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—38.0 °C, respectively (Figure 1). Supercooling points of larvae from black ash were not significantly
different between winters (x2 = 1.2, df =1, p = 0.28; Figure 1), but were different for larvae from green
ash (x? = 6.4, df = 1, p = 0.01; Figure 1).

Figure 1. Kaplan-Meier estimates of the likelihood that an A. planipennis larva will begin to
freeze (i.e., give a supercooling point) after exposure to a particular temperature, by tree species,
in (A) the winter of 2012-2013 and (B) the winter of 2013-2014. Censored individuals did not start to
freeze by their lowest exposure temperature.

Mortality from cold exposure. In the winter of 2012-2013, no effect of host on mortality rates of
A. planipennis larvae could be detected one week after cold exposure (Figure 2A). Mortality rates of
control larvae were 5.0% =+ 4.9% (SE) from black ash and 20.8% = 8.3% from green ash at this time.
At 0 °C (i.e., the intercept of the statistical model), no effect of host on mortality rate was detectable
(F=1.3, df =1, 170, p = 0.25). The mortality rate increased significantly as the coldest exposure
temperature decreased (F = 9.3, df =1, 170, p = 0.003). When exposure temperatures reached —35 °C,
mortality was 59.1% =+ 10.5% in larvae from black ash and 45.4% =+ 10.6% in larvae from green ash.
Host species did not affect the change in larval mortality rate as the coldest exposure temperatures
declined (F=1.5,df =1, 170, p = 0.22).

Figure 2. Mortality of A. planipennis larvae from black and green ash in the winters of 2012-2013 and
2013-2014 in response to acute exposure to different low temperatures. Mortality was assessed at:
(A) one week after exposure; (B) again 13 days after exposure at pupation; and (C) one week after
exposure. Asterisks indicate statistically significant differences in morality between larvae from black
and green ash at that temperature. Host did not significantly affect the predicted mortality rates at 0 °C
or the change in mortality rates as temperatures changed.
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Mortality rates by the time of pupation (within two weeks of cold exposure) were typically ~40%
greater than at one week after cold exposure (increase ranged from zero- to five-fold; Figure 2A,B).
At this time, mortality rates were greater for larvae from black ash than green ash at —35 °C
(Z=2.13,p=0.017) and 25 °C (Z = 2.50, p = 0.0062; Figure 2B). No statistically significant differences
were detected when the coldest exposure temperature was —30 °C, 20 °C, or room temperature
(Z <0.09, p > 0.18). Although larvae from black ash had greater mortality rates than larvae from
green ash in four of the five exposure treatments, host species did not affect the projected level of
mortality at 0 °C (F = 0.1, df = 1, 170, p = 0.92) or the change in mortality rate as the coldest exposure
temperatures declined (F = 0.08, df = 1, 170, p = 0.77). The mortality rate increased as the coldest
exposure temperatures decreased for larvae from both host species (F = 7.2, df = 1, 170, p = 0.008;
Figure 2B).

In the winter of 2013-2014, no differences were detected in mortality rates between A. planipennis
larvae from black and green ash at one week after cold exposure (Z < 0.52, p > 0.31; Figure 2C).
Mortality rates among larvae that were kept at room temperature were ~37%. Although mortality
rates increased as the coldest exposure temperatures declined (F = 5.1, df = 1, 87, p = 0.03), host
species had no discernable effect on the projected level of mortality at 0 °C (F =0.3,df =1, 87, p = 0.6)
or on the change in mortality rate as exposure temperatures declined (F =0.2, df =1, 87, p = 0.7).
Of larvae that were briefly exposed to —40 °C, ~85% were dead 7 days later. In the winter of 2012-2013,
the mortality rates of control A. planipennis larvae from black and green ash were ~10% at one week
after testing (Table 2). Mortality levels among chilled (unfrozen) individuals did not significantly
differ from controls at any subzero temperature exposure. No larvae from black or green ash began
to freeze (i.e., gave an exotherm) at temperatures >—20 °C (Table 2). When chilled (unfrozen) and
frozen larvae were present after being exposed to the same temperature, the mortality rate of chilled
larvae was less than one third of the mortality rate of frozen larvae; the difference was statistically
significant for individuals from black ash exposed to —25 °C and from green ash exposed to —30 °C or
—35 °C (Table 2). When observations among exposure temperatures were combined, the proportion
of larvae that were dead one week after being chilled was significantly less than after being frozen.
The mortality rate among all chilled individuals combined within a host species was not different
from controls for larvae from black (x% = 0.29, df = 1, p = 0.59) or green ash (x2=1.14,df=1, p=0.28).
The proportions of larvae that were dead one week after being frozen were significantly less than 1.0
for larvae from black ash (exact upper 95% confidence interval = 0.87) and green ash (exact upper 95%
confidence interval = 0.89).

In the winter of 2013-2014, host species, chilling, and freezing had qualitatively similar effects
on mortality rates (one week post exposure) of A. planipennis larvae as in the winter of 2012-2013.
The mortality rates of chilled (unfrozen) individuals did not significantly differ from the mortality rates
of control larvae (~44% for both host species) at any exposure temperature (Table 2). No larvae began to
freeze at temperatures >—30 °C. The mortality rates of chilled (unfrozen) larvae were numerically less
for frozen larvae from black and green ash at each exposure temperature, but the differences were not
statistically different until observations from all exposure treatments were combined (Table 2). Then,
the mortality rates of frozen individuals were twice as great as the mortality of chilled individuals
for both host species. The combined mortality rate of chilled individuals was not different from the
control for larvae from black (x% = 0.18, df = 1, p = 0.67) or green ash (x2 =025 df =1, p = 0.62).
The combined mortality rate of frozen individuals was less than 1.0 for larvae from black ash (exact
upper 95% confidence interval = 0.99) and green ash (exact upper 95% confidence interval = 0.97).
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Table 2. Mortality of chilled and frozen A. planipennis larvae from green and black ash in the winters of
2012-2013 and 2013-2014 at one week after acute exposure to a subzero temperature.

Chilled ? Frozen Chilled Frozen
Temp. (°C) nb Mortality % n Mortality % n Mortality % n Mortality %
2012-2013 Black ash Green ash
—35 2 0.0 20 65.0 8 0.0 14 714%
-30 22 13.6 3 66.7 19 5.3 5 100 *
—25 17 5.9 5 100 * 22 9.1 3 33.3
—20 16 6.3 0 - 18 27.8 0 -
25 20 5.0 0 - 24 20.1 0 -
Combined ¢ 57 8.8 28 714 %% 67 11.9 22 72.3 %%
2013-2014
—40 0 - 6 83.3 0 - 7 85.7
—35 1 0.0 12 91.7 1 0.0 9 88.9
-30 9 55.6 0 - 7 57.1 5 80.0
—25 8 375 0 - 6 33.3 0 -
25 11 36.4 0 - 12 33.3 0 -
Combined © 18 44.4 18 88.9 ** 14 429 21 85.7 *t

@ an exotherm was not observed for chilled larvae but was for frozen larvae; the extent of freezing was not measured.
® 1 = number of individuals that were chilled or had started to freeze by the exposure temperature. ¢ combined
values did not include 25 °C (room temperature controls). * mortality rates from chilling and freezing were
significantly different (p < 0.05) as determined by Fisher’s exact test (Chi square) with one degree of freedom.
* combined mortality of frozen individuals was significantly less than one, as determined by the lack of overlap with
exact 95% confidence intervals. For each host species in each winter, the mortality of chilled (unfrozen) larvae at each
exposure temperature was not statistically different (p > 0.05) from larvae held at room temperature, as determined
by Fisher’s exact test (Chi square) with one degree of freedom.

4. Discussion

Host species had idiosyncratic effects on the cold tolerance of A. planipennis larvae. In only
one of four trials did host have an effect on the supercooling point, and in this case, the effect was
statistically marginal (Table 1). Similarly, in 16 comparisons of larval mortality after exposure to
subzero temperatures, statistically-significant effects of host were only detected in two instances,
both in the winter of 20122013 for larvae whose coldest exposure temperatures were —35 or —25 °C
(Figure 2). In all cases where a possible effect was detected, larvae from black ash were less cold hardy
than larvae from green ash. While these sporadic differences are intriguing to us, most of the data from
this study indicate that the cold tolerance of A. planipennis larvae from black ash and green ash does not
differ. In some cases, small sample sizes reduced the power of the statistical tests to detect a difference.
Thus, we believe that the correct interpretation of these findings, in aggregate, is that overwintering
A. planipennis larvae from black ash were not more cold tolerant than larvae from green ash.

This interpretation of our findings has important ramifications. Much of the previous knowledge
of A. planipennis cold tolerance was based on larvae that had developed in green ash, and this
information had been used to forecast where A. planipennis might (not) be able to overwinter,
irrespective of the host species that were present [48]. Our findings suggest that mortality levels
of larvae in black ash should be expected to be the same as larvae in green ash when exposed to the
same temperature, but occasionally might be greater. Accurate forecasts depend on reliable information
about the relationship between temperature and mortality and on measures of the temperature(s)
that overwintering larvae experience. Although Vermunt et al. [49] developed models to forecast
temperatures beneath the bark of green ash and white ash (F. americana), similar relationships have yet
to be developed for black ash in mesic or hydric sites (but see Christianson [50]).

Our results are based on acute exposures of larvae to subzero temperatures and need to be
interpreted with caution. The mortality measured in this study does not account for the potential
effects of prolonged exposure to subzero temperatures. In general, mortality increases within limits
as exposure time to a constant, low temperature increases [51]. In this respect, our estimates of
mortality are conservative because larvae in the field would be expected to experience some of these
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temperatures for minutes, hours, or days when they occur, not seconds. Conversely, our estimates of
mortality may be liberal because they are based on a cooling rate of 1 °C/min. Although this rate has
been widely accepted as a standard laboratory protocol [52,53], it has been challenged for its ecological
relevance [54]. With slower cooling rates that are common in temperate climates, supercooling
points can be different, as can temperature-mortality relationships, e.g., [55]. The utility of these
laboratory-based measures of cold tolerance, irrespective of the cooling rate that was used, can only
be evaluated through comparisons with independent observations of mortality from the field. Such
comparisons were beyond the scope of this study.

Our study indicates that overwintering A. planipennis larvae, whether developing in black or
green ash, are primarily freeze avoidant. If larvae stay in an unfrozen state, mortality rates appear
to remain unaffected, even as the coldest exposure temperature decreases. Any effects of cold on the
mortality of these individuals could not be distinguished from the effects of larvae being extricated
from their hosts and handled during the study, despite efforts to exclude injured individuals from
the experiments. However, once larvae begin to freeze, mortality rates increase markedly. Freeze
avoidant insects often have a low supercooling point, whilst freeze tolerant insects have a greater
supercooling point [18]. The results of the present study are consistent with this pattern. The results
are also in agreement with the conclusions of Crosthwaite et al. [26]; yet, in the winter of 2012-2013,
we were surprised to find four larvae that had frozen, or had at least started to freeze (as evident by the
detection of an exotherm), and continued to live for up to 13 days after cold exposure. Because we did
not measure the extent of ice formation, it would be presumptuous to conclude that these individuals
were freeze tolerant. Such individuals might be classified as partially-freeze tolerant [46,56], but the
ecological ramifications of such a cold tolerance strategy are debatable [56,57].

Our studies help to provide a more robust characterization of the cold tolerance of A. planipennis
by measuring the extent of mortality and the proportion of insects that may have frozen at different
exposure temperatures [46]. Because the vast majority of overwintering A. planipennis larvae die
upon freezing, the supercooling point provides a convenient indicator of the expected level of
mortality at different temperatures. In portions of our study, the supercooling points of A. planipennis
larvae were lower than previously reported. The supercooling points of artificially infested larvae
measured in November 2011 (~—25 °C) were similar to previously reported values. However,
the mean supercooling points of artificially-infested larvae in January 2013 and field-collected larvae
in January-March 2013 and January—March 2014 were nearly 2—-6 °C lower than previously reported
mean supercooling points and were significantly colder than those from November 2011.

The differences in supercooling points from previous studies and ours could also be related to the
extent of cold acclimation that occurs during the fall and early winter. The warmer supercooling points
we recorded in November 2011 could have been because testing was performed before the insects
had fully acclimatized to winter or the insects were responding to a warmer than average fall, which
preceded a warmer than average winter [58]. However, two years of study by Crosthwaite et al. [26]
showed that the mean supercooling point declined from October through mid-November, but did not
change statistically thereafter for the remainder of the winter. The annual variation in supercooling
points and temperature-mortality relationships measured in this study hint that the degree of cold
tolerance of A. planipennis is a plastic response to as yet undefined cues experienced during autumn
or winter. If A. planipennis larvae are able to adjust their cold hardiness in response to these cues,
our data seem to show a lower limit to A. planipennis’ capacity to cold harden: the fall and winter of
2013-2014 were colder than average, but supercooling points and the mortality from freezing were not
statistically different from the results collected during the more typical Minnesota winter of 2012-2013.
Potential genetic differences in populations of A. planipennis could also explain different reports of
cold tolerance, but genetic testing suggests that the U.S. populations most likely stem from a single
introduction [59]. Regional differences in the quality of host species could also be a factor, but the
attribute of the host that could drive these differences remains to be identified.
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Cold often determines the northern limits of an invading insect’s range, e.g., [60,61].
Agrilus planipennis has yet to achieve its ultimate distribution in North America. The potential geographic
range expansion by A. planipennis into northern Minnesota where black ash is abundant in lowland black
ash-American elm-red maple forests [62] is a particular concern. Minnesota has more than 900 million
ash trees, about 75% of which are black ash [63]. Black ash and green ash comprise almost half of
Minnesota’s timber resource by volume in lowland forests and about one quarter of Minnesota’s total
forest resource [63,64]. Black ash is one of the few native tree species that grows in bogs and poorly
drained soils [65,66]. Green ash is a popular boulevard tree in communities throughout the state and is
a common native species to the central and southern part of Minnesota [64].

Seven years after first being detected in North America, A. planipennis was found in Minnesota for
the first time in Saint Paul [67]. Eight years after the insect arrived in the state, most of Minnesota’s ash
remains uninfested. The effect of temperatures <—30 °C on the distribution and impact of A. planipennis
in this state and elsewhere in North America remain to be determined, but overwintering mortality
in these areas could have substantial impacts on the rates of population growth and spread. Areas
with regular exposure to temperatures <—35 °C may provide thermal refugia that are vital to the local
persistence of native ash stands.
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Abstract: The arrival and spread of emerald ash borer (EAB) across the western Great Lakes region
has shifted considerable focus towards developing silvicultural strategies that minimize the impacts
of this invasive insect on the structure and functioning of black ash (Fraxinus nigra) wetlands.
Early experience with clearcutting in these forests highlighted the risks of losing ash to EAB from
these ecosystems, with stands often retrogressing to marsh-like conditions with limited tree cover.
Given these experiences and an urgency for increasing resilience to EAB, research efforts began in
north-central Minnesota in 2009 followed by additional studies and trials in Michigan and Wisconsin
to evaluate the potential for using regeneration harvests in conjunction with planting of replacement
species to sustain forested wetland habitats after EAB infestations. Along with these more formal
experiments, a number of field trials and demonstrations have been employed by managers across
the region to determine effective ways for reducing the vulnerability of black ash forest types to EAB.
This paper reviews the results from these recent experiences with managing black ash for resilience to
EAB and describes the insights gained on the ecological functioning of these forests and the unique,
foundational role played by black ash.

Keywords: black ash; adaptive silviculture; emerald ash borer; Lake States; hydrology; habitat type

1. Introduction

Novel stressors, such as non-native insects and diseases, present a significant challenge to the
long-term sustainable management of forest ecosystems around the globe [1]. For example, recent
estimates for the United States indicate that almost two thirds of all forestlands are susceptible to
damage from non-native insects and diseases already present in the country [2]. In many cases, these
organisms are host-specific with the ability to functionally eliminate a given tree species from an
ecosystem [3]. As such, there is a significant need for the development of adaptive management
strategies that increase forest resilience to the loss of a constituent tree species as a way to maintain key
ecosystem functions after infestation by non-native species [4]. This need becomes urgent when the
host species is considered foundational to ecosystem functioning, such that its loss cannot readily be
absorbed by other species in the ecosystem [5].
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Forest management guidelines developed in response to non-native insects and diseases have
generally focused on altering host species structure and abundance to minimize spread and impacts of
a given organism. These approaches may include removing all potential host species from forested
areas within a set distance of known infestations [6,7] or selective removal of larger host trees to
reduce availability of brood trees [8,9]. Although these strategies are warranted in areas proximal
to introduction points and ongoing infestations, their application in areas not currently threatened
may generate greater ecological and economic impacts than the non-native forest pest itself (e.g., [10]).
To date, less attention has been devoted to developing appropriate silvicultural strategies for increasing
the resilience of these unimpacted areas to maintain long-term management options and ecological
functions even after a pest’s establishment.

The introduced emerald ash borer (Agrilis planipennis Fairmaire [EAB]) is one of the more
significant non-native insects threatening North American forests given the importance of ash species
across numerous forest types and regions [11], and the ability of this insect to cause widespread
mortality within 2-6 years of invasion [12]. Most ash species exist as minor components of mixed
species forests [11] and loss of canopy ash to EAB will eliminate the unique ecological functions of ash,
but forested conditions are expected to persist in these affected ecosystems. One exception are black
ash (Fraxinus nigra Marsh.)-dominated lowland forests in the western Great Lakes region, where black
ash often forms almost pure stands, with up to 95% of stems composed of this species [5]. As black ash
is a foundational species in these forests, expectations regarding EAB impacts include not only a loss
of canopy black ash, but also a concomitant shift in ecosystem structure and function to marsh-like
conditions with little to no tree component [13,14]. In particular, historic experience with clearcutting
and recent field simulations of EAB impacts indicate that the loss of canopy black ash may cause the
water table to rise and increase the duration of water at or near the soil surface [13,14]. These changes
represent not only a significant threat to organisms and processes associated with current black ash
ecosystems [5], but also a significant challenge to managers tasked with sustaining these ecosystems in
the face of the threat of EAB invasion.

As with other forest types threatened by non-native insects and diseases, the management
guidance for black ash forests was developed based on research and management experience developed
prior to the introduction of EAB. This historical guidance largely focused on silvicultural strategies that
encouraged the dominance of black ash over time [13], a condition in contemporary contexts that is
highly vulnerable to EAB impacts. Recent management recommendations for addressing EAB in these
and other ash forest types have primarily focused on minimizing establishment and spread of the insect
through reducing host abundance [8,9]. Although these approaches, when applied in conjunction with
insecticides, may reduce spread of EAB in localized, urban settings, they represent a reactive strategy
to a current outbreak as opposed to a proactive approach that aims to increase resilience to impacts
prior to invasion. Moreover, black ash can dominate extensive areas (1-40 ha) presenting significant
logistical challenges for widespread application of insecticides to protect all black ash forests. Given
the potential for significant ecosystem phase shifts following EAB mortality or pre-emptive liquidation
harvests in lowland black ash forests (cf. [13]), there is a great need for silvicultural strategies that
reduce vulnerability of these ecosystems to EAB prior to its arrival. In addition, given the continued
spread of this insect and the infeasibility of treating all black ash-dominated areas, there may also be a
growing need for rehabilitation approaches to reintroduce forest cover to places where the insect or
associated reactive management have resulted in a shift to non-forest conditions.

The overall objective of this paper is to review recent research and experience managing black ash
ecosystems to provide general guidance for the adaptive management of these ecosystems in the face of
EAB invasion. This includes describing the general ecological setting of these forests as a foundation for
adaptive silviculture prescriptions, summarizing insights from long-term research trials evaluating the
effectiveness of different silvicultural treatments at increasing the non-ash components in these forests,
and discussing potential rehabilitation approaches for returning other species to these areas after EAB
has eliminated black ash. To date, EAB has spread to 32 states in the US and three Canadian provinces
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since its discovery in Michigan in 2002, and has killed nearly 100% of ash stems >2.5 cm diameter
at breast height (DBH; 1.3 m) in areas proximal to where it was first introduced [15]. In most cases,
the majority of ash trees are killed within 2-6 years of invasion; however, individual trees and stump
sprouts have persisted for over a decade in some green ash (Fraxinus pennsylvanica Marsh.)-dominated
wetlands in southern Michigan, indicating areas may not always experience complete ash mortality
following invasion [16]. As such, the management recommendations reviewed in this work are not
definitive given the great uncertainty around long-term EAB impacts and silvicultural outcomes, nor
is it expected that they can be applied across all black ash-dominated areas and ownerships. Instead,
they are meant provide a framework for approaching this threat to increase resilience and sustain a
forested condition over the long term, particularly given the significant losses of ash observed in all
ecosystem types impacted by EAB (>62-100% of basal area; [15,16]). At the time of writing, EAB had
not been detected in the areas serving as the focus for this review (northern MI, MN, and WI) and the
experiments and recommendations largely assumed EAB arrival within the next 10-15 years based on
location of known infestations (southern MN and WI, eastern Upper Peninsula of Michigan) relative
to expected rates of spread [17].

2. Ecological Context of Black Ash Wetlands

A central challenge to developing adaptive management approaches for addressing the threat of
EAB is the limited amount of information on the ecology and management of black ash forests relative
to other forest ecosystems in the Great Lakes region. Black ash has long been a significant component
of the cultures and livelihoods of Native Americans and First Nations people across the range of
this species [15]. However, its lower historic value to the timber industry in the Great Lakes region
resulted in greater historical emphasis of research on more productive, upland forest types, as well
as lowland conifers. The introduction of EAB to the region in the early 2000s motivated considerable
effort towards generating a greater understanding of the ecology and dynamics of these forests as a
foundation for developing appropriate management responses. The following section summarizes our
current understanding of the variety in black ash forest habitats as well as several key findings from
recent investigations into the hydrology and regeneration dynamics following episodic dieback and
their relevance to adaptive management in the context to EAB.

2.1. Black Ash Forest Habitat Types

Black ash wetland forests are complex and exist across a wide range of biophysical settings
covering over 1 million ha in Minnesota, Michigan, and Wisconsin [18]. Early work describing
the vegetation and silviculture of these forests recognized this complexity and demonstrated the
importance of water table depth and nutrient conditions in affecting regeneration dynamics and forest
composition [13,19,20]. Nevertheless, historical management guidance and forest classification systems
often lumped all black ash-dominated forests into a single “black ash swamp” or “lowland hardwood”
category with little consideration for the important variations in soil, nutrient, and vegetation dynamics
that occur in these ecosystems [21-23]. The advent of forest habitat type classification systems (FHTCS)
for the Lake States region during the 1980s and 1990s resulted in a greater appreciation for the range
in black ash-dominated forests that existed across the landscape. In particular, they generated a
framework that has been critical for recognizing variations in soil, moisture, and vegetation conditions
that exist across sites when developing management strategies for addressing EAB [20,24,25].

The first FHTCS to describe the variation in black ash communities were developed in Minnesota,
owing in part to the comparatively high abundance of black ash forests in this state relative to Wisconsin
and Michigan [20]. Two main black ash forest types, Wet Ash Forests (WFn55) and Very Wet Ash Forests
(WFn64), were described by this FHTCS and both are dominated by >75% black ash in the canopy and
understory layers [25]. The variation between these two communities is driven by the influence of
flooding duration and organic soil depth in affecting nutrient dynamics. The primary distinguishing
features between WFn64 and WFn55 communities are peaty versus mineral soils and a greater duration
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of standing water during the growing season in WFn64 communities. These differences have important
management implications, as even the creation of larger group selection openings (0.2 ha) has led to a
rise in local water tables and loss of tree cover in areas classified as WFn64 communities (Peter Bundy,
personal communication). The importance of overstory tree cover in regulating water table dynamics
during recruitment events has also been reinforced by examinations of the age structure of old-growth
examples for these two habitat types, which indicate these systems are strongly multi-aged with
historic development influenced primarily by gap-scale disturbances (Figure 1; D’Amato et al. in prep).
A similar multi-aged population structure was also documented across numerous old-growth black
ash riparian forests in the Lake Duparquet region of Quebec [26].
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Figure 1. Age structure for two old-growth black ash forests in Minnesota. Sample size corresponds to
number of cored individuals for which recruitment ages were obtainable, including several downed,
dead black ash. The Kupcho Run site is classified as a “Very Wet Ash Forest (WFn64)”, whereas the Lake
Williams site is classified as a “Wet Ash Forest (WFn55)” based on Aaseng et al. [25]. Other hardwood
species are largely Ulmus americana L., Tilia americana L., Betula alleghaniensis Britt., Acer rubrum L., and
Quercus macrocarpa Michx. Conifer species are Abies balsamea (L.) Mill., Picea glauca (Moench) Voss, and
Thuja occidentalis L.

In contrast to the FHTCS developed for Minnesota, early classification systems developed for
Wisconsin and Michigan focused primarily on more productive upland forest types leaving key
knowledge gaps regarding lowland forest, including black ash ecosystems [24]. The arrival of EAB to
the region motivated renewed focus on these ecosystems and led to the development of the Wisconsin
Wetland Forest Habitat Type guide using methods and interpretation similar to the forest habitat
type guide for upland forests [27]. This guide includes management interpretations provided by the
Wisconsin Department of Natural Resources (WDNR; [27]) and has been an important tool for foresters
across the state in interpreting complex, wetland forest systems.

The wetland habitat typing system developed for Wisconsin covers five biophysical regions in
the northern portion of the state and recognizes 12 lowland Fraxinus (black ash) types that vary in
understory vegetation, nutrient availability, soils, and hydrology [27]. Consistent with the silvics of
the species, black ash-dominated habitat types are generally characterized by medium rich nutrient
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regimes (e.g., Figure 2). The Black Ash-Balsam Fir-Red Maple/Sensitive Fern (FnAbArOn) type is
the most widespread black ash habitat type in Wisconsin and is characterized by organic soils that
can vary from 30 to 90 cm in depth overlaying mineral soils [27]. Habitat type field monitoring of
these areas identified organic soil depth as a key driving factor of nutrient availability and duration
of flooding, with deeper organic soils having greater potential for hydrological changes and rutting
associated with timber harvest. As with the Minnesota habitat types, the less rich habitat types tend to
regenerate predominately to black ash following harvesting and have become areas where artificial
regeneration is being considered to enhance the non-ash components [28].
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Figure 2. Synecological coordinates of forest habitat types in north-central Wisconsin (Region
3) based on understory plant species communities, soil moisture, and nutrient regimes.
Habitat types in blue are recently added wetland habitat types, including several that
are dominated by black ash: Fraxinus-Acer/Impatiens (FnArl), Fraxinus-Abies-Acer/Onoclea
(FnAbArOn), Abies-Fraxinus-Thuja/Ilex (AbFnThlIx), and Abies-Fraxius-Thuja/Osmunda (AbFnThOs).
Black ash-dominated habitat types in general are most mesic in nutrient regimes relative to other
forested wetland communities in the region. From Kotar and Burger [27].

Ash-dominance is a common feature across abovementioned habitat types developed in
Minnesota and Wisconsin; however, the abundance of non-ash species in the overstory can be quite
variable within and across habitat types reflecting variations in local site conditions and land-use
history. For example, non-ash species, including Quercus macrocarpa, Ulmus americana, and Abies
balsamea, made up 16-30% of the basal area across old-growth WFn64 communities in Minnesota [29].
Similarly, black ash abundance ranged from 25% to 85% of basal area in isolated, depressional wetlands
in the Upper Peninsula of Michigan, with Betula alleghaniensis and Acer rubrum often constituting
the other primary overstory species [30]. The variation in these community types, particularly
in relation to the amount of non-ash trees present in the overstory and regeneration layers, is an
important consideration when determining vulnerability to EAB impacts and developing appropriate
management responses [31]. Much of the experience with managing black ash forests for resilience

250



Forests 2018, 9, 348

to EAB has been in the context of the most vulnerable conditions and habitat types in MN and WI
(i.e., >70% black ash) and application of these approaches to other systems and regions will require
adaptation to local site conditions and levels of non-ash in the canopy.

2.2. Hydrologic Setting of Black Ash Forests

Black ash wetlands occur in a number of hydrogeomorphic settings that span a range of scales
including large expansive complexes [14], floodplains [32], areas along streams and rivers [33], and in
topographic low depressions [34,35]. Topography and its influence on drainage is a primary factor
influencing wetland hydrology, but soil parent material can also play a large role. In the large expansive
wetlands of northern Minnesota, presence of a dense layer of thick clay results in a perched water table
that is the primary driver of hydrology. Soils range from deep organic peats (especially in depressional
wetlands) to mineral soils overlain by shallow layers of muck, but all are poorly to very-poorly drained.
Water source is primarily from precipitation, either as direct rainfall or snow inputs [35] or indirect
from localized drainage [34].

Depending on the dominant hydrological process(es), hydroperiod length in black ash wetlands
can be quite variable, but most sites are characterized as having water tables at or above the soil surface
during a portion of the growing season. Wetlands fed by consistent groundwater sources, whether
from deep regional flows or areas occurring at topographic lows in the local landscape, may have very
little water level variability throughout the year with prolonged surface water presence [34]. In large
expansive wetland complexes, water level variability is typically intermediate, where water tables are
generally at or above the surface in spring, followed by a large drawdown in early summer until a
stable minimum is reached later in the season (Figure 3).
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Figure 3. Water table hydrograph for a black ash wetland in northern Minnesota (classified as WFn64
based on Aaseng et al. [25]). Water tables are above the soil surface following spring snowmelt, and
then rapidly drawdown once black ash leaf expansion occurs (usually in mid-June). The influence of
black ash transpiration on this pattern is readily apparent in the diurnal water table pattern once water
tables are below the soil surface (inset).

The dominance of black ash (typically greater than 80% of the canopy; [29]) in wetland settings
reflects its unique physiology that allows for transpiration during periods of inundation [36,37].
Because of this, black ash strongly regulates the hydrologic regime with water table drawdown
occurring rapidly following black ash leaf expansion in the spring (Figure 3). Evidence of this
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biological influence is clearly evident in the diurnal water table signature, with pronounced drawdown
during the day when trees transpire followed by slight recharge or stability during the night (Figure 3
inset). Black ash transpiration (and its influence on overall evapotranspiration [ET]) is thought to be
greatest when water tables are below the surface and at intermediate depths (~50 cm, [38]).

Given the role of ET in site hydrology, a reduction in black ash transpiration is likely to alter water
table dynamics, causing the water table to rise and increase the duration of water at or near the soil
surface [13,14]. Because of this, black ash wetlands are commonly believed to be highly susceptible to
hydrologic alteration following EAB mortality [14,34]. Slesak et al. [14] used experimental girdling to
mimic EAB mortality, which caused the water table to be elevated and near the soil surface for longer
periods of time relative to control stands. Using a similar approach but in a different hydrogeomorphic
setting, Van Grinsven et al. [34] found the effect of black ash loss was more muted, largely because
the hydrologic regime was influenced by continuous subsurface inflow associated with topographic
position in the landscape. Although there are clear effects of ash loss on water table dynamics [13,14],
the magnitude and duration of these effects is not clear. Recent work by Diamond et al. [39] showed
that clearcutting caused a distinct change in hydrologic regime that persists for at least five years.
Although hydrologic alteration at the site scale is likely following black ash loss, it is not clear how
such changes will alter hydrology at larger scales such as the watershed.

2.3. Black Ash Decline and Natural Regeneration Potential for Non-Ash Species

Finding effective adaptive management approaches for black ash ecosystems in the face of EAB is
complicated by a long-standing episodic dieback/decline problem that occurs throughout much of the
range of black ash, including the Lake States and northeastern United States [40—42]. Most dieback
episodes are not associated with a specific disease or insect pest, but include areas of crown dieback and
tree mortality, particularly on more hydric sites [42]. In fact, the cause is still in doubt, with speculation
that it relates to spring drought [41,43] or, conversely, overly wet conditions [42,44]. Regardless,
dieback episodes can affect large areas of black ash with over 9000 ha affected in Minnesota in 2009
alone [41].

Regardless of cause, examining successional potential in declining stands can provide insight
into the future of EAB impacted black ash wetlands. Unfortunately, this future may not be bright.
While black ash regenerates prolifically from stump-sprouts [13], and research has documented high
numbers of (likely) sprout-origin black ash seedlings after harvesting [45-47], densities may decline
significantly as trees grow into larger sizes [22,48], potentially limiting self-replacement. Moreover,
this regeneration presumably will suffer the same fate as canopy black ash, i.e., death from EAB after a
susceptible size is reached (approximately 2.5 cm diameter).

Natural successional replacement of black ash after EAB mortality may be limited as well.
In Minnesota wetlands, for instance, canopy species other than black ash occur in very low densities,
generally much less than 20% of relative density [23,48,49]. Consequently, there is not a high
potential for replacement of EAB killed black ash from the current sapling or tree layers. Moreover,
the regeneration layer in these forests is generally dominated by speckled alder (Alnus incana [L.]
Moench) and beaked hazel (Corylus cornuta Marsh.), with only limited abundance of canopy potential
species [48]. This regeneration bottleneck may be exacerbated with loss of black ash from EAB if, as
discussed above, this results in an upward fluctuating water table, further increasing the potential for
regeneration failures.

3. Management Experience with Strategies for Increasing Resilience of Black Ash Wetlands to EAB

3.1. Research Trials Examining Artificial Regeneration Options to Increase Non-Ash Components

The importance of black ash in many lowland habitat types and the hydrological responses
observed following the loss of this species to harvesting or decline episodes, led to the establishment
of several adaptive silvicultural studies focused on strategies for increasing ecosystem resilience in
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advance of EAB. A primary component of this work was the evaluation of artificial regeneration of
non-ash species as a strategy to maintain tree cover following the loss of overstory ash. Although there
is no true cultural or ecological replacement for black ash, the emphasis of these studies was to
evaluate approaches for replacing the core ecological functions provided by black ash (e.g., hydrologic
regulation, mature tree habitat, live-tree carbon storage) so as to maintain forested wetland conditions
following infestation by EAB. The first of these studies was established in north-central Minnesota in a
region containing the greatest concentration of lowland black ash forests in the US [14]. This work
included canopy treatments intended to emulate EAB (girdling of all ash in 1.4 ha areas), potential
management responses to the threat of EAB (group selection and clearcut harvests), and untreated
controls, all in conjunction with operational plantings of 12 different tree species [49]. A later,
companion study was established based off this work in smaller, depressional black ash wetlands in
the Upper Peninsula of Michigan with a specific focus on the effect of planting microsite on seedling
survival [50]. Finally, planting trials of non-ash species in riparian black ash systems in Wisconsin were
developed to evaluate the effectiveness of underplanting several non-ash species to increase resilience
of these forests [50].

The wide range of species evaluated as potential replacements for black ash largely reflects the
great uncertainty and limited prior experience with planting trees in these lowland forests. The majority
of these species commonly co-occur at low abundance in black ash wetlands, including American
elm (Ulmus americana), red maple (Acer rubrum), northern white cedar (Thuja occidentalis), bur oak
(Quercus macrocarpa), yellow birch (Betula alleghaniensis), balsam poplar (Populus balsamifera), basswood
(Tilia americana), white spruce (Picea glauca), tamarack (Larix laricina [Du Roi] K. Koch), balsam fir
(Abies balsamea), and trembling aspen (Populus tremuloides Michx; Table 1). Other species found in
wetland forests in the study regions of interest have also been included in these trials, including black
spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.), cottonwood (Populus deltoides W. Bartram ex
Marshall), and American sycamore (Platanus occidentalis L.). Wetland species currently found in the
climate zone immediately south of these areas, including swamp white oak (Quercus bicolor Willd.),
hackberry (Celtis occidentalis L.), and silver maple (Acer saccharinum L.) have also been evaluated in an
attempt to anticipate both EAB and climate change impacts [49,50]. Finally, Manchurian ash (Fraxinus
mandschurica Rupr.) has been included in Minnesota trials due to its resistance to EAB and potential to
serve as a replacement for traditional Native American basket making materials historically provided
by black ash (G. Swanson, personal communication).

Table 1 summarizes general recommendations for artificial regeneration of non-black ash species
based on early patterns in seedling survival and growth. Survival has been generally quite low for
most species examined (e.g., <40%; [49]); however, swamp white oak has consistently performed well
in a variety of black ash habitat types (e.g., Figure 4). This greater survival (>75%; [49]) is consistent
with findings from planting trials in simulated floodplain conditions that indicate high potential for
this species for reforestation efforts in seasonally flooded environments [51]. Swamp white oak early
height growth rates have also been similar to those documented in other planting trials and have
ranged from 5 to 12 cm year ! [51]. Within species, seedling survival has largely been greatest under
an undisturbed or partial black ash canopy, reflecting the importance of ash in regulating water table
dynamics during the establishment phase and reinforcing historic recruitment dynamics in these
forests (e.g., Figure 1; [49]). In addition, overstory ash may also limit levels of competition experienced
by planted seedlings, as loss of ash often leads to an increased abundance of understory species,
including lake sedge and speckled alder (Looney et al., 2017). Planting location has also influenced
seedling success with planting on hummocks significantly increasing the survival of more mesic
species, such as American basswood, given the shorter duration of seedling exposure to flooding on
these microsites [50].
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Figure 4. (a) Swamp white oak (Quercus bicolor) planted in riparian black ash forest two years prior to
photo in southern Wisconsin as part of a strategy to underplant non-ash species to increase ecosystem
resilience to emerald ash borer (EAB); (b) Balsam poplar (Populus balsamifera) planted five years prior
to photo in 0.04 ha group selection harvest as part of an adaptive approach for addressing the threat of
EARB to the extensive black ash swamps in north-central Minnesota. Arrows in photos identify terminal
shoot of planted individuals, which was at 0.8 and 1.6 m height in (a) and (b), respectively.

Given that few of the species selected for the adaptive approaches being tested are widely planted
in operational settings, there has been limited opportunity to evaluate how stock type and size affects
species performance. General patterns suggest larger, bare-root or containerized stock have generally
had greater survival and growth when planted in black ash wetlands (Table 1). This includes large,
containerized Dutch elm disease (Ophiostoma novo-ulmi Brasier)-tolerant American elm, which has
also shown promise in other adaptive plantings to address EAB threats to riparian green ash (Fraxinus
pennsylvanica) forests in Ohio [52]. Black ash wetlands often have dense understory layers of shrubs
and herbaceous species [47] and larger stock sizes may provide a competitive advantage and increase
survival on these sites. This dynamic was reflected in a black ash silviculture field trial in Wisconsin in
which competition was controlled at the time of planting. In this context, there was no appreciable
difference in survival between containerized and bare-root tamarack and black spruce seedlings (>60%
survival after three years), whereas both species have fared poorly when planted as containerized
stock in other trials lacking competition control (<20% survival; [43]).

3.2. Encouraging Natural Regeneration of Non-Ash Species

There is great uncertainty regarding how effective and operationally feasible planting non-ash
species is for increasing the resilience across the large expanse of black ash forests in the Great Lakes
region. As a result, there is also considerable interest in the potential for using different regeneration
methods to encourage the natural regeneration and recruitment of non-ash species to diversify overall
composition and structure. A key source of information on the response of black ash wetlands
to different silviculture practices has been the Swamp Hardwood Silviculture Trials established by

255



Forests 2018, 9, 348

the Wisconsin DNR beginning in 1977 (Figure 5; [53]). These trials were established prior to the
introduction of EAB and correspondingly were focused on developing the most effective strategies
for managing and maintaining black ash-dominated forests [28]. Since the introduction of EAB to the
region, these trials have been revisited to evaluate the relative effectiveness of different strategies at
increasing the non-ash component in these forests, while also maintaining hydrological function.
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Figure 5. Location of Swamp Hardwood Silviculture Trials maintained by the Wisconsin Department
of Natural Resources. Trials are concentrated in north-central Wisconsin, which contains the greatest
concentration of black ash wetlands in the state.

The silviculture methods implemented in the Swamp Hardwood Silviculture Trials included
clearcut, coppice with standards, diameter limit, strip shelterwood, and single-tree selection with
the majority of trials established in FnAbArOn habitat types given the greater abundance of this
community type relative others in the state [53]. Within this habitat type, strip shelterwood harvests
consisting of 9 m harvested strips alternating with 18 m unharvested strips generally resulted in
the highest proportion of non-ash regeneration, particularly when non-ash seed trees were present
in unharvested strips (Figure 6). Non-ash species commonly regenerating following these harvests
included red maple, yellow birch, and American elm; however, black ash remained the most abundant
species in the regeneration layer in this and all other regeneration methods (Figure 6). In addition,
all treatments served to increase the abundance of shrub species in these forests indicating follow-up
release work may be necessary to maintain non-ash components in these stands (Figure 6). Single-tree
selection was the least effective regeneration method at stimulating non-ash regeneration given the
smaller canopy openings in this approach largely served to release black ash advance regeneration and
shrub species, such as speckled alder. Beyond positive regeneration responses, there was little evidence
of elevated water tables in strip shelterwood harvests, whereas swamping was noted for clearcut and
diameter-limit methods, although sample size was limited for the latter method. Strip shelterwoods
had the lowest amount of harvesting machine traffic and disturbance across sites given equipment is
restricted to harvested strips versus across the entire stand in other methods.
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Figure 6. Natural regeneration response to different regeneration methods and diameter-limit cutting
as part of the Wisconsin Department of Natural Resources silviculture trials in black ash lowland forests
in north-central Wisconsin. Data in figures are based on field measurements of these trials in 2015
and values represent means + 1 standard error. Sites were harvested between 2003 and 2013 and all
exist on Black Ash-Balsam Fir-Red Maple/Sensitive Fern (FnAbArOn) habitat types. Sample sizes for
the different regeneration methods and harvesting approaches are: strip shelterwood (1 = 6), clearcut
(n = 4), diameter limit (n = 1), and single-tree selection (1 = 4). Non-ash species include Acer rubrum,
Betula alleghaniensis, Abies balsamea, Ulmus americana, Betula papyrifera Marsh., and Thuja occidentalis.
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Shrub species are predominantly Alnus incana, Salix spp., and Corylus cornuta.

3.3. Decision Support Tools for Guiding Adaptive Management in Black Ash: The Wisconsin DNR Checklist for

Evaluating Lowland Ash Stands

Despite the recent focus on managing black ash forests and other ash-dominated lowlands in
the context of EAB, current silvicultural guidelines remain tentative and incomplete, due in large
part to our limited knowledge and experience managing these ecosystems for species other than ash.
Foresters and other natural resources managers have struggled with this knowledge gap while at
the same time attempting to develop silvicultural prescriptions that maintain forest productivity and
improve resilience to EAB. The WDNR Checklist for Evaluating Lowland Ash Stands was developed in an
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attempt to create a decision support tool that synthesizes our current state of knowledge, drawing
upon lessons learned from the research studies and field trials described above [54]. This tool is
complemented by other general guidance provided in the region by state agencies and University
Extension (e.g., [55]).

The first component of this checklist is a stand assessment designed to track and evaluate site
factors recognized as affecting silvicultural options and outcomes in black ash wetland forests based
on research discussed above. These factors include an evaluation of site quality (e.g., Wetland Forest
Habitat Type Classification System), timber sale operability, potential EAB impact to stand condition,
regeneration potential, and hydrological risk. Potential EAB impact is a key determining factor in
how managers may treat a given site and is based on the amount of non-ash acceptable growing stock
(AGS) that would remain following the loss of black ash. Stands containing >40 non-ash AGS per acre
or >45% relative density of non-ash AGS are considered less vulnerable to forest conversion following
EAB and can be managed according to other forest cover type guidance. Similarly, stand regeneration
potential is determined by evaluating non-ash advance regeneration, alternate seed sources, interfering
vegetation, and browse pressure. Hydrologic function and the general risk of “swamping” (i.e., water
table rise following timber harvesting) is evaluated using a set of observable site factors, such as
seasonal inundation period, depth to water table, soil drainage class, depth to mineral soil, and the
presence of impeded drainage.

Based on the stand assessment, users are guided to a decision tool to evaluate management options
most appropriate for a specific set of stand conditions. Regeneration methods are recommended in
vulnerable stands to naturally and artificially establish non-ash species. For example, partial harvest
regeneration methods such as strip shelterwood and group selection are recommended for stands with
high hydrological risk factors to limit the potential for swamping. The evaluation of stand regeneration
potential is central to determining the need for artificial regeneration, as well as if site preparation
and browse protection should be applied. It is important to emphasize that the decision tool is not a
“cookbook” for every situation, but meant simply to serve as an aid in the prescription writing process
when addressing the threat of EAB. To this end, the tool includes additional narratives that synthesizes
lessons learned from the Lake States’ research studies and field trials, in addition to other research and
field experience relevant to managing wetland forests.

3.4. Restoring Forest Cover to Areas Impacted by EAB

Much of the research evaluating adaptive silvicultural strategies for EAB has been developed for
areas where EAB is not currently present or is not causing significant impact. Given the challenges
with treating all areas prior to its arrival, new research in Wisconsin is now being established
to assist foresters with restoring forest cover to black ash wetland sites post-EAB. As with other
adaptive strategies, the primary goal is to ultimately maintain forested cover in these wetland systems.
Work examining vegetation development following black ash mortality has demonstrated the rapidity
with which shrubs, native sedges, and invasive species like reed canary grass (Phalaris arundinacea
L.) increase on these wetland sites (e.g., [47]) creating a significant challenge to reforestation efforts.
There is limited experience with site preparation techniques suitable for addressing these competition
conditions on wetland sites and the WDNR has established a new study to better understand the
cost and management efforts needed to establish new tree species following complete ash mortality.
This study includes three replicates of clearcut harvests of black ash stands >25 hectares to purposely
increase flooding duration and allow shrubs and sedges to increase. Study treatments will include
brush mowing, herbicide application, and their combination on nested treatments of varying planted
tree species that have shown promise as adaptive plantings in previous work (Table 1). In particular,
evaluation of these treatments in an earlier silvicultural trial indicate this approach may be affective
for establishing planted tamarack and black spruce on these sites [53]. Over the next ten years the
WDNR hopes this experiment will generate needed recommendations to foresters on cost-suitable
measures for site prep and tree seedling establishment following the loss of black ash to EAB.
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4. Conclusions

The invasive EAB has motivated considerable interest and research in understanding the
ecological functioning of black ash forests, as well as suitable adaptive silviculture strategies for
maintaining these ecological functions even after the arrival of EAB. This work has reinforced the
complexity of ecological conditions characterizing black ash-dominated wetlands and the unique,
foundational role black ash plays in affecting hydrology, patterns in biodiversity, and vegetation
dynamics. Given its unique role, there is truly no replacement for black ash in these forests. Despite this,
recent experience with adaptive planting approaches in conjunction with regeneration harvests
that maintain canopy cover during the establishment phase (i.e., group selection and shelterwood
approaches) suggest there may be opportunities to increase non-ash components to maintain some of
the forested wetland functions historically provided by black ash. Results from these studies are still
quite short-term; however, they provide a framework for addressing the threat of an introduced pest
by focusing on building resilience as opposed to solely focusing on eliminating host tree populations.

Despite the progress made over the past two decades in understanding black ash forests and
in developing strategies for increasing their resilience to EAB, there are several key knowledge gaps
that remain in relation to our ability to sustain these areas as forested wetlands into the future.
One key knowledge gap is the long-term suitability of potential replacement species that are already
being evaluated, and a related gap surrounds the suitability of other potential replacements species
in these forests, as well as how differences in stock type might affect within species performance.
Moreover, general availability of many of the species that have proven successful in early trials is
quite limited and a better understanding of nursery capacity for providing planting material necessary
for reforesting these areas is crucial. Similarly, there has been little evaluation of other reforestation
techniques, particularly aerial seeding of replacement species, which may be more cost-effective and
logistically feasible relative to hand planting black ash swamps. The impacts and effectiveness of
site preparation treatments in establishing non-ash species and controlling invasive species common
in these ecosystems, particularly reed canary grass, also have not been evaluated. Finally, the new
field trials in Wisconsin looking at restoration treatments after EAB invasion and tree mortality will
provide critical information on approaches for restoring tree cover; however, there is a need for
like evaluations across the great variety of habitat types on which black ash currently dominates
and associated feedbacks with local site hydrology. Regardless of treatment or site evaluated, all
adaptive management efforts should include retention of mature, seed-bearing black ash to maintain
its unique ecological functions prior to EAB arrival and provide opportunities for natural resistance
and reestablishment after invasion [54].
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Abstract: Emerald ash borer (EAB, Agrilus planipennis Fairemaire) is a phloem-feeding beetle that
was introduced into North America in the late 20th century and is causing widespread mortality
of native ash (Fraxinus) species. The loss of an entire genus from the forest flora is a substantial
disturbance, but effects vary because of differences in Fraxinus dominance and remaining vegetation.
At three sites near the center of the North American EAB range, we investigated the impacts of
Fraxinus mortality on recruitment of woody and non-native vegetation in 14 permanent plots from
2012 to 2017. We used the change in relative Fraxinus basal area to determine the impact of EAB on
density of woody species and non-native vegetation less than 2.5 cm diameter at breast height (dbh).
Changes in canopy cover were not correlated with loss of Fraxinus from the overstory, and only the
density of shade-tolerant shrubs and saplings increased with Fraxinus mortality. Both native and
non-native shrub species increased in density at sites where they were present before EAB, but no
new invasions were detected following Fraxinus mortality. These shifts in understory vegetation
indicate that Fraxinus mortality enhances the rate of succession to shade-tolerant species.

Keywords: Fraxinus; Agrilus planipennis Fairemaire; mesophication; forest regeneration; disturbance

1. Introduction

In the nearly two decades since emerald ash borer (EAB, Agrilus planipennis Fairemaire) was first
detected in North America [1], the response has evolved from preventing or mitigating damage to
Fraxinus [2—4] to understanding how the introduced insect might impact other species and ecosystem
function in forest communities [5-7]. Forest plant communities of eastern North America, like
any system, are dynamic and subject to change, and EAB’s impact on Fraxinus is not exceptional.
By inducing Fraxinus mortality, EAB immediately reduces forest stand basal area and releases resources,
which subsequently become available to other species [8-10].

As a component of mesophytic forests of eastern North America, particularly those within Eastern
US Lowland Forest Region—Upland Forest Types [11], Fraxinus species might well be considered
a minor component of the system, represented primarily by F. americana L. and F. pennsylvanica
Marshall [12]. But these species have a wide distribution, and despite their relatively low abundance
in this forest type [12], the loss of Fraxinus by EAB has the potential to drive changes in plant
communities throughout the region, similar in respect to previous introductions that changed forest
composition on a broad scale. Chestnut blight (Cryphonectria parasitica (Murrill) Barr) led to the
widespread loss of Castanea dentata (Marshall) Borkh. throughout its native North American range,
particularly in the Appalachian region [13], and Dutch elm disease (Ophiostoma ulmi Buisman (Melin
and Nannf.), O. novo-ulmi Brasier) reduced Ulmus species to minor understory tree species in
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mesophytic forests across the continent [14]. More recently, the exotic insects hemlock woolly adelgid
(Adelges tsugae Annand) and beech scale (Cryptococcus fagisuga Lindinger) are influencing the structure
and composition of eastern North American forests [15]. In all instances, the change in canopy structure
associated with the loss of individual trees has been marked by a shift to increasing dominance of
shade-tolerant species in the understory and overstory layers [15-20].

Because the loss of Fraxinus from the canopy is similar to that of these species, we might expect
similar responses in the understory. Indeed, in regard to changes already described in Ohio and
Michigan, where EAB was initially detected and where Fraxinus is a relatively important component
of the forest ecosystem, the loss of Fraxinus from the canopy induced growth of intermediate canopy
trees, especially shade-tolerant Acer and Ulmus [8]. Trees from these genera existed in the canopy
prior to EAB and were better able to utilize resources in EAB-induced gaps than trees from other
genera, including Quercus and Carya [8,21-23]. Even in wetter sites, preinvasion surveys indicate
that co-dominant shade-tolerant trees are predicted to replace F. nigra (Marshall) in Ohio, Michigan,
and Minnesota [24-26].

This pattern of change after pest-induced canopy loss generally follows predicted plant
community succession from shade-intolerant and intermediate-tolerant species to dominance by
shade-tolerant species. This continued process of transition in eastern North American forests has been
termed “mesophication” [27], and these changes in canopy composition come with cascade effects and
positive feedback on ecosystems, including changes to flammability, soil moisture, nutrient dynamics,
decomposition, and forest regeneration [28-30]. EAB-induced Fraxinus mortality is likely hastening
the process.

Since Fraxinus received scant attention prior to EAB, little is known about the long-term response
of woody species at the ground level to the release of resources following the loss of Fraxinus trees.
Initial descriptions of the seedling layer in EAB-impacted forests primarily show shade-tolerant species,
including Acer rubrum L., A. saccharum Marshall., Ulmus americana L., Prunus serotina Ehrh., and Quercus
rubra L. [9,23,24,31], but evidence of their persistence over time is lacking, and interactions between
native woody seedlings and exotic invasive plants may further influence the composition of forests.
Recent evidence suggests that existing invasive plants will increase in size following the release of
resources by EAB-induced Fraxinus mortality [9].

We seek to understand the changes in richness and abundance of woody species, including their
invasive competitors, in the years following EAB invasion. Specifically, we examine forest regeneration
at the seedling and sapling layers, including the recruitment of seedlings into the sapling layer over
a 5-year period following infestation. In addition, we are investigating shifts in the abundance of
woody invasive species, especially those that compete with woody seedlings and saplings and have the
potential to alter successional trajectories. We hypothesize that EAB indirectly increases the prevalence
of shade-tolerant species in the understory, thus enhancing the process of mesophication.

2. Materials and Methods

2.1. Study Sites

Our 4 study sites are located in the deciduous forests of eastern North America and are associated
with 3 colleges and universities: Baldwin-Wallace University (BW; Ohio), University of Findlay (UF;
Ohio), and Washington & Jefferson College (W]; Pennsylvania; Figure 1). All sites contain Fraxinus
spp. but are generally dominated by other deciduous tree species (Table 1). Total basal area by plot
ranges from 18 to 54 m?-ha~!, including substantial differences in relative contributions of Fraxinus
(Figure 2). Year of EAB detection was determined by decline of the Fraxinus canopy and confirmed by
the presence of EAB exit holes. Only 1 site at UF is located in a floodplain; the rest are upland sites.
Across these 4 sites, mean growing season length varies from 159 to 173 days, mean precipitation varies
from 847 to 1132 mm, and mean annual temperature varies from 9.6 to 11.8 °C (Table 1). Soils are
predominantly finer textured, from silty loam to silty clay loam [32].

264



Forests 2018, 9, 353

¥ | T-4D
N Species' ranges
jL 7/ EAB as of 1212017
Fraxinus
. o 250 500 1000 Miles

Esri. HERE, Delorme, IMapmyindis, © CpenStrestilep contrisutars, and the GIS user

Figure 1. Current distribution of Fraxinus spp. (shaded region) and emerald ash borer (EAB, Agrilus
planipennis, hatched region) in North America. Study sites are indicated on the map: UF, University of
Findlay, Findlay, Ohio; BW, Baldwin-Wallace University, Berea, Ohio; and W], Washington & Jefferson
College, Washington, Pennsylvania. Known EAB distribution as of 1 December 2017 [33].
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Figure 2. Cumulative basal area of trees by Fraxinus spp. (hatched) and non-Fraxinus (open) across
plots at year of EAB detection at Baldwin-Wallace University (BW, 2015), University of Findlay (UF,
2010), and Washington & Jefferson College (W], 2012) sites.
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2.2. Data Collection

We used the existing infrastructure of the Permanent Forest Plot Project (PFPP), one of the
projects associated with the Ecological Research as Education Network (EREN; http://erenweb.org/).
This project was launched in 2012 to establish a set of permanent research plots to address questions
related to tree biomass, carbon accumulation, invasive species, and disturbance patterns across a range
of sites and ecoregions [34]. Participants establish at least 1 permanent 400-m? plot in a forested area,
identify and measure the diameter of all trees (>2.5 cm diameter at breast height (dbh), or 1.37 m above
the ground), identify and tally all saplings (0-2.5 cm dbh, but at least 1.37 m tall) in 3 randomly selected
subplots (25 m?), and characterize their site and plot using a standard protocol [34]. PEPP data are
entered in a secure online database accessible to all PFPP participants.

We also scaffolded 4 variables onto PFPP to evaluate the impact of EAB on Fraxinus trees.
Tree damage indicates whether the tree is broken, uprooted, or leaned on by another tree (including
Fraxinus); this variable was incorporated into the PFPP protocol [34]. Ash rating [35] and ash tree
breakup [36] indicate the level of decline, mortality, and breaking down of Fraxinus trees. We also
counted the number of EAB exit holes observed between 1.25 and 1.75 m above the ground as a
physical indicator that EAB is associated with the Fraxinus decline. These 3 variables are specific to the
EAB Impacts Study [37], another EREN project.

To address questions related to the successional dynamics of forests, we built variables to
characterize the understory plant community in the Complementary Vegetation (cVeg) Survey [38].
Canopy cover was measured using a concave spherical densiometer (Model C, Robert E. Lemmon,
Rapid City, SD, USA), while all woody plants between 0.3 and 1.37 m tall (i.e., shrubs and saplings)
were identified and tallied within each of the three 25-m? subplots used in the PFPP. In addition, all
woody seedlings (<0.3 m tall) and non-woody plants were identified and tallied within 1-m? miniplots
in each of the subplots. Woody species were classified according to their shade tolerance [39,40].

For our study, we used 2 plots from Rocky River (BW; 2016-2017), 2 plots from the Olive Street site
(UF; 2012, 2014-2017), 4 plots from the Rieck Center (UF; 2012, 2014-2017), and 6 plots from Abernathy
Field Station (AFS, WJ; 2012, 2014-2017). All of the PFPP, EAB, and cVeg variables were measured at
each of the sampling years by site.

2.3. Analyses

Given our hypothesis that the loss of Fraxinus is driving a shift in community composition
toward more mesophytic, or shade-tolerant, species, as well as increasing the prevalence of invasive
plant species, we used the preinvasion relative basal area of Fraxinus as the independent variable.
This variable was calculated as the proportion of cumulative basal area (BA = 7t x (0.5 x dbh)?) of
3 Fraxinus species (F. americana, F. pennsylvanica, F. quadrangulata Michx.) relative to all other trees
prior to (BW and W] sites) or at (UF sites) the time of EAB detection. The variables of interest, such
as annual changes in woody seedling density, invasive plant density, and sapling and shrub density,
partitioned by shade tolerance [39,40], were calculated as the annual change in density from the first to
last sampling year and divided by the number of years of sampling, whether we had 2 (BW) or 5 (UF,
W]J) years of data. Data from miniplots (woody seedling and forb) and subplots (shrubs and saplings)
were pooled by plot, thus plot became the observational unit. Each of these dependent variables was
then linearly regressed onto the relative basal area of Fraxinus. All analyses were conducted using IBM
SPSS Statistics v.24 (IBM Corp., North Castle, NY, USA).

3. Results

To determine whether we could detect changes in light resources at the forest floor, we regressed
change in canopy cover on relative Fraxinus basal area prior to EAB invasion. Across all four sites, we
found no significant relationship between canopy cover and relative Fraxinus dominance (p = 0.46),
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thus no evidence that light resources increased more in sites with greater dominance of Fraxinus
(Figure 3).
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Figure 3. Mean annual change in canopy cover as a function of relative basal area of Fraxinus spp. prior
to EAB invasion across four sites (2 = 0.048, p = 0.450). AFS: Abernathy Field Station.

The relative basal area of Fraxinus has not significantly affected the density of woody seedlings
across sites (p > 0.18), whether with combined species or when partitioned by shade tolerance (Figure 4),
yet some patterns are emerging. For example, shade-tolerant species increased in density at a
higher rate in sites with more Fraxinus trees. Seedling density for F. americana generally declined
across all sites, yet F. pennsylvanica seedlings generally increased in density at both UF sites (in
supplementary file Table S1). Across UF and W] sites, the density of Parthenocissus quinquefolia (L.)
Planch. seedlings increased since EAB invasion. Other species, including the non-native Rosa multiflora
Thunb. experienced both increased and decreased density within sites (Table S1).
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Figure 4. Cont.
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Figure 4. Effects of relative Fraxinus basal area on change in density of (a) woody seedlings of all
species (2 = 0.04. p = 0.482), (b) shade-tolerant species (2 =0.14, p = 0.184), and (c) shade-intolerant
species (r*> = 0.03, p = 0.526).

While total shrub density (Figure 5a), including shade-intolerant species (Figure 5c), did not
respond to changes in relative basal area of Fraxinus, shade-tolerant shrubs significantly (p = 0.005)
increased in density (Figure 5b). This response appears to be driven by individual plots at the BW
(Rocky-1) and UF (Olive-2) sites, both of which had higher losses of Fraxinus than other plots (Figure 2);
two native shrubs, Lindera benzoin L. and Asimina triloba (L.) Dunal, respectively, substantially increased
in these plots, but the non-native Rosa multiflora also increased in density over this same period at
UF (Olive-2) (in supplementary file Table S2). Saplings of Fraxinus spp. generally increased at UF
(Rieck) and WJ (AFS), as did the native Celtis occidentalis at UF (Rieck) and non-native Celastrus
orbiculatus Thunb. and native Rubus spp. at W] (AFS). However, Lindera benzoin generally decreased in
density at W] (AFS), while the non-native Lonicera spp. and Rosa multiflora Thunb. increased in the
UF (Olive-1) plot that experienced widespread canopy tree loss from the June 2012 North American
derecho (Table S2).
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Figure 5. Effects of loss of Fraxinus on change in density of (a) shrubs and saplings of all species
(2 =0.01, p = 0.764), (b) shade-tolerant species (r* = 0.50, p = 0.005), and (c) shade-intolerant species
(2 =0.003, p = 0.853).

Relative basal area of Fraxinus was not a significant predictor of density of non-native vegetation
in the ground layer or the shrub and sapling layer in 2017 (Figure 6). Only two plots, one each at W]
(AFS) and UF (Olive), saw above-average increases in non-native species density, yet both sites had
relatively low relative amounts of Fraxinus basal area. And though three non-native species, Celastrus
orbiculatus Thunb., Lonicera maackii (Rupr.) Maxim. and Rosa multiflora, increased in density in the
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shrub layer within sites during the period of study (Table S2), the overall change in non-native species
density does not show a relationship to the decrease in relative Fraxinus basal area.
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Figure 6. Effects of relative Fraxinus basal area on density of non-native vegetation, including (a) woody
seedlings and forbs in 2017 (r? = 0.003, p = 0.843) and (b) shrubs and saplings (> = 0.001, p = 0.955)
in 2017.

4. Discussion

The loss of Fraxinus from mesophytic North American hardwood forests and the subsequent
release of resources appear to have little influence on the distribution and abundance of forest
regeneration at the seedling and sapling level. Furthermore, we found no evidence that this loss
alters the process of mesophication in the same manner as acute, severe disturbances that typically
impact canopy cover.

4.1. Canopy Cover

Light is the primary resource expected to change at the ground layer as a result of the death of
large overstory Fraxinus trees [41], yet our evidence suggests that the protracted decline and ultimate
death of Fraxinus individuals does not create conditions that substantially alter the light regime on
the forest floor, as measured by our canopy cover index. Although canopy cover decreased at a rate
of 0%—-3% annually, there was no detectable relationship to Fraxinus mortality (Figure 3). In order
to meet the physiological demands of shade-intolerant species, like Quercus and Carya, light levels
need to reach 25%-50% full sunlight [42], which is often reached with more severe disturbances, like
shelterwood harvesting [43].

Research on canopy trees in response to EAB-induced Fraxinus mortality shows that existing
canopy trees respond positively. Gaps concurrently fill with non-Fraxinus species [23], likely influencing
the lack of substantial change in annual canopy cover over time. Recent evidence using LIDAR (Light
Detection and Ranging) indicates that single-tree death in northern hardwood forests is not sufficient
to generate canopy gaps where the subcanopy is well developed [44], suggesting that the gradual
canopy opening that occurs with EAB-induced Fraxinus mortality is less likely to enrich the ground
layer with light than it is to promote the growth of existing subcanopy trees.

Indeed, in northwest Ohio, the relative growth rates of the shade-tolerant species Acer saccharum
and Ulmus americana were faster than other species in the forest canopy following Fraxinus mortality [8],
and smaller trees exhibited faster growth rates than larger ones, suggesting that subcanopy individuals
benefit more than the co-dominant overstory trees. Trees remaining in the canopy of our forest sites
include mesophytic species, typically from Acer, Prunus, Ulmus, and Celtis (Table 1), which supports
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our hypothesis that Fraxinus loss will increase the speed at which forests are dominated by more
shade-tolerant species.

4.2. Understory Composition and Density

The composition of woody species in the seedling layer is relatively stable following the loss of
Fraxinus to EAB. We detected no statistically significant relationship between the loss of Fraxinus and
the change in seedling density (Figure 4). In regard to individual species, there is a large amount of
variability among sites and plots. Species with the largest, most consistent increases over time include
the native vine Parthenocissus quinquefolia, while the non-native shrub Rosa multiflora increased or
decreased across sites, indicating a lack of relationship with Fraxinus loss. Interestingly, the number of
Fraxinus seedlings increased at both UF (Olive) plots, where overstory Fraxinus trees had succumbed
to EAB beginning in 2012 (Table S1). Recent evidence suggests that Fraxinus seedbanks do not persist
beyond the life of the tree [45], indicating that an off-site seed source persists for this site.

The shrub and sapling layer was more responsive to Fraxinus mortality than the seedling layer.
As the amount of Fraxinus basal area increased in plots, the density of shade-tolerant species increased
(r* = 0.50, p = 0.005). This was in contrast to the lack of association detected between Fraxinus basal area
and the change in shade-intolerant species density (+? = 0.003, p = 0.853). The increase in shade-tolerant
species density coincides with evidence of established trees in the mid-canopy responding to the
resources made available through the mortality of Fraxinus individuals. The response of individual
species varied across sites, but those with increases at more than one site include shade-tolerant Lindera
benzoin and Asimina triloba, both native understory species.

Our findings are not unusual, as shrub and sapling density has been shown to increase in response
to species-specific canopy dieback elsewhere. In Europe, fungal-induced Fraxinus excelsior L. dieback
promoted the growth of widely distributed shade-tolerant shrubs and understory trees, including
Corylus avellana L., Prunus padus L., and Lonicera xylosterum L. [46]. In North America, after Dutch elm
disease induced Ulmus decline, the intermediate- and shade-tolerant shrubs Alnus rugosa (L.) Moench,
Viburnum recognitum Fern., and Cornus stolonifera L. in wetland habitats responded more positively in
gaps created by the death of Ulmus stems in the overstory than seedlings of other canopy trees [47].
In southeastern Wisconsin, species composition and density of woody seedlings were not associated
with density of dead Ulmus, yet the density of shrubs, especially Ribes spp., Rubus spp., and Cornus
racemosa Lam., was associated with Ulmus mortality [48].

4.3. Invasive Species

No new invasive species were detected in the research plots. For plots with existing invasive
plants, some became more numerous, including Lonicera maackii, Rosa multiflora, and Celastrus
orbiculatus, but because of variability among plots, we were unable to identify Fraxinus mortality
as the primary cause of the increase at our sites. Prior to EAB invasion, one plot at the UF (Olive)
site had large numbers of L. maackii and R. multiflora; these species increased in density over time.
This particular site, however, was also strongly influenced by a storm that caused significant loss of
the overstory in 2012. The confounding disturbances of storm damage and EAB-induced Fraxinus
mortality cannot be distinguished. Recent evidence suggests that the amount of Fraxinus, and thus
the amount of light increasing beneath the canopy, influences the response of existing L. maackii; in
a comprehensive study of population-level responses to EAB, existing L. maackii individuals had
increased stem diameter following Fraxinus mortality, while the number of individual plants, amount
of fruiting, and height of the shrubs were not impacted [9].

Additionally, in three plots in Pennsylvania, Celastrus orbiculatus had higher annual increases
in density than other species following EAB, but because of losses to this species in other plots at
the same site and an overall lack of relationship between Fraxinus basal area and shrub and sapling
density (Figure 6b; 12 = 0.001, p = 0.955), the increase in this species was not likely caused by the loss of
Fraxinus.
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5. Conclusions

Our evidence shows that the resources released through Fraxinus mortality are insufficient to
modify the process of mesophication in mesophytic forests, but instead generate changes that resemble
those observed with small gaps. The primary beneficiaries of released resources include individuals
already existing in the understory canopy, among them small shade-tolerant trees, saplings, and shrubs
typical of mature mesophytic forests, conforming to what is observed in forest gap dynamics [8,49-52].
This enhanced mesophication resulting from the loss of Fraxinus has allowed shade-tolerant species,
including those restricted to understory canopy positions, like Asimina triloba (L.) Dunal and Lindera
benzoin L., to increase in the shrub and sapling layer at faster rates than shade-intolerant species
(Figure 5). As mesophication has been noted throughout much of the eastern North American
forest complex [28,53-55], we would expect to see similar patterns throughout the region where
F. pennsylvanica and F. americana are the primary Fraxinus species represented in the canopy.

Importantly, some of our sites are in regions with relatively high amounts of Fraxinus compared
to other mesophytic forest regions of eastern North America [11]. Our research primarily includes
sites with relative Fraxinus basal area within the range of 5-25%, and we find no compelling evidence
that the loss of trees at our sites impacts regeneration and recruitment. Where Fraxinus is a smaller
component of the forest tree community, we expect that, like our sites, these areas will not see dramatic
shifts in seedling and shrub composition resulting from the loss of Fraxinus in the overstory.

With the exception of Fraxinus, EAB is not a disturbance that influences the abundance of woody
species regeneration and subsequent recruitment in sites where Fraxinus is a minor component of
the canopy vegetation. The five species of Fraxinus most common to eastern hardwood forests,
F. americana, F. pennsylvanica, F. nigra, F. profunda Bush, and F. quadrangulata, have been classified as
critically endangered and on the brink of extinction by the International Union for Conservation of
Nature (IUCN) [56-60]. Conservation of the genus is important, but the consequence of losing the
species has little influence on immediate future successional pathways of woody vegetation in the
forests where Fraxinus is a minor component.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/5/353/s1:
Table S1. Annual change in density (ha-1) of woody seedlings (<0.30 m tall) by plot after EAB invasion. Empty cells
indicate species absence. Table S2. Annual change in density (ha™!) of shrubs and saplings (woody plants, 0.30~1.37
m tall) by plot after EAB invasion. Empty cells indicate species absence.
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