square),

two additional

herbaceous cover plots (black squares), and two 25 x 2 m coarse woody debris transects (black

solid lines).

30



Post-Invasion Mid-Invasion Pre-Invasion

g

n
(=]
o

=
=)

0 ———. — -

Mean No. Overstory Trees - ha™

10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60
DBH Size Class
W Abies balsamea [l Betula papyrifera [l Fraxinus pennsylvanica  Populus tremuloides | Tilia americana
M Acer rubrum | Fraxinus nigra [l Populus balsamifera Thuja occidentalis Ulmus americana

Figure 1.3. Size class distribution and density of the seven overstory species with the highest
relative importance values across 24 stands. See Table S1.2, Appendix A for mean (£ SE) of
density by size class for all overstory species.
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Figure 1.4. (A) Observed mean (£SE) density of recruits by species for each Invasion Strata
recorded in Post-Invasion Ample Regeneration, Post-Invasion Minimal Regeneration, Mid-
Invasion, and Pre-Invasion stands (24 stands total).
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Figure 1.5. (A) Observed mean (+ SE) density (stems - ha™') of live (left) and dead (right)
recruits of black ash and all other species averaged by three EAB Invasion Strata (24 stands
total). (B) The same plots are presented, but for sapling density data. Letters represent significant
differences across Invasion Strata within species groups (all species and black ash), separately
for live and dead stems.
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Figure 1.6. Box and whisker plot depicting mean proportions of dead black ash recruits (A) and
live black ash recruits (B) infested by EAB. Center lines represent median values, boxes depict
first and third quartiles, whiskers representing 1.5*inter quartile range (IQR), and points depict
outliers.
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Figure 1.7. (A) Mean (£SE) density of black ash recruits across three EAB Invasion Strata with
letters representing significant differences from post-hoc analysis. (B) Negative binomial
relationship between density of EAB galleries and basal area of live black ash overstory trees,
with 95% confidence interval (shading), and EAB Invasion Strata designated by color.
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Figure 1.8. Mean (+ SE) density of saplings by species tallied in stands representing Post-
Invasion with Ample Regeneration, Post-Invasion with Minimal Regeneration, Mid-Invasion and
Pre-Invasion (24 stands total).
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Figure 1.9. Negative binomial relationships from a GLM predicting seedling density (stems-ha-
1 by graminoid percent cover as a continuous variable for 24 black ash stands. Mean % cover
was negatively related to seedling density. Shaded areas represent 95% confidence intervals, and
points indicate mean stand values.
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Figure 1.10. Results from principal components analysis (PCA) showing variation and
similarities in percent cover of plant groups in 24 black ash stands grouped by four Invasion
Strata. Variation explained by each axis is displayed, and total variation explained by the first

two axes was 49.1%.
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Figure 1.11. Results from PCA and RDA for overstory communities with (A) and without black
ash (B), recruit communities with (C) and without black ash (D), and sapling communities with
(E) and without black ash (F). Ellipses represent 95% confidence intervals.
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Figure 1.12. Co-Inertia Analysis (ColA) plots representing similarities between overstory and
recruit communities with ash species (A) and without ash species (B), and between overstory and
sapling communities with ash (C) and without ash (D). Length of the lines represents how
similar the overstory community is to the corresponding recruit or sapling community in each
stand. RV values represent the overall similarity of overstory tree communities to understory
communities in each case, and P-values represent the significance of this relationship.
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CHAPTER TWO: DENDROECOLOGY OF BLACK ASH IN FORESTS SPANNING A
RANGE OF EAB INVASION: IMPLICATIONS FOR FUTURE FOREST CONDITION
AND MANAGMENT

Introduction

In eastern forests, stand-replacing disturbances, or disturbances that effectively eliminate
a foundational species, are rare (Lorimer and Frelich 1994, Seymour and White 2002). A small
proportion of invasive pests, however, have caused the functional loss of tree species from forest
systems, substantially altering stand dynamics (Ellison et al. 2005). Historic examples include
impacts of chestnut blight (Cryphonectria parasitica Murril M.E. Barr) and hemlock woolly
adelgid (HWA) (Adelges tsugae Annand) in North American forests once dominated by
American chestnut (Castanea dentata) or eastern hemlock (7suga canadensis), respectively
(Ellison et al. 2005, Orwig et al. 2002). Impacts of these pests and others, have prompted efforts
to reduce introductions of non-native forest insects and slow spread of established invaders
(McCullough and Mercader 2011,Poland and Rassati 2019, Liebhold and Kean 2019, Lovett et
al. 2016). Nevertheless, given current and projected levels of international and national trade,
threats posed by invasive forest pests seem likely to continue (Aukema et al. 2010, Lovett et al.
2016). Understanding the impacts of specific invaders on structure and dynamics of vulnerable
forests is therefore paramount for effectively managing affected stands.

Emerald ash borer (EAB) (Agrilus planipennis, Fairmaire), first detected in southeast
Michigan in 2002 (Cappaert et al. 2005, Siegert et al. 2014), has caused widespread mortality of
ash in forests and landscapes across much of eastern North America. Currently, EAB is
established in at least 37 states and six Canadian provinces but continues to spread via natural
dispersal of adult beetles and accidental human mediated transport infested material (EAB.info

2025, Herms and McCullough 2014, Siegert et al. 2014). Near complete mortality of native ash
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species, particularly overstory trees, has been documented in forest stands in southern Michigan
and northern Ohio invaded by EAB relatively early (Burr and McCullough 2014, Engelken et al.
2020, Flower et al. 2013, Klooster et al. 2014, Knight et al. 2013, Smith et al. 2015, Siegert et al.
2021). Similar levels of ash mortality have also been observed in more recently infested
northeastern forests (Morris et al. 2023, Ward et al. 2021).

Nevertheless, intraspecific variability in EAB host preference and host vulnerability
among ash species has been consistently observed in forested areas, common gardens, and
landscapes. Blue ash (Fraxinus quadrangulata) trees are generally resistant to EAB unless they
are stressed by drought or poor growing conditions, white ash (Fraxinus americana) is an
intermediate EAB host, while green ash (Fraxinus pennsylvanica) and black ash (Fraxinus
nigra) are highly preferred and vulnerable, with reported overstory mortality rates of 80% or
more in forests and common garden studies (Anulewicz et al. 2007, Burr and McCullough 2014,
Cippolini and Morton 2023, Engelken and McCullough 2020, Mathieu and McCullough 2025,
Spei and Kashian 2017, Robinett and McCullough 2019, Tanis and McCullough 2012, 2015,
Smith et al. 2015).

Black ash is considered a foundational wetland species throughout much of its range. In
stands where it is dominant, the species largely controls hydrologic regime through
evapotranspiration (Slesak et al. 2014), fostering habitat for a diverse range of herbaceous plants,
birds, insects, and amphibians (COSEWIC 2018, Youngquist et al. 2017). EAB represents the
largest threat to black ash and the ecosystem in which it thrives, with functional extirpation of
black ash expected throughout its range by 2050 (Siegert et al. 2023). Concerns regarding the
loss of black ash largely focus on changes in stand hydrology that are likely to cause the

conversion of forests to sedge dominated wet meadows (Slesak et al. 2014, Windmuller-
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Campione et al. 2021, Youngquist et al. 2017), reduced black ash seed production, resulting in
decreased in seedling establishment (Klooster et al. 2014), along with the observed lack of non-
ash tree species present in the regeneration layer of uninvaded stands to replace overstory trees
(Palik et al. 2012). Seedling establishment and development of all species is likely to be further
hampered by interspecific competition with shrubs and herbaceous plants (Engelken and
McCullough 2020a, Looney et al. 2017, Windmuller-Campione et al. 2021). Concerns regarding
the future of black ash are further heightened due to the species’ cultural significance.

Black ash, a cultural keystone species, is used by Indigenous people throughout its native
range for traditional basketry practices and is an integral aspect of the cultural identify for many
tribal nations (Diamond and Emery 2011, Costanza et al. 2017, Siegert et al. 2023). Black ash is
uniquely suited for the type of basketry practiced by Indigenous people, which involves peeling
bark then pounding logs to separate the ring-porous growth rings. Strips of sapwood, called
splints, are cut to desirable widths and lengths for weaving into utilitarian or artistic baskets
(Costanza et al. 2017). Because the separation between growth rings forms the splints, annual
ring width is a critical factor affecting the quality of a tree for basketry. Black ash trees with very
wide annual rings yield splints too rigid for basket making, while very narrow rings yield weak
splints likely to shatter (Costanza et al. 2017, Diamond and Emery 2011, Boudreault et al. 2024).
Typically, ring widths between 2- and 3-mm yield optimal splints, and trees with these ring
widths are deemed of basket quality (Costanza et al. 2017, Diamond and Emery 2011,
Boudreault et al. 2024). As EAB spreads, Indigenous basket makers and community knowledge
holders are concerned about the long-term survival of black ash, including the presence and

persistence of basket quality trees on the landscape (Costanza et al. 2017).
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Black ash stand dynamics in regions that have not been invaded by EAB, are
characterized by small gap formation following single tree mortality and periodic flooding events
(Tardif and Bergeron 1999, Fraver and White 2005, Springer and Dech 2021). When young
black ash reach 30 to 40 years in age, they are capable of producing seed, with good seed crops
occurring at one to eight-year intervals (Gucker 2005a; Wright and Rauscher 1990), however,
black ash seed do not persist long in the seed bank, loosing viability after eight years (Gucker
2005a; Wright and Rasucher 1990). Black ash seed germination takes place after a two-to-three-
year stratification period, and once germinated, seedlings grow quickly, capable of reaching 15
cm tall after one year when growing conditions are optimal (Gucker 2005a). Despite this
potential for rapid growth, black ash have been observed to remain in understory for decades
and, likely release following small gap formation (Springer and Dech, 2019, Tardif and Bergeron
1999). 1t is therefore likely that canopy gaps created by EAB caused overstory black ash
mortality could facilitate the release of black ash regeneration.

To evaluate the impacts of overstory black ash mortality on stand dynamics in Michigan,
we conducted dendroecological analysis of overstory black ash, black ash recruits, and balsam fir
(Abies balsamea) recruits. Our primary objectives were to (1) quantify growth of overstory black
ash and black ash recruits in Pre-Invasion stands in Michigan’s Upper Peninsula, and (2) the
presence of basket quality black ash in those stands. We also (3) compared radial growth of
black ash recruits in stands representing Pre-, Mid-, and Post-Invasion conditions and evaluated
potential release of black ash and balsam fir recruits in Post-Invasion stands. We hypothesized
that (1) age class structure of overstory black ash and black ash recruits would represent uneven-
aged forests in Pre- and Mid-Invasion stands, and that (2) basket quality ash would be rare across

the landscape. We also predicted that (3) black ash and other prevalent tree species would release
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in Post-Invasion stands, that residual tree basal area would limit the degree of release, and that
live black ash recruits would be younger in Post-Invasion stands because of EAB-caused
mortality of older black ash recruits.

Methods

Stand selection: We selected 24 stands throughout Michigan’s Lower and Upper
Peninsulas where black ash occurred using forest cover maps in ArcGIS Pro (MI DNR, 2022)
(ArcGIS Pro; ESRI, Redlands CA), inventory data provided by the Hiawatha National Forest,
and previous observations. Stands represented a range of EAB invasion conditions, including
Pre-Invasion areas with healthy ash trees and little or no evidence of EAB presence, Post-
Invasion stands with extensive ash mortality, and Mid-Invasion stands where there was a mix of
dead, healthy, and declining ash. We visited each stand to evaluate access and ensure stands were
large enough for three non-overlapping, 400 m? circular plots.

We estimated and delineated the boundary of each stand using Google Earth Online
(Google Inc, Mountain View, CA, 2023). To facilitate random plot location, we overlaid each
stand map with a 50 x 50 m grid using the fishnet tool in ArcGIS Pro (ESRI, Redlands, CA,
2023). Grid cells where at least six black ash recruits or six overstory black ash, live or dead,
were identified, of these, three grid cells were randomly selected. In the center of each grid cell,
we established nested fixed radius plots comprised of a macroplot (11.4 m radius), a subplot (8§ m
radius) centered in the macroplot, and two 25 x 2 m linear transects arising from the center point
oriented in two randomly selected compass headings.

Vegetation assessments: In each macroplot, we measured diameter at breast height
(DBH) and visually estimated canopy condition, including percent transparency and dieback of

live overstory trees (DBH > 10 cm) by species. For each overstory black ash tree, we recorded
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the number of distinct holes left by woodpeckers preying on late-instar larvae and epicormic
shoots up to 2 m high on the trunk, along with presence of basal sprouts. The proportion of dead
overstory black ash stems was calculated and used to assign stands to one of three Invasion
Strata. In our subplots, we measured DBH and estimated canopy condition for live and dead
recruits (DBH 2.5 to 10 cm) by species. We again counted woodpecks, epicormic shoots, and
basal sprouts up to 2 m high on black ash recruits. On linear transects we recorded the diameter
of all coarse woody debris by species (Diameter > 4 cm) crossing transects. Diameters of fallen
black ash along with the DBH of black ash snags were used to estimate Pre-EAB black ash basal
area in Post- and Mid-Invasion stands. Basal area and relative basal area were calculated for live
and dead overstory black ash and all non-ash trees. Densities of black ash and non-ash recruits
were also calculated and averaged within stands.

Increment core collection and processing: In each macroplot, we collected two
increment cores at breast height, offset by 90°, from up to three randomly selected live overstory
black ash trees. In stands where all overstory black ash were dead, we collected a cross section at
breast height from a representative black ash snag in each plot or, when necessary, from a
recently fallen ash log. In each subplot, we collected two increment cores from up to three
randomly selected black ash recruits. In plots where black ash recruits were scarce, we randomly
selected up to nine black ash recruits along a path between plots within the stand. Three Post-
Invasion stands did not have live coreable black ash recruits. In addition to collecting cores or
cross-sections from black ash, we cored up to two of the two most dominant non-black ash
recruit species within each plot, resulting in up to 12 non-black ash recruits cored per stand.
Balsam fir was the most frequently cored non-ash recruit across Invasion Strata and was

therefore focused on for analysis.
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Increment cores were dried, mounted on 5.1 mm increment core mounts (Rocky
Mountain Tree Ring Research, Fort Collins, CO), and sanded using a progressive grit sequence
of P80, P120, P220, and P320, following Speer et al. (2010). Cores were then scanned (Epson
Perfection V850 Pro flatbed scanner; Epson America Inc., Long Beach, CA) at a resolution of
2400 DPI, and ring widths were measured to the nearest 0.001 mm using CooRecorder (v9.8.1,
Cybis Elektronik & Data AB, Saltsjobaden, Stockholm Co., Sweden). Both series, all
measurements from one core, collected from individual trees were visually crossdated to one
another and with then crossdated to those from other trees within the stand to check for
measurement errors using CDendro (v9.8.1, Cybis Elektronik & Data AB, Saltsjobaden,
Stockholm Co., Sweden) and dpIR in R (Bunn et al. 2010 v1.7.6, R Core Team 2024).
Crossdating was statistically confirmed using both CDendro and dpIR in R. Visual crossdating
was especially useful for recruits given that the last year of growth was known for many live
trees, and because statistical crossdating is generally most effective when more than 50 years of
growth are present (Speer 2010).

Annual ring width was averaged for each tree using the two increment cores collected,
and these averages were used in subsequent analysis. Mean ring width was calculated for each
tree by averaging annual ring widths across the trees’ lifespan. We standardized ring widths for
each tree by dividing each annual ring width by mean ring width of all years, allowing us to
understand how much radial growth each year differs from overall average radial growth. For all
stands, standardized annual ring width values were used to calculate mean standard radial growth
before and after 2015 (the mean year of overstory mortality in Post-Invasion stands) for black
ash recruits. Subsequently, in Post-Invasion stands, we calculated mean standard radial growth of

black ash recruits before and after the year of overstory mortality. We also calculated the percent
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difference of mean standardized radial growth for black ash and balsam fir recruits before and
after 2015 for all stands, and before and after the year when overstory mortality occurred in Post-
Invasion stands.

Overstory mortality estimation: We used National Agriculture Imagery Program (NAIP)
imagery (leaf-on images) obtained from USGS Earth Explorer (U.S. Geological Survey 2025) to
evaluate conditions in each Post-Invasion stand from 2005 to 2020, at intervals of every 2-3
years to estimate the progression of overstory ash mortality and dieback. These data, along with
cross dated overstory ash, were used to determine the most plausible year in which the majority
of overstory black ash died. Cross sections collected from dead overstory trees in Post-Invasion
stands were visually and statistically crossdated to one another using CooRecorder and CDendro.
Following visual crossdating, chronologies from the Upper Peninsula were dated using
chronologies we developed from live overstory black ash collected in Pre- and Mid-Invasion
stands. Chronologies of dead black ash trees in Lower Peninsula stands were dated utilizing
black ash chronologies developed by Nathan Siegert in the early 2000s from nearby stands (NW
Siegert Pers. Comm.). Using CDendro, each series from our Post-Invasion stands was crossdated
to the geographically nearest live overstory black ash master chronology visually and
statistically.

Statistical analysis: Following sampling, stands were assigned to three Invasion Strata
based on mortality of overstory ash trees for analysis. Post-Invasion stands had greater than 80%
overstory black ash mortality (n = 12 stands), Mid-Invasion had between 20 and 80% overstory
black ash mortality (n = 5 stands), and Pre-Invasion stands had less than 20% mortality (n =7
stands) (Fig. 2.1). Statistical analyses were conducted in R (R Core Team 2024; v4.4.2). Model

assumptions were checked following model fitting using simulated residual plots from the
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DHARMa package (Hartig 2022, v0.4.6), and all post-hoc testing was conducted using the
emmeans package (Lenth 2024, v1.10.2). Likelihood ratio tests were used to test the fit of GLMs
and mixed models. Fit model equations for all mixed models are displayed in Supplemental
Table 2.1.

We used linear mixed effect models (LMMs) to predict how age of black ash overstory
trees and recruits were related to average radial growth and DBH using the glmmTMB package
in R (Brooks et al. 2017). In these models, estimated establishment age was a fixed effect, stand
was a random effect, average radial growth or DBH was a response, and each tree was a sample,
For both analyses, ring width and age were log transformed. We additionally assessed whether
EAB caused a detectable decline in annual increment of overstory black ash trees during the five
years preceding death in Post-Invasion stands by testing for differences in average ring width
before and this five-year point with a one-way ANOVA using Pre/Post EAB as a fixed effect to
predict log mean radial growth, with site as a random effect.

Differences in average radial growth across Invasion Strata were evaluated using a one-
way ANOVA with Invasion Strata as a fixed effect predicting average annual radial growth.

We tested for a difference in stand average standardized radial growth after 2015 for black ash
recruits across Post-, Mid-, and Pre-Invasion stands using a one-way ANOVA, with Invasion
Strata as a fixed effect. To understand if there were significant differences in radial growth after
2015 across Invasion Strata, we used one way ANOV A with Invasion Strata predicting percent
difference in average annual ring width before and after 2015. Percent difference in average
annual ring width before and after 2015 was then regressed against the average percent dead

black ash basal area in each stand.
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Following initial analysis using 2015 as the estimated mortality year, we focused more
closely on Post-Invasion stands and stand level mortality of overstory black ash. A paired t-test
was used to test for a significant difference in mean ring width before and after the estimated
year of overstory mortality. We then calculated percent difference in ring width before and after
overstory black ash mortality and used a stepwise modeling approach to understand variation in
percent different at these sites with the glmulti package in R, allowing for only one term in our
model due to low sample size (Calcagno 2020, v1.0.8). Variables tested in stepwise model
selection included live recruit density, Pre-EAB black ash basal area, mean relative Pre-EAB
black ash basal area, mean pre-EAB black ash density, mean relative Pre-EAB black ash density,
mean total live overstory non-ash density, and mean total recruit density. Following stepwise
model selection, all models were fit using square root transformed percent difference in radial
growth as the response.

Finally, we assessed the radial growth of balsam fir recruits before and after 2015 using
an LMM to predict average standard ring width. Predictors tested include pre- and post-2015
(two-level factor), Invasion Strata (three-level factor), and stand as a random effect. We then
tested for differences in post- 2015 radial growth between black ash and balsam fir recruits,
using an LMM to predict average standard radial growth with tree species (two-level factor),
Invasion Strata (three-level factor) and stand as a random effect. All models were run using the
glmmTMB package, and pairwise comparisons were obtained via the Tukey method.

Results

Vegetation and black ash assessments: Overstory black ash mortality varied across

stands but was highest in Post- and Mid-Invasion stands, averaging 89.2 + 6.4% of trees in Post-

Invasion and 52.4 £+ 12.0% in Mid-Invasion stands compared with only 4.4 &+ 1.3% in Pre-
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Invasion stands. Total basal area was also lower in Post-Invasion stands, where live black ash
represented a minimal portion of the live BA (Table 2.1). Prior to EAB invasion, black ash basal
area varied among stands but was similar among the three Invasion strata. Densities of total
recruits (all species) and black ash recruits did not differ across Invasion Strata, and black ash
was a dominant recruit species in most stands (Table 2.1). When we surveyed Post-Invasion
stands, however, 56 £ 7% of all black ash recruit stems were dead, compared to 24 £+ 10% in
Mid- and 12 + 10% in Pre-Invasion stands. Additionally, the proportion of live black ash recruits
with signs of EAB infestation was significantly higher in Post- (51.8 + 10.0%) and Mid-Invasion
stands (57.6 £ 6.9%), compared to Pre-Invasion stands (8.5 + 7.0%) (x> =10.96; d.f. =2, P =
0.004).

Overstory black ash mortality: We observed variable timing of overstory black ash
mortality across Post-Invasion stands (Table 2.2). Dead black ash in Post-Invasion stands in the
Lower Peninsula appeared to have died earlier than those from the Upper Peninsula, with
mortality ranging between 2008 and 2014. In Upper Peninsula stands, overstory black ash
mortality occurred between 2011 and 2018. In general, tree decline and mortality observed
through aerial imagery aligned with the mortality date from cross sections, with one exception
when the overstory trees we evaluated died seven years before substantial decline was visible on
aerial imagery. County detection dates preceded overstory black ash mortality by one to 13
years; one stand had black ash trees that died the year before EAB was detected in the county.

Black ash overstory radial growth and age: The chronology of live overstory black ash
in Pre- and Mid-Invasion stands included 97 trees and spanned from 1740 to 2022 (283 years),
with an average series length of 79.2 years (Fig. 2.2) (Table 2.3). Annual ring width in Pre-

Invasion overstory black ash averaged 1.21 &+ 0.07 mm. Fewer live overstory black ash were
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available for coring in Mid-Invasion stands, but the chronology from those trees was similar to
the Pre-Invasion chronology, ranging from 1847 to 2023 (176 years) with an average series
length of 90 years, and average annual radial growth of 0.84 £+ 0.05 mm (Table 2.3). Estimated
live overstory black ash age across Pre- and Mid-Invasion stands was negatively correlated with
DBH (32 =38.08; d.f. = 1; P < 0.001) and positively correlated with average annual growth (> =
50.6; d.f.=1; P<0.001) (Fig. 2.3A, B). Ages of overstory black ash varied within stands, with
difference in age between youngest and oldest overstory black ash averaging 69.6  16.1 years
(Fig. 2.3C). Average annual ring width of overstory black ash was not correlated with average
stand basal area (F = 0.075; d.f. =1, 10; P = 0.78).

Radial growth of dead overstory black ash trees in Post-Invasion stands was similar to
radial growth of live black ash in Pre-Invasion and Mid-Invasion stands (Fig. 2.4). In Lower
Peninsula stands, the cross-section chronology spanned 1883 to 2015, with an average series
length of 79 years, while the chronology from Upper Peninsula stands spanned 1858 to 2020,
with an average series length of 96 years. Average annual radial growth for overstory black ash
before mortality in Post- Invasion stands was 1.16 mm (+ 0.147 mm). During the five years
preceding death, average annual increment was 14% lower than average annual increment from
the preceding 30 years, however they did not differ significantly (y> = 1.28; d.f. = 1; P = 0.258).

Increment cores were collected from six live overstory black ash in one Post-Invasion
stand in the Lower Peninsula, with an average DBH of 11.5 £+ 0.83 cm. The chronology
developed from these trees was shorter than chronologies developed from Pre- and Mid-Invasion
stands, ranging from 1996 to 2022 with an average series length of 21.83 years. Average annual

ring width of these trees from 2000-2022 was 2.07 + 0.23 mm, and ranged from 0.43 to 5.18
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mm. Average annual ring width of overstory black ash during this time period in Pre- and Mid-
Invasion stands was lower, averaging just 1.015 = 0.106 mm

Basket quality trees: Annual ring width of overstory black ash during the past 25 years
averaged 1.011 + 0.104 mm and although growth varied across stands, results generally indicated
a low presence of basket quality trees (Fig. 2.5). Of all the live overstory black ash cored (n =
97), 23 had an average annual radial growth in the last 25 years between 1.5 and 2.5 mm (21%)).
In four stands, we observed no basket quality trees based on average 25-year ring widths alone.
On average, only 22 .4 + 56.1 % of the overstory black ash across all stands had ring widths
indicative of basket quality trees.

Black ash recruit radial growth and age: We cored a total of 141 black ash recruits
across 21 black ash stands; three stands had no live coreable black ash recruits (Table 2.4).
Similar to overstory black ash, DBH of black ash recruits was negatively related to recruit
establishment year (%% = 11.4; d.f. =2; P <0.001) and positively related to recruit average radial
growth (3% =200.9; d.f. = 1; P < 0.001) (Fig. 2.6). Black ash recruit age was highly variable,
ranging from 98 to 11 years old across all stands, and 10% were over 75 years old. Average
annual ring width of black ash recruits across entire chronologies was generally small and did
not differ significantly among Invasion Strata (F = 23.382; d.f. = 2, 18; P =0.057), but were
slightly higher in Post-Invasion (1.03 = 0.144 mm) stands than Mid- (0.643 + 0.093 mm) and
Pre-Invasion stands (0.829 £ 0.058 mm).

Average annual ring width from 2015 (the average year of overstory mortality in Post-
Invasion stands) to 2022 differed across Invasion Strata (F = 35.2; d.f. =2,18; P=0.0015), and
was greatest in Post-Invasion stands (Fig. 2.7A). Before 2015, trends in standardized ring width

appear similar across Invasion Strata, but clearly increased during the 2010s within Post-
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Invasion stands (Fig. 2.8). Average standardized ring width of black ash recruits from 2015 to
2022 differed significantly by Invasion strata (F =7.93; d.f. =2, 18, P =0.003) and was 1.5
times greater in Post-Invasion stands than in Pre-Invasion stands. There were no significant
differences in standardized ring widths between Mid-Invasion stands and all other strata from
2015 to 2022 (Fig. 2.7B). Percent difference between average historic black ash annual ring
width and average ring width after 2015 varied among Invasion Strata and was highest in Post-
Invasion stands followed by Mid-, and Pre-Invasion stands (Fig. 2.9A). Furthermore, percent
differences in black ash recruit annual ring width before and after 2015 was strongly correlated
with percent dead black ash basal area (F = 15.6; d.f. = 1, 19; P < 0.001; Adj R? = 0.42),
increasing by 9.6 + 0.24 % with each 10% increase in black ash basal area lost (Fig. 2.9B).

We observed clear signs of black ash recruit release when Post-Invasion stand ring
widths were observed separately using the year of overstory mortality to facilitate analysis. In
Post-Invasion stands, average annual ring width of recruits after overstory black ash mortality
died was greater than before mortality (t=3.1; d.f. = 8; P =0.01) (Fig. 2.10A), increasing by 95
+ 34 % on average. Variability in the release of black ash following overstory mortality was
apparent, with recruits in some sites releasing more than others. Regression analysis yielded no
significant relationships between radial growth percent difference before and after mortality.
Upon inspecting these models, we noticed one outlier stand. This stand had few regenerating
trees of all species and only one live coreable black ash recruit that had sever canopy dieback
and noticeable EAB galleries, which did not experience release following overstory mortality.
When this stand was dropped from analysis, we observed significant relationships between radial
growth percent difference and mean live overstory tree density, relative Pre-EAB black ash

density, and relative Pre-EAB black ash basal area (Table 2.5). Total live overstory tree basal
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area was the best predictor of percent difference in recruit radial growth before and after
overstory mortality (Fig. 2.10B), and average recruit density was not related to percent difference
in mean ring widths (F =2.286; d.f=1, 6; P > 0.1).

In addition to differences in radial growth, we observed differences in the age class
structure of black ash recruits across Invasion Strata (F =4.807; d.f. =2, 18; P=0.021). The age
of black ash recruits was greatest in Mid-Invasions stands (55.9 years, 95% CI [43.4,70.4]),
which were on average 23.5 (+ 7.7) years older than recruits in Post-Invasion stands (33.4 years,
95% CI [24.4,42.4]) (T ratio = -3.051; d.f. = 18; P=0.018), and 13.1 (£7.86) years older than
Pre-Invasion recruits (33.4 years, 95% CI [24.4,42.4]) (T ratio= 1.668; d.f. = 18; P =0.244).
Recruits in Pre-Invasion stands were on average 10.4 (£ 6.2) years older than recruits in Post-
Invasion stands but the difference was not significant (T ratio =-1.671; d.f. = 18; P =0.243)
(Fig. 2.11). Most black ash recruits in Post-Invasion stands established after 1990, and this trend
was less pronounced in Pre- and Mid-Invasion stands, however proportion of black ash recruits
establishing after 1990 did not differ across Invasion Strata (y? = 4.4929; d.f. =2; P=0.1058)
(Fig. 2.10). On average, 56% + 15% of recruits in Post-Invasion stands established after 1990,
compared to 17 £ 13% in Mid- and 20 £+ 9.7% in Pre-Invasion stands. Post-Invasion stands
where > 50% of black ash recruits established before 1990 were only present in the Upper
Peninsula, whereas recruits in the Lower Peninsula stands mostly established after 1990 (Table
2.4). On average, black ash recruits in the Upper Peninsula 1.6 times older than those in the
Lower Peninsula (F =5.9; d.f. = 1,7; P = 0.046), and we observed a marginally insignificant
negative relationship average age of black ash recruits in Post-Invasion stands and the timing of

overstory mortality (F=5.35; d.f. =1, 7; P = 0.053).
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Balsam fir radial growth: Balsam fir was the most commonly occurring non-ash recruit
species, and we cored a total of 53 across 12 stands. Average annual ring width of balsam fir was
similar across Invasion Strata although mean values were slightly higher in Pre- (1.09 = 0.15
mm) and Post-Invasion (1.06 + 0.34 mm) stands than in Mid-Invasion stands (0.72 = 0.21 mm).
Average ring width from 2015 to 2022 did not differ across Invasion Strata (F = 0.622; d.f. =2,
9; P=0.552) but was lower from 2015 to 2022 than historical growth rates regardless of
Invasion Strata (x> = 12.763; d.f. = 3; P =0.005) (Fig 2.12). Furthermore, average annual ring
width differed between black ash and balsam fir recruits (y? = 26.26; d.f. = 1; P < 0.001) and the
interaction between species and Invasion Status was significant (3> = 13.66; d.f. =2; P =0.001).
Annual ring width of balsam fir recruits was lower than that of black ash recruits in Post- (T ratio
=-5.088; d.f. = 16; P=0.001), while growth of balsam fir and black ash were similar in Mid-(T
ratio = -3.089; d.f. = 16; P = 0.063), Pre-Invasion stands Mid-Invasion stands where both
species co-occurred (T ratio = -3.089; d.f. = 16; P=0.063) (Fig. 2.13).

Discussion

Our work contributes to the literature on black ash stand dynamics under Pre-Invasion
conditions and is the first to quantify changes in stand dynamics following the decline and loss of
overstory black ash in Post- and Mid-Invasion stands. We observed old overstory black ash trees
in Pre- and Mid-Invasion stands in Michigan’s Upper Peninsula, and an age class distribution of
live overstory trees that clearly represented uneven aged forests with multiple cohorts in the
overstory. We also observed old black ash recruits across our stands, and the release of black ash
recruits in Post-Invasion stands, suggesting that regenerating black ash respond to the formation

of canopy gaps following EAB caused black ash mortality. Together, these results provide
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insight into the growth conditions that characterize black ash stands before EAB, and how stand
dynamics change following EAB invasion.

The oldest live black ash tree observed in our study was 283 years old, dating back to 1742,
and there were multiple other overstory black ash over 100 years old. The presence of old black
ash on the landscape is not in itself a phenomenon, as live black ash dating back to the 1600s
have been observed in Minnesota and northern Quebec (Fraver et al. 2022, Tardiff and Bergeron
1999). The presence of trees that predate the late 1800s is still astonishing given the land use
history of Michigan’s Upper Peninsula, where extensive logging occurred between the mid-
1850s and early-1990s (Schulte et al. 2007; Williams 1998; Karamanski 1989). The oldest tree in
our study pre-dated widespread logging by over 100 years, meaning it had likely reached the
overstory size class and should have been cut by loggers, as even small diameter hardwoods
were harvested during the early 1900s (Whitney 1987). Combined with the presence of overstory
black ash at multiple age class, and old recruits in this stand, it seems likely that this particular
black ash stand was spared during the logging era of the Upper Great Lakes and represents old
growth conditions. Stands in our study with trees that established during the late 1800s and early
1900s, are likely trees that were recruited either after logging events or natural overstory
mortality that occurred during this time period.

Overstory black ash trees in Pre- and Mid-Invasion stands had narrow average ring
widths, indicative of the species slow growth consistently observed across the literature.
Comparable annual ring widths to those observed in our study for overstory black ash have been
observed in Michigan and Minnesota, with ring widths in a Michigan black ash stand averaging
1.68 £ 0.08 mm (Seigert et al. 2021), and average ring widths in Minnesota black ash stands

ranging from 0.68 to 1.085 mm (Bendict and Frelich 2008). In our study, annual ring width of
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overstory black ash was positively associated with tree age, suggesting that black ash growth rate
slows as they become older. It is important to note, however that some younger overstory trees in
our study still had slow annual radial growth, and the oldest tree in our study did not have the
lowest average annual ring width. Variation in black ash radial growth across our study area is
likely linked to variable site conditions, and we would expect differences in total tree basal area
and stand hydrology to impact radial growth. We observed no relationship between black ash
annual ring width and stand basal area, although Indigenous basket makers consistently note that
basket quality trees with larger rings widths are typically more open grown (Costanza et al.
2017). The lack of a relationship between stand basal area and black ash annual ring width
suggests that other environmental factors may impact black ash radial growth more than
competition. Frelich and Benedict (2008) also found no relationship between stand basal area
and overstory black ash 5-year ring widths but observed significant differences in ring widths
based on stand hydrology, with narrower ring widths observed in ephemerally wet stands
compared to lowland and upland stands. Furthermore, historic structure and hydrology for our
stands are unknown, and changing conditions throughout the lifetime of a tree would likely
impact average ring widths.

In Pre- and Mid-Invasion stands, age class distribution of overstory black ash and recruits
in our study are consistent with previous studies on black ash stand dynamics. Black ash
overstory trees in our study clearly represent an uneven age distribution across the landscape,
with few old trees and more young trees present across stands. Within stands we observed
differences in tree age, likely indicating different cohorts of black ash present in the overstory.
Black ash forests in Minnesota and Ontario followed similar age class distributions to the stands

in our study, with different cohorts clearly represented in the overstory size class (Springer and
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Dech, 2021, Fraver et al. 2022). Our work therefore supports the hypothesis that overstory trees
remain on the landscape while younger cohorts remain in the understory until they are released.
Losing overstory black ash following EAB invasion ash will result in significant

reductions in seed production, hampering the ability for black ash to remain on the landscape
following EAB (Klooster et al. 2014). Furthermore, vegetative sprouting is unlikely to facilitate
the replacement of overstory black ash as sprouts on stump black ash exhibit high mortality rates
in Post-EAB and natural conditions (Siegert et al. 2021, Tardif and Bergeron 1999). The future
of black ash, therefore, depends on the ability of established black ash regeneration to release
once overstory trees are killed by EAB. Studies have demonstrated that in the wake of EAB, ash
regeneration is typically abundant in stands across a variety of ecosystems (Engelken and
McCullough 2020, Kashian 2016, Wilson et al. 2025). Black ash recruits and saplings were
generally common across Invasion Strata, and were present in most Post-Invasion stands despite
black ash recruit mortality and clear signs of EAB infestation on recruits.

We expected black ash recruits to release in Post-Invasion stands following overstory
black ash mortality and expected annual ring widths of recruits Pre- and Mid-Invasion stands to
remain relatively unchanged over the past 20 years. Black ash recruits released in all, but one
Post-Invasion stands, and radial growth of black ash recruits in Pre-Invasion stands remained
consistent over time. The strong negative relationship between the proportion of dead black ash
basal area and percent difference in mean annual ring width before and after 2015 indicates that
recruits in Mid-Invasion stands are beginning to release as overstory black ash succumb to EAB.

Slow radial growth of black ash recruits in our study and the ages of recruits supports the
growing body of literature suggesting that black ash can be shade tolerant. Black ash is widely

considered a moderately shade tolerant species when young (Wright and Rauscher 1990),
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however discourse in the past two decades has challenged this. Springer and Dech (2021) and
Tardif and Bergeron (1999), conducted extensive dendrochronological sampling of black ash in
Ontario and Quebec, where they observed black ash (DBH 2.5-10 cm) approaching 100 years of
age. Recruits in our study were comparable, as we observed 16 black ash recruits over 75 years
in age, and one recruit that was 98 years old. Age class distribution of our recruits across our
study area also suggests that there are multiple cohorts present in the 2-10 cm size class, a trend
observed by both Springer and Dech (2021), and Tardif and Bergeron (1999). Furthermore,
Tardif and Bergeron (1999) observed constant recruitment of trees that were seedling germinates
across black ash chronologies in Quebec, suggesting that black ash can be recruited under natural
condition even when they are old. Old black ash recruits in our study were present at all Invasion
Strata, suggesting that, even in the wake of EAB, some old black ash recruits remain present in
Post-Invasion conditions, and appear to be exhibiting signs of release.

Particularly old recruits in Post-Invasion stands were only represented the Upper
Peninsula, where EAB mortality occurred later than in Lower Peninsula stands. In the Lower-
Peninsula we noted younger black ash recruits averaging 25 + 3.72 years old, whereas recruits in
the Upper Peninsula Post-Invasion stands were older, averaging 40.6 = 5.6 years old. We would
expect the ages of recruits in Post-Invasion stands in the Upper and Lower Peninsula to be
similar, and the mismatch in ages suggests the older cohort of black ash recruits is missing from
our Lower Peninsula stands. Given the high mortality rates of black ash recruits across Post-
Invasion stands, and high proportions of EAB infested recruits in Post- and Mid-Invasion stands,
we expect that EAB killed older black ash recruits in the Lower Peninsula during initial invasion

and in the years following overstory black ash mortality.
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Although we are the first to explicitly measure the release of black ash regeneration in
Post-Invasion conditions, similar work has been published on regenerating non-ash species in
forests where ash mortality occurred (Costilow et al. 2017, Hoven et al. 2020). Costilow et al
(2017) observed a 72% increase in radial growth of red maples during ash canopy decline onset
and mortality, and release of red maple recruits in their study was also correlated with dead
relative ash basal area (Costilow et al. 2017). In our study, annual ring widths of black ash
recruits in Post-Invasion stands increased by 95 + 34 % on average after overstory mortality.
Hoven et al. (2020) also observed the release of maple species in ash forests where ash were
dead or in poor condition. Similar to black ash, maple species are generally considered mildly
shade tolerant to shade tolerant and respond readily to the formation of canopy gaps (Walters and
Yawney 1990, Godman et al. 1990), therefore it is unsurprising that our results mirror these
studies.

We expected non-ash species of recruits would be released following overstory black ash
mortality, much like black ash recruits. Balsam fir, the most common non-ash recruit species
across our stands, however, did not exhibit an observable growth response in Post- or Mid-
Invasion stands where black ash recruits were released. Balsam fir is a shade tolerant, late
successional species (Uchytil 1991) that can thrive in canopy gaps in many forest types
throughout its range (Kneeshaw and Bergeron 1998, Battles and Fahey 2000, Dumais and
Prévost 2014). We expected the increased availability of light would stimulate balsam fir radial
growth as trees released and fill gaps created by dead overstory black ash or other disturbances.
It is unclear as to why black ash recruits were released in these stands, but balsam fir recruits
remained suppressed following overstory black ash mortality. One potential explanation is that

balsam fir, has not yet responded to the increased light available after the loss of overstory black
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ash. Increases in balsam fir radial growth may become more apparent over time, depending on
survival of the more rapidly growing black ash recruits.

Increased water table height in Post- and even Mid-Invasion stands could also contribute
to the lack of a growth response in balsam fir recruits. Balsam fir is generally tolerant of
ephemeral flooding, but water tables that remain high throughout the growing season could
negatively impact radial growth. Bolton et al. (2018) observed very little height or radial growth
of balsam fir seedlings planted in stands where black ash trees were felled in an effort to simulate
EAB impacts treatments. Although Bolton et al. (2018) focused only on seedlings, similar
patterns could occur with established recruits.

As EAB continues to spread, the impending mortality of overstory black ash in
Michigan’s Upper Peninsula will cause the loss of forests that are likely unchanged since the
1700 and 1800s, as well as the loss of a significant cultural resource. In Pre- and Mid-Invasion
stands, we observed low proportions basket quality black ash trees based on ring widths,
consistent with that of other studies (Benedict and Frelich 2008), and the traditional ecological
knowledge held by Indigenous basket makers (Costanza et al. 2017, Diamond and Emery 2011).
Without intervention, these basket quality trees and all overstory black ash will be lost from the
landscape, and our study suggests that regenerating black ash will not replace overstory trees,
despite their ability to release in the wake of EAB. Recruitment of black ash into the overstory
will likely be limited by EAB infestation, killing trees before they are able to bear seed. In one
Post-Invasion stand, we did however, observe black ash (DBH 11-15 c¢m) that released; however
this trend was not observed in plots of any other Post-Invasion stand, suggesting its occurrence to

be rare. Furthermore, some of these trees were exhibiting signs of EAB infestation.
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Given the seemingly low chance that black ash regeneration will reach seed producing
size and age in Post-Invasion stands, preservation of black ash seed trees is imperative for
retaining black ash on the landscape. Treatment of overstory black ash with systemic insecticide,
such as emamectin benzoate, can provide protection from EAB for 2-3 years (McCullough
2020), and is a viable method for retaining selected black ash trees. Furthermore, silvicultural
techniques that emulate the natural disturbance regime of black ash forests could foster more
advanced black ash tree regeneration in the understory, potentially increasing stand resiliency as
pressures from EAB mount. Although we expect non-black ash overstory trees to release, our
study demonstrates that one species, balsam fir, may not release immediately following overstory
mortality. Other species in black ash stands, like red maple may release more readily, as
suggested by Costilow et al. (2017) and Hoven et al. (2020), however more research is needed to

understand how overstory black ash mortality effects regeneration dynamics of non-ash species.
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Tables

Table 2.1. Mean (SE) ash basal area (m?-ha!), Pre-EAB black ash basal area (m?-ha™!), associated species basal area (m?-ha™!),
overstory black ash age, black ash recruit density (m?-ha!), associated species recruit density (m?-ha’!"), and recruit age for 24 stands.

. . Estimated Pre- Mean Mean Black
IIéVﬁSlOll Stand LgfehB]l;;ck EAB Black Ash Meall: gzn- Overstory R Bla.ckDAsh. R No.n -11; sh . Ash Recruit
tatus S BA as Black Ash Age ecruit Density Recruit Density Age
FIC* 0(0) 10.87 (1.42) 2.41 (0.69) - 33.16 (33.16) 182.37 (72.27) 45 (NA)
MAN 0(0) 15.39 (0.62) 3.63 (0.82) - 16.58 (16.58) 66.32 (43.86) 18.2 (2.8)
NCK 0(0) 2.11 (0.35) 15.12 (7.66) - 132.63 (16.58) 1475.51 (880.55) 36.5(6.74)
ORC* 0.75(0.4) 5.85(1.49) 12.42 (0.54) - 348.15 (159.88) 994.73 (75.97) 51.8 (10.64)
RIF  0.64 (0.33) 1.8 (0.89) 8.78 (1.86) - 1591.56 (388.45) 944.99 (131.59) 24.44 (0.71)
Post SIL  0.06 (0.06) 7.42 (1.86) 5.16 (1.88) - 663.15 (387.75) 381.31 (43.86) 24.56 (1.07)
Invasion| SIR*  1.38 (0.2) 9.93 (0.4) 8.18 (2.68) - 232.1(43.86) 613.42 (207.73) 48.67 (4.5)
TRT* 0.23 (0.12) 6.16 (0.49) 10.35 (3.33) - 266.08 (40.93) 1555.53 (347.95) 32.57 (2.94)
WOR* 0(0) 7.31(1.12) 13.96 (3.5) - 1193.67 (287.15) 928.41 (507.48) 27.78 (1.61)
ELR* 1.33(0.7) 11.74 (1.66) 0.17 (0.17) - 16.58 (16.58) 49.74 (49.74) -
ISA 0(0) 3.04 (1.46) 2.36 (1.11) - 16.58 (16.58) 165.79 (87.73) -
MOL 0 (0) 4.04 (0.8) 13.69 (1.77) - 0 (0) 33.16 (33.16) -
CFR 1.87(1.14) 5.3(0.32) 16.49 (2.52) 93 (1.87) 961.57 (315) 1757.35(230.32) 38.57 (7.45)
Mid HIR  2.31(0.4) 4.6 (1.64) 6.62 (4.59) 77.25(10.93) 61.4(61.4) 122.8 (61.4) 54.5 (11.99)
Invasion M28 15.47 (2.86) 5.03 (0.7) 5.58 (2.17) 102.3 (9.62) 132.63 (43.86) 182.37 (43.86) 64.5 (14.5)
NRR 1.57(0.05) 5.58 (0.76) 11.08 (7) 94.67 (4.33) 547.1 (282.81) 762.62 (414.47) 68.56 (8.09)
RUL  7.66 (3.1) 3.09 (0.57) 10.65 (2.51) 116.1 (11.46) 1210.25 (186.83) 1425.78 (168.26) 74.12 (6.38)
CMT 21.8(2.61) - 8.8 (1.35) 100.89 (7.88) 33.16 (16.58)  198.95 (151.95) 37.67 (0.88)
CZL 8.86(0.81) - 23.95(1.22) 101.25(5.43) 82.89 (16.58) 248.68 (75.97) 57.25 (6.15)
Pre DCR 2.83(0.16) - 15.21 (0.38) 66.12 (7.7) 33.16 (16.58) 1475.51 (141.65) 34.17 (2.89)
Invasion ESR 6.52(0.71) - 13.63 (2.37) 46.5 (3.45) 1027.89 (258.97) 1724.2 (408.46) 37.67 (2.24)
GCP 15.25(2.8) - 11.9(2.07) 139.67 (25.17) 464.21 (191.2) 99.47 (57.43) 44.44 (2.75)
SML 8.01 (2.81) - 9.95 (2.87) 81.57 (5.17) 1061.04 (473.88) 580.26 (119.55) 30.67 (3.24)
WSR 9.43 (1.14) - 13.69 (1.2)  75.22 (11.46) 547.1 (188.3) 1177.09 (182.37) 48.12 (3.55)

I* Indicate Post-Invasion stands in the Upper Peninsula.
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Table 2.2. Estimated year of overstory black ash mortality for Post-Invasion stands in
Michigan’s Lower and Upper Peninsula, informed by tree ring dates from overstory black ash,
aerial imagery, and EAB county detections.! Aerial imagery time ranges represent the period
when canopy dieback became evident and then ceased to progress further. Tree ring mortality
represents the range of years of the most recent dated ring of the three trees sampled per stand.?

Coun . . ) Estimated
Stand County Detectitg)]n Aerial Irpagery Tree Ring Mortality Mortality
Year Decline Date(s) Year
Lower Peninsula
MAN Wexford 2011 2012-2014 2010-2012 2012
RIF  Ogemaw 2004 2011-2014 2008-2011 2010
SIL  Wexford 2011 2012-2014 2013 2013
MOL Newaygo 2010 2012-2014 - 2013
NCK  Clare 2006 2012-2014 2009-2013 2012
ISA  Isabella 2005 2012-2016 2008-2014 2014
Upper Peninsula
TRT Chippewa 2005 2016-2020 2017 2018
ORC Chippewa 2005 2016-2020 2018 2018
ELR Mackinac 2007 2016-2020 2011 2018
SIR  Mackinac 2007 2016-2020 2020 2018
WOR Mackinac 2007 2016-2020 2015-2016 2018
FIC Delta 2008 2018-2022 2018-2019 2020

Years of county detections were obtained from EAB.Info.
2Cross sections collected from stand MOL were decayed and cross dating was not possible. Overstory mortality was
estimated using aerial imagery only.
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Table 2.3. Summary of radial growth for overstory black ash trees (DBH > 10 cm) grouped by Invasion Strata. Standard errors and
standard deviations are in parentheses. For Post-Invasion stands, values are from cross sections rather than increment cores.

Mean Ring No. Range Mean Series Mean Series
Status Site Width (mm) ) Span Length . Mean AR1 (SD)
series (Years) Intercorrelation (SD)
(SE) (Years)
ELR 1.05(0.04) 6 1923-2011 88 87.67 0.66 (0.1) 0.65(0.11)
FIC 1.56(0.2) 6 1934 -2019 85 75.67 0.59(0.17) 0.61(0.07)
ISA 1.19(0.05) 6 1952-2014 62 57.33 0.48 (0.14) 0.78(0.07)
MAN 2.71(0.56) 6 1883-2015 132 76.17 0.51(0.15) 0.71(0.08)
Post NCK 2.42 (0.46) 6 1910-2013 103 60.33 0.56 (0.22) 0.41(0.28)
Invasion ORC 0.59(0.02) 4 1910-2018 108 105.75 0.32(0.2) 0.67(0.08)
RIF 1.19(0.31) 6 1915-2011 96 82.67 0.58 (0.11) 0.7 (0.04)
SIL 0.89(0.07) 2 1922-2013 91 90 0.77 (0) 0.84 (0.03)
SIR 0.69 (0.08) 6 1858 - 2020 162 124 0.31(0.23) 0.74(0.08)
TRT 0.8(0.07) 6 1925-2017 92 88 0.33(0.14) 0.72(0.17)
WOR 1.07(0.13) 4 1903-2017 114 102.75 0.65(0.1) 0.83(0.03)
CFR 0.87(0.04) 9 1919-2021 102 89.33 0.53(0.26) 0.76 (0.04)
Mid HIR 1.05(0.14) 16 1916 - 2022 106 73.19 0.37(0.12) 0.54(0.2)
Invasion M28 0.82(0.05) 20 1892 - 2023 131 93.3 0.51(0.12) 0.61 (0.09)
NRR 0.81(0.02) 6 1923 - 2020 97 89.83 0.63(0.03) 0.66 (0.15)
RUL 0.71(0.04) 17 1847 - 2022 175 105.59 0.35(0.27) 0.67 (0.13)
CMT 1.21(0.13) 17 1905- 2022 117 92 0.47(0.1) 0.72(0.13)
CZL 0.96 (0.04) 18 1891 - 2022 131 96.44 0.63(0.08) 0.74 (0.12)
DCR 1.2(0.1) 13 1940 - 2022 82 65.15 0.59(0.2) 0.59(0.22)
Invzrseion ESR 1.46(0.1) 16 1963 - 2022 59 42.25 0.56 (0.17) 0.41(0.16)
GCP 1.03(0.12) 17 1747 - 2022 275 126.35 0.44 (0.14) 0.73(0.11)
SML 1.44(0.1) 18 1920-2022 102 61.89 0.68 (0.08) 0.64 (0.15)
WSR 1.28(0.11) 18 1901 - 2022 121 65.94 0.52(0.16) 0.62(0.19)
Overall 1.15(0.04) 243 1747 - 2023 276 83.84 0.29(0.18) 0.65(0.17)
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Table 2.4. Summary statistics for black ash recruits across all stands where coreable recruits (DBH 5-10 cm) were present, grouped by

Invasion Strata. Standard errors and standard deviations are shown in parentheses.

Mean Ring . Range Mean Series Mean Series
Status Site  Width (mm) series Span (Years) Length Intercorrelation Mean AR1 (SD)
(SE) (Years) (SD)
FIC 0.8 (0.08) 2 1980 - 2022 42 40 0.31(0) 0.53(0.14)
MAN 2(0.21) 12 1995 - 2022 27 14.08 0.31(0.42) 0.42 (0.33)
NCK  0.78(0.13) 8 1977 - 2022 45 34.12 0.49(0.08) 0.62(0.1)
ORC 0.69(0.08) 8 1931-2023 92 48.38 0.51(0.09) 0.56 (0.18)
In\I/De(l)sSitan RIF 1.42(0.06) 18 1998 - 2022 24 21 0.56 (0.16) 0.69 (0.11)
SIL 1.37(0.12) 18 1997 - 2022 25 20.22 0.62(0.18) 0.58 (0.22)
SIR  0.69(0.06) 17 1945 - 2023 78 44.47 0.45(0.17) 0.67 (0.14)
TRT  0.81(0.06) 14 1982 - 2022 40 28.43 0.47 (0.15) 0.37(0.3)
WOR 1(0.04) 18 1990 - 2023 33 26 0.21(0.15) 0.54 (0.18)
CFR  0.98(0.06) 15 1957 - 2022 65 31.13 0.55(0.23) 0.63(0.1)
Mid HIR 0.78(0.1) 8 1925- 2022 97 50.75 0.17 (0.26) 0.44(0.1)
Invasion M28  0.46(0.13) 4 1946 - 2023 77 52.25 0.05 (0.26) 0.53(0.08)
NRR  0.54(0.06) 18 1926 - 2023 97 64.17 0.46 (0.15) 0.58 (0.16)
RUL 0.46(0.05) 16 1939- 2022 83 70.44 0.37(0.14) 0.66 (0.14)
CMT 0.8 (0.08) 6 1986 - 2022 36 35.17 0.56 (0.12) 0.48 (0.24)
CZL 0.62(0.06) 16 1939 - 2022 83 48.62 0.27 (0.19) 0.51(0.18)
DCR  0.94(0.04) 12 1982 -2022 40 31.17 0.4 (0.15) 0.52(0.25)
Invzrs?on ESR 0.9(0.09) 18 1977 - 2022 45 32.39 0.46 (0.23) 0.39(0.24)
GCP  0.73(0.05) 18 1966 - 2022 56 39.78 0.36 (0.22) 0.51(0.24)
SML  1.09(0.07) 18 1976 - 2022 46 27.72 0.37(0.2) 0.54 (0.25)
WSR  0.8(0.03) 16 1965 - 2022 57 42.88 0.53(0.17) 0.59 (0.15)
Overall 0.92(0.03) 280 1925-2023 98 37.44 0.25(0.22) 0.55(0.21)
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Table 2.5. Model estimates for seven separate linear regression models fit to understand
variability in release of black ash recruits across Post-Invasion stands. All models were fit to
predict square root transformed percent difference in radial growth before and after overstory
black ash mortality occurred.

Predictor Model D.F. P R
Estimate
Total Live
Basal Arca -0.099 1,6 0.000 0.921
Total Live
Density -0.003 1,6 0.000 0.894
Pre-EAB Black
Ash Relative 4.888 1,6 0.005 0.764
Density
Pre-EAB Black
Ash Relative 1.804 1,6 0.008 0.720
Basal Area
Pre-EAB Black
Ash Basal Area 0.071 1,6 0.049 0.502
Total Live
Recruit Density 0.000 1,6 0.081 0.424
Mean Pre-EAB
Black Ash 0.003 1,6 0.196 0.260
Density
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Figure 2.1. Map of black ash stands where dendrochronology work was conducted throughout
Michigan across three different EAB Invasion Strata.
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Figure 2.2. Standardized chronology (black line) of 97 overstory black ash trees from Pre- and
Mid-Invasion stands with a 30-year spline (red line). Sample depth representing the number of
cores contributing toward the standard chronology each year (blue line). The chronology

spanned 283 years with an average series length of 84 years and a mean series intercorrelation of
0.32 (£ 0.16).
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Figure 2.3. Relationships between estimated establishment year and mean annual ring width (A),
and DBH (B) for overstory black ash, with generalized linear mixed models (GLMMs) shown as
black lines and 95% confidence intervals represented by shading. Individual tree observations
are represented by points. Distribution of estimated overstory ash establishment dates for Mid-
and Pre-Invasion stands, with individual stands represented by separate colors (C).
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Figure 2.4. Standardized chronology (black line) of dead overstory black ash trees in Post-

Invasion stands (top) developed from cross sections collected from the Upper Peninsula (blue

line) and the Lower Peninsula (yellow line). Sample depth representing the number of cores

contributing toward the standard chronology each year (bottom).
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Figure 2.5. Distribution of average 5-year ring widths from 1993-2022 for overstory black ash
trees cored across Pre- and Mid-Invasion stands. Optimal ring width for basket quality (2 mm) is

denoted by the black solid line, with range of acceptable ring widths (1.75-2.25 mm) denoted by
dashed black lines.
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Figure 2.6. The relationships between estimated establishment year and mean annual increment
(A), and DBH (B) for black ash recruits across all stands, with generalized linear mixed models
(GLMMs) shown as black lines and 95% confidence intervals represented by shading. Colors
indicate Invasion Strata. Model equations and variance of random intercepts and residuals are
displayed.
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Figure 2.7. Mean (£SE) ring width (A) and mean (+SE) standard ring width (B) for black ash
recruits between the years 2015 (the average year of overstory mortality across Post-Invasion
stands) and 2022 for all Invasion Strata. Letter codes indicate significant differences.
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Figure 2.8. Mean (+ SE indicated by shading) standard ring width of black ash recruits from
1950 to 2022 in Post-Invasion (red), Mid-Invasion (yellow), and Pre-Invasion sites (blue) (141
trees cored). Black vertical dashed line represents the average year of overstory black ash
mortality for Post-Invasion stands.
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Figure 2.9. (A) Mean (+ SE) percent difference in annual ring width before and after 2015 for
black ash recruits across Invasion Strata, with letter codes to indicate significant differences. (B)
Relationship between percent difference in radial growth before and after 2015 for black ash
recruits (black line) and 95% confidence interval (shaded area). Horizontal dashed lines at zero
display a point of comparison that would represent no change in average annual ring width
before and after 2015.
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Figure 2.10. (A) Mean (+SE) annual ring width of black ash recruits in Post-Invasion stands
before and after the year of overstory black ash mortality. (B) The relationship between percent
difference in mean annual ring width before and after the year of overstory mortality and the
average basal area (m?-ha'!) of all live overstory trees in each stand. Shading represents 95%
confidence intervals.
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Figure 2.11. Histogram depicting age distribution of black ash recruits across Invasion Strata.
Bars represent the number of recruits whose earliest dated ring falls into 5-year age intervals.
Boxplot representing median and distribution of black ash recruit age across Invasion Strata
(Inset).
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Figure 2.12. Mean (£SE) standardized ring width of balsam fir recruits before (dark grey) and
after (grey) 2015 across three Invasion strata. Asterisks represent significant differences between
standardized radial growth within Invasion Strata.
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Figure 2.13. Mean (+SE, shading) standardized radial growth of balsam fir (orange) and black
ash (blue) recruits stands where both species co-occurred, grouped by Invasion Strata.
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CHAPTER THREE: CERAMBYCIDAE IN BLACK ASH FORESTS OF MICHIGAN’S
UPPER PENINSULA

Introduction

Black ash (Fraxinus nigra) is frequently present in hardwood and mixed conifer swamps
in Michigan’s Upper Peninsula, often occurring as dominant or co-dominant species (Gucker
2005a). Historically overlooked by western science, black ash stands often include diverse flora
and fauna that thrive on nutrient rich, poorly drained soils where hydrology is largely controlled
by overstory black ash trees (Telander et al. 2015, Diamond et al. 2018, Looney et al. 2018).
These forests, and the unique ecosystem they support, are imperiled by the emerald ash borer
(Agrilus planipennis Fairmaire) (EAB), an invasive beetle that has killed hundreds of millions of
ash trees. Since EAB was introduced from its native range in Asia in the mid-1990s, populations
have become established in at least 37 US States and six Canadian Provinces (Herms and
McCullough 2014, Siegert et al. 2014, USDA Aphis 2025). Black ash is the most preferred and
vulnerable ash species EAB has encountered to date (Herms and McCullough 2014, Tanis and
McCullough 2015, Seigert et al. 2021, Mathieu and McCullough 2025). Recent models indicate
that of 90% of black ash basal area will be dead by 2040 and this unique species will be
functionally extirpated from its range by 2050 (Siegert et al. 2023). Understanding biodiversity
within black ash forests and assessing EAB-related changes in tree demography are crucial for
understanding the extent of the indirect impacts of invasion.

Native longhorned beetles in the Cerambycidae family (Coleoptera: Cerambycidae), are
important components of forest ecosystems, including those likely to be invaded by EAB.
Typically secondary pests, native cerambycids colonize trees that are severely declining or have
recently died, been felled, or broken (Linsley 1959, Hanks 1999, Evans et al. 2007, Haack 2017).

Early-stage larvae feed in phloem while later stages feed in galleries in the sapwood,
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contributing to decomposition and nutrient cycling of dead trees (Ulyshen 2016, Haack 2017,
Haack et al. 2017). Abundance and species assemblages of cerambycids are driven by the
abundance of dead and dying trees and availability of relatively fresh coarse woody debris
(CWD). Cerambycids may colonize dead trees or fallen logs after a disturbance but species
assemblages can change as wood decomposition progresses (Langor et al. 2008, Hammond et al.
2017, Ulyshen et al. 2020). In Michigan, Engelken and McCullough (2020b) observed that
assemblages of cerambycid species captured in baited traps varied among stands with different
EAB invasion histories where the availability of standing dead ash and ash CWD varied.

Given the important roles of cerambycids in forest ecosystems and the potential for
disturbances such as EAB invasion to alter cerambycid species assemblages and abundance,
there is a need to further understand their ecology and distribution. Cerambycid host range in
literature can be vague, at times citing broad groups of trees in which larvae develop, like
“hardwoods” or “conifers” (Yanega 1996, Lingafelter 2007). Furthermore, many historic records
of cerambycids in Michigan represent researchers actively collecting and incidentally observing
beetles (Adams et al. 1909, Andrews 1916, Gosling 1973, 1983, 1986, Gosling and Gosling
1976), a labor intensive process that can only be accomplished in limited areas. Over the past 25
years, research on chemical ecology of cerambycids, largely motivated by a need to detect non-
native species, has identified broadly attractant pheromones or kairomones that are attractive to a
variety of cerambycid species across multiple subfamilies (Miller 2006, Lacey et al. 2007, 2009,
Graham et al. 2012, Hanks et al. 2012). Traps baited with broadly attractive semiochemicals can
be used to assess species assemblages of native cerambycids across broader spatial scales or to
compare species found in tree canopies with those captured in traps near the ground (Graham et

al. 2012, Dodds et al. 2010).
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To our knowledge, there have been no previous attempts to characterize cerambycid
species assemblages in black ash forests, particularly in the Upper Peninsula of Michigan, where
85% of the 4.25 million ha area is forested (Cook 2014). Green ash (Fraxinus pennsylvanica),
white cedar (Thuja occidentalis), balsam fir (Abies balsamea) and red maple (Acer rubrum)
commonly co-occur with black ash, while alder (4/nus spp.) and Michigan holly (//ex
verticulata) comprise much of the understory (Gucker 2005a, Weber et al. 2007). Generally,
there are low amounts of dead woody material, including snags and CWD in black ash stands
(Woodall et al. 2011). Much like northern hardwood stands, black ash forests are characterized
by single tree mortality and small-scale disturbances (Springer and Dech 2021, Tardif and
Bergeron 1999). Following EAB invasion, however, snag density and CWD volume typically
increase in stands where either green ash or black ash or both species occur (Engelken and
McCullough 2020a, 2020b, Siegert et al. 2021).

In the Upper Peninsula, EAB was first detected in Chippewa County in 2005, followed
by detections of several satellite populations throughout much of the Upper Peninsula (EAB.info
2025, USDA APHIS 2025). As of early 2025, extensive ash mortality has occurred in the eastern
Upper Peninsula, while ash mortality in the central Upper Peninsula varies considerably. Forests
in the western Upper Peninsula were more recently invaded and as of 2024, overstory ash
mortality was low in most black ash forests in this region. Given the continuing spread of EAB,
the last vestiges of healthy black ash forests in Michigan are found in the western and central
Upper Peninsula, providing a time-limited opportunity to evaluate indirect impacts of EAB.

The primary objective of our study was to identify species assemblages of native
cerambycids in black ash stands of Michigan’s Upper Peninsula, contributing to the literature on

native biodiversity in these unique forest ecosystems. We further sought to assess how EAB
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invasion may impact cerambycid species abundance and diversity. We predicted that stands
impacted by EAB would have a higher density of snags and more volume of relatively fresh
CWD, both of which represent suitable brood material for cerambycid larval development,
compared to stands not yet affected by EAB. Increased snag and CWD in stands would
presumably result in changes to cerambycid beetle species assemblages and abundance, with
higher abundances in stands with more brood material. Additionally, we deployed baited traps in
overstory tree canopies and near the ground across all stands to determine if species assemblages
varied by trap position.
Methods

Study Design: Eight black ash stands in the Upper Peninsula were systematically selected
based on previous and related field research (Fig. 3.1). Four stands had been invaded by EAB
and represented Mid-Invasion conditions with a mix of healthy, declining and dead overstory ash
trees. The other four stands represented Pre-Invasion stands where there were no signs of ash tree
decline, or mortality attributed to EAB was observed in 2022 and 2023. Stand boundaries were
delineated using Google Earth imagery (Google Inc, Mountain View, CA, 2023) and ArcGIS Pro
(ESRI, Redlands, CA, 2023). We overlaid a 50x50m grid on each stand and selected grid cells
that contained at least six overstory black ash near the center point. We randomly selected three
of these grid cells for sampling. At the center of each chosen grid cell, we established a 11.4 m
fixed radius plot and two 25x2 m linear transects leading away from the center of each plot in
random compass headings.

Overstory trees and coarse woody debris: Overstory tree assessments were conducted in
seven of the eight stands where traps were deployed in 2023, and all eight stands were assessed

in 2024 (one Mid-Invasion stand was surveyed in only 2024). In fixed radius plots, we measured
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DBH of live and dead overstory trees (DBH > 10 cm) by species, and estimated percent canopy
dieback and transparency of live trees. For ash trees, we tallied the number of holes left by
woodpeckers feeding on late instar EAB larvae and the number of epicormic shoots on stems up
to 2 m high. We also recorded the number of live basal sprouts, if present, on ash trees. Total
basal area of live black ash, non-ash, dead black ash, and total snag basal area was calculated for
each plot and averaged for each stand.

In linear transects, we measured the diameter at the center of each piece of coarse woody
debris intercepted and estimated the length of the piece within the transect, determining species
when possible. Decay was ranked on a qualitative scale ranging from 1 to 4 where (1) indicated
bark was present, mostly present and firm with few areas of solid wood exposed; (2) bark was
present but loose and sloughing off in multiple spots while exposed wood was mostly firm with
some soft areas; (3) bark was absent or loose in some areas, exposed wood was firm but soft in
some areas; (4) bark was absent, exposed wood was soft and spongy (Engelken and McCullough
2020). Average total CWD volume - ha™! was calculated , and average volume of CWD - ha'! in
decay classes one and two combined was calculated to quantify the volume of suitable
cerambycid brood material (Engelken and McCullough 2020b).

Beetle collection: In June 2023 and again in June 2024, we deployed two cross-vane
panel traps (1.2 m height by 0.3 m width) (Contech Enterprises Inc., Victoria, British Columbia,
Canada) on the edge of a canopy gap within each stand. Traps were deployed before vegetation
plots were established in 2023 and were located no more than 100 m from at least one of the
plots in each stand. Surfaces of traps were coated with Fluon® (Fisher Scientific, Pittsburg, PA)
to create slippery conditions to reduce the ability of insects landing on the traps to escape

(Graham et al. 2010). Each trap was baited with a bubble cap lure containing 3-hydroxy-2-
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hexanon, hereafter refenced as 3R* (release rate 3-4 mg/day at 25 C; Synergy Semiochemicals
Corp., Burnaby BC, Canada) and an ultra-high release (UHR) ethanol polyethylene pouch
(release rate 200-400 mg/day at 25 C; Synergy Semiochemicals Corp., Burnaby BC, Canada).
The 3R* lure is a sex-aggregation pheromone produced by Neoclytus mucronatus but is broadly
attractive to numerous cerambycid species, particularly in the Cerambycinae, Lamiinae, and
Spondylidinae subfamilies (Lacey et al. 2007, Graham et al. 2010, Hanks and Millar 2013,
Engelken and McCullough 2020b).

In each site, we hung a ground trap, approximately 1.5 m high, from a bent length of rebar
embedded in the ground. A canopy trap was suspended from a lower canopy branch of a live
black ash tree, 5-10 m high and directly above the ground trap. We recorded GPS coordinates for
each pair of traps. In two stands, there were no ash trees with live canopy branches near the
plots. Therefore, to avoid the risk of traps falling because of dead branches breaking, canopy
traps were suspended from branches of red maple (4cer rubrum) trees. Traps were deployed in
2023 and 2024 in the same tree, with the exception of one site where the original trap tree died,
prompting selection of an adjacent live black ash tree.

Collection cups affixed to the bottom of traps contained non-ethanol propylene glycol (RV
and Marine Anti-Freeze —50°F Burst Proof, National Automotive Parts Association, NAPA,
Atlanta, GA) to preserve captured insects. Traps were checked to collect captured insects at
approximately 28-day intervals following deployment in early June until early August (total
deployment = 56 days). Lures were replaced on the first trap check (approx. 28 days after
deployment).

Beetle identification: Captured insects were stored in a freezer (-20 C) until they were

sorted. Cerambycids were placed into 5-dram vials with 70% ethanol until identification. We
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identified cerambycids to species using two keys and reference samples from a pinned type
collection curated and maintained by the MSU Forest Entomology Lab (Lingafelter 2007,
Yanega 1996). Pinned voucher specimens were submitted to the A. J. Cooke Arthropod
Collection at MSU.

Statistical analysis: Data analysis and management was conducted were using R (R Core
Team, 2024; Version 4.3.2). Species composition, size and basal area of live and dead overstory
trees in stands were averaged using data from the three plots and compared between Mid-
Invasion and Pre-Invasion stands. Using a Hellinger transformed distance matrix of species
abundances at each site (Legendre and Gallagher 2001), we conducted principal components
analysis (PCA) and subsequent redundancy analysis (RDA) to test for divergence in overstory
tree species composition between Mid and Pre-Invasion stands. We tested for significant
differences in plot total basal area of dead black ash using linear mixed effect models with EAB
invasion class as a fixed effect and stands as a random effect with the glmmTMB package
(Brooks et al. 2017) (Table S3.1), and then utilized a quasi-binomial GLM, accounting for zero
inflated proportion data, to predict differences in the stand average proportion of dead black ash
basal area within Invasion Strata as a two level factor.

To evaluate differences in dead woody material between Mid- and Pre-invasion stands,
we compared total CWD volume with a two-sample T-test. Differences in plot total volume of
coarse woody debris volume by decay class between Mid- and Pre-Invasion stands were
examined using a linear model with decay class (4 level factor) and Invasion Strata (2 level
factor) as interacting fixed effects, with stand as a random effect (Table S3.1). We then tested for
significant differences in the mean volume of ash CWD between Strata using a two-sample T-

test. Differences in total snag basal area (all species) and basal area of black ash snags between
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Invasion Strata were tested in separate mixed models predicting plot total snag basal area of all
species or plot snag basal area of black ash by Invasion Status with stand as a random effect
(Table S3.1).

Alpha diversity of cerambycids was assessed by testing for differences in captures of
beetles between Mid- and Pre-invasion stands and ground vs. canopy traps using two separate
mixed effects models where species richness at each stand each year was predicted by EAB
invasion class or trap position as fixed effects and stand and year as random effects (Table S3.1).
Differences in total beetles caught between Mid- and Pre-invasion stands and canopy vs ground
traps were examined using separate mixed effect models were total individuals caught at each
site each years was predicted by Invasion Status or trap placement as fixed effects and stand and
year as random effects (Table S3.1). Chao2 species estimates and species accumulation curves
with individual-based rarefaction were calculated for Mid- and Pre-Invasion stands and trap
position separately for 2023 and 2024 and with both years combined. Individual based
rarefaction curves were developed for separate years and for both years using individual beetle
counts by species for by Invasion Strata and by trap placement. Beta diversity of cerambycids
was assessed using principal coordinates analysis (PCoA) on a Bray-Curtis dissimilarity matrix
derived from species abundance data. We utilized permutational analysis of variance
(PERMANOVA) to test for differences in Bray Curtis dissimilarity of beetle captures for Mid-
and Pre-Invasion stands and between trap positions and tested the explanatory power of multiple
site-related variables including mean values for volume of ash CWD and total CWD, fresh ash
CWD and total fresh CWD, basal area of all snags and ash snags only, and basal area of live
trees. Chao2 estimates, species accumulation curves, and beta diversity analyses were all

conducted using the vegan package in R (Oksanen et al. 2024, v2.6.6).
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Results

Overstory trees: Overstory tree communities in Mid-Invasion and Pre-Invasion stands
were similar (Fig. 3.2) (F=1.889; d.f. =1, 22; P = 0.657). In addition to black ash, we recorded
balsam fir, red maple and to lesser extent sugar maple, white cedar, and balsam poplar across
stands. Stands represented a range of EAB invasion conditions with varying levels of live, dead
and declining black ash trees (Table 3.1). In Mid-Invasion stands, basal area of dead black ash,
killed by EAB, was higher than in Pre-Invasion stands (3> = 127.26; d.f. = 1; P <0.001), and the
proportion of dead black ash basal area in Mid-Invasion stands was 40% greater than in Pre-
Invasion stands (x> = 25.6, d.f. = 1; P < 0.001). In Mid-Invasion stands, mean basal area of live
black ash ranged from 1.86 + 1.1 to 15.4 + 2 m? -ha!, and canopy dieback averaged 94.7 = 1%,
indicating nearly all trees were heavily infested by EAB and declining. In contrast, average basal
area of live black ash ranged from 8.01 £ 2.8 to 21.79 + 2.60 m? -ha'in Pre-Invasion stands, and
black ash trees appeared much healthier with estimated canopy dieback averaging 35.1 £ 5.9%.

Between 2023 and 2024, black ash condition deteriorated, and mortality increased in
most resurveyed stands (Table 3.2). In 2024, mortality of black ash increased from an average of
70.5 £ 7.0% to 92.6 £ 7.3% in Mid-Invasion stands and from 4.4 +2.2% to 11.2 + 6.5% in Pre-
Invasion stands. In two Pre-Invasion stands, black ash mortality had increased notably when we
re-surveyed the plots (Table 3.2), and differences in percent canopy dieback increased markedly
from 2023 to 2024, presumably indicative of increasing EAB density in these stands (Table 3.2).

Coarse woody debris and snags: Overall, CWD in black ash stands was variable, and
generally more abundant in Mid-Invasion stands. Total volume of CWD, including all species,
did not differ between Mid- and Pre-Invasion stands (F = 0.314; d.f. =1, 6; P = 0.595), nor did

Invasion Status affect CWD volume by decay class (3% = 4.4, d.f. = 3; P = 0.224) (Fig. 3.3A). On
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average, most CWD observed in Mid-Invasion stands was comprised of black ash (50.1 £
12.0%) followed by balsam fir (23.2 + 9.2), while in Pre-Invasion stands, CWD was mainly
white cedar (53.9 £+ 1.4%), followed by black ash (21.4 £+ 8.5). Mean volume of total black ash
CWD did not differ between Mid- and Pre-Invasion stands (F =5.27; d.f. =1, 6; P =0.061), nor
did volume of fresh black ash CWD (decay class one and two) (F=3.076; d.f. = 1,6; P = 0.13).
On average, the majority of black ash CWD across our study sites were classified as decay class
two (23.7 = 10.2 %) and three (63.6 = 14%), with decay classes one (12.5) and four (0.1 = 0.1%)
represented less often across all stands.

Basal area and species composition of snags (standing dead trees) was variable across
Mid- and Pre-Invasion stands, and ash snag basal area was generally higher in Mid-Invasion
stands (Fig. 3.3B). Basal area of all snags was similar across Invasion Strata (y> = 3.57; d.f. = I;
P =0.0587) largely due to variability and the abundance of large dead white cedars in one Pre-
Invasion stand. Basal area of black ash snags, however, was higher in Mid-Invasion than in Pre-
Invasion stands (y? = 92.37; d.f. = 1; P < 0.001) (Fig. 3.3B). Black ash comprised 71.7 + 15.3%
of snag basal area in Mid-Invasion stands, while balsam fir and white cedar comprised 26.7 +
12.5% and 19.9 + 15%, respectively of the basal area of snags in Pre-Invasion stands.

Cerambycid beetle captures: We captured a total of 705 cerambycid beetles, representing
three subfamilies and 28 species, with the 16 traps deployed during the 2023 and 2024 field
seasons in eight black ash stands in Upper Michigan (Table 3.3). Over both years, the most
captured species belonged to the subfamily Cerambycinae, which represented 87.6% of total
beetle captures. Within Cerambycinae, Clytus ruricola (Olivier) and Xylotrechus colonus
(Fabricius) were captured most frequently, accounting for 45.7% and 34% of total beetles,

respectively. The third most captured species was Crytophorus verrucosus (Olivier) (subfamily
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Anglyptini), representing 4.7% of all captured beetles. Of the 28 species captured, 22 were
represented by less than 10 individuals, and seven species were represented by just one
individual.

Beetle species assemblages across all stands in 2023 and 2024 were different (F =2.7;
d.f. =1, 30; P=0.026), likely driven by reduced captures in 2024. In 2023, we captured 462
beetles across all stands compared to 243 in 2024. In 2023, a total of 24 cerambycid species
were captured, 88.1% of which belonged to the subfamily Cerambycinae, with beetles in the
subfamily Lamiinae and Lepturinae only accounting for 3% and 8.9% of captures, respectively.
In 2024, we captured 19 cerambycid species, with 87.6% of beetles belonging to the subfamily
Cerambycinae, 2% belonging to the subfamily Lamiinae, and 10% belonging to Lepturinae. Of
the total species caught across all years, 34.4% were only captured in 2023, and 7.3% were only
captured in 2024.

Cerambycid traps were located in eight counties across Michigan’s Upper Peninsula, and
based on our extensive review of literature, our captures represent 43 new county records for 22
cerambycid species (Table S3.2). This included 9 species in the subfamily Cerambycinae (25
new county records), five species in the subfamily Lamiinae (8 new county records), and eight
species in the subfamily Lepturinae (10 new county records) (Figures 3.4-3.6, Table S1).

Overall, the numbers of beetles captured, beetle species richness, and Chao 2 estimates of
species richness were similar between Mid- and Pre-invasion stands and between canopy and
ground traps (Table 3.4). Differences in number of beetles captured did not differ between Mid-
and Pre-invasion stands (x> = 1.1; d.f. = 1; P = 0.295) nor did species richness (3> = 0.039; d.f. =
1; P=0.842) (Table 3.). Likewise, canopy and ground traps captured similar numbers of beetles

(x*>=1.16; d.f. = 1; P = 0.0.28) and species richness did not differ between canopy traps and
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ground traps (y? = 3.39, d.f. = 1; P = 0.065). Rarefaction curves indicate that we had varying
degrees of sample coverage across trap year and trap placement, however overall rarefaction
curves do not appear to be approaching asymptotes, suggesting low sample coverage (Fig 3.7).

Species assemblages of beetle were similar across all stands regardless of EAB invasion
status (Fig 3.8A, Table 3.5). C. ruricola and X. colonus, the most captured beetles in our study,
were caught evenly across all stands. In one outlier stand, the species assemblage was largely
driven by the presence of Stictoleptura canadensis (Olivier) in a single trap (Fig. 3.8A). Other
species driving variation within stands included Trigonarthris proxima (Say) and Anthophylax
attenuatus (Haldeman), which represented 0.6 % and 0.1% of total captures, respectively. Total
volume of CWD, volume of CWD in decay class two and three, and basal area of all snags were
not significant predictors of beetle species assemblages (Table 3.5). Consistent with the lack of
differences in beta diversity of captured species, there were no indicator species of EAB invasion
status.

We observed no significant differences in species assemblages captured in canopy and
ground traps (F=1.1; d.f. =1, 15; P=0.31) (Fig. 3.8B, Table 3.5), and there were no significant
indicators of trap placement. Across all years we captured 409 cerambycids in canopy traps, and
296 in ground traps. Beetle captures decreased from 2023 to 2024, with 65.0% and 66.5% fewer
beetles captured in 2024 in canopy and ground traps, respectively. Of the total number of species
caught (28) 34.5% were observed in canopy traps only, 20.7% were observed in only ground
traps, and 41.3% were captured in both trap types.

Discussion
Although research on native cerambycids in North America has increased over the past

two decades, information on geographic and host range remains limited for many species.
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Effects of invasive pests set against a backdrop of climate change are altering many eastern
forests in North America and will likely affect woodboring cerambycids. Stands where we
deployed our traps represent the early to mid-stages of EAB invasion in black ash forests, and
overstory ash mortality will lead to the presence of black ash snags and eventually an influx of
dead woody material. Our results contribute generally to information related to native
cerambycid species present in black ash stands, a relatively understudied ecosystem and provide
baseline information for further studies as EAB-related impacts progress in these unique forests.
Of the 28 species captured in our traps, all except Xylotrechus integer (Fabricius) were
previously reported to be present in Michigan, and all but two species (X. integer and
Stenochorus schaumii (LeConte) species were previously collected in the Upper Peninsula.
Overall, our trapping yielded a relatively high number of new county records for both rare and
common species. C. ruricola and X. colonus for example, are widely distributed, but had not
been previously reported in five counties in the western Upper Peninsula. We expect that most
new county records reflect low sampling efforts in western counties of the Upper Peninsula,
relative to other regions of Michigan. Moreover, county records from Andrews (1916), Gosling
(1973, 1983, 1986), and Gosling and Gosling (1976) predate use of broadly attractive
semiochemical baited traps. County records from Andrews (1916) are paired with detailed
descriptions of observation methods, ranging from incidental observances to active searching, to
reared beetle observations. County records detailed by Gosling (1973, 1983, 1986), and Gosling
and Gosling (1976) were obtained through analysis of specimens in the University of Michigan
Museum of Zoology, and collection methods are not detailed. The first cerambycid pheromones
were identified in the 1980s, and the use of semiochemicals in trapping efforts was not widely

used until the 2000s (Iwabuchi 1982, Dodds et al. 2010, Curkovic et al. 2022). While historic
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methodologies for observing beetles remain valuable, the use of semeiochemicals as lures
affixed to traps, including cross-vane panel trap baited with 3R* and ethanol, has increased the
effectiveness of cerambycid surveys, resulting in broader sample coverage (Dodds et al. 2010,
Graham et al. 2012, Hanks et al. 2012, Lacey et al. 2009, Miller 2006).

The three most commonly captured beetles in our traps belonged to the subfamily
Cerambycinae, which is consistent with literature utilizing the same traps and lure combinations
(Graham et al. 2012, Handley et al. 2015, Engelken et al. 2020b). C. ruricola, the most common
beetle captured in our study, feeds on a variety of tree species across multiple families and
genera, with a preference toward Acer spp. (Gosling 1973, Lingafelter, 2007). C. ruricola has
also been reared from white ash (Fraxinus americana) logs (Maier 2018). In riparian forests
where green and black ash had been killed by EAB, Engelken and McCullough (2020b)
observed a relatively high proportion of C. ruricola (20%) in southeast Michigan riparian forests
where overstory ash mortality was caused by 2006, compared to previous studies in which C.
ruricola consistently comprised less than 1% of total captures (Graham et al. 2012, Hanks and
Millar 2013, Hanks et al. 2014, Handley et al. 2015, Schmeelk et al. 2016). In our study, C.
ruricola represented 45.7% of total captures, regardless of Invasion Strata, further adding to the
evidence that this species develops in ash species. Contrary to Engelken and Mccullough
(2020b), we observed high proportions of C. ruricola in both Mid- (47.5%) and Pre-Invasion
stands (43.8%), suggesting that the presence of dead ash trees in our stands may not be related to
increased C. ruricola abundance.

Xylotrechus colonus, the second most captured species, is similarly present throughout
Michigan, feeds on multiple hardwoods (Gosling 1973, Lingafelter, 2007) and was also abundant

in riparian forests where ash killed by EAB provided ample brood material (Engelken et al.
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2020). Crytophorus verrucosus, the third most commonly caught species, feeds on several
genera of hardwoods including Acer, Betula, and Ulmus species (Lingafelter, 2007), all of which
can occur in black ash forests and were present in the stands we trapped.

Most species that were rarely captured in our traps represented new county records.
Xylotrechus integer, has no published records in Michigan, and was captured by our traps in a
stand in Marquette County, reportedly develops in balsam fir (4bies balsamea), which was
common in our stands, along with eastern hemlock (7suga canadensis) (Yanega 1996), which
was rarely present. Little information about the host range of Stenocorus schaumii is available
although Yanega (1996) noted its ability to develop in multiple hardwood species.

Overall, nearly all species captured were previously captured in traps baited with 3R* and
UHR ethanol lures (Lacey et al. 2007, Dodds et al. 2010, Graham et al. 2012, Engelken and
McCullough 2020). Many cerambycids that develop in dying, newly dead or recently felled or
broken hardwood trees are attracted to ethanol (Miller 2006), while the chemical structure of sex
pheromones is similar across several cerambycid genera and species (Hanks et al. 2012). We
expect that additional cerambycid species could be captured in black ash stands if traps were also
baited with lures such as alpha pinene, which commonly produced by conifers (Miller 2006,
Graham et al. 2012). Recent research indicates a multicomponent lure, often consisting of
various combinations of pheromones from different cerambycid species and tree kairomones, can
attract a diverse assemblage of cerambycid species and is particularly useful for detection of non-
native cerambycid species at ports-of-entry, land.f.ills and other high sites (Hanks et al. 2012,
Fan et al. 2018, Roques et al. 2023)

Despite differences between Mid- and Pre-Invasion stands in availability of brood

material, such as ash snags and recently fallen CWD, cerambycid species richness, abundance
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and species assemblages were similar across stands. Generally low numbers of cerambycid
captures, with the exception of Clytus ruricola and Xylotrechus colonus, presumably contributed
to the lack of significant differences. Past studies have linked differences in cerambycid species
assemblages to the abundance of suitable brood material, e.g., dead and dying trees following
disturbance. In some cases, species assemblages responded relatively quickly to the disturbance
(Hammond et al. 2017, Ulyshen et al. 2020). Engelken and McCullough (2020b), however,
observed a temporal lag before cerambycid species assemblages in riparian forests were affected
by EAB invasion. In their study, species assemblages of cerambycids differed between stands
where EAB-related mortality preceded trapping by at least ten years versus stands where
overstory trees were killed up to five years before trapping. We expect, therefore, that
cerambycid species assemblages in the black ash stands may eventually shift as EAB increases
availability of brood material.

The rate of decline of overstory black ash trees between 2023 and 2024, particularly in
the stands that appeared to be ahead of the EAB invasion in early 2023, was unanticipated.
Average canopy dieback in Pre-Invasion stands increased from 36.2 +4.8% in 2023 to 82.0 +
3.2% in 2024, and some trees were dead in two of these stands by late summer in 2024. Multiple
years of trapping in these sites will likely be necessary to document changes in cerambycid
abundance and species composition as trees succumb to EAB, break and fall. Complete or nearly
complete mortality of overstory black ash caused by EAB invasion (Engelken and McCullough
2020a, Siegert et al. 2021, 2023) should provide ample brood material for cerambycids for a
number of years. This contrasts sharply with the typical small scale or single-tree mortality
common in black ash forests before EAB arrived (Fraver et al. 2022, Springer and Dech 2021).

Documenting the response of cerambycid communities to EAB invasion in black ash forest will
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be essential both for understanding cascading effects of EAB and dynamics of native
cerambycids.

Similarity of cerambycid numbers and species assemblages captured in canopy versus
ground traps was also unexpected. In multiple studies, different cerambycid species were
captured in canopy versus ground traps and individual species indicative of trap placement were
often identified (Dodds et al. 2010, Graham et al. 2012, Schmeelk et al. 2016, Engelken and
McCullough 2020b). Differences in the species or general abundance of captured cerambycids
may be driven in part by the type of brood material where the captured beetles developed,
whether that was CWD or standing dead trees (Graham et al. 2012, Engelken and McCullough
2020b). Xylotrechus colonus and Clytus ruricola are commonly caught in ground traps,
suggesting that they primarily develop in CWD (Graham et al. 2012, Engelken and McCullough
2020b). In our stands, similar proportions of both species captured in canopy and ground traps
suggest beetles are colonizing dead snags, which were generally more abundant than high
volumes of CWD.

It is unclear as to why beetle species assemblages and beetle abundances differed
between 2023 and 2024, with beetle captures in 2024 being significantly reduced compared to
2023. Natural variations in beetle abundances have been noted to occur from year to year in
other studies (Graham et al. 2012, Handley et al. 2015, Engelken and McCullough 2020b). It is
possible that emergence and flight period of beetle species differed between the two year
(Handley et al. 2015), but only if substantial differences in spring and summer temperatures
occurred. Traps were deployed during the early weeks of June each year, and accumulation of
growing degree days was similar during the month of June in 2023 and 2024. In 2023, 291

degree daysio had accumulated in Escanaba, Michigan (the most central weather station where
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accurate growing degree day data is available). In 2024, 280-degree daysio had accumulated. By
the end of June, 654 and 6411degree daysio had accumulated in 2023 and 2024 respectively. We
therefore have no reason to expect differences in beetle emergence and flight periods in our
study.

Understanding species assemblages of cerambycids in black ash stands before emerald
ash borer is important for understanding how these ecosystems may change following
disturbance. While our results have value, we are aware that other cerambycid species likely
occur in black ash forests in northern Michigan and the Lake States region. Increased sampling
effort over multiple years and lures with other semiochemicals would presumably yield
additional records. Use of an effective trap design and the ability to bait traps with attractive
semeiochemicals have facilitated substantial progress in research related to distribution,
abundance and assemblages of cerambycids over the past 20 years. (Allison et al. 2004, Miller
2006, Lacey et al. 2007, Dodds et al. 2010). Moreover, relatively little information is available
for other groups of subcortical insects such as Siricidae (Hymenoptera) and Buprestidae
(Coleoptera) in black ash stands, and likely, other overlooked forest types. Further research to
assess native insect diversity and ecology in severely affected forests will be needed to fully
catalog the indirect impacts of EAB invasion has on native subcortical insects in North American

forests.
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Tables

Table 3.1. Mean (SE) basal area (m?-ha™!) of live and dead black ash, live non-ash trees and estimated canopy dieback of live black
ash trees in three Mid-Invasion and five Pre-Invasion stands in the Upper Peninsula of Michigan. The top four most important species
and their mean (SE) relative importance values (RIV) are also displayed.

Live Black Dead Black Live Non- Mean Black .
Status Ash BA (SE) Ash BA Black Ash A.sh Canopy Species Mean RIV (SE)
(SE) BA (SE) Dieback (SE)
Fraxinus nigra 98.9 (36.33)
Mid Abies balsamea 52.37 (11.04
Invasion 6.55(0.73) 4.98 (0.39) 9:36 (0.76) 94.7% (1.6%) Thuja occidentalis 39.65 227.09;
Acer rubrum 29.26 (9.12)
Fraxinus nigra 119.5 (13.81)
Pre ) ) Thuja occ{dentalis 34.05 (20.08)
Invasion 12.09 (0.49) 0.33 (0.06) 13.64 (0.31)  35.2% (5.9%) memus' 28.74 (18.96)
pennsylvanica

Abies balsamea

21.3(7.5)
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Table 3.2. Mean (SE) percent mortality and percent canopy dieback of overstory black ash trees
for stands surveyed in 2023 and in 2023.!

Invasion Stand Year Mean % Mean % Canopy
Status Name Mortality (SE) Dieback (SE)
CFR 2023 77.53 (9.84) 92.06 (3.84)
EAB CFR 2024 85.24 (0.99) 100 (0)
Impacted HIR 2023 63.44 (13.58) 95.24 (4.76)
HIR 2024 100 (0) NA (NA)
CMT 2023 3.14 (1.6) 33.4 (3.89)
CMT 2024 3.34 (1.68) 75.31 (10.58)
CZL 2023 10.83 (5.83) 56.11 (2.55)
CZL 2024 34.26 (5.63) 89.07 (4.49)
EAB ESR 2023 1.85 (1.85) 26.99 (1.76)
Unimpacted ESR 2024 0(0) 86.58 (2.2)
GCP 2023 4.55 (2.62) 26.49 (7.09)
GCP 2024 0(0) 71.77 (10.58)
SML 2023 0(0) 38 (4.67)
SML 2024 16.67 (9.62) 81.19 (10.21)

1Seven of the eight stands were surveyed in 2023 and 2024, while one Mid-Invasion stand was only surveyed in

2024 due to time and logistical constraints.
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Table 3.3. Number of adult cerambycids captured by subfamily, tribe, and species from canopy
and ground traps in 2023 and 2024.

Subfamily Tribe Species Canopy Ground Total
Anaglyptini  Crytophorus verrucosus (Olivier) 23 10 33
Callidiini Phymatodes aereus (Neyvman) 6 6 12
Phymatodes testaceus (Linnaeus) 5 0 5
Clytus ruricola (Olivier) 192 130 322
Cerambycinae Glycobius spgcz'osus (Sa}./)‘ 3 0 3
Clytini Neoclytus acuminatus (Fabr1'01‘us) 0 2 2
Sarosesthes fulminans (Fabricius) 0 1 1
Xylotrechus colonus (Fabricius) 116 124 240
Xylotrechus interger (Fabricius) 1 0 1
Trachyderini  Purpuricenus humeralis (Fabricius) 0 1 1
Astylopsis macula (Say) 3 0 3
Acanthocinini Astylopsis sexguttata (Say) 2 0 2
.. Urgleptes querci (Fitch) 0 2 2
Lamiinae .
Acanthoderini Aegomorphus modestus (Gyllenhal) 3 2 5
. . Microgoes oculatus (LeConte) 2 1 3
Monochamini Monochamus scutellatus (French) 1 3 4
Bellamira scalaris (Say) 3 0 3
Etorofus subhamatus (Randall) 0 1 1
Phygoleptura nigrella (Say) 1 0 1
.. Stictoleptura canadensis (Olivier) 22 2 24
Lepturini .
Strangalepta abbreviata (Germar) 0 1 1
Trachysida mutabilis (Newman) 11 6 17
Lepturinae Trigonarthris minnesota (Casey) 2 1 3
Trigonarthris proxima (Say) 3 1 4
Oxymirini Antho(lﬁz;/ Sggfi’;uams 1 0 1
Centrodera decolorata (Harris) 2 0 2
Rhagiini Gaurotes cyanipennis (Say) 3 1 4
Stenocorus schaumii (LeConte) 4 1 5
Total 28 409 296 705
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Table 3.4. Mean (SE) number of beetles caught, species richness, and Chao Species Estimates
for cerambycid beetles in Mid- and Pre-Invasion stands, canopy and ground traps, across each
trapping year. Standard errors are displayed in parentheses.

Status  Year Mean Beetles Mean Species Chao Species
Caught (SE) Richness (SE) Estimate

Mid 2023 69 (29.09) 13.33 (1.45) 18.2
Invasion 2024 38.33 (21.36) 10.33 (1.86) 15.2
Pre 2023 51 (11.61) 11.4 (0.98) 28.0
Invasion 2024 25.6 (6.27) 11.4 (2.16) 19.5
2023 33.5(9.95) 6.25 (0.65) 23.4

Canopy
2024 18 (6.05) 7 (0.8) 24.4
2023 2438 (5) 5.88(0.77) 26.1

Ground
2024 12.38 (3.6) 4 (0.85) 9.5
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Table 3.5. PERMANOVA model outputs for individual variables (bold text), grouped by
variable type (row subheadings), used to predict differences in longhorn beetle communities
between Mid- and Pre-Invasion stands.

Model Degrees of Sum of R.  FStatistic P
Freedom Squares

Invasion Status 1 0.07 0.03 0.48 0.83
Residual 14 2.07 0.97
Total 15 2.14 1.00

Trap Placement 1 0.16 0.07 1.11 0.31
Residual 14 1.99 0.93
Total 15 2.14 1.00

CWD Volume

Total (Black Ash) 1 0.09 0.04 0.58 0.70
Residual 14 2.06 0.96
Total 15 2.14 1.00

Fresh (Black Ash) 1 0.09 0.04 0.61 0.72
Residual 14 2.05 0.96
Total 15 2.14 1.00

Total (All Species 1 0.18 0.08 1.27 0.27
Residual 14 1.96 0.92
Total 15 2.14 1.00

Fresh (All Species) 1 0.11 0.05 0.74 0.58
Residual 14 2.04 0.95
Total 15 2.14 1.00

Basal Area

Snags (All Species) 1 0.08 0.04 0.52 0.77
Residual 14 2.07 0.96
Total 15 2.14 1.00

Pre-EAB Black Ash 1 0.06 0.03 0.43 0.87
Residual 14 2.08 0.97
Total 15 2.14 1.00

Live (All Species) 1 0.13 0.06 0.90 0.49
Residual 14 2.01 0.94
Total 15 2.14 1.00
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Figure 3.1. Locations of three Mid-Invasion and five Pre-Invasion stands in Michigan’s Upper
Peninsula where baited cross-vane panel traps were deployed from June to August in 2023 and
2024.
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Figure 3.2. Principle components analysis of overstory tree communities in Mid- (red dots) and
Pre-Invasion (blue dots) stands in the Upper Peninsula, with the eight most influential species
plotted. Ellipses represent 95% confidence intervals for each Invasion Stratum. Total variation
explained by two axes: 52.4%.
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Figure 3.3. (A) Mean (£SE) volume of coarse woody debris by decay class in Mid-Invasion (n =
3) and Pre-Invasion (n = 5) stands. (B) Mean (+ SE) basal area of black ash and non-ash snags in
Mid- and Pre-Invasion stands.
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Figure 3.4. Known county records (black dots) and new county records (red triangles) for 9
species in the subfamily Cerambycinae.
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Subfamily Lamiinae
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Figure 3.5. Known county records (black dots) and new county records (red triangles) for 5
species in the subfamily Lamiinae.

Subfamily Lepturinae
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Figure 3.6. Known county records (black dots) and new county records (red triangles) for 8
species in the subfamily Lepturinae.
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Figure 3.7. Individual based rarefaction curves showing species accumulation of cerambycids
by Invasion Strata for 2023 (A), 2024 (C), all years (E), and accumulation of cerambycid species
in Canopy and Ground traps for 2023 (B), 2024 (D), and all year (F).
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Total variation explained by both axes: 63.5%.
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CHAPTER FOUR: LONG-TERM SURVIVAL AND RADIAL GROWTH OF FOUR
NORTH AMERICAN AND TWO ASIAN ASH SPECIES IN A COMMON GARDEN
EXPOSED TO EMERALD ASH BORER INVASION

Introduction

Emerald ash borer (EAB) (Agrilus planipennis Fairmaire) (Coleoptera: Buprestidae) is
the most destructive forest insect pest to ever invade North America, killing hundreds of millions
of ash trees since its introduction from Asia into Detroit, Michigan in the mid-1990s (Herms and
McCullough 2014, Siegert et al. 2014, McCullough 2020). Currently, EAB is known to be
established in 37 states and 6 Canadian provinces (EAB.info 2025), reflecting both accidental
transport of infested ash material such as nursery trees, logs, and firewood (Cappaert et al.

2005, Siegert et al. 2010, 2014), along with dispersal of adult beetles (Mercader et al.

2011, 2012). Regulatory efforts and public outreach have slowed new EAB introductions,
although firewood movement is notoriously difficult to monitor or control (Haack et al.

2010, USDA APHIS 2011, EAB.info 2025). Emerald ash borer has also invaded and killed
North American ash trees planted in landscapes in Moscow, Russia and continues to spread,
threatening indigenous ash in much of Europe (Baranchikov et al. 2008, Orlova-Bienkowskaja
and Volkovitsh 2018, Schrader et al. 2021, Gosner et al. 2023).

All North American ash species encountered by EAB to date appear susceptible to
colonization and high rates of ash mortality have been reported in many forests (Tanis and
McCullough 2012, Knight et al. 2013, Herms and McCullough 2014, Klooster et al.

2014, 2018, Smith et al. 2015, Engelken et al. 2020, Siegert et al. 2023). In forests with a
substantial ash component, effects of EAB-caused mortality can cascade through ecosystems,
affecting vegetation, nutrient cycles, hydrology, wildlife, and water quality (Ulyshen et al.

2011, Flower et al. 2013, Knight et al. 2013, Gandhi et al. 2014, Klooster et al 2014, 2018, Smith
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et al. 2015, Engelken and McCullough 2020, Engelken et al. 2020, Larson et al. 2023, Krzemien
et al. 2024). Estimates of the economic impacts of EAB in North America are staggering,
reflecting the abundance of ash trees in landscapes, parks and along boulevards (Poland and
McCullough 2006, Kovacs et al. 2010, 2011, 2014, Aukema et al. 2011, McKenney et al.
2012, Hauer and Peterson 2017). Costs of treating or replacing amenity ash trees, which amount
to billions of USD annually, are largely borne by municipalities and private landowners
(Aukema et al. 2011, Hauer and Peterson 2017, Sadof et al. 2023).

Despite widespread mortality of North American ash species, interspecific variation in
EAB host preference and host vulnerability has been previously observed in areas where 2 or
more ash species occur (Tanis and McCullough, 2012, 2015, Rebek et al. 2008, Robinett and
McCullough 2019, Engelken and McCullough 2020). Black ash (Fraxinus nigra), primarily
found in forested wetlands in the northeastern and Lake States regions of the US and eastern
Canada (Gucker 2005a), appears to be highly vulnerable to EAB (Tanis and McCullough
2015, Engelken and McCullough 2020, Siegert et al. 2023). Green ash (F. pennsylvanica), which
is broadly distributed across much of North America (Gucker 2005b), is also a vulnerable and
preferred EAB host (Engelken and McCullough 2020, Engelken et al. 2020, Siegert et al. 2021).
White ash (F. americana), another widely distributed species (Griffith 1991), is an intermediate
host that has survived EAB invasion in some forests (Robinett and McCullough 2019), while
sustaining nearly complete mortality in others (Tanis and McCullough 2012, Knight et al.
2013, Klooster et al. 2014, Smith et al. 2015). Blue ash (F. quadrangulata), which extends from
southern Michigan and Ontario south to Arkansas, Missouri, and Tennessee (COSEWIC
2014, Peters et al. 2020), appears to be the least preferred ash species encountered by EAB in

North America to date (Tanis and McCullough 2012, 2015, Cipollini and Morton 2023).
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Asian ash species, which share a co-evolutionary history with EAB, are presumably more
resistant to EAB than North American ash species, which have no native congener similar to
EAB. In its native range, which encompasses areas of China, the Russian Far East, South Korea,
Mongolia, and Japan, EAB functions as a secondary pest, colonizing, and killing severely
stressed or dying ash trees, but causing minimal injury to healthy native ash (Liu et al
2003, 2007, Wei et al. 2004, Wang et al. 2010, Duan et al. 2012, Orlova-Bienkowskaja and
Volkovitsh 2018). In North America, adult beetles preferentially oviposit on stressed ash trees
when available, but can colonize healthy ash as well (McCullough et al. 2009a, 2009b, Siegert et
al. 2010, 2014, Tluczek et al. 2011).Both Manchurian ash (F. mandshurica) and Chinese ash (F.
chinensis) are relatively abundant in the native range of EAB in Asia (Wang et al. 2010, Orlova-
Bienkowskaja and Volkovitsh 2018). Manchurian ash is predominantly found in southeastern
Russia and northern China, while the range of Chinese ash extends from northern to southern
China, where it is an important timber species and ornamental tree (Wang et al. 2010). Both
species also occur on the Korean Peninsula (Orlova-Bienkowskaja and Volkovitsh 2018).

Specific mechanisms linked to variability in EAB host preference or ash resistance are
unknown but likely include combinations of visual cues, host volatiles, and phloem chemistry
(Eyles et al. 2007, Bartels et al. 2008, Cipollini et al. 2011, Poland and McCullough 2014, Villari
et al. 2016, Kelly et al. 2020). Variation in EAB host preference and vulnerability among ash
species native to North America has been previously studied (Anulewicz et al. 2007, Tanis and
McCullough 2012, 2015, Rebek et al. 2008, Robinett and McCullough 2019), typically in
settings were 2 ash species co-occurred. The extent of variability in EAB host preference among
multiple native ash species, including Asian ash species planted in North America, is largely

unknown.
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Here, we report results from a relatively long-term common garden study that included 4
North American and 2 Asian ash species exposed to local EAB populations. We qualitatively
assessed canopy condition and evaluated annual radial growth as trees were colonized, declined,
or died. This long-running study provided an opportunity to assess interspecific differences in
tree growth and EAB colonization rates, eg host preference of ovipositing adult EAB females,
when trees of the same age experienced the same site and weather conditions. We expected both
Chinese ash and Manchurian ash would survive longer than North American ash species, given
their co-evolutionary history with EAB. Based on previous studies, we further anticipated black
ash and green ash would be heavily colonized and rapidly succumb to EAB. The persistence of
white ash and blue ash trees in this plantation was of particular interest given that these trees
were exposed to high densities of EAB adults emerging annually from the black ash and green
ash trees. Moreover, our plantation represented a highly apparent and relatively abundant source
of potential host trees for adult EAB beetles emerging from unmanaged ash trees in the vicinity
of the study site.
Methods

Study site: We established Plantation A in April 2007 at the Michigan State University
Tree Research Center, Ingham Co., Lansing, MI. Four North American ash species and one
Asian ash species acquired from J. Frank Schmidt (Boring, OR) and Lawyer Nursery (Plains,
MT) were planted at 2.2 x 3.0 m spacing in 30 completely randomized blocks (total of 150 trees;
15 rows, each with ten trees). Species included black ash, blue ash, green ash, white ash, and
Chinese ash, all planted as bare root whips (small saplings), 0.8 to 1.2 m tall. Drip irrigation was
installed and trees were watered weekly or as needed for 4 yr. Irrigation frequency of the

established trees was then reduced to 1 to 2 times per month as needed, until it was discontinued
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in 2015. Fertilizer (19-5-10; Harrell’s Pro-Blend with Micros, Livonia, MI) was applied around
the base of each tree in May 2007 and April 2008 following label rates. Herbaceous vegetation
between rows of trees and grass in the surrounding 4 to 6 m wide lanes was mowed weekly or as
needed each growing season. Between 2007 and 2010, ice or high winds broke a total of ten ash
saplings (< 1.0 cm diam), including 4 blue ash, 1 Chinese ash, and 5 white ash. These were
excluded from further sampling or analysis.

As trees in Plantation A became large enough to be colonized by EAB (DBH > 2.5 cm),
the trunks and large branches were wrapped with cardboard tree wrap or layers of cotton fabric
each spring to protect them from EAB oviposition during the summer, as described in Tanis and
McCullough (2015). Wrapping was discontinued and trees were exposed to potential EAB
colonization beginning in the spring 2012. Spacing between trees was adequate to minimize
potential light competition or other interactions among canopies.

Plantation B, immediately north of Plantation A, was established in April 2010 when 8 to
30 trees representing various ash species native to eastern, western, or southern North America,
Europe, or Asia, were acquired as bare root stock (grown from seed) (2.0 to 3.5 cm DBH)
(Anulewicz and McCullough 2012). A total of 21 green ash and 15 Manchurian ash were
purchased from Bailey’s Nurseries (St. Paul, MN) and Poplar Farms Nurseries (Watertman, IL),
respectively. Trees were planted in 12 rows with 8 trees per row, at 2.2 x 3.0 m spacing, which
minimized potential light competition among trees. Fertilizer was applied as described above in
late April 2010 and 2011. Water was applied via drip irrigation weekly for 2 yr, then as needed
until spring 2015 when it was discontinued. Trees in Plantation B were wrapped to protect them
from EAB until spring 2012, as described above. Numerous trees failed to establish or survive

winter temperatures (Anulewicz and McCullough 2012). Original stems of some trees produced
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one or more basal sprouts in 2011 or 2012, typically following dieback of the original stem.
When multiple sprouts were produced, all but one or occasionally two of the largest sprouts were
pruned off in summer 2012 to facilitate the growth of the dominant stem(s).

By 2022, 15 green ash and 15 Manchurian ash in Plantation B were alive. In August
2022, we selected 12 pairs of live green ash and live Manchurian ash that were growing in the
same or adjacent rows of the plantation (12 trees per species; 24 trees total). Paired trees were
growing adjacent to each other in the same row or in the facing row. The condition of trees was
visually evaluated and cores were extracted for radial growth analysis.

Ash Mortality and Condition: In Plantation A, we evaluated trees and measured diameter
at breast height (DBH; 1.3 m high) of the main stem in August annually from 2017 to 2022.
When live trees had basal sprouts, DBH of the main trunk and up to 2 sprouts (> 2.5 cm) were
measured and summed. Trees were recorded as dead when the original stem had no live foliage.
Live stump sprouts on dead trees were noted when present but were excluded from analysis.
From 2017 to 2021, we tallied current-year holes left by woodpeckers preying on late-stage EAB
larvae and small, D-shaped holes left by emerged EAB adults between ground level and a height
of 2 m in mid-August. Holes were marked annually with large staples to prevent double-counting
EAB exits or woodpecker holes. Counts were standardized by area (m?) of bark visually
examined on each tree. Current-year woodpecks and exit holes could not be accurately counted
in 2022 due to extensive bark cracks, splits, and sloughing bark or wound periderm (e.g. callus
tissue) on many trees.

In Plantation B, we measured DBH in August 2022 and qualitatively ranked canopy
condition of the paired green ash and Manchurian ash. Trees were classed as 1 if the canopy was

healthy with few or no woodpecks or epicormic sprouts, 2 if <49% of the canopy was dead and
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at least a few woodpecks or epicormic sprouts were present, 3 if 50% to 89% of the canopy was
dead and multiple woodpecks or sprouts were present, or 4 if the tree had at least one live branch
but > 90% of canopy was dead. Abundance of woodpecks and epicormic sprouts on the lower 2
m of trees were also ranked (separately) as 0 if none were visible, 1 if up to 3 woodpecks or
epicormic sprouts were observed, 2 if 4 to 6 woodpecks or epicormic sprouts were present, or 3
if > 7 woodpecks or epicormic shoots were visible.

Ash Radial Growth: To assess annual radial growth, we collected 2 increment cores
offset by 90° at breast height (1.3 m high) from each live tree in Plantation A and from the 24
live trees in Plantation B in August 2022. When trees had multiple stems, primarily the green ash
in Plantation B, we cored the largest stem (> 5 cm DBH). Increment cores were mounted on
5.1 mm increment core mounts (Rocky Mountain Tree Ring Research, Fort Collins, CO) and
sanded using a progressive grit sequence of P80, P120, P220, and P320 sandpaper. Dead trees in
Plantation A were felled in August 2023 and a cross-section was collected from the trunk, 1.3 m
aboveground. Cross-sections were sanded using the same grit sequence as above. After sanding,
cores and cross-sections were scanned using an Epson Perfection V850 Pro flatbed scanner at a
resolution of 2400 digital pixels per inch (Epson America Inc., Long Beach, CA) to facilitate
ring width measurement to the nearest 0.001 mm using CooRecorder (Cybis Elektronik &Data
AB, Saltsjobaden, Stockholm Co., Sweden). Samples were visually cross-dated using Microsoft
Excel™ (Microsoft Corporation, Redmond, WA) CooRecorder, CDendro (Cybis Elektronik
&Data AB, Saltsjobaden, Stockholm Co., Sweden), and dplR in R (Bunn et al. 2010, R Core
Team 2024).

Mean annual increment, ie the width of each annual ring from 2007 to 2021, the last year

a complete ring was formed, and total radial growth were calculated for each tree in Plantation A
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and averaged by species. For dead green ash and Chinese ash in Plantation A, we calculated the
difference in ring widths between the last full measurable ring and the mean width of the 3
preceding years to determine if radial growth gradually declined or dropped abruptly the year
preceding mortality. We similarly calculated the mean annual increment and total radial growth
from 2011 to 2021 for the live green ash and Manchurian ash trees in Plantation B.

In addition to EAB-related variables, we noted that fall webworm (Hyphantria
cunea (Drury) (Lepidoptera: Erebidae), a generalist defoliator native to North America, had
infested several trees in Plantation B. We therefore recorded the presence of fall webworm larvae
and webs as we evaluated trees in Plantation B in August 2022.

Statistical analysis: The mortality of trees in Plantation A was recorded annually by
species from 2017 to 2022. Survival analysis for trees in Plantation A was conducted using Cox
regression models for the 5 ash species and subsequently for each individual species with the
survival package in R (v3.5-5, Therneau and Grambush 2000, v4.3.1, R Core Team 2024).
Negative binomial models with repeated measures were used to evaluate differences in mean
density of woodpecker holes and EAB adult exit holes across species (fixed effect) and by block
(random effect) from 2017 to 2021 using the glmmTMB package in R (Brooks et al. 2017,
v4.3.1, R Core Team 2024). When differences were significant, species contrasts were assessed
with Tukey tests via the emmeans package in R (Lenth 2023, R Core Team 2024). Differences in
mean annual increment from 2007 to 2021 and total radial growth from 2017 to 2021 among ash
species in Plantation A were evaluated with 1-way ANOV As followed by Tukey’s HSD multiple
comparison tests if ANOVA results were significant.

To assess potential differences between green ash and Manchurian ash trees in Plantation

B, we used Mann—Whitney U tests (v4.3.1 R Core Team 2024) to compare qualitative estimates
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of canopy condition, along with ranked abundance of woodpeck holes and epicormic sprouts.
Differences in mean annual increment between green ash and Manchurian ash from 2010 to 2021
were assessed using a 1-way ANOVA and Tukey’s HSD post-hoc test if ANOVA results were
significant (v0.4.6, Hartig 2022) (v4.3.1, R Core Team 2024).
Results
Plantation A

Ash Mortality and Survivorship: Mortality caused by EAB varied substantially among
ash species over the course of the study (Fig. 4.1). None of the blue ash trees were killed by EAB
in any year (Fig. 4.1), although 4 saplings were broken near the ground during storms or because
of ice accumulation by 2010. In August 2022, all 26 of the remaining blue ash were alive and
appeared healthy. In contrast, every black ash tree had been killed by EAB by fall 2013,
following 2 seasons of exposure to the local EAB population. Both blue ash and black ash,
therefore, were excluded from the analysis of survivorship between 2017 and 2022. Mortality
caused by EAB between 2017 and 2022 varied for Chinese ash, green ash, and white ash (Fig.
4.1). Chinese ash had the lowest survival after 5 years (10%; CI = 3.4 to 29.3%), followed by
green ash (32.1%; CI = 18.8 to 55.1%), and white ash (79%; CI = 64.5 to 97.2%) (Fig. 4.2).
Throughout the study period, the probability of a green ash dying was 45% lower than Chinese
ash (HR = 0.55; CI =0.30 to 0.99; P = 0.045), while the chance of a white ash dying was 8§89%
lower than Chinese ash (HR =0.11; CI =0.04 to 0.30; P <0.001) (Fig. 4.2).

Canopy Condition and Signs of EAB Infestation: When we evaluated Plantation A trees
in August 2022, we noted a slight amount of canopy thinning (15%) on 2 blue ash trees, while 3
other blue ash had 10% to 15% dieback. In contrast, 3 of the 12 live green ash trees were in poor

condition with at least 60% canopy dieback. Of the 4 Chinese ash alive in 2022, 3 had declining
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canopies, with 20 to 55% transparency or dieback. Six of the 22 live white ash were severely
declining with > 65% canopy dieback. On several white ash, we noted wound periderm, new
sapwood, and bark growing over old EAB larval galleries.

Holes left by woodpeckers preying on late instar EAB larvae were observed on a few
trees as early as August 2012 and by 2021, trees of all species in Plantation A had at least one
distinct woodpecker hole (Fig. 4.3A,B). Between 2017 and 2021, average density of current-year
woodpecker holes differed among ash species (excluding black ash) (y> =51.84; d.f.=3; P<
0.0001) and was lower on blue ash than on the other 3 species (Fig. 4.3A). White ash had fewer
woodpecks per m? than Chinese ash, while woodpeck density on green ash was intermediate
(Fig. 4.3A). Density of new woodpecks tallied annually increased substantially between 2017
and 2018, particularly on Chinese ash and green ash, before declining in 2019 (Fig. 4.3B).

Between 2017 and 2021, exit holes left by emerged EAB adults were tallied on at least
one individual of all ash species (Fig. 4.3C,D). Exit hole density from 2017 to 2022 differed
among years (x> = 56.02; d.f. = 1; P < 0.001) and among the 4 ash species (y> = 60.42; d.f. = 3; P
<0.001). On average, the density of current-year exit holes from 2017 to 2021 was lower on blue
ash than on the other 3 species, while white ash had fewer exits than Chinese and green ash,
which did not differ from each other (Fig. 4.3C). Density of EAB adult exit holes increased
markedly in 2020 and 2021, particularly on Chinese and green ash (Fig. 4.3D), many of which
were dead in 2022.

Radial Growth: Radial growth rates of trees in Plantation A generally increased as the
young trees became established within 2 to 3 yr of planting. Total radial growth from 2007 to
2021 differed among ash species (F = 14.69; d.f. = 3,70; P < 0.001) and was highest for Chinese

ash and lowest for blue ash (Table 4.1). Annual growth increment, ie ring width, from 2007 to
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2021 differed among ash species (y*> = 15.95; d.f. = 3,96; P < 0.001) (Fig. 4A). Annual growth
averaged across the 14-yr period (Fig. 4.4A) was lower for blue ash than for other species, while
Chinese ash grew faster than white ash, and green ash growth was intermediate. Annual radial
growth of Chinese ash increased substantially from 2007 to 2013, peaked in 2015, then declined
through 2021, a period when many trees died (Fig. 4.4B). In contrast, annual radial growth of
green ash, white ash, and blue ash growth remained relatively consistent over time (Fig. 4.4B).
During the last full year of growth preceding mortality, width of growth rings in Chinese ash and
green ash was lower than the average radial growth of the 3 preceding years, declining by 21.6 +
6.4% and 14.6 £+ 7.1%, respectively.

Plantation B

Every green ash tree in Plantation B had been colonized by EAB and most had multiple
signs of infestation, while Manchurian ash trees, intermixed with the green ash, were largely
ignored by EAB. On average, DBH of the live green ash (16.1 & 1.27 cm) in 2022 was higher
than that of the paired Manchurian ash trees (12.2 + 0.93 cm) (F' = 6.268; d.f. = 1,22; P =0.02).
Average annual growth increment (ring width) from 2011 to 2021 was 63% higher for green ash
than Manchurian ash (F'=74.01; d.f. = 1,294; P <0.001) (Fig. 4.5).

The ranked abundance of woodpecker holes observed on tree trunks was higher for green
ash than for Manchurian ash (W= 137.5; P <0.001). Nearly all green ash (91%) had woodpecker
holes and 58% of those trees were ranked as 3, indicating more than 6 woodpecks were visible
(Fig. 4.6). In contrast, 91% of the Manchurian ash had no visible woodpecker holes while 2 trees
were ranked as either 1 or 2 (up to 6 woodpecker holes) (Fig. 4.6). Presence and abundance of
epicormic sprouts on green ash and Manchurian ash followed a similar pattern. Every green ash

had at least one epicormic sprout and 67% of the green ash trees were assigned a rank of 3,
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indicating > 6 epicormic sprouts were visible. Epicormic sprouts were less common on
Manchurian ash than on green ash trees (W = 139.5; P <0.001). Six Manchurian ash trees (25%)
were ranked as 1 (1 to 3 epicormic shoots) but no sprouts were observed on 75% of the
Manchurian ash (Fig. 4.6).

Fall Webworm Presence: Seven of the 12 Manchurian ash trees we evaluated in
Plantation B in August 2022 were infested by fall webworm. Despite their close proximity to
infested Manchurian ash, none of the live green ash examined in Plantation B had any evidence
of fall webworm. Additionally, none of the ash trees in Plantation A were infested by fall
webworm.

Discussion

Common garden studies with multiple tree species exposed to the same site and
environmental conditions are valuable for evaluating interspecific differences in growth,
survival, and vulnerability to insect pests, including EAB. Previous common garden trials to
assess EAB host preference or suitability of North American ash species have provided useful
information, although possible complications related to saplings originally grafted onto green ash
root stock or trees stressed by transplant shock or drought have been noted (Rebek et al.

2008, Rigsby et al. 2014, Subburayalu and Sydnor 2018). Evaluations of EAB adult or larval
feeding on detached leaves or in cut sections of trunks or branches circumvent any inducible
responses of live trees, while artificial inoculations of EAB eggs or larvae into live trees fail to
account for ovipositional preferences of female beetles or suitability of host trees for neonate or
early instar larvae (Anulewicz et al. 2007, 2008, Pureswaran and Poland 2009, Schowalter and
Ring 2017, Subburayalu and Sydnor 2018, Kelly et al. 2020, Gosner et al. 2023). Ash species

evaluated in our plantations were grown from seed and irrigated until well-established, negating
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any potential influence of root stock and minimizing stress that could affect EAB host selection.
Because the ash species were planted in complete randomized blocks, female beetles selected
and oviposited on their preferred hosts each year, while densities of holes left by woodpeckers
preying on late-stage larvae (Lindell et al. 2008) and adult EAB exit holes served as proxies for
larval presence and successful development (McCullough 2020).

Black ash was clearly the most preferred and vulnerable EAB host of all the species
tested in our study, a result consistent with the nearly complete mortality of overstory black ash
reported from field studies (Klooster et al. 2014, Engelken and McCullough 2020, Siegert et al.
2021). Every black ash tree in our plantation was heavily colonized within 1 to 2 yr of exposure
to EAB. On a few occasions, we observed adult EAB beetles fly around other ash species in
Plantation A before landing on a black ash tree. In a previous study with 5 ash species, densities
of larval galleries on debarked black ash trees exposed to EAB for 2 yr were approximately 3-
fold higher than what could be supported by the available phloem, leading to mortality of more
than 90% of the larvae due to intraspecific competition for phloem (Tanis and McCullough
2015).

The strong attraction of adult EAB beetles, particularly ovipositing females, to black ash
likely involves multiple factors including host volatiles, visual cues, and physical characteristics
such as flaky bark (Rodriguez-Saona et al. 2006, Bartels et al. 2008, deGroot et al. 2008, Crook
and Mastro 2010, Grant et al. 2010, Crook et al. 2012, Poland and McCullough 2014). Because
the serpentine EAB larval galleries typically extend further horizontally on black ash, each larva
damages more area, and fewer EAB larvae are required to kill black ash than other species
(McCullough 2020, Siegert et al. 2023). This feeding pattern may at least partially reflect

mechanical aspects of xylem tissue that also contribute to the suitability of black ash splints for
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indigenous basketry (Siegert et al. 2023). When saplings of 26 Fraxinus species were inoculated
with EAB eggs in a greenhouse, black ash trees exhibited no defensive response and nearly all
larvae on black ash successfully developed to the fourth instar (Kelly et al. 2020). Based on the
ongoing spread of EAB, the preference of EAB adults for black ash, and the particularly high
vulnerability of this native species, recent projections suggest black ash will be functionally
extirpated across its native range by mid-century (Siegert et al. 2023). Loss of this unique species
will not only cascade through ecosystems but will affect indigenous people from dozens of
Native American and First Nation tribes who have harvested black ash for basketry and
ceremonial purposes for generations (McCullough 2013, COSEWIC 2018, Bolen 2020, Siegert
et al. 2023).

In contrast to black ash, the continuing persistence of healthy blue ash in Plantation A is
both remarkable and consistent with other field or common garden settings (Tanis and
McCullough 2012, 2015, Spei and Kashian 2017, Cippolini and Morton 2023). During a decade
or more of exceptionally high EAB densities in southeast Michigan, every white ash tree in 2
woodlots with a mix of hardwood species was killed by EAB but more than 60% of blue ash, in
all diameter classes, remained healthy (Tanis and McCullough 2012). Similarly, 68 to 93% of
blue ash were alive and appeared healthy in 2015 in 6 other post-invasion sites in southeast
Michigan compared with 17 to 56% survival of white ash (Spei and Kashian 2017). In 2 Ohio
stands surveyed in 2021, 90% of blue ash trees appeared healthy with no evidence of EAB
infestation (Cipollini and Morton 2023) despite at least 12 yr of EAB presence in the area
(USDA APHIS 2024, EAB.info 2025). In Missouri forests, canopy dieback caused by EAB
infestation has been observed on mature blue ash on sites with thin, poor soils that frequently

experience droughty conditions, while in areas with better soils, large vigorous blue ash are
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growing near white ash killed by EAB several years ago (J. Guldin, USDA Forest Service, pers.
comm.).

Phylogenetically, blue ash occurs in section Dipetalae with only two
other Fraxinus species, F. anomala and F. dipetala, both native to the southwestern US and
Mexico (Hisinger et al. 2013, Wallander 2008). The relatively close phylogenetic relationship,
particularly between blue ash and F. anomala (single-leaf ash) which are geographically discrete,
indicates these species diverged as they adapted to different environments (Hisinger et al. 2013).
Unique traits of blue ash include monoecious reproduction as well as morphological or
physiological characteristics. For example, fertilization increased nitrogen concentration and
chlorophyl index in young blue ash but not in white ash or Manchurian ash, while application of
paclobutrazol, a gibberellin inhibitor, reduced radial growth and internode distance on blue ash
and Manchurian ash but not white ash (Tanis et al. 2015). Autofluorescence indicative of
phenolics, which can act as defensive or anti-feedant compounds, signal molecules, or precursors
to defensive compounds, was detected with fluorescent confocal laser scanning microscopy in
phloem samples from blue ash and Manchurian ash trees, but not green ash (Tanis 2013). A
continuous layer of sclerenchymatous cells in phloem, which could presumably affect feeding
EAB larvae, was observed in blue ash and Manchurian ash, but these cells were sporadic and
discontinuous in green ash (Tanis 2013). In laboratory or greenhouse studies, EAB larvae
inoculated into saplings or cut sections of blue ash had lower survival or slower development
compared with other ash species (Peterson et al. 2015, Olsen and Rieske 2019, Kelly et al. 2020).

Although blue ash has been less commonly used in landscapes compared to green ash or
white ash (Poland and McCullough 2006), it is an attractive tree with a straight upright form that

requires little pruning and foliage that turns a vibrant yellow in autumn. Annual radial growth of
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blue ash was consistently lower than the other ash species in our plantation, but in urban or
residential areas with limited space, this may be a positive attribute. Given the persistence of
healthy blue ash in areas initially invaded by EAB 15 to 20 yr ago, this native species warrants
consideration as a viable tree for urban forests and perhaps for restoration efforts in post-invasion
sites.

Green ash and white ash are native to forests across much of the eastern and central
regions of the US and cultivars of both species have long been popular landscape trees within
and beyond their native range (Poland and McCullough 2006, Klooster et al. 2018, Hudgins et al.
2021). Phylogenetically, both green and white ash occur in section Melioides with at least 8 other
species native to the US, Canada or Mexico (Hisinger et al. 2013, Wallander 2008). Although
millions of green ash and white ash have been killed in North America by EAB (eg Knight et al.
2013, Herms and McCullough 2014, Klooster et al. 2014, Smith et al. 2015, Cipollini and
Morton 2023), when healthy trees of both species co-occur, green ash is consistently more highly
preferred and colonized earlier than white ash (Anulewicz et al. 2007, Limback 2010, Tanis and
McCullough 2015). We found the same pattern in Plantation A; by 2022, EAB had killed more
than 60% of the green ash but only 3 white ash trees. The density of EAB exit holes on white ash
was less than half that recorded on green ash or Chinese ash in most years and most (63%) white
ash had less than 30% canopy dieback in 2022. When Robinett and McCullough
(2019) evaluated more than 800 white ash trees, ranging from 10 to 44 cm DBH, in 28 stands
across southeast and central Michigan in 2015 (> 12 yr post-EAB invasion), 66% of the white
ash basal area was alive and 83% of the live trees had healthy canopies while less than 10% of
the green ash in adjacent or nearby stands remained alive. They also noted that white ash often

produced wound periderm around old EAB larval galleries, then laid down new sapwood and
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bark, effectively reestablishing phellogen and cambial integrity over the injury. We observed this
response, which may contribute to the persistence of colonized trees, on most white ash trees in
Plantation A, but it was rare on green ash or Chinese ash trees. Kelly et al. (2020) reported
minimal host defense by white ash saplings inoculated with EAB eggs, suggesting the ability to
effectively heal over EAB larval galleries may develop as trees grow and mature. Despite the
resilience and ability to recover from at least some level of injury caused by EAB larval feeding,
long-term survival of white ash in Plantation A is hard to predict. A high proportion of the EAB
adults emerging from trees within or near our plantations may be attracted to these white ash
especially as those trees are increasingly stressed by larval galleries. Moreover, given the high
mortality of more preferred hosts, EAB females may have little choice but to oviposit on the
white ash trees.

Green ash in Plantation A lived substantially longer than black ash, indicative of
differences in EAB host preference and vulnerability between the two species. Green ash trees
colonized by EAB in our plantations often produced epicormic shoots and basal sprouts, a trait
also commonly observed in forested settings (Kashian 2016, Engelken and McCullough
2020, Engelken et al. 2020, Siegert et al. 2021). Kashian (2016) attributed green ash persistence
in post-invasion sites in southeast Michigan to the growth of basal sprouts, along with seed
production by young trees. In other post-invasion green ash stands in Michigan, however, lateral
ingrowth by non-ash overstory trees took over canopy gaps, reducing light available to support
the growth of young ash saplings or sprouts into the overstory (Burr and McCullough 2014).
We originally hypothesized that the 2 ash species native to Asia, Chinese ash and Manchurian
ash, would largely escape high rates of EAB colonization and mortality, given the co-

evolutionary history shared by these species and EAB (Liu et al. 2003, 2007, Wei et al.
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2004, Herms and McCullough 2014, Orlova-Bienkowskaja and Volkovitsh 2018, McCullough
2020). Reports from China have indicated EAB-caused mortality of both Manchurian and
Chinese ash is sporadic and associated with drought stress, poor growing conditions or occurred
in plantations with a mix of Asian and North American ash species (Liu et al. 2003, Wei et al.
2004, Wang et al. 2010, Dang et al. 2022). Inoculating small saplings in a greenhouse with EAB
eggs resulted in strong defensive responses by both Manchurian ash and Chinese ash and no
larvae on either species survived to the fourth instar (Kelly et al. 2020).

Manchurian ash, classed in the Fraxinus section which includes the European species F.
excelsior and F. angustifolia, as well as North American black ash (Hisinger et al.
2013, Wallander 2008), overlaps the native range of EAB in northeast China and the Russian Far
East (Hisinger et al. 2013). In previous field trials with young ash species, EAB larval survival,
development and adult emergence were consistently lower on Manchurian ash than on North
American species (Rebek et al. 2008, Tanis and McCullough 2015, Showalter et al. 2018) and in
bioassays with detached foliage, adult beetles did poorly when provided with leaves from
Manchurian ash (Miller and McMahan 2022). Low survival of early instar EAB larvae on
Manchurian ash has been attributed to various phloem traits, including oxidative stress and
sclerenchymatous cells, along with phenolics or other metabolites in phloem (Tanis 2013, Rigsby
et al. 2014, Villari et al. 2016, Showalter et al. 2018, Qu et al. 2021).

Manchurian ash trees growing in Plantation B remained vigorous and had minimal
evidence of EAB colonization, consistent with our hypothesis. Beetles that emerged from highly
preferred black ash and green ash trees growing in both Plantation B and Planation A would have

had ample opportunity to colonize the Manchurian ash between 2010 and 2022. While we cannot
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determine whether female beetles ignored or were repelled by the Manchurian ash, there were
few or no EAB galleries, EAB exits or epicormic sprouts on any of the trees we examined.

Given the close phylogenetic relationship between Manchurian ash and black ash in
section Fraxinus (Hisinger et al. 2013, Wallander 2008), the stark contrast in EAB host
preference and suitability of black ash seems counterintuitive. Paleogeographical reconstruction
has indicated black ash likely originated in Asia but eventually emerged at the end of the upper
Miocene as boreotropical forests in the Northern Hemisphere contracted late in the Oligocene era
(Yihong 1995, Wen 1999, Donoghue and Smith 2004, Hisinger et al. 2013). In a previous
common garden study that included the horticultural cultivar Northern Treasure, a hybrid of
Manchurian ash and black ash grafted onto green ash root stock, Rebek et al. (2008) found the
hybrid was highly vulnerable to EAB, indicating the cultivar lacked constitutive resistance
mechanisms of Manchurian ash.

In contrast to the EAB resistance demonstrated by Manchurian ash, this non-native
species was attractive to fall webworm, a polyphagous defoliator native to North America.
During our evaluations in August 2022, late instar fall webworm larvae were feeding on many of
the Manchurian ash trees in Plantation B but we saw no evidence of this defoliator on adjacent
green ash or any of the other North American ash trees. Fall webworm can feed on more than
600 species, including many hardwood trees (Nie et al. 2023). In the Great Lakes region of the
US, the single generation of fall webworm that feeds in mid to late summer rarely affects tree
health, although the large leaf-enclosing webs are unsightly on landscape or roadside trees
(Schowalter and Ring 2017). Fall webworm, however, is an important invasive pest that
continues to expand its range in many regions of Europe, Asia, and North Africa (Nie et al.

2023). While Manchurian ash was more attractive to fall webworm than native ash species, there
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are few insect pests native to eastern North America that would pose a serious risk to ash trees,
presumably including Manchurian ash (Drooz 1985, Ives and Wong 1988, Johnson and Lyon
1988). Given the attractive form, climate hardiness, and consistent resistance to EAB displayed
by Manchurian ash in virtually all North American trials, this species represents a viable option
for landscapes or perhaps reforestation in North America.

In contrast to Manchurian ash, Chinese ash trees in Plantation A were not resistant to
EAB. By 2022, the 4 Chinese ash trees that remained alive were heavily colonized, severely
declining, and appeared likely to succumb to EAB within 1 to 2 yr. Densities of woodpecks and
EAB adult exits, indicative of larval presence and successful development, respectively, were
similar on Chinese ash and green ash, indicating female EAB beetles preferentially oviposited on
these two species, while white ash was less preferred and blue ash was rarely colonized.

Chinese ash is in the Ornus section, dominated by other species native to Asia and
despite some geographic overlap, is phylogenetically distinct from Manchurian ash (Hisinger et
al. 2013, Wallander 2008). Taxonomic complexity of the Ornus section, which includes both F.
chinensis along with Korean ash (Fraxinus chinensis subsp. rhynchophylla (Hance) A.E. Murray
First published in Kalmia 13: 6 (1983)) (Kew Royal Botanical Gardens 2024), was previously
noted, including observations of diploid and hexaploid populations within F. chinensis (Kelly et
al. 2020). Studies in China and Far Eastern Russia indicate F. chinensis var. rhynchopyhlla is
highly resistant to EAB (Zhao et al. 2005, Duan et al. 2012, Zong et al. 2014) and in a
comparison of metabolites and genes, Qu et al. (2021) identified unique defensive compounds
in F. chinensis var. rhynchophylla.

It is not clear why Chinese ash trees in our plantation were so attractive and vulnerable to

EAB. All the trees were planted as bare root whips, negating potential root stock effects, and like
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other trees in Plantation A, irrigated until well-established. There was no evidence of dieback
caused by cold winter temperatures or signs that other environmental stress affected the trees.
Foliage, bark, and twig characteristics were consistent with descriptions and photos of Chinese
ash in its native range and we have no reason to believe this was a different species. Chinese ash
trees in Plantation A thrived for at least ten years with annual radial growth rates that were
consistently higher than those of green ash or white ash until around 2018, when we suspect
increasing EAB larval densities and diminished phloem area caused growth to drop. Whether
compounds associated with EAB resistance in F. chinensis var. rhynchophylla are present in
similar levels or ratios in F. chinensis or if high growth rates of the trees in Plantation A reduced
resource allocation to defensive responses is unknown. Further research to assess interactions of
EAB and Chinese ash in North America seems warranted, especially given the expanding
interest in Asian ash species for restoration or as landscape and amenity trees in North America

or Europe (Lévesque et al. 2023, Roloff et al. 2018).
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Tables

Table 4.1. Mean (+SE), minimum and maximum annual increment (mm) and total radial growth
(mm) of trees in Plantation A from 2011 to 2021, averaged by species. Thirty trees per species
were originally planted in 2007 but four blue ash, one Chinese ash and five white ash saplings
that were broken by wind or between 2007 and 2010 were excluded from analysis.

Ash Annual (£SE) increment (mm) Total Radial
species Mean Minimum Maximum Growth (mm)
Blue 2.65(0.18)  0.89(0.10) 4.43 (0.25) 13.0 (1.13)

Chinese 4.77(0.30  1.28(0.11) 821(0.63)  27.1 (2.68)
Green 418 (0.20) 1.57(0.21) 6.58(0.34)  21.61 (1.42)

White 3.65(0.18)  1.18(0.15) 5.59(0.30)  20.23 (1.20)
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Figure 4.1. Mean (+SE) DBH (cm) and numbers (above bars) of live and dead ash trees killed
by emerald ash borer by species in Plantation A recorded in August 2022. No black ash trees
were alive in 2022. Of the 30 trees per species planted in 2007, four blue ash, one Chinese ash
and five white ash were broken by wind or ice by 2010 and were excluded from analyses.
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Figure 4.2. Survivorship curves from 2017 to 2022 for Chinese ash, green ash, and white ash in
Plantation A. Shading represents the 95% CI. Black ash and blue ash were excluded; all black
ash were dead by 2013 while no blue ash died during this period. (N=25 to 30 trees per species).
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Figure 4.3. (A) Mean (£SE) density of woodpecks from 2017-2022 averaged by species and (B)
mean (+SE) woodpeck density recorded annually from 2017 to 2021 for four ash species in
Plantation A. (C) Mean (£SE) density of exit holes left by emerged emerald ash borer adults
from 2017-2022 averaged by species and (D) mean (+£SE) density of exit holes recorded
annually from 2017 to 2021 for ash species in Plantation A. Letters above bars in (A) and (C)
indicate significant differences among species (P < 0.05). (N=25 to 30 trees per species).
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Figure 4.4. (A) Annual radial growth increment (mm) averaged (£SE) by ash species between
2007 and 2021 for trees in Plantation A. Letters above bars indicate significant differences
among ash species (P < 0.05). (B) Mean (£SE) annual radial growth increment (mm) (grey line
with shading) from 2007 to 2021 of four ash species in Plantation A and sample depth (number
of trees contributing annually to the mean (blue dotted line) (right panels). Black dashed lines
depict average annual increment from 2007 to 2021 for each species.
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Figure 4.5. Mean (£SE) annual radial growth increment from 2011 to 2021 for green ash and
Manchurian ash trees in Plantation B. (N=12 trees per species).
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Figure 4.6. Histograms depicting the number of green ash and Manchurian ash trees in
Plantation B assigned to ranked categories based on abundance of epicormic sprouts (A) and
woodpecks (B) observed on the lower 2 m of the trees. (N=12 trees per species).
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APPENDIX A: CHAPTER ONE SUPPLMENTAL TABLES AND FIGURES
Supplemental Tables

Table S1.1. Model equations for mixed models, with response and predictors detailed in the first column, and corresponding estimates
in the second column.

Model Formula Fit Equation
Seedling density . . _
predicted by Seedling De'nswyi = '
Invasion Status e 9.822—(Invasion Statuspost—invasion)ij*0.669+(Invasion Statuspre—invasion)ij*1.197+U;i+Wi; +

(three-level factor) Jo g(.?e— 4 )

with stand as a

random effect and U; ~ N(0,1.56 * 10_12)
area sampled as a Wij ~ N(0,0.035)

model offset
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Table S1.2. Stand diameter distribution table with mean (SE) stem density (trees - ha™') across five-centimeter size classes. Trees
above 45 cm are excluded from this table due to their exceedingly low density.

Status

Species

DBH Size Class

10 15 20 25 30 35 40 45
Fraxinus nigra 16.6 (6.4) 5.4 3.1) 0.7(0.7) 0(0) 0(0) 0(0) 0(0) 0(0)
Abies balsamea 44.4(17.9) 245(83) 3.5(2.2) 0(0) 0(0) 0(0) 0(0) 0(0)
Acer rubrum 259(13.3) 102(4.5) 34(23) 2.7(1.5) 070.7) 0@) 1.4(0.9 0.7(0.7)
Acer saccharinum 9.5(9.5) 6.1(6.1) 14(14) 0.7(0.7) 0(0) 0(0) 0(0) 0(0)
Acer saccharum 0 (0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0.8 (0.8)
Betula alleghaniensis 2(1.5) 1.4(0.9) 1.4(0.9) 1.4(0.9 0(0) 0(0) 0(0) 0(0)
Betula papyrifera 4.2 (1.6) 35(1.6) 1.6(1.6) 1.4(0.9) 0(0) 0(0) 0(0) 0(0)
Fraxinus pennsylvanica 1.4 (0.9) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Ostrya virginiana 0(0) 0 (0) 0 (0) 0(0) 0(0) 0(0) 0(0) 0(0)
Picea mariana 3.4(2.7) 2(1.5) 483.2) 1.4(0.9) 0(0) 0(0) 0.7(0.7) 0(0)
Post- Pinus strobus 0(0) 0(0) 0 (0) 0(0) 0.7(0.7)  0(0) 0(0) 0(0)
Invasion | Populus balsamifera 8.1(5.5) 7.7(5.8) 5742 14(1.4) 0(0) 0(0) 0(0) 0(0)
Populus deltoides 0.7 (0.7) 0(0) 0(0) 0 (0) 0(0) 0(0) 0 (0) 0(0)
Populus grandidentata 0(0) 0.7 (0.7) 0(0) 0(0) 0(0) 0(0) 0 (0) 0 (0)
Populus tremuloides 0(0) 14(1.4) 1404 2727 2727 0(0) 0 (0) 0 (0)
Quercus bicolor 0.7 (0.7) 0(0) 0(0) 0 (0) 0(0) 0(0) 0 (0) 0(0)
Quercus rubra 0(0) 0(0) 0(0) 0 (0) 0(0) 0(0) 0(0) 0 (0)
Thuja occidentalis 8.3 (3.6) 75M42) 122(5.2) 6.8(3.2) 4.8(2.6) 2(1.5) 0.7(0.7) 0.7(0.7)
Tilia americana 1.4 (0.9) 0(0) 1.4 (1.4) 0(0) 0(0) 0() 0.7(0.7) 0(0)
Tsuga canadensis 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0 (0) 0 (0)
Ulmus americana 6.8 (4.7) 6.1 (2.7 39@3.2) 0.7(0.7) 0(0) 0(0) 0(0) 0(0)
Ulmus rubra 0.7 (0.7) 0 (0) 0 (0) 0(0) 0(0) 0 (0) 0(0) 0(0)
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Table S1.2 (cont’d).
Stand diameter distribution table with mean (SE) stem density (trees - ha™!) across five-centimeter size classes. Trees above 45 cm are

excluded from this table due to their exceedingly low density.

Invasion . DBH Size Class
Status Species 10 20 30 35 40 45
Fraxinus nigra 118.3 (28.1) 67.4 (22.4) 26.1 (22.1) 24.5(16.3) 4.9 (3.3) 0(0) 00) 0@
Abies balsamea 65.3 (17.5) 0(0) 0(0) 0(0) 0(0) 0(0)
Acer rubrum 6.5 (4.8) 3.6(2.2) 3.3(3.3) 0(0) 1.6 (1.6) 0 (0)
Acer saccharinum 0(0) 0(0) 0(0) 0 (0) 000) 0(0
Acer saccharum 0(0) 0(0) 0(0) 0(0) 00) 0(@©
Betula alleghaniensis 5234 6.5(3.1) 0(0) 0(0) 00) 0(@©
Betula papyrifera 19.6 (14.3) 8.7(5.4) 0(0) 0(0) 00) 0()
Fraxinus pennsylvanica  13.1 (9.5) 4.9 (4.9) 0(0) 1.6 (1.6) 00) 0(@©
Ostrya virginiana 0(0) 0(0) 0(0) 0(0) 00) 0()
Picea mariana 0(0) 0(0) 0(0) 0(0) 00) 0()
Mid Pinus strobus 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Invasion |  Populus balsamifera 1.9 (1.9) 1.9 (1.9) 0(0) 0(0) 00) 0()
Populus deltoides 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Populus grandidentata 0(0) 0(0) 0(0) 0(0) 000) 0(0
Populus tremuloides 1.6 (1.6) 0(0) 0(0) 0(0) 000) 0(0)
Quercus bicolor 0(0) 0(0) 0(0) 0(0) 00) 0(
Quercus rubra 0(0) 0(0) 0(0) 0 (0) 000) 0(0
Thuja occidentalis 31 (25.3) 45.7 (20.8) 6.8(4.8) 493.3) 1.6(1.6) 0(0)
Tilia americana 0(0) 0(0) 0(0) 0(0) 00) 0(
Tsuga canadensis 0(0) 0(0) 0(0) 0(0) 00) 0()
Ulmus americana 3.3(2) 0(0) 0(0) 0(0) 00) 0(@©
Ulmus rubra 0(0) 0(0) 0 (0) 0(0) 00) 0(




Table S1.2 (cont’d).

Stand diameter distribution table with mean (SE) stem density (trees - ha™!) across five-centimeter size classes. Trees above 45 cm are

excluded from this table due to their exceedingly low density.

Invasion

DBH Size Class

Species
Status 10 15 20 25 30 35 40 45
Fraxinus nigra 144.6 (44.7) 96.8 (14.2) 73.5(21) 28 (11.8) 8.2(69) 58@4.6) 4713 0(0)
Abies balsamea 21(7.5) 15.2(7) 1.2 (1.2) 2.3(2.3) 0 (0) 0 (0) 0(0) 0(0)
Acer rubrum 17.5(9) 10.5(6.1) 4.7 (3) 0 (0) 0(0) 1.2 (1.2) 0(0) 0 (0)
Acer saccharinum 3524 0 (0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Acer saccharum 12.8 (6.1) 5.8(3.9) 1.2 (1.2) 1.2(1.2) 1.2(1.2) 0 (0) 0 (0) 0 (0)
Betula alleghaniensis 22.2 (13.3) 3.5(2.4) 1.2(1.2) 1.2(1.2) 1.2(1.2) 0 (0) 0 (0) 0 (0)
Betula papyrifera 0(0) 0 (0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Fraxinus
pennsylvanica 38.5(15.3) 36.2(15.9) 12.8 (5) 23(23) 23(2.3) 1.2(1.2) 1.2(1.2) 23(2.3)
Ostrya virginiana 1.2 (1.2) 0 (0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Picea mariana 1.2(1.2) 3.5(2.4) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Prq Pinus strobus 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
lnvasionl o us balsamifera  5.8(5.8)  21(21) 105 (10.5) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Populus deltoides 0(0) 0 (0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Populus grandidentata 0(0) 0 (0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Populus tremuloides 28 (22.8) 18.7 (14.8) 8.2 (5.9) 7 (3.7) 5.8(2.9) 0(0) 1.2 (1.2) 0(0)
Quercus bicolor 0(0) 0 (0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Quercus rubra 1.2 (1.2) 1.2 (1.2) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Thuja occidentalis 0(0) 4.7 (3.5) 14 (8.1) 16.3(10.7) 7(4.9) 23(2.3) 3524 0(0)
Tilia americana 23.3(11.6) 7(3.3) 1.2(1.2) 1.2(1.2) 1.2(1.2) 0 (0) 1.2(1.2) 0 (0)
Tsuga canadensis 2.3(2.3) 0 (0) 1.2 (1.2) 1.2 (1.2) 1.2(1.2) 2.3(1.5) 0(0) 0(0)
Ulmus americana  23.3 (14.1) 7 (5.8) 3.5(1.6) 1.2 (1.2) 0 (0) 0 (0) 0(0) 0(0)
Ulmus rubra 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
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Supplemental Figures
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Figure S1.1. Plots displaying the contributions of species to the ColA canonical space and the
relationships between species in the different size classes, with overstory species (blue text)
compared to recruit species (black text) with black ash included (A) and excluded (B) from
analysis, and overstory species compared to sapling species (orange text) including (C) and
excluding ash (D). Distance of species names from the center of the plots represents the amount
of influence each species has on the ColA plot, and closeness of different species of different
colors represents how correlated these species were. For example, in plot A, Fraxinus nigra is
heavily influence the ColA plot, and the generally overstory black ash were represented similarly
in our overstory and recruit communities.
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APPENDIX B: CHAPTER TWO SUPPLMENTAL TABLES AND FIGURES
Supplemental Tables

Table S2.1. Model equations for mixed models, with response and predictors detailed in the first
column, and corresponding estimates in the second column.

Model Fit Equation
Mean overstory black ash ‘ ‘
ring width predicted by log(y;;) = Mean Ring Width;; * 0.005 — 11.2 + U; + W;;
tree age with a random Ui ~N(0,0.015)
W;; ~ N(0,0.056)

effect for stand

Mean overstory black ash
. log(y;;) = DBH;; * —0.005 + 11.9 + Uj; + W
DBH predicted by tree age U, ~ N(0,0.012)

with a random effect for W, ~ N(0,0.052)
stand

Mean black ash recruit ring log(y;;) = Mean Ring Widthy; » 0.019 — 37.13 + Uy + W
) . 0g(yij) = Mean Ring Width;; » 0.019 — 37.13 + U; + W;;
width predicted by tree age U, ~ N(0,0.012)

with a random effect for Wi; ~ N(0,0.039)
stand

Mean black ash recruit log(y;;) = Mean Ring Width;; » 0.019 — 37.13 + U; + W,
DBH predi r 0g(yij) = Mean Ring Width;  0.019 = 37.13 + Uy + Wy,
predicted by tree age U; ~N(0,0.012)

with a random effect for W, ~ N(0,0.039)
stand

Average balsam fir

standard ring width Yy

> = 0.73 + (Pre/Postmean rwivre)ij * 0.73
predicted by Pre-Post-2015 + (invasion Statusmid—mva::on) :; « 0.009
(t\yo level factor) and + (Invasion Statuspre—nvasion)ij * 0.83 + U + W
Invasion Strata (three level U; ~ N(0,1.56 * 10~12)
factor) with stand as a Wy; ~ N(0,0.035)
random effect

Yij

. = 0.722 Species ij *0.6264

Standard radial growth * (SpecteSpiack asn)yy

frer 2015 dicted by — (Invasion Statusyia-nvasien)ij * 0.04 + 0.17

a er. predicte y trec * (Invasion Status?re—mvasion)ij —0.869 * (Speciespiack Ash)ij

species (black ash / balsam * (Invasion Statusyig—myasion)j— 0.7385 * (SpecieSgiack asn)ij
fir) and Invasion Strata * (Invasion Statuspre—mvasion)ij + Ui + Wij

(three level factor) U; ~ N(0,0.127)
Wi; ~ N(0,0.0454)
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APPENDIX C: CHAPTER THREE SUPPLMENTAL TABLES AND FIGURES

Supplemental Tables

Table S3.1. Model equations for mixed models, with response and predictors detailed in the first column, and corresponding estimates

in the second column.

Model Formula

Fit Model Equation

Live black ash basal area predicted by Invasion Status
(two-level factor), with a random effect for Stand

Total snag basal area predicted by Invasion Status
(two-level factor), with a random effect for stand

Black ash snag basal area predicted by Invasion Status
(two-level factor), with a random effect for stand

Total cerambycids caught predicted by Invasion Status
(two-level factor), with a random effect for Stand and
Year.

Total cerambycids caught predicted by Trap
Placement (two-level factor), with a random effect for
Stand and Year.

Black Ash BA;;
= StatusPre;; » —4.6487 + 49769 + U; + W;;
U; ~N(0,4.16e — 10)
W;; ~N(0,9.7e — 10)
Total Snag BA;;
= StatusPre;; x —4.302 + 8876 + U; + W;;
U; ~ N(0,5.85)
W;; ~N(0,11.58)
Black Ash Snag BA;;
= StatusPre;; * —=5.163 + 5.571 + U; + W;;
U; ~ N(0, 6.05e — 10)
W;; ~N(0,1.62)
Total Caught;j
= StatusPrej * —15.4 + 53.5 + U™ + USE®" + Wy
Ufjm“d ~N(0,0.003)
UL ~ N(0,91.2)
W;; ~ N(0,810.6)
Total Caught;jy,
= GroundTrap;j; * —7 + 25.44 + U™ + UXS" + Wy,
U{f,—mnd ~N(0,0.001)
U};f“" ~ N(0,27.18)
W;; ~N(0,335.2)
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Table S3.1 (cont’d).

Model equations for mixed models, with response and predictors detailed in the first column, and corresponding estimates in the

second column.

Model Formula

Fit Model Equation

Cerambycid species richness predicted by Invasion
Status(two-level factor), with a random effect for
Stand and Year.

Cerambycid species richness predicted by Trap
Placement (two-level factor), with a random effect for
Stand and Year.

Coarse woody debris volume (CWD) predicted by
Invasion status (two-level factor) and an interaction
with Decay Class (four-level factor), with a random

effect for stand.

Species Richness;jy

= StatusPre;j; * —0.367 + 11.67 + Ugffm”d + Ureer + Wiji
Ugf“"d ~ N(0,0.90)

Ure® ~ N(0,1.66e — 8)

W;; ~N(0,11.1)

Species Richness;

= GroundTrap;j * —1.44 + 6.43 + U™ + UJEY" + Wy,
Ug"}m”d ~N(0,0.35)

Urear ~ N(0,9.36e —9)

W;; ~N(0,4.86)

CWD Volume;;

= 10.601 — 1.697 * StatusPre;; + 5.780 * DecayClass2;;
+ 33.406 * DecayClass3;; + 15.087 - DecayClass4;;

+ 8.301 - StatusPre;; * DecayClass2;; — 13.824

* StatusPre * DecayClass3;; — 10.765 * StatusPre;;

* DecayClass4;; + U; + W;;

U; ~N(0,115.8)

W;; ~ N(0,132.8)
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Table S3.2.

Species with new county records by subfamily and tribe, for the subfamily Cerambycinae. County names with new records are shown
along with sources for previous known county records.

. . . . New County
Subfamily Tribe Species Authority Records Source(s)
o Gosling (1973), Pellmyr (1985),
Anaglyptini  Crytophorus verrucosus Olivier Baraga, chklnson, Downie and Arnett (1996), Hubbard
Gogebic, Iron
and Schwarz (1878)
Callidiini  Phymatodes acreus ~ Newman Draga Menominee, Gosling (1973)
Ontonagon
Baraga, Dickinson, Gosling (1973), MacRae and Rice
Clytus ruricola Olivier Iron, Menominee, (2007), Downie and Arnett (1996),
Ontonagon Hubbard and Schwarz (1878)
. . Gogebic, Iron, .
Glycobius speciosus Say Menominee Gosling (1973), Holland (2009)
i o Gosling (1973), Andrews (1923),
Cerambycinae Neoclytus acuminatus ~ Fabricius DICkmS.OH’ BugGuide, Hubbard and Schwarz
- Menominee
Clytini (1878)
Gosling (1973), Andrews (1923),
Sarosesthes fulminans  Fabricius Iron BugGuide, Hubbard and Schwarz
(1878)
Baraga, Dickinson, Gosling (1973), Andrews (1923),
Xylotrechus colonus Fabricius Gogebic, Iron, Downie and Arnett (1996), Hubbard
Menominee and Schwarz (1878)
Xylotrechus integer Fabricius Baraga Ruesink and Parsons (2021)
Trachyderini  Purpuricenus humeralis ~ Fabricius Dickinson Gosling (1973), Andrews (1916),

Downie and Arnett (1996)
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Table S3.2 (cont’d).

Species with new county records by subfamily and tribe, for the subfamily Lamiinae. County names with new records are shown

along with sources for previous known county records

. . . . New County
Subfamily Tribe Species Authority Records Source(s)
Gosling and Gosling (1976), Andrews
Astylopsis macula Say Menominee  (1923), Downie and Arnett (1996), Hubbard
and Schwarz (1878)
o . o Gosling and Gosling (1976), Andrews
Acanthocinini  Astylopsis sexguttata Say Dickinson (1923), Hubbard and Schwarz (1878)
Lami; Menominee Gosling and Gosling (1976), Andrews
amiinac Urgleptes querci Fitch Ontonmger, (1916), Downic and Amett (1996), Hubbard
& and Schwarz (1878)
.. Baraga, Gosling and Gosling (1976), Downie and
Acanthoderini - Aegomorphus modestus — Gyllenhal = 1 400 o 1 it (1996). Fubbard and Schwarz (1878)
. . Dickinson, Gosling and Gosling (1976), Downie and
Monochamini Microgoes oculatus LeConte Iron Arnett (1996), Hubbard and Schwarz (1878)
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Table S3.2 (cont’d).

Species with new county records by subfamily and tribe, for the subfamily Lepturinae. County names with new records are shown

along with sources for previous known county records

New County

Subfamily Tribe Species Authority Records Source(s)
Gosling and Gosling (1976), Andrews
Pygoleptura nigrella Say Baraga (1923), Downie and Arnett (1996),
Hubbard and Schwarz (1878)
Gosling and Gosling (1976), Andrews
Lepturini Strangalepta abbreviata Germar Menominee (1923), Downie and Arnett (1996),
Hubbard and Schwarz (1878)
7,;:;52::;:2,:5 Casey Baraga, Dickinson Gosling and G(olsghzn‘% (1976), Hatch
. . . . Gosling and Gosling (1976), Andrews
Lepturinae Trigonarthris proxima Say Gogebic (1923). Hubbard and Schwarz (1878)
Gosling and Gosling (1976), Downie and
Oxymirini  Anthophylax attenuatus ~ Halderman Baraga Arnett (1996), Hubbard and Schwarz
(1878)
Centrodera decolorata Harris Ontonagon Gosling 11111((11 ggﬁgﬁz(hg;%’) Hubbard
. Gosling and Gosling (1976), Andrews
Rhagiini Gaurotes cyanipennis Say Baraga, Mackinac (1923), Downie and Arnett (1996),
Hubbard and Schwarz (1878)
Stenocorus schaumii LeConte Ontonagon Gosling and Gosling (1976), BugGuide
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