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ABSTRACT

Emerald ash borer (EAB; Agrilus planipennis Fari- maire) has been found in 35 US states and five

Canadian provinces. This invasive beetle is causing

widespread mortality to ash trees (Fraxinus spp.),

which are an important timber product and orna-

mental tree, as well as a cultural resource for some

Tribes. The damage will likely continue despite ef-

forts to impede its spread. Further, widespread and

rapid ash mortality as a result of EAB is expected to

alter forest composition and structure, especially

when coupled with the regional effects of climate

change in post-ash forests. Thus, we forecasted the

long-term effects of EAB-induced ash mortality and

preemptive ash harvest (a forest management

mitigation strategy) on forested land across a 2-

million-hectare region in northern Wisconsin. We

used a spatially explicit and spatially interactive

forest simulation model, LANDIS-II, to estimate

future species dominance and biodiversity assum-

ing continued widespread ash mortality. We ran

forest disturbance and succession simulations un-

der historic climate conditions and three down-

scaled CMIP5 climate change projections

representing the upper bound of expected changes

in precipitation and temperature. Our results sug-

gest that although ash loss from EAB or harvest

Received 29 April 2020; accepted 31 January 2021;

published online 17 March 2021

Supplementary Information: The online version contains supple-

mentary material available at https://doi.org/10.1007/s10021-021-0061

6-w.

Authors Contributions: SKO contributed to the research design, car-

ried out the entirety of data generation (LANDIS-II simulations) and

analysis, and authored the entirety of this work, with editing assistance

from co-author Smithwick. EAHS contributed to the research design,

including genesis of the overarching theme and study area, as well as

suggestions for data analysis. Smithwick also offered suggestions and

feedback throughout the research process and provided editorial support

to multiple versions of the manuscript. MSL contributed to the research

design, gathered input data and maps, and calibrated the model for the

study area. Lucash also provided suggestions for data analysis, and

technical support throughout the data generation process. RMS con-

tributed to the research design and provided guidance and technical

support throughout the data generation process. REN contributed to the

research design through furnishing information and data pertaining to

climate change scenarios, and provided technical support and guidance

for using high-performance computing infrastructure. KLR provided

technical support and guidance in using high-performance computing

infrastructure with specific expertise in carrying out LANDIS-II simula-

tions on a Linux system. CMC provided support for collaborating with the

Menominee Indian Tribe of Wisconsin and informed the writing process

through an indigenous lens.

*Corresponding author; e-mail: Smithwick@psu.edu

Ecosystems (2021) 24: 1756–1774
https://doi.org/10.1007/s10021-021-00616-w

� 2021 The Author(s)

1756

http://orcid.org/0000-0003-3497-2011
https://doi.org/10.1007/s10021-021-00616-w
https://doi.org/10.1007/s10021-021-00616-w
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-021-00616-w&amp;domain=pdf


resulted in altered biodiversity patterns in some

stands, climate change will be the major driver of

changes in biodiversity by the end of century,

causing increases in the dominance of southern

species and homogenization of species composition

across the landscape.

Key words: Emerald ash borer; LANDIS-II; Forest

simulation model; Northwoods; Biodiversity.

HIGHLIGHTS

� By 2100, changes in climate overwhelm the

impact of EAB-related disturbance.

� Overall biodiversity declines under climate

change.

� Ash loss has important relevance at the site level

but little landscape-level impact.

INTRODUCTION

Emerald ash borer (EAB; Agrilus planipennis Fari-

maire; Coleoptera: Bruprestidae) is an invasive

phloem-boring beetle that was first introduced to

the USA from Southeast Asia in the 1990s (Cap-

paert and others 2005; Siegert and others 2014). It

has been described as one of the most destructive

invasive exotic species in North America (Krist and

others 2014). To date, the presence of EAB has

been confirmed in 35 states and five Canadian

provinces. County-level quarantines are imple-

mented wherever EAB presence is confirmed as a

means of preventing its spread (Herms and

McCullough 2014). However, EAB continues to

spread rapidly due to the difficulty associated with

identifying an infested tree before adult emergence

and host tree mortality occur (Herms and McCul-

lough 2014). Additionally, long-distance spread,

which introduces new pockets of infestation, has

been facilitated through human-assisted migration

via packing materials or firewood (BenDor and

others 2006; Muirhead and others 2006). Native

North American ash trees (Fraxinus spp.), specifi-

cally black ash (F. nigra Marsh.), green ash (F.

pennsylvanica Marsh.), and white ash (F. americana

L.) are most preferred (Agius and others 2005;

Cappaert and others 2005; Anulewicz and others

2007; Herms and McCullough 2014), exhibit little

to no resistance to the beetle, and continue to die

off in large numbers since EAB’s initial detection in

the USA (Knight and others 2013; Herms and

McCullough 2014; Siegert and others 2014).

The spread of EAB has resulted in extensive

economic and cultural damage throughout much

of the Northeastern and Midwestern USA (Herms

and McCullough 2014; Costanza and others 2017).

Early projections of the economic cost of failure to

contain EAB estimated the value of ash sawtimber

stock in the Eastern USA to be $25 billion, with an

additional $20 to $60 billion possible through

damage to urban forests across the country

(U.S.D.A. 2003). Since its discovery, economic

damages incurred from the quarantines, removal of

infested and dead trees, and lost timber and nursery

stock have resulted in EAB becoming the costliest

non-native insect to invade US forests (Herms and

McCullough 2014). Research on EAB has focused

on quantifying spread rate based on empirical data

from the field (Mercader and others 2009; Siegert

and others 2014) and using geospatial simulation

modeling to project future spread (BenDor and

others 2006; Muirhead and others 2006; Prasad and

others 2010; Anderson and Dragicevic 2016). Such

forecasts can be used as decision support tools for

forest managers and municipal planners interested

in reducing the economic impact of EAB through

slowing or impeding its spread (Poland and

Mccullough 2010; Bossenbroek and others 2015),

for example by identifying the role of preemptive

ash harvest to mitigate spread and manage forest

change. Ash harvest before and immediately fol-

lowing EAB invasion can mitigate the negative

economic consequences of EAB spread by provid-

ing a usable wood resource from which commu-

nities and land managers can profit, rather than

losing the resource altogether (Mercader and oth-

ers 2011; Rabaglia and Chaloux 2011). Further, ash

reduction through targeted harvest might be a vi-

able management option for reducing the spread of

EAB, especially when combined with other man-

agement strategies, including systemic insecticide

application and girdling and destroying sacrificial

trees, or ‘‘trap cropping’’ (Mercader and others

2011). Although potentially useful in slowing the

spread of EAB and mitigating the economic dam-

ages of lost timber stock, ash removal might result

in several negative ecological impacts. Thus, man-

agement plans should be in place well before EAB

is discovered in an area, especially in places where

there is a significant ash component and/or areas

where there are ecologically sensitive ash resources

(Rabaglia and Chaloux 2011). Similarly, informa-

tion about EAB spread, coupled with effective

prevention, response, and recovery plans, can be

used by groups interested in preserving black ash as
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a cultural keystone species (Costanza and others

2017).

Ash mortality due to EAB, which occurs within a

few years, can be expected to create widespread,

synchronous gaps in forest ecosystems where the

cascading effects of successional dynamics might

alter community composition and ecosystem pro-

cesses (Herms and McCullough 2014). Loss of ash

may facilitate a shift in native tree composition, as

evidenced by other similar events, such as an in-

crease in oaks following the chestnut blight out-

break in Eastern US forests (Wang and Hu 2015). In

regions where ash is currently present, Acer and

Ulmus species have the greatest potential to become

dominant in forests following ash decline (Flower

and others 2013). Ash loss might also facilitate the

establishment and spread of invasive plant species

and reduce food resources for native fauna that

specialize on ash trees (Gandhi and Herms 2010).

Furthermore, loss of ash trees over an extensive

area will likely alter carbon fluxes through a

reduction in net primary productivity (Flower and

others 2013). Riparian areas where black ash

dominates have received attention due to the fact

that rapid loss of black ash results in substantial

alteration of biogeochemical cycles, microclimates,

and hydrologic regimes (Nisbet and others 2015;

D’Amato and others 2018; Kolka and others 2018).

EAB is a wood-boring agent that is both host-

specific and highly virulent, but ash trees, based on

proportional biomass alone, are not often of high

importance in eastern forests and they tend to grow

in mixed stands. Thus, while EAB is destructive, its

impacts may be masked by its hosts’ lack of per-

vasiveness at the regional scale (Lovett and others

2006). However, climate change might interact

with the suitable habitat ranges and physiologies of

both EAB and ash, which may alter the agent–host

interactions we have come to understand (Lovett

and others 2006; Liang and Fei 2014). It has been

widely acknowledged that climate change is alter-

ing ecosystems and the services provided by such

ecosystems are facing unprecedented degradation

(USGCRP 2018). In addition, forest disturbances

are known to be sensitive to climate, yet the effects

of a changing climate on disturbance are not fully

understood (Seidl and others 2017). Further, soci-

ety–disturbance interactions and spatial variation

in disturbance and successional processes often go

unaccounted for in ecological research (Turner

2010). In northern Wisconsin, expected changes in

climate are likely to alter forest composition, with a

reduction in biomass of cool-adapted species, and

an increase in warm-adapted species (Janowiak

and others 2014). Moreover, changes are attributed

to the relatively young age of forests in the area and

the fact that their continued growth is, at the mo-

ment, outpacing removal due to harvest, natural

disturbances, and senescence (Janowiak and others

2014). Notably, based on climate change projec-

tions alone, black ash biomass and white ash bio-

mass are expected to increase over the century

(Janowiak and others 2014). However, EAB inva-

sion, like most non-native insect species invasions,

has not been included previously in forecasts of

forest composition in response to regional climate

change, yet it is likely that the impacts of EAB on

ash trees will overshadow the impacts of climate

change over the next few decades (Janowiak and

others 2014).

Despite the importance of potentially divergent

successional trajectories and the impacts of EAB on

biodiversity and ecosystem processes, landscape-

level impacts are unknown (Klooster and others

2018). Moreover, the potential ecological impacts

of EAB-induced ash mortality have mostly been

predicated on an assumption that the long-term

persistence of ash trees in eastern forests is unlikely

(Klooster and others 2014; Smith and others 2015;

Morin and others 2017), but have not examined

the interactive effects of ash loss, forest harvest

strategies, and changing climate. This research

examines forest reorganization at the landscape

scale, here defined as the study area extent cover-

ing over 2 million ha, following EAB invasion in a

climatically uncertain future. Importantly, climate

change is likely to influence the magnitude and

direction of vegetation reshuffling, so it is impor-

tant to incorporate climate change projections into

the understanding of how EAB dynamics shape

forest change.

Our overarching research question was: How

might landscape-level forest composition and bio-

mass change through time as a result of the com-

bined impacts of ash loss and climate change?

Based on results of Janowiak and others (2014), we

hypothesized that at the landscape scale, southern-

and warm-adapted tree species will increase in

biomass by the end of century, but that overall

biodiversity will decline due to the loss of northern-

adapted species. For a given forest stand, we

hypothesized that species richness will be lower in

areas of EAB disturbance due to the loss of ash

species, but that overall biomass will remain un-

changed due to rapid infill by other trees in areas of

ash mortality.
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MATERIALS AND METHODS

Site Description

The study area encompassed just over 2 million ha

in northeastern Wisconsin, USA (Figure 1). This

area is well suited for studying the impacts of insect

disturbance and climate change for several reasons,

including the prevalence of EAB in the area and

the fact that this area of Wisconsin lies in a ‘‘ten-

sion zone,’’ defined by steep climatic gradients and

ecotone boundaries (Curtis 1959; Anderson 2005;

Kucharik and others 2013). In Wisconsin, EAB has

been detected in eleven counties that are included

in our landscape, including Florence, Oneida,

Marinette, Marathon, Portage, Waushara, Wau-

paca, Winnebago, Outagamie, Brown, and Oconto

(Wisconsin Department of Agriculture and Trade

and Consumer Protection 2020; WIDNR 2018).

Figure 1. Study region for this research with implicated federal, state, and county jurisdictions labeled. Of the Wisconsin

counties labeled on this map, eleven have confirmed EAB detections, including Florence, Oneida, Marinette, Marathon,

Portage, Waushara, Waupaca, Winnebago, Outagamie, Brown, and Oconto counties.
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Thus, EAB poses an imminent threat to the study

area and forest managers there are concerned

about the potential cultural, ecological, and eco-

nomic impacts of ash loss, such as those outlined in

the introduction. This is especially true within the

Menominee Reservation, where tribal forest man-

agers have been actively managing for sustainable

timber harvest and multi-benefit forest use for over

150 years (Dockry and others 2016).

This region is underlain by three primary soil

types: forested, loamy soils; forested, red, sandy,

and loamy soils; and forested, sandy soils (Wis-

consin Department of Natural Resources 2015).

Minor soil types in the region include stream-bot-

tom and major wetland soils and forested, red,

clayey, or loamy soils (Wisconsin Department of

Natural Resources 2015). Wisconsin is character-

ized by a continental climate with some modifica-

tion from Lake Michigan to the east and Lake

Superior to the north. The study region falls mostly

within the northeast climate division, where aver-

age seasonal temperatures range from 18.2 �C in

the summer (June, July, and August) to - 8.8 �C
in the winter (December, January, and February)

(Wisconsin State Climatology Office 2016). Non-

snow precipitation is greatest in the summer,

averaging 28.4 cm, and lowest in the winter,

averaging 9.6 cm, and annual average snowfall is

151.1 cm (Wisconsin State Climatology Office

2016). In northern Wisconsin, the annual average

temperature increased by 0.8�C between 1901 and

2011 and mean annual precipitation increased by

6.5% in the same time period (Janowiak and oth-

ers 2014).

Wisconsin forests share similar histories with

other midwestern states. Prior to Euro-American

settlement, forest vegetation was largely deter-

mined by interactions between climate, soils,

topography, and natural disturbances, including

fire, tree falls, and wind, as well as intentional

burning by indigenous populations (Kassulke and

Mladenoff 2010). The federal government’s allot-

ment of tribal lands to settlers and timber compa-

nies in the mid-1800s led to drastic changes in

vegetation throughout the state that lasted through

the early 1900s (Rhemtulla and others 2009; Kas-

sulke and Mladenoff 2010). In the north, the

combined effect was a large decline in evergreen

conifers, namely pines and hemlocks, while in the

south, wetlands that supported lowland species

were lost to drainage and development (Rhemtulla

and others 2009; Kassulke and Mladenoff 2010).

Agricultural abandonment and sustainable timber

harvesting practices have contributed to reforesta-

tion in the state since the mid-1960s, with early

successional species coming to dominate in areas of

prior cultivation (Kurtz and others 2017).

In tension zones, even small changes in climate

can dramatically shift species composition, creating

novel communities over time. Presently, forest

composition in the study area changes along a

latitudinal gradient defined by the tension zone,

with the northern and central areas being com-

prised of West Laurentian mixed conifer-broadleaf

forest and the southerly extent being comprised of

Midwest broadleaf forest (Perry and others 2004).

The study area is primarily dominated by Maple/

Beech/Birch and Aspen/Birch forests, which is

consistent with forest dominance in the state as a

whole (Perry and others 2004). Black ash, green

ash, and white ash are widely dispersed in the

study area and are usually an associate species in

several forest types, though black ash can be a

dominant species in swampy woodlands, bogs, and

along streams (Burns and Honkala 1990). Green

ash is highly adaptable and can grow well in areas

subject to flooding, moist but well-drained upland

sites, alluvial soils, and swamps (Burns and Hon-

kala 1990). White ash grows best on moderately

well-drained soils, though it is somewhat tolerant

of temporary flooding (Burns and Honkala 1990).

Modeling Framework

To study the ecological consequences of EAB,

harvest, and climate change over a large region

through year 2100, we used the forest landscape

simulation model LANDIS-II (v6.0), which is both

spatially explicit and spatially interactive (Mlade-

noff 2004; Scheller and others 2007). LANDIS-II is

raster-based; landscapes are represented as a grid of

cells through which disturbance and succession

dynamics, such fire and seed dispersal, can interact

over space and time. Individual cells are populated

with tree and shrub species, which are binned into

species-age cohorts, as well as information about

soil characteristics and live and dead biomass. Each

tree and shrub species has a unique set of life-his-

tory attributes, which determine how the species

grows, reproduces, and dies, and how it interacts

with disturbances and climate. LANDIS-II is mod-

ular, allowing the user to specify which distur-

bances to simulate and which successional

dynamics to track. For this study, we used a suc-

cession module that incorporates climate change

projections and we simulated EAB-related distur-

bance in two ways to represent natural EAB-in-

duced ash mortality, as well as preemptive removal

of susceptible ash trees, a harvesting strategy aimed

to promote sustainable forestry in the face of EAB.
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Each of these components is described below. (For

a complete description of LANDIS-II modules used

in this study, please refer to ‘‘Appendix A’’.) A

spatial resolution of 1 ha was used in all simula-

tions.

Succession was simulated using the Net Ecosys-

tem Carbon and Nitrogen (NECN) module (v5.0)

for LANDIS-II (Scheller and others 2011). NECN

calculates and tracks how species-age cohorts grow,

reproduce, age, and die (Scheller and others 2011).

It also tracks live and dead biomass through time,

as well as a suite of other biogeochemical processes

(Scheller and others 2018). NECN incorporates

elements of the CENTURY soils model (Scheller

and others 2011), with new N cycling algorithms

(Lucash and others 2014). NECN accepts daily or

monthly climate inputs, which can be represented

heterogeneously across the landscape by defining

areas where region-specific climate streams are

similar (Lucash and Scheller 2019).

We simulated 37 distinct tree species represent-

ing seven user-defined functional groups (Table 1)

that share similar traits (Lucash and others 2019).

These traits include: temperature effect on growth,

how much aboveground net primary productivity

(ANPP) is allocated to leaves, how leaf area index

(LAI) is calculated, sensitivity to low water avail-

ability, woody decay rate, monthly wood mortality,

age-related mortality, leaf drop month, and the

fraction of ANPP that is used to compute the ANPP

of coarse and fine roots (Scheller and others 2018).

Succession is determined by mechanistic assump-

tions related to tree physiology and how initial

conditions within the simulated cell (i.e., which

species are dominant in the canopy and under-

story) interact with climate. However, stochastic

processes, such as disturbance, seed dispersal, and

probability of establishment, can alter successional

pathways. Probability of establishment is deter-

mined by growing degree days, drought tolerance,

minimum January temperature, and LAI (a proxy

for light availability) (Scheller and others 2018).

Cohort growth is determined by LAI, water avail-

ability, temperature, growing space capacity, and N

availability (Scheller and others 2018). Details

about the parameterization and calibration of

NECN in our landscape can be found in (Lucash

and others 2019).

Emerald Ash Borer Simulation

For the purpose of this study, we assumed there

will be widespread ash mortality in the study re-

gion within a few decades. Empirical work quan-

tifying EAB spread rate based on dendrochronology

and modeling studies corroborate this assumption

(Siegert and others 2014; Gustafson and others

2017). Further, research into the effects of com-

munity composition and structure on EAB-induced

mortality suggests that native North American ash

species might soon become functionally extinct

(Smith and others 2015). We used the Biological

Disturbance Agent (BDA) module (v3.0) for

LANDIS-II (Sturtevant and others 2004) to simu-

late ash mortality on the landscape. BDA uses host

tree age information, insect dispersal patterns, and

cell and neighborhood level characteristics to

determine the probability of disturbance and mor-

tality at a given site during every time step in the

simulation (Sturtevant and others 2017). If a cell is

vulnerable to disturbance, the module will deter-

mine the probability of mortality for the species-age

cohorts present in the cell and remove candidate

cohorts if necessary, thereby killing susceptible

trees.

The impending invasion by EAB has led forest

managers in the region to implement management

plans intended to dampen the negative economic,

ecological, and cultural effects of ash mortality

(USFS 2012; Menominee Tribal Enterprises 2018).

For example, one plan involves removal of infested

ash trees in old growth stands to slow or arrest

further spread of EAB (USFS 2012). Another in-

volves preemptive harvest of white ash trees larger

than 5 in diameter at breast height (DBH) and

experimental sanitation harvests, or complete re-

moval, of black and green ash in some stands

(Menominee Tribal Enterprises 2018). To examine

the potential outcomes of such a management

practice, we used the Base Harvest (v3.1) module

(Gustafson and others 2000) to simulate a simpli-

fied version of the two harvest prescriptions: one

for white ash removal and one for black and green

ash removal. Base Harvest uses age information of

targeted species at the cell level and user-defined

harvest area targets to simulate human removal of

trees in designated management zones. The

Menominee Reservation was designated as one

management zone and was subdivided into equal

area stands measuring about 15 ha each, which is

sufficiently small enough to mimic real-world

harvesting practices without creating a computa-

tional burden. In this area, sustainable timber

harvest practices dictate that thinning and indi-

vidual tree selection occurs in all stands every 10–

15 years (Menominee Tribal Enterprises 2012).

Thus, we parametrized the module to ‘‘visit’’ every

stand in the management zone within 15 years;

every ‘‘visit’’ to a cell constitutes a harvest event if

criteria ash trees are present in the cell. (For a
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complete description of model parameterization

and information on input files, please refer to

‘‘Appendix B’’.)

Climate Scenarios

Climate change projection input files (daily reso-

lution) were created using empirically downscaled

CMIP5 (Taylor and other 2012) projections from

the Multivariate Constructed Analogs (MACA)

dataset (Abatzoglou and Brown 2012), which

downscales CMIP5 outputs from their native spatial

resolution of about 200 km to 4 km. From the 40

projections in the MACA dataset, three climate

change scenarios were selected representing mod-

erate and high levels of warming as well as in-

creased precipitation variability as averaged over

the study region (see ‘‘Appendix C’’ and Figure S1

for details on the selected projections). For the

historic climate scenario simulations, LANDIS-II

randomized a 36-year (1979–2015) input of re-

corded historic climate data to generate a 100-year

timeseries of temperature and precipitation. The

study area was divided into 38 regions of relative

climatic homogeneity using the methodology out-

lined in Lucash and others (2019). The spatial ex-

tent, configuration, and the number of climate

regions capture the majority of spatial variability of

the landscape’s climate based on a geostatistical

analysis of historical (1979–2010) weather data for

the region (Figure S2) (Lucash and others 2019).

Table 1. Species Modeled in LANDIS-II Simulations Organized by User-Assigned Functional Groups

Functional group Species included—common name (scientific Name)

Aspens Bigtooth aspen (Populus grandidentata Michx.)

Quaking aspen (Populus tremuloides Michx.)

Willows

Oaks (Quercus spp.) Bur oak

Pin oak

Red oak

White oaks

Northern Hardwoods American beech (Fagus grandifolia Ehrh.)

Basswood (Tilia americana L.)

Black ash (Fraxinus nigra Marshall)

Green ash (Fraxinus pennsylvanica Marshall)

Hophornbeam (Ostrya Scop.)

Red maple (Acer rubrum L.)

Service berries (Amelanchier spp.)

Silver maple (Acer saccharinum L.)

Sugar maple (Acer saccharum L.)

White ash (Fraxinus americana L.)

Yellow birch (Betula alleghaniensis Britton)

Southern Hardwoods Bitternut hickory (Carya cordiformis (Wangenh.) Koch)

Black cherry (Prunus serotina Ehrh.)

Black oak (Quercus velutina Lam.)

Butternut (Jugans cinerea L.)

Elms (Ulmus spp.)

Shagbark hickory (Carya ovata (Mill.) K. Koch)

Northern Conifers Balsam fir (Abies balsamea L. (Mill.))

Black spruce (Picea glauca (Moench) Voss)

Hemlock (Tsuga spp.)

Jack pine (Pinus banksiana Lam.)

Tamarack (Larix laricina (Du Roi) K. Koch)

White spruce (Picea mariana (Mill.) Britton, Sterns & Poggenburg)

Southern Conifers Red cedar (Juniperus virginiana L.)

Red pine (Pinus resinosa Ait.)

White cedar (Chamaecyparis thyoides (L.) Britton, Sterns, & Poggenburg)

White pine (Pinus strobus L.)

Birches Balsam poplar (Populus balsamifera L.)

Cottonwood (Populus L.)

Paper birch (Betula papyrifera Marshall)
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The three future climate scenarios resulted in

increases in mean annual temperature (MAT) over

the next century (Figure S3). Between 2000 and

2100, MAT increased by 7 �C, 6.4 �C, and 8.8 �C
under hot/dry, hot/wet, and hot/variable precipi-

tation conditions, respectively. The scenarios cho-

sen here are on the high side of mean projected

changes (USGCRP 2017) but well within the range

of projections from the bias-corrected multi-model

ensemble (Figure S3). Projected changes in pre-

cipitation over the next century were more variable

than projected changes in temperature. Total an-

nual precipitation (TAP) averaged about 80 cm

(range = 50–100 cm) under historic climate con-

ditions and, due to the model’s randomization of

precipitation data, shows no trend through time in

our simulations, despite a slight trend toward in-

creased precipitation in the historic record (Fig-

ure S4). Under hot/dry conditions, TAP increases

slightly (80 to 85 cm by 2100; Figure S4), and

slightly a greater amount (average 90 cm) under

the hot/wet projection. Under the hot/variable

precipitation scenario, TAP does not show a strong

trend through time but ranges from 30 to 150 cm

(Figure S4). Averaged for the last 10 years of the

time period (2090–2100), climate region (CR) 13,

located in the northern part of the study area, was

the coolest in temperature and CR 32, located in

the southern part of the study area, was the

warmest across historic and future climate scenar-

ios (Table S1). CRs 13 and 32 were thus used in

subsequent analyses to bound northern and

southern variability in model response, respec-

tively.

To account for stochasticity in the model from

successional dynamics, seed dispersal and estab-

lishment, and EAB dynamics, four climate scenar-

ios (historic, hot/dry, hot/wet, and hot/variable

precipitation) were replicated five times each, for a

total of 20 simulations.

Statistical Analyses

The response variables used to analyze changes in

forest structure and composition through time

were aboveground live biomass and species rich-

ness. Output maps of aboveground biomass for

each species were generated at a yearly time step

starting with the initial condition (Year 2000),

resulting in 101 maps for each of the 37 species for

each of the 20 simulations. Output maps of species

richness, measured in number of species per cell,

were generated for simulation years 0, 50, and 100.

In general, analyses were executed at the level of

the climate ‘‘treatment’’ group; however, some

analyses incorporated all 20 simulations. In most

cases, analyses were carried out at the functional

group level, though some species-level analyses

were also performed to explain patterns within

functional groups.

The number of scenario replicates (n = 5) was

sufficiently high to capture variability arising from

stochasticity within the model (Lucash and others

2017), but was insufficient for use in parametric

statistics; thus, all analyses used nonparametric

tests of significance. We used the Wilcoxon–Mann–

Whitney test to determine differences between

average end-of-century functional group biomass

and average species richness in disturbed cells and

undisturbed cells, as well as between cells where

ash eradication occurred and cells where ash was

not present under initial conditions. Undisturbed

cells serve as a control against which we can ana-

lyze the effect of EAB-related disturbance on bio-

mass and richness. We used the Wilcoxon–Mann–

Whitney test to determine if disturbance and ash

eradication affected end-of-century biomass (aver-

aged across all cells in the study area). We used the

Chi-square test to determine if disturbance and ash

eradication affected whether a species became one

of the most abundant species by the end of century.

We also used the Wilcoxon–Mann–Whitney test to

determine differences in average species richness

between years 2050 and 2100 across climate sce-

narios and the Kruskal–Wallis test and post hoc

Wilcoxon rank sum test to determine differences

among scenarios. Similarly, these tests were used to

determine differences in end-of-century average

species richness among disturbed cells, undisturbed

cells, cells that did not contain ash under the initial

condition, and cells where ash was eradicated. All

analyses of output data were carried out in R

(v.3.5.1) (RStudio Team 2016; R Core Team 2018)

using the raster package (v.2.8-19) (Hijmans 2019).

RESULTS

Simulated Extent of Ash Decline

Under initial conditions, ash is present in 48% of

the cells on the landscape, but only present in 9.8%

of cells by the end of century and its abundance is

greatly reduced in those cells (Figure 2) as a result

of extensive ash harvest or EAB invasion or both

(Figure S5). Some cells that experienced ash har-

vest and/or EAB invasion or both were left with

little to no ash biomass by the end of the century,

although some maintained ash presence, likely due

to regrowth. In either case, it is clear that these cells

experienced one or both disturbances—ash harvest
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or EAB invasion—during the simulation, and are

thus hereafter referred to as ‘‘disturbed’’ cells. We

further distinguished between disturbed cells by

isolating those cells that experienced a near com-

plete loss of ash biomass (> 99%) by the end of the

century; these sites are described here using ‘‘ash

eradicated’’ or ‘‘ash eradication,’’ though we

acknowledge that these cells may be repopulated

with ash in the future. Cells that did not experience

any disturbance throughout the century are re-

ferred to as ‘‘undisturbed’’ cells. Averaged across all

scenarios, roughly 68% of cells experienced dis-

turbance by 2100, while about 32% remained

undisturbed. Of those cells that were disturbed,

roughly 29% experienced ash eradication.

Effects of Ash Loss on Relative
Functional Group Biomass

Functional group biomass differed by the end of

century between disturbed and undisturbed cells,

in both historical and climate change scenarios.

Aspens and oaks had a significantly lower end-of-

century average biomass in disturbed cells com-

pared to undisturbed cells (Wilcoxon W = 690,

Figure 2. Net loss in ash biomass (absolute values, g/m2) between years 2000 and 2100.
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p << 0.05; Wilcoxon W = 1789, p << 0.05).

Northern hardwoods, northern conifers, and

southern conifers had significantly higher end-of-

century average biomass in disturbed cells com-

pared to undisturbed cells (Wilcoxon W = 30,436,

p << 0.05; Wilcoxon W = 9134, p << 0.05;

Wilcoxon W = 4400, p << 0.05). Southern hard-

woods and birches did not show clear end-of-cen-

tury biomass responses to disturbance status. Ash

loss was not a predictor of average end-of-century

biomass (W = 182, p = 0.73) or whether a species

became one of the most abundant species by bio-

mass in year 2100 (V2 = 2.6E–31, p = 1).

Effects of Ash Loss on Species Richness

Disturbance (preemptive harvest and EAB inva-

sion) and ash eradication affected species richness,

defined here as the number of species per cell. For

both historical and climate change scenarios, end-

of-century mean species richness was highest in

disturbed cells and lowest in undisturbed cells

(Figure S6). Mean species richness differed based

on disturbance and ash loss status (Kruskal–Wallis

V2 = 49.79, df = 3, p << 0.05). There was no

difference in mean species richness between dis-

turbed cells and cells where ash was not present

under initial conditions, but species richness was

different among all other groups—undisturbed/

disturbed, undisturbed/ash eradication, undis-

turbed/ash not present, and disturbed/ash eradi-

cation (pairwise Wilcoxon rank sum p < 0.05)

(Figure S6). Measuring species richness within cli-

mate scenarios showed that disturbance and ash

loss had a significant influence on species richness

in year 2100.

Influence of Climate on Biomass
and Relative Abundance

Of 2,024,335 cells on the landscape, only 80.1%

had forest cover under initial conditions, but this

expanded to 99.6% by the end of century. To ac-

count for differences in area at the beginning and

end of the simulation, all results are reported on a

per area (g/m2) or relative basis for interpretation

of species-specific changes. Average biomass in-

creased from 7651 g/m2 in year 2000 to an average

of 23,819 g/m2 (SE = 84.4) in year 2100, largely

explained by the fact that the average age of the

forest at the beginning of the simulation was

53 years. At the landscape scale, all functional

groups experienced an initial increase in average

biomass; some functional groups, including north-

ern hardwoods, southern conifers, southern hard-

woods, and oaks, continued to increase in biomass

through the century while others, including

northern conifers, aspens, and birches, began to

experience declines around the mid-century (Fig-

ure 3). Variation in end-of-century biomass was

much more pronounced within some functional

groups, including northern hardwoods, northern

conifers, and birches, compared to aspens, oaks,

southern hardwoods, and southern conifers (Fig-

ure 4). (For a full description of changes in average

biomass throughout the century, see ‘‘Appendix

D.’’)

The relative abundance of functional groups, or

each functional group’s proportional biomass

compared to the total biomass of all species, ex-

pressed as a percentage, differed between 2000 and

2100 (Figure 5). Under both historical and climate

change scenarios through 2100, the relative pro-

portion of northern hardwood biomass decreased

by about 12% (from 47 to 35% of the total biomass

of all species). However, the patterns of change of

the relative declines in northern hardwoods were

different between historical and future climate

scenarios. Under historic climate, there were

moderate declines in aspens and birches, as might

be expected from successional dynamics, and

moderate increases in southern hardwoods and

conifers. In contrast, under the three future climate

scenarios, the increases in southern hardwoods

were twice that seen under historic climate sce-

narios, increasing from 4 to 23% by mid-Century.

Changes in functional group biomass differed

spatially across the study area (Figure 6). For

example, in the north of the study area (CR 13),

northern hardwood biomass contributed 42% of

the total biomass by year 2100, but only 19% of the

total biomass in the south (CR 32). In comparison,

southern hardwoods became proportionally more

abundant across the full landscape, increasing by

11–27% between 2000 and 2100, and they became

dominant in the south. As another example, aspens

disappeared from the north (for example, CR 13)

by the end of the century, decreasing from 11 to

0%. Similarly, their proportional biomass at the

landscape scale decreased by roughly 7% between

years 2000 and 2100. Aspens were largely main-

tained in the south (for example, CR 32), decreas-

ing in proportional abundance by just 1%.

Average species richness (number of species per

hectare) increased over time across all scenarios,

increasing from about 5 species/ha to between 7

and 9 species/ha by the end of century (Table 2).
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Species richness was highest under historic climate

conditions and lowest under the hot/variable pre-

cipitation future climate scenario. Species richness

was lower in 2050 compared to 2100 (W = 0,

p << 0.05), and differed among climate scenarios

in both years (Kruskal–Wallis V2 = 17.58, df = 3,

p << 0.05; Kruskal–Wallis V2 = 17.86, df = 3,

p << 0.05, respectively).

Many species that were abundant initially re-

mained abundant through the simulation (for

example, basswood, red maple, red oak, sugar

maple, white cedar, and white pine, as well as red

pine under historic climate conditions); similarly,

species that were least abundant remained least

abundant (American beech, bitternut hickory,

butternut, and shag hickory, as well as red cedar

under historic climate conditions and willows un-

der future climate conditions) (Table 3). Species

that gained dominance on the landscape under all

climate scenarios included black cherry and yellow

birch, whereas white oak and tamarack became

dominant under select climate scenarios (Table 3).

Species that decreased in abundance on the land-

scape and became the least abundant under all

climate scenarios included black spruce, bur oak,

green ash, and silver maple (Table 3). Pin oak,

which is currently one of the most abundant spe-

cies on the landscape, became one of the least

abundant species by 2100 under the future climate

scenarios (Table 3).

DISCUSSION

Our results are largely consistent with our overall

expectations regarding shifts in functional group

biomass over the next century (Table S2), with a

few notable exceptions discussed below. The gen-

eral increase in total biomass over time is to be

expected given that the forest is fairly young,

having recently experienced the cessation of

intensive logging coupled with agricultural aban-

donment (Rhemtulla and others 2009). The initial

increase in the biomass of all functional groups that

we simulated is consistent with other studies that

demonstrate ‘‘landscape inertia’’ in the region, or a

continuation of current growth trends in the short

term (Janowiak and others 2014). Thus, the overall

increase in biomass across most functional groups is

most likely due to maturing trees and new estab-

lishment, coupled with the fact that other distur-

bances, such as wind, fire, and non-ash harvest,

were not simulated in our study.

However, the overall increase in landscape-level

biomass hides important forest reorganization

dynamics that occur in the latter half of the cen-

tury. By mid-century, certain functional groups,

including northern conifers, aspens, and birches,

began to experience declines in biomass. By the

end of the century, these three groups constitute

the three least abundant functional groups on the

landscape under future climate change scenarios.

Meanwhile, northern hardwoods, southern hard-

Figure 3. Change in average biomass (g/m2) through time by functional group aggregated across all climate scenarios at

the landscape scale. Ribbons show the range between minimum and maximum values.
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woods, southern conifers, and oaks continue to

increase in biomass beyond the mid-century. Thus,

we observed a trend toward a greater abundance of

species that prefer warmer conditions coupled with

decreasing proportional abundances of those spe-

cies that are not well adapted to hot conditions

with occasional periods of water scarcity.

End-of-century dominance by a given species,

regardless of functional group, may be attributed to

one or more factors, and may not be driven by

climate alone. These factors may include: (1) an

abundance of that species in the understory of ash-

dominant or ash-associate cells, whereby ash

mortality and canopy opening lead to release; (2)

Figure 4. Change in average biomass (g/m2) through time of each species, organized by functional group, aggregated

across all climate scenarios at the landscape scale. Ribbons show the range between minimum and maximum values. Note:

Northern hardwoods are broken down into two groups for clarity. Note: Y-axis scales are different.
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Figure 5. Functional group biomass as a percent of total biomass (g/m2) at the beginning (Year 2000) and end of the

simulation (Year 2100) under four climate scenarios, measured at the landscape scale. Note that overall biomass on the

landscape increases over the century.

Figure 6. Functional group biomass as a percent of total biomass (g/m2) at the beginning (Year 2000) and end of the

simulation (Year 2100) in regions of climatic extremes (climate region (CR 13 in the north and CR 32 in the south), and at

the landscape scale (Full LS), aggregated across historic and future climate scenarios.

Table 2. Average Species Richness, or Number of Species per Hectare, Measured at the Landscape Scale

Climate scenario Year

2000 2050 2100

Historic 4.79 7.51 (± 0.07) 8.96 (± 0.07)

Hot/Dry 4.79 7.05 (± 0.04) 7.83 (± 0.002)

Hot/Wet 4.79 7.34 (± 0.005) 8.45 (± 0.005)

HTVP 4.79 7.08 (± 0.01) 7.79 (± 0.009)

Within and between-year average values are all significantly different (p < 0.05). Numbers in parenthesis are standard deviations.
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that species being already dominant or sub-domi-

nant in non-ash cells, whereby unhindered suc-

cession (lack of disturbance) favors the continued

growth of that species; or (3) that species’ range

shifting into previously uninhabitable areas via

climatic variation, whereby the species’ increase in

biomass is attributed primarily to an increase or

change in extent. Although it is difficult to disen-

tangle the drivers of species dominance, which are

occurring simultaneously in the model, our results

strongly suggest these interactions among climate,

succession, and disturbance cannot be ignored

when making projections about forest reorganiza-

tion in the future.

These complex interactions, largely a response to

species-specific life-history parameterizations, led

to emergent behaviors at the species level. Our

results showed a nearly exponential increase in

black cherry biomass, which is supported by recent

work exploring wind disturbance in the region

(Lucash and others 2019) but contradicts other

studies (Janowiak and others 2014). Our results

may be attributed to the fact that black cherry

tended to have greater end-of-century biomass in

disturbed sites, with slight variation due to climate

change. Black cherry does exceptionally well in

secondary succession conditions due to its com-

bined ability to persist in abundance in the

understory and grow rapidly when canopy open-

ings occur (USDA 2020). It has also been found

that black cherry is one of the most abundant

species in the seedling strata in gaps formed by

EAB-caused ash mortality and in forested areas

surrounding those gaps (Engelken and others

2020). Similarly, black cherry is often dominant in

the forests surrounding ash gaps and represents a

major component of the sapling strata (Engelken

and others 2020). Indeed, a potential shift from red

oak dominance to red maple and black cherry

dominance has been observed in eastern forests as

a result of forest mesophication following a decline

in fire frequency over the last century (Engelken

and others 2020). Further, in an analysis of can-

didate trees suitable for black ash replacement,

black cherry was categorized as one of the most

promising replacement species because of its pre-

sent association with black ash and its ability to

adapt reasonably well to future climate conditions

(Iverson and others 2016). Thus, the end-of-cen-

tury black cherry biomass that we observed here

may be attributed to a combination of landscape

inertia, favorable climate conditions, and EAB-re-

lated disturbance.

As another example, we expected northern

conifers in general to decrease in biomass over the

next century, but two species—tamarack and white

spruce—increased. The increase in white spruce

biomass contradicts other work that projected a

near extirpation of this species under climate

change conditions (Scheller and Mladenoff 2005).

Table 3. Most and Least Abundant Species by Average Biomass (g/m2) in Years 2000 and 2100 Across All
Climate Scenarios

Most abundant Least abundant

Year 2000 Year 2100 Year 2000 Year 2100

Basswood Basswood American beech American beech

Hemlock Balsam poplar

Pin Oak Bitternut hickory Bitternut hickory

Quaking aspen Butternut Butternut

Red maple Red maple Cottonwood

Red oak Red oak Hophornbeam

Red pine Red pine (Hist) Red cedar Red cedar (Hist)

Sugar maple Sugar maple Service berries Service berries (Hist)

White cedar White cedar Shag hickory Shag hickory

White pine White pine Willows Willows (HD, HW, HTVP)

Black cherry Black spruce

Yellow birch Bur oak

White oaks (HD, HW, HTVP) Green ash

Tamarack (Hist, HW) Silver maple

White spruce (HD, HTVP) Pin oak (HD, HW, HTVP)*

*Pin oak was one of the most abundant species in year 0 and was almost always one of the least abundant species in year 100.
For those that are most and least abundant depending on the scenario, the scenarios in which they fall into that category are listed in the parentheses (Hist = historic,
HD = hot/dry, HW = hot/wet, HTVP = hot/variable precipitation). Species that remained one of the most or least abundant through time are indicated as such through
matching their locations in the Year 2000 and Year 2100 columns. Species list ordering does not represent relative abundance.
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However, both tamarack and white spruce are

commonly found in wet, poorly drained swampy

areas where black ash is also often found (USDA

2020). Tamarack and white spruce both rapidly

colonize disturbed sites. Thus, declines in tamarack

and white spruce biomass, which would be ex-

pected under warming conditions and uncertain

precipitation patterns, might be mitigated by

widespread black ash mortality in the coming

century. In particular, tamarack might benefit from

mortality of young black ash trees in sites where

both species become established, thereby gaining

dominance through competitive exclusion. How-

ever, tamarack is also subject to mortality from

native and non-native insect species, namely east-

ern larch beetle (Dendroctonus simplex LeConte) and

tamarack sawfly (Pristiophora erichsonii Hartig),

respectively (Janowiak and others 2014; WIDNR

2018). Climate-related stressors, such as drought

and prolonged exposure to water due to flooding,

can weaken tamarack trees and make them more

vulnerable to beetle and sawfly infestation (Jano-

wiak and others 2014; WIDNR 2018). Thus, future

warming trends, as well as other confounding fac-

tors, might hinder Tamarack growth and alter

successional pathways in novel ways. Further, it

has been suggested that gaps caused by EAB-re-

lated ash mortality might be rapidly transitioning to

sedge-dominated meadows as the opportunistic

species prevents adequate recruitment of potential

overstory tree species (Engelken and others 2020).

Areas that contain only one species of ash, such as

black ash stands in the Laurentian Mixed Forest

province, may be particularly vulnerable to this

type of threat (Granger and others 2019).

The loss of ash species has additional manage-

ment and cultural implications in the region. For

example, sustainable yield management practices

of the Menominee Indian Tribe of Wisconsin have

resulted in a highly productive and biodiverse for-

est, supporting 2360 cubic meters of standing

sawlog volume and 33 tree species (Mausel and

others 2016). EAB represents just one of many

threats to the Menominee forest, but its potential

impact extends beyond that of economic or aes-

thetic damages; indeed, ash trees are a cultural

resource for the Menominee and their use involves

many lessons from traditional ecological knowl-

edge (Anon 2017). Current tribal management

plans speak to the importance of finding ways to

preserve black ash for basket weaving and other

traditional arts, as well as white ash for wood-

working and traditional uses such as lacrosse sticks

and snowshoes (Menominee Tribal Enterprises

2018). Further, because the Menominee world-

view holds that the natural environment includes

humans, the health of the people is connected to

the health of the forest and other beings; thus, EAB

poses a threat to the health and well-being of the

entire Menominee community (Dockry and others

2016; Anon 2017). Tribal decisions regarding

ongoing forest management thus recognize that

Indigenous livelihoods are uniquely threatened by

the compound effects of climate change and the

continued presence of institutional barriers, which

are maintained through ongoing settler colonial

oppression (Dockry and others 2016; Whyte and

others 2018; USGCRP 2018).

Caveats

Importantly, to isolate the ecological response of

the forest to near complete ash removal, EAB

invasion and ash harvest were the only distur-

bances simulated on the landscape over the next

century. We assumed that EAB will continue to

cause widespread and relatively rapid ash mortality

in the study region over the coming century,

regardless of host age or biophysical setting. There

is a chance that the spread of EAB will be impeded

by county-level timber quarantines and other

management practices (Cappaert and others 2005;

Poland and Mccullough 2010; Barlow and others

2014; Herms and McCullough 2014). Yet at pre-

sent, it is highly likely that EAB will cause exten-

sive ash mortality in the study region (Krist Jr. and

others 2014). In addition, other natural and human

disturbances were not included. Wind events,

ranging in scale from single tree blowdowns to

extensive tornado damage, are a large component

of the region’s natural disturbance regime (Jano-

wiak and others 2014) and have been shown

elsewhere to influence species dynamics and resi-

lience (Lucash and others 2019). Apart from EAB,

other pests and pathogens, both native and inva-

sive, also affect forests in the study region. These

include jack pine budworm, spruce budworm,

gypsy moth, oak wilt, butternut canker, and

earthworms, among others (Janowiak and others

2014). Furthermore, LANDIS-II does not incorpo-

rate insect physiology, which often interacts with

tree physiology to alter the host–agent interaction

in complex and novel ways. Research on EAB-ash

interactions has found that factors such as bark

roughness and phloem chemistry can alter a

potential host tree’s susceptibility to EAB infesta-

tion (Marshall and others 2013; Herms and

McCullough 2014). Vegetation–wildlife interac-

tions, such as deer browsing, also alter succession

dynamics, especially in the early stages of estab-
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lishment in both early- and late-successional stands

in this region. Forest timber products contribute

greatly to the economy in the region (Janowiak

and others 2014), meaning forest management and

harvest occur at diverse spatial scales, representing

a range of ownership types and jurisdictional

boundaries. Further, land use change is constantly

occurring, and the impacts of urbanization or other

land use pressures were not included here. It is

important to consider the exclusion of these pro-

cesses from this work when interpreting the results,

as complex interactions between such processes at

multiple spatial and temporal scales are likely to

influence future forest structure and function. In

addition, we recognize the difference in forest his-

tory for certain forests within the region, namely

those on tribal lands, and seek to develop oppor-

tunities to continue to adjust this study to fit more

on the ground examples in the future. Indeed,

using sustainable forest management practices

outlined by Menominee Tribal Enterprises to

parameterize harvest on one part of the landscape

represents just one of many management scenarios

in a landscape that has a diversity of land use his-

tories. Incorporating multiple forest management

plans, such as those of private and public forest

land managers, which usually include many and

various harvest and planting strategies, was beyond

the scope of this study. The highly targeted harvest

scenario we used in this study, which is part of a

comprehensive management plan, was used

intentionally to highlight some of the potential

ecological impacts of ash removal alone. While our

results show that ash removal, due to either harvest

or EAB-related mortality, has limited implications

for forest structure and composition over the

coming century, it is important to note that there

are other consequences of ash removal not ex-

plored in this research. These include changes in

resource availability for certain fauna; changes in

microclimate, biogeochemical cycling, and hydro-

logical regimes; and altered carbon fluxes through a

reduction in net primary productivity. Further, the

magnitude of these changes might depend on site-

specific conditions, including extant species diver-

sity, as well as canopy and cohort diversity in

stands containing ash (Granger and others 2019).

For example, due to its tendency to be a founda-

tional, keystone, and dominant species where it

occurs, black ash stands might require considerably

more ecological consideration in management

plans (Looney and others 2015; Granger and others

2019). Meanwhile, the loss of white and green ash

might have greater economic than ecological im-

pacts, meaning mitigation plans for these species

might need only consider which species serve as

suitable alternatives that are comparable in timber

value (Granger and others 2019). For more

nuanced approaches to ash management and

potential replacement species, we point to (Looney

and others 2015; Nisbet and others 2015; Iverson

and others 2016; Granger and others 2019). Thus,

there are many complex interactions that while not

explored here, present important opportunities for

future research. However, our results contribute

meaningfully to the EAB and forest ecology liter-

ature by highlighting the potential effects of one

highly specialized and targeted form of disturbance

on forest composition and diversity.

CONCLUSION

Overall, our results highlight the critical interaction

between expected changes in climate and distur-

bance on biodiversity over the next century,

showing greater homogenization of the landscape-

level species assemblage and greater inequality in

each functional group’s proportional share of bio-

mass compared to the historic condition. In par-

ticular, southern hardwoods and oaks account for a

greater amount of proportional biomass, while

northern conifers, southern conifers, aspens, and

birches account for less of the proportional biomass

under future climate scenarios compared to the

historic scenario. Moreover, despite an abundance

of concern over the loss of ash trees due to wide-

spread EAB invasion, we find limited evidence to

suggest that ash loss will impact species dominance

and richness in our study region. End-of-century

biomass is not a function of ash loss, and those

species that come to dominate the landscape are

not found exclusively in areas where ash loss oc-

curred. Further, there is no difference in the re-

sponse of species richness to disturbance compared

to areas where ash was not present under the initial

condition. Together, these results suggest that ash

loss will not be a primary driver of forest change

over the next century at landscape scales. However,

the loss of ash may have negative consequences for

other biophysical processes, including hydrologic

regimes in swampy areas dominated by black ash

and may have significant negative consequences as

a cultural resource, such as to the Menominee.

Evidence of its negative economic and ecological

impacts is broadly understood, and there is a gen-

eral consensus that EAB will continue to have

negative impacts on ecosystem processes. As EAB

continues to become established in new areas, EAB

management remains an active area of research

and regulation.
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