i

Riparian Forest Canopy and Soil Nutrient Cycling Responses to the Loss of
Ash (Fraxinus spp. L) from Emerald Ash Borer (Agrilus planipennis
Fairmaire) Infestations in Southern Ontario

by
David Dutkiewicz

A Thesis
presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of
Master of Science
in
Environmental Science

Guelph, Ontario, Canada
©David Dutkiewicz, June 2017

ii

Abstract
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This thesis examines the ecological impacts of an emerald ash borer (EAB) infestation on
riparian forest habitats in Southern Ontario. From 2010 to 2015 there was 100% mortality of
white, green, and black ash the study plots, and 33% mortality of blue ash. EAB caused about a
1.5-fold increase in overall openness of the riparian forest canopy, and significantly reduced the
deposition of ash leaf litter. Ash regeneration displayed a negative relationship with ash tree
density; this was attributed to greater competition by herbaceous vegetation that flourished in
gaps created by dead ash. Analysis of forest canopy gaps (CG plots) created by dead ash in
riparian forest plots and nearby closed canopy areas (CC plots) was conducted in newly infested
areas (1-3 yrs; n=9) and old infestation areas (8-10 yrs; n=5). Nutrients of both litterfall flux and
soil did not vary significantly between CG and CC plots. However, N concentration of soil
solution was elevated in the CG plots of the new infestation and reduced in the old infestation.
Herbaceous vegetation biomass in CG canopy sites at the older infestation was about 10 times
higher than CC sites, and about 6 times higher in the new infestation. Collectively, my results
indicate that effects of EAB on riparian canopy structure, ash leaf litter, and herbaceous
vegetation biomass are substantial. However, the effects of EAB on biogeochemical cycles (N
and C flux) in soil and soil water nutrients are undermined.
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1
1.1

Introduction and literature Review
INTRODUCTION
Emerald ash borer (Coleoptera: Buprestidae, Agrilus planipennis Fairmaire) is an

invasive alien species that has been responsible for the death of millions of ash (Fraxinus sp.)
trees in North America. The species was first detected in 2002 but is believed to have resided in
North America for several years previous (Haack et al. 2002). The native distribution of emerald
ash borer spans from China to Eastern Russia, including Japan and Korea (Kimoto and DuthieHolt, 2006, Wang et al., 2010). A host-specific species, EAB was first discovered in Detroit,
Michigan, United States (Haack et al. 2002) and Windsor, Ontario, Canada (Scarr 2002).
Emerald ash borer (EAB) has since spread throughout Northeastern America invading
approximately 30 states in the United States as well as southern Ontario, the Algoma region
(northern Ontario) and southern Quebec, Canada (CFIA 2016, USDA 2016).
Ash trees are found throughout the United States and Canada. There are many forest soil
types that have a high proportion of ash trees, including upland sites with poor soil but they are
most commonly found on moist rich soil typical of swamps, stream banks, and riparian areas
(Farrar, 1995). Many cities and towns have used ash trees to line streets and in subdivisions
because they are a fast growing and hardy genus. Ash was one of the tree species chosen to
replace Elm (Ulmus sp.) to line neighbourhood streets and in city parks, after the European elm
bark beetle (Coleoptera: Buprestidae, Scolytus multistriatus Marsham) came to North America
and acted as a vector for the fungus which causes Dutch elm disease (Ophiostoma ulmi
Nannfeldt) (Finnegan, 1957). As well as being an important street tree, ash is found in urban
wood lots as part of the forest tree composition throughout many different cities across Southern
Ontario (Ottman and Kielbaso, 1976, Poland and McCullough, 2006).
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Ash species are commonly found in riparian areas. Riparian areas are land/water
transitional ecozones near or around water where soils are normally moister then the surrounding
landscape (Maser and Sedell, 1994). In Southwestern Ontario, ash trees often comprise a high
proportion of tree species in riparian areas, which are often the only residual mature forests in
this intensive agriculture region. Riparian areas often act as buffers and follow valleys or ravines
in agricultural regions that can function similar to wind rows to prevent erosion and are often
drainage points for agricultural tile drainage (Osborne and Kovacic 1993). These riparian zones
also provide shelter for song birds and forest animals and may provide corridors for animal
movement (Maisonneuve and Rioux 2001, Vergara et al. 2013). Large dense canopies created by
riparian trees provide shade over streams, regulate water temperature for aquatic life and provide
stream-bank stability (Maser and Sedell, 1994). The plant biota and microbial communities in
riparian soils also help to break down or store pollutants and nutrients thereby reducing their
loading in streams from surface run off and shallow ground water tables (Messer et al., 2012,
Chambers et al., 2004). Loss of ash could significantly reduce the effectiveness of riparian areas
to perform these important functions.
In this chapter, I review the biology of the emerald ash borer, its relationship to its ash
hosts and provide a description of its range in North America. Further, I review the ecological
importance of riparian ecosystems, particularly in intensive agricultural regions, and discuss the
potential risks of the loss of ash trees to these areas. Finally, I review the nitrogen cycle in
riparian areas in the context of the movement and storage of nitrogen via the leaf litter,
herbaceous vegetation, soil, and soil water.
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1.1.1 Emerald Ash Borer
Emerald ash borer (EAB) is a member of the jewel beetle family Coleoptera:
Buprestidae. EAB is an elongate, bullet-shaped bright green metallic beetle that is approximately
8-14 mm in length (Figure 1.1). The large eyes are kidney shaped and either metallic gold or
black in color. The antenna is serrated on segment 4 and has prehumeral carina present. EAB
have a well-defined pygidium that projects beyond the apical margin of the last dorsal sternite
(Paiero et al., 2012, de Groot et al., 2006). Females are usually slightly larger than the males with
the width of the abdomens first and second fused sternite wider than males. Males often have an
abundance of setae on the ventral prosternum to the metasternum. The tibia of male EAB has an
apical tooth (Paiero et al. 2012) and their abdomen is often more copper in colour.
Eggs are laid by females in the cracks and crevices of the bark of ash trees. The eggs are
flat and oval shaped, approximately 0.5-1.0 mm in diameter. When they are first laid, they are
yellow –white in colour but over time turn light reddish-brown (Wang et al. 2010, de Groot et al.
2006). The larvae will hatch from the eggs and immediately burrow into the bark of the trees
where they will spend the majority of their life cycle feeding on the nutrient rich cambium layer.
The larvae are milky white in colour and fully grown larvae are 26 to 32 mm in length. EAB
larvae have a flat head with broad first segment behind the head followed by 10 abdominal
segments that are isosceles trapezoidal in shape. The last segment of the abdomen has two prong
structures which can be found on other native Buprestidae such as Agrilus anxius Gory on birch
trees (de Groot et al. 2006, Wang et al. 2010, Bright, 1987). The larvae feed under the bark
which disrupts the flow of nutrients through the cambium layer of the ash trees and, with
hundreds to thousands of larvae feeding, what ultimately causes tree mortality. Larvae have been
found in the entire tree with some found in branches as small as 2 cm in diameter (de Groot et al.
2006). After the larvae have completed their 4th instar they form a pre-pupa by folding the body
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back on itself between the first 2 abdominal sections forming a J-shape. This normally occurs in
the autumn and EAB often spend the winter in this stage (de Groot et al., 2006) as they are
freeze-tolerant and can withstand temperatures of approximately -30OC. This is possible because
EAB can accumulate high concentrations of glycerol in their tissues by synthesizing it from
different precursor “antifreeze” molecules produced by the insect (Crosthwaite et al. 2011). After
overwintering in this prepupal stage, the emerald ash borer enters and completes pupation
between April and June. The pupae gradually become darker and more green as time progresses
until it is completely formed into an adult (de Groot et al., 2006). In the gallery under the bark
the adult begins to chew its way out of the tree. EAB creates characteristic “D” shaped exit holes
in the bark to escape from the pupal chambers. After emergence, EAB will move upward in the
tree to the canopy where it will begin feeding and mating (Haack et al. 2002, Bertelt et al. 2007,
Lelito et al. 2007) (Figure 1.2).

Figure 1.1 Diagram of emerald ash borer with a dorsal, side, and ventral view of the insect,
depicting important identifying features
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Mating takes place in the canopy usually on leaf surfaces where several different cues help EAB
find their mates. Visual and olfactory cues are most commonly used to attract males to the
females (Silk et al. 2009, Pureswaran and Poland, 2009). Olfactory cues are the most important
way in which males can find the females. Visual cues are only important when the male borer is
within approximately 5 cm of a female. Pureswaran and Poland (2009) used model paint to cover
the eyes and then the antenna of males to observe their attempts to mate. Males with their
antenna covered had a harder time finding a female and mated fewer times. However, if only the
eyes were covered there was no change in the ability of the untreated males to find a mate. This
suggests that olfactory cues are most important in locating females and in the reproductive
success of EAB. After mating, females are known to be found along the trunk of the ash trees
searching for ovipositing sites along the bark (Grant et al. 2010).

Figure 1.2 Life cycle of EAB from the eggs through to the feeding of the larvae, pupation period,
emergence, to adult feeding on ash leaves and finally copulation.
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1.1.2 Distribution of Infestation
The geographical distribution of EAB continues to grow annually. Following its
discovery in 2002, the Canadian Food Inspection Agency (CFIA) placed a quarantine on ash
wood products in Essex County near Windsor, Ontario. During 2003 the CFIA, the Ontario
Ministry of Natural Resources and Forestry (OMNRF), and the Canadian Forest Services (CFS)
coordinated an attempt to cut every ash tree along the Chatham-Kent County line to a width of
30 km. Unfortunately, before completion of this ash tree free zone, EAB was detected on the
other side. From 2002, EAB has been steadily advancing eastward in Ontario’s woodlands
leaving few ash trees alive in its wake. According to the CFIA’s website, EAB has been found in
over 34 counties and townships in Ontario and 15 counties and townships in Quebec as of April
2017 (CFIA 2016). In the United States EAB is found in 30 States as of April 2017 and is
suspected to be in several more states due to EAB finding its way close to several state lines
(Figure 1.3). The invasion path of EAB follows the distribution of the 16 species of North
American ash trees and the potential geographical extent of EAB infection.
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Figure 1.3 The distribution of EAB shown by the red dots with the green area showing the
distribution of ash demonstrating the potential spread of EAB in the future with the distribution
of 16 species of ash (Fraxinus spp.) in North American: white ash* (F. americana), single-leaf
ash (F. anomala), Berlandier ash (F. berlandieriana), Carolina ash (F. caroliniana), fragrant ash
(F. cuspidata), two-petal ash (F. dipetala), Goodding ash (F. gooddingii), Gregg ash (F.
greggii), Oregon ash (F. latifolia), black ash* (F. nigra), Chihuahua ash (F. papillosa), green/red
ash* (F. pennsylvanica), pumpkin ash* (F. profundal), blue ash* (F. quadrangulata), Texas ash
(F. texensis), velvet ash (F. velutuna), (USGS produced maps based on, Little 1971) ash trees
across North America *Species of ash found in Canada

The economic impact of EAB was estimated in the state of Ohio, USA to be $1.8-10.8
billion (Sydnor et al., 2007, Kovacs et al., 2010). These costs are associated with the treatment of
trees with insecticides, or the removal of the trees and their replacement. However, this cost may
be much greater if potential losses in real-estate value are considered. For example, the presence
or absence of all urban trees species throughout a neighbourhood can affect a person’s
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willingness to purchase a home or property (Dwyer et al., 1992). Dwyer et al. (1992) also
describes the potential saving attributed with having mature trees on a property and the costs
associated with heating and cooling of a residence. They reported that with an average of 3 trees
per household in the USA, an annual saving of 2 billion dollars in energy costs can be realized.
From an economic perspective, EAB has and will continue to have damaging effects to North
American cities and forests due to the inevitable costs associated with removal and treatment of
urban ash trees. However, loss of ash may also have hidden ecological costs as a result of effects
on forest vegetation and animal species in woodlots, forests, and riparian ecosystems. One aspect
that could be affected is nutrient dynamics; ash die-back and the associated loss of leaves could
reduce the amount of nutrients, such as nitrogen (N), entering and being cycled in the soil.
1.1.3 Nitrogen and Soil
Nitrogen (N) is one of the most abundant gasses in the atmosphere, but atmospheric nitrogen
(N2) is not useable by plants. As N is critically important for plant growth, development of
proteins, and the production of chloroplasts, the uptake and use of N in plants is typically limited
by its availability in soils (van den Berg and Perkins 2004). N enters forest soils by N fixation,
which is a process occurring through symbiotic relationships between plants, such as legumes
and bacteria, or free-living microbes (Paul 2007). Additional sources of N entering forest
riparian areas are through atmospheric deposition in rain or dust and by anthropogenic uses of N,
mainly by fertilization in agricultural practices (Cey et al. 1999). In soil, the transformation of
atmospheric N2 and the decomposition and recycling of organic material, such as litterfall are
major sources of N. However, to manufacture useable forms (nitrate [NO3-] and ammonia
[NH4+]) of N, plants require soil microbes to convert N2 and soil organic matter, by releasing
excess N as ammonium ions (NH4+) though ammonification. Furthermore, NH4+ is oxidized
through nitrification to create nitrate (NO3-) which can be used by plants (Mladenoff, 1987,
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Ellenberg, 1971, Paul 2007) (Figure 1.4). Trees, shrubs, and herbaceous ground vegetation in the
riparian forest take up nitrogen thereby regulating the pools of soil N available in the ecosystem.
The cycling of N is furthermore regulated by the cycling of leaf litter, plant residuals (leaves,
twigs, and seeds), herbaceous dieback, and coarse woody material (Schulze 2013). This cycling
of N is important for maintaining a healthy ecosystem and abrupt shifts in this cycling, as might
be caused by the introduction of an invasive species, can possibly alter the flow of nutrients.
With the rapid mortality of ash trees in riparian areas caused by EAB, the loss of nutrients via
leaching into nearby waterways can possibly reduce available N in the soil which could have
detrimental effects on the surrounding terrestrial and aquatic ecosystems (Gandhi and Herms,
2010).

Figure 1.4 The nitrogen cycle in riparian areas.
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1.2

ECOLOGICAL IMPACTS OF EAB IN RIPARIAN FOREST SYSTEMS
The riparian area according to Naiman et al. (2005) is the “transitional semi-terrestrial

area regularly influenced by fresh water, normally extending from the edge of the water bodies to
the edges of upland communities.” This definition encompasses all areas around rivers, streams,
and lakes, from the water’s edge through the sloped areas adjacent to the water to the start of the
upland sites (Naiman and Décamps, 1997). The communities that are in this area are influenced
in some way by the movement of fresh water and the nutrients that accompany it. According to
Naiman et al. (2005) there are four basic attributes that shape the multidimensional structure of
riparian areas which are continually discussed in terms of gradients. Firstly, the land topography,
hydrology, and geology are important in determining the water saturation of soils. Secondly,
water saturation and nutrient gradients are key factors in driving the biophysical processes of a
riparian area. Thirdly, the biota in the soils and on the surface, can be used to determine the
gradients of organic nutrients and material fluxes throughout the riparian areas. Finally, the
structures of biotic communities are arranged in three dimensions (lateral, longitudinal, and
vertical). The interactions of plant, microbes, and fungal communities are measured through the
space they occupy over the time spent in that area. These 4 attributes are the rationale for
studying potential effects of EAB infestation on riparian ecology and to help describe the
different gradients which can affect and be affected by changes in the environment to these areas.
These riparian soil attributes are characteristic of all stream types from head water
streams to the larger rivers; they can also be used to characterize riparian areas surrounding
lakes. For the purposes of this review the focus is primarily on head water streams in agricultural
areas. Head water streams (stream order 1-3) typically have closed canopies and small channel
sizes. The canopy cover provides shade for the stream and creates a relatively stable
microclimate and provides organic material in the form of litterfall (Richardson and Danchy,
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2007) to aquatic and terrestrial arthropod communities. Riparian vegetation also has a direct
effect on water quality by regulating the flow of nutrients from riparian soils to receiving waters,
and acts to stabilize the stream banks, thereby limiting the amount of sediment that enters the
stream (Beschta and Platts, 1986, Beschta ,1997, Naiman et al. 2005, Richardson and Danchy,
2007, Allan et al. 2008). Riparian areas are frequently subjected to varying types and degrees of
disturbance (flooding, windthrow, fire, disease, and pests) creating a highly heterogeneous
habitat which is often more diverse than upland sites (Gregory et al., 1991). Naiman and
Décomps (1997) found that increases in biotic and abiotic disturbances increased the nutrient
availability of nitrogen and phosphorous throughout riparian forest areas. The continuous
disturbance in these areas promotes competition between plant communities and rapid growth
responses of trees, shrubs, and other vegetation (Naiman and Décomps, 1997). EAB invasion has
the potential to cause significant disturbance in riparian ecosystems as the loss of ash will create
openings in the canopies leading to broad successional changes in vegetation (Herms and
McCullough 2014). The extent to which such changes affect other components of the ecosystem
represents the main focus of this thesis.
Successional changes in forest vegetation and tree communities after a disturbance like
EAB, forces competition among species for the available nutrient and light resources left behind
by ash mortality (Foster et al. 2012). Costilow et al. (2017) studied radial growth patterns of
Maple (Acer spp.) trees following an EAB invasion, and their results demonstrated a 41% faster
growth rate in areas following an EAB infestation than areas not affected by EAB. This
competition for light resources post ash mortality gives insight to possible “winning” tree species
competitors that will come to dominate the forest canopy (Costilow et al. 2017). As competition
of tree species increases growth rates in the canopy, light penetration to the forest floor impacts

12

the growth of herbaceous ground vegetation. The proliferation of ground vegetation will be
increasingly competitive with the introduction of invasive herbaceous plant species as well as
native species (Aubin et al 2015). The competition of ground vegetation can affect the
regeneration of ash and other non-EAB-host trees. Looney et al (2017), emulated EAB
infestations using silviculture canopy treatments on ash stands (clear-cut, group selection,
girdling, and unharvested forest). They found that the different treatments influenced the height
and layering of the herbaceous ground vegetation. Vegetation was found to be most prolific in
the clear-cut and group selection treatment, emulating a high ash forest composition often found
in riparian areas. With the mortality of ash allowing the proliferation of herbaceous ground
vegetation, the cycling of nutrients throughout riparian ecosystems is likely to vary from normal
cycling (Gandhi and Herms, 2010). EAB disturbances in riparian forests was shown by Flower et
al. (2013) to impact the normal cycling of carbon and the effects increased in severity with
higher basal area of ash. This provides evidence to hypothesize that riparian areas with
increasing ash tree composition are likely to experience increasingly detrimental effects
depending on the proportion of ash loss (disturbance).
1.3

COMPARISONS TO OTHER INVASIVE FOREST PESTS
In this review, I have outlined how the mortality of ash trees by EAB can have the

potential for long-term cascading effects on terrestrial riparian ecosystems. Considering that
EAB is a relatively new invasive species to North America, there is little data indicating the
ecological ramifications of EAB in localized forest riparian ecosystems. Therefore, in order to
comprehend and forecast the potential impacts of EAB, reviewing case studies from other
invasive species (pathogens, insects) that have caused major ecological damage to riparian
forests may be beneficial.
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1.3.1 Dutch Elm Disease
Dutch elm disease (DED; Ophiostoma ulmi Nannfeldt) is an invasive fungus that was
first discovered in the United States in the 1930s. This fungus was first discovered in Norway
and has since been spreading throughout Europe and eventually brought to North America by
nursery stock and untreated wood. DED has been spreading throughout North America by
transportation through root - root contact and most commonly by the native elm bark beetles
(Hylurgopinus rufipes Eichhoff) and the European elm bark beetle (Scolytus multistriatus
Marsham) which act as a vector for the transmission of the fungus (Swingle et al. 1949).
Elm trees (Ulmus spp. L.) are commonly found in riparian areas because of its high
tolerance of flooding and preference for growing in moist soils (Farrar 1995). Elm trees in
riparian areas that were killed were generally replaced by sugar maples (Acer saccharum Marsh)
and fast-growing ash trees (Barnes 1976). DED killed more than 200 million mature elm trees
but some mature elm trees showed tolerance to the fungus and were able to regenerate
(Schlarbaum et al. 1997). In contrast, EAB kills both mature ash trees and ash saplings (as small
as 2.5 cm DBH), limiting the potential for regeneration (Aubin et al. 2015). Elm trees are able to
reach sexual maturity before succumbing to DED allowing the creation of forest seed banks.
However, Peterken and Mountford (1998) suggest that seedling and saplings growth is difficult
when growing within forest canopy gaps created by elm tree mortality, because of increased
competition of ground vegetation in these areas. This response of rapid vegetation growth in
canopy gaps was also found in Wisconsin riparian forests where elm mortality reached 5
stems/ha and there was a significant increase in understory shrub density (Castello et al. 1995).
Increases in understory vegetation beneath forest canopy gaps created by the mortality of elm
trees demonstrated increased competition for the regeneration of seedlings and saplings.
Similarities can be made with EAB-affected riparian forests; however, ash trees may be more
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vulnerable to these effects because EAB will kill ash trees before sexual maturity. There is little
or no published data on the competition of resources from the rapid formation of gaps by EAB.
This thesis partially addresses this research gap and provides a significant contribution to the
understanding of the relationships of forest ecological interactions after an invasion by EAB.
1.3.2 Hemlock Woolly Adelgid
A more recent example of a North American invasive forest pest is the hemlock woolly
adelgid (HWA; Adelges tsugae Annand) which is known to kill hemlock (Tsuga canadensis L.)
trees that are commonly found as a dominant conifer species in riparian areas across the
northeastern United States and Canada (Orwig and Foster 1998). From the introduction of HWA
there has been a steady decline of hemlock in infested areas. Several multi-year studies have
been conducted to understand the ecological and biogeochemical disturbances caused by the
dying hemlock. Orwig et al. (2008) investigated the biogeochemical impacts of HWA and found
there was significantly lower C:N ratios, soil organic matter, and soil solution nutrients than in
non-infested forests. Total nitrogen pools including NH4 and NO3 were significantly higher than
in non-infested forests; nitrification and mineralization rates were also statistically increased
(Orwig et al. 2008). Jerkins et al. (1999) conducted a similar study focusing on nitrogen cycling
rates in hemlock forests affected by HWA. Increases in net soil nitrogen, N-mineralization, and
nitrification rates were significantly greater in riparian forests with high hemlock mortality.
Jerkins et al. (1999) also showed that nitrate leaching increased in HWA infested riparian sites
allowing greater amounts of nitrate to leave the immediate area through run-off. In contrast,
Templer and McCann (2010) found a reduction in total N at hemlock sites in which salvage
logging had occurred and attributed this to enhanced nitrate uptake by rapid herbaceous plant
growth. Alternatively, Stadler et al. (2006) showed an increase in N concentration in other
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species of litterfall following mortality of hemlock, which suggests that other tree species, as
well as herbaceous ground vegetation were rapidly taking up excess N in the soil.
Collectively, these studies suggest that the rapid mortality of one species from riparian forest
stands can significantly alter leaf litter dynamics, nutrient cycling and biodiversity. In the case,
of HWA, the impacts resulted in a forest transition from a coniferous to a deciduous-dominated
forest. However, the ecological impacts exhibited by HWA are comparable to those shown for
elm and it is therefore not unreasonable to predict comparable impact trends resulting from the
loss of ash due to EAB infestation in riparian forests.
1.4

PROBLEM FORMULATION
From its first record by Fairemaire in 1888 until 2002, only a handful of papers were

published about EAB, with most research originating in Asia (Haack et al. 2002). Since its
discovery in 2002 in the USA and Canada, EAB has dominated invasive species research
because of its catastrophic devastation of Fraxinus spp. in North America. The main focus of this
research has been on biology, distribution potential, natural predators, semiochemical
communication, with much less known about potentially equally important issues related to
direct and indirect ecological impacts on the forest (riparian) communities.
The conceptual development of my hypothesis in relation to EAB’s potential ecological
impacts is based on analyzing previous invasive insects and pathogens (described above) and
their impact on riparian forest ecosystems. Alternatively, analysis of canopy gap dynamics of
common logging practices can also be used to predict the ecological impacts that may occur
from the mortality of Fraxinus spp. in riparian forests. This collective research has been
conducted with other tree species which can provide insight into the potential effects of EAB, but
direct observational studies and experiments are required to fully comprehend the long-term
ecological impacts that EAB might have on riparian ecosystems.
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As discussed previously, riparian forests are some of the most diverse forest habitats in
Ontario. In Southwestern Ontario, riparian forests are heavily fragmented due to agriculture and
urban sprawl. Where riparian forests occur, they represent important habitats for bird, deer,
amphibians, and other wildlife. Riparian areas are the interface between aquatic and terrestrial
environments which are thus linked biologically and biogeochemically (Semlitsch and Bodie
2003). Riparian area biota can facilitate the uptake of nutrients, thus mitigating nutrient loading
into headwater streams from intensive agricultural areas (Naiman and Décamps 1997). Research
into the ecological response of these important habitat interfaces to the effects of EAB could help
to better understand the resilience of riparian forests to disturbances and may help to develop
pest management strategies that could be implemented either before or after EAB infestations.
Gandhi and Herms (2010) present a conceptual model (CM) outlining the potential
ecological effects of EAB in riparian ecosystems (Figure 1.5). My research expands on research
previously completed to assess aquatic ecological impacts of EAB (Nisbet 2014, Nisbet et al
2015; left side of CM) to explore potential terrestrial ecological impacts of the loss of ash trees in
riparian ecosystems (bold lines in Figure 1.5). Specifically, I focus on canopy openness due to
structural changes in the forest canopy (e.g., canopy gap dynamics), changes in leaf litter and
nutrient subsidies to the forest floor, and effects on biogeochemical processes in the soil, and
canopy gap influences on forest floor vegetation succession over the course of an infestation. A
series of hypotheses that served as a foundation for this research is presented in section 1.5.
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Figure 1.5 Conceptual model depicting the potential terrestrial and aquatic ecological impacts following the introduction of EAB in a
riparian area (Nisbet et al. 2015, adapted from Gandhi and Herms, 2010). The bold lines show the terrestrial ecosystem impacts I
studied for my thesis.
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1.5

OBJECTIVES AND HYPOSTHESES
The focus of this thesis is on the N cycle and the movement and storage of N through

litterfall, herbaceous ground vegetation, soils and soil solution. Trees are known to take up N
from the soil as part of the N cycle, but because of the rapid mortality of ash trees due to EAB,
ash would no longer draw N from the soil. The dynamics of N in leaf litter, herbaceous ground
cover, soil, and soil water throughout an EAB-infested area has not been investigated in riparian
areas affected by ash loss. N can affect riparian areas by excess N running into the streams and
potentially disrupting fish and invertebrate populations via nutrient enrichment (Chambers et al.,
2004). With the loss of ash, it is unknown whether there will be an affect from the unabsorbed N
normally taken up by ash trees.
In this thesis, I examined: (1) changes in the forest over-story canopy from the mortality
of ash trees; (2) the effect of gap formation on the forest floor in relation to ash regeneration
density and arrangement; (3) the amount and nutritional quality of leaf litter falling from the
canopy to the forest floor; (4) the mass of herbaceous ground vegetation in open gap canopies;
(5) the nutrient quality/quantity of ground vegetation in open gap canopies; and (6) the
movement and storage of nutrients throughout these gaps (litterfall, ground vegetation, soil, soil
solution).
1.5.1 Riparian Forest Structure
I examined the species composition of trees in the canopy, as well as the openness of the
canopy and the regeneration after Fraxinus spp. mortality. Tissue nutrient analysis was carried
out on leaf litter from six different commonly found genera in the riparian plots to determine the
elemental composition and nutrient content of the leaf litter. Presented in Chapter 2, specific
hypotheses tested in this study were:
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Hypotheses Linked to Canopy Analysis and Litter Subsidies
H0: There will be no changes in average canopy openness or litter deposition in riparian forest
plots due to EAB-induced ash mortality.
H1: Rapid EAB-induced ash mortality will create measurable openings in the forest canopies that
will be associated a decrease in litter deposition to the forest floor.
H0: Initial ash density is not a significant predictor of the number of regenerating ash saplings.
H1: The ash density can predict a relatively proportionate to the number of regenerating ash
seedlings.
H0: Ash leaf litter are not different in the nutrient concentration or flux when compared to other
tree genera.
H1: Ash leaf litter will have a high concentration of elements and high nutrient flux compared to
other tree genera.
1.5.2 Canopy Influences on Nutrient (N) Cycling
The objectives for the second half of this thesis were to examine the influence of N
dynamics from canopy gaps created by ash loss (chapter 3) at both recent (1-3 years) and
previously infested (8-10 years) riparian sites. For this study, I used a paired plot design in which
I compared canopy gap areas (CG) and closed canopy (CC) areas. This allowed me to track the
movement and storage of nutrients from litterfall, ground vegetation, organic/mineral soil, and
soil solution in relation to ash density (greater original densities leading to more open canopy
gaps).
Hypotheses linked to the Influence of Canopy Dynamics on Nutrient Cycling
H0: There will be no difference in canopy openness and annual litterfall between CG and CC
plots due to ash cluster mortality in the riparian areas.
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H1: Canopy openness will be higher and annual litterfall will be lower in CG plots compared to
CC sites due to ash mortality.
H0: N and C flux, in the litterfall will not be significantly different between CG or CC plots.
H1: N and C flux, in the litterfall will have a significantly reduced flux owing to the loss of N
and C-rich ash litter in the CG plots.
H0: Understory (herbaceous) vegetation biomass in the CG and CC plots will be unaffected by
canopy gap openings due to ash mortality.
H1: Understory (herbaceous) vegetation under canopy gaps will have a greater biomass and
therefore increased N and C fluxes to forest soils compared to the CC plots.
H0: N and C concentration in riparian soil and soil solution will not be significantly different
between CG and CC plots.
H1: N and C concentration in soil and soil solution will be significantly increased in CG versus
CC plots due to the loss of uptake by ash trees.
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2.1

Riparian Forest Canopy Responses to the Loss of Ash (Fraxinus spp. L) from Emerald
Ash Borer (Agrilus planipennis Fairmaire)
ABSTRACT
Since 2002, emerald ash borer (Agrilus planipennis, EAB) has been spreading across

eastern Canada and the United States killing almost every ash tree in its path. Ash (Fraxinus
spp.) trees are commonly found in ecologically important riparian zones, such that the loss of ash
caused by EAB could affect forest structure and soil processes that influence riparian ecosystem
communities and function. To assess the risk of EAB-induced effects on riparian forest structure,
we examined riparian forest characteristics in 18 plots in southwestern Ontario containing 10%
to 55% ash basal area (BA) composition over a 5-year, pre-infestation to post-infestation period.
On average across plots, ash was the single most common tree in riparian areas in terms of stem
density and basal area, followed closely by maple (Acer spp.). Average ash mortality increased
from 9% in year 1 to 99% in year 5 across plots, but average canopy openness only increased
from 8 to 12%. Increased leaf output and multi-story canopy structures of riparian tree species
other than ash appear to be providing residual canopy cover regardless of the ash mortality.
Exceptions are large, individual gaps where ash trees were clustered. Ash leaf litter deposition in
stream-side collectors decreased by 85%, which reduced total leaf litter deposition by 7%.
Nutrient analyses on leaf litter of the six most common riparian trees showed that ash had midrange C:N ratio and had the highest concentrations of S from all other tree species. Given the
prevalence of ash in some riparian forests and its high-quality leaf litter, the loss or large
reduction in ash leaf litter deposition to forest floors and adjacent water bodies could have
negative implications for soil nutrient cycling and soil and aquatic litter consumers. However,
even when nearly all mature ash trees in our plots were dead, ash leaf litter deposition was
retained to some extent from regenerating saplings. Our results indicate that EAB-induced

22

canopy openness and reductions in high-quality leaf litter deposition will be most pronounced in
riparian stands where ash comprises 50% or greater composition, but can also occur at smaller,
patch-level scales when ash are clustered. In riparian areas where ash are predominant, and
important features such as source water locations, biodiversity hotspots, or habitats for species at
risk are present, management actions can be taken to reduce the effects of the rapid loss of ash
from EAB.
Key words
Agrilus planipennis, Fraxinus, Riparian Forest, Canopy Structure, Litterfall
2.2

INTRODUCTION
The movement of invasive species is becoming increasingly prevalent with the expansion

of global commerce, with 1% of the establishing species becoming pests (Mooney and Cleland
2001). The emerald ash borer (EAB), Agrilus planipennis Fairmaire (Coleoptera: Buprestidae),
has been identified as a forest pest killing many millions of ash trees Fraxinus spp. L. in eastern
North America since it was discovered in Michigan and Ontario in 2002 (Haack et al. 2002,
Scarr et al. 2002). The native distribution of EAB spans from northern China to Eastern Russia,
including Japan and Korea (Kimoto and Duthie-Holt 2006, Wang et al. 2010). Since EAB was
discovered in 2002 it has spread across eastern North America infesting forests of Ontario and
Quebec as well as 25 Central and Eastern States (USDA 2017). Many cities and towns have used
ash trees to line streets and in subdivisions for shade and curb appeal, because they are a fast
growing and hardy species. In both rural and urban environments, ash trees are commonly found
in woodlots and riparian areas (Ottman and Kielbaso 1976, Poland and McCullough 2006). EAB
is a cryptic bark beetle that spends the majority of its life cycle underneath the bark of ash trees,
tunneling through the cambium layer (Poland and McCullough 2006). Ash trees often show

23

crown dieback, epicormic shoots along the lower trunk, bark splitting, increased woodpecker
feeding, and the presence of D-shaped exit holes when EAB are infesting the trees (de Groot et
al. 2006).
All five ash tree species native to Canada (white ash (Fraxinus americana L.), black ash
(Fraxinus nigra Marshall), green/red ash (Fraxinus pennsylvanica Marshall), blue ash (Fraxinus
quadrangulata Michx), and pumpkin ash (Fraxinus profundal Bush)) can occur in riparian
deciduous forests (Poland and McCullough 2006). Riparian forests are areas of forest vegetation
near or around water bodies with soils that normally contain greater moisture than the
surrounding landscape, a condition preferred by ash species (Maser and Sedell 1994, Naiman
and Décamps 1997). Ash trees are shade tolerant when young, but tolerance decreases with age
as ash become predominant species in the upper forest canopies (Farrar 1995). The propensity of
ash trees to become dominant canopy species and their preference for soils near water bodies
suggests that riparian forest ecosystems are at particular risk of ecological impacts from EAB
infestations. Indeed, all five ash species are susceptible to EAB attack, although blue ash appears
to be somewhat resistant (Poland and McCullough 2006, Anulewicz et al. 2008).
When ash trees are prominent in riparian forests, these ecosystems may be particularly
susceptible to ecological impacts from invasive species like EAB (Planty-Tabacchi 1996, Nisbet
et al. 2015). As an illustration of ash tree prevalence in riparian forests, Carleton and Taylor
(1983) conducted surveys of ravines throughout the Scarborough, Ontario region and found that
ash trees were the only species that were present in all riparian forests. EAB-induced mortality of
ash in woodlot forests can lead to the formation of canopy gaps (Herms and McCullough 2014,
Gandhi and Herms 2010a, Kashian and Witter 2011) but this has not been studied in riparian
forests. Gap formation would be predicted when ash die in riparian areas, especially when ash is
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clustered, but the extent to which this will affect litter deposition rates is poorly understood.
Gandhi and Herms (2010b) discuss the implications of gap formation through rapid tree
mortality which may include altered biogeochemical cycling, increases in light resources, water
availability, and changes in competition, herbivory, and predation. Nisbet et al. (2015) focused
on the risk of EAB-induced canopy gap creation in riparian forests to aquatic ecosystems,
suggesting that the loss of high-quality ash leaf litter has the potential to be detrimental to aquatic
invertebrates.
Here, we present some of the first data from riparian forest plots in which we track ash
tree mortality, canopy openness, and litterfall deposition from very early to late infestation, to
assess the likelihood of ecological impacts resulting from those changes. We hypothesized that
rapid EAB-induced ash mortality will greatly alter the riparian forest canopy by creating an
unnatural gap structure and that this will be sufficient to measurably decrease the amount of
litterfall deposited on the forest floor. We also measured ash tree regeneration in the affected
riparian forest plots and examined the nutrient content of the leaf litter. Specifically, our goal
was to determine the threshold at which the proportion of ash trees in riparian forests was
sufficient to induce measurable structural changes, such as increased canopy openness, as well as
a decrease in the amount of litterfall deposited on the forest floor when the ash died from EAB
infestation.
2.3
2.3.1

MATERIALS AND METHODS
Study Area and Riparian Forest Composition
Surveys were conducted in 18 plots, two in each of nine sites where riparian forests were

visible along distinct stream channels in the summer of 2010 in Lambton and Middlesex
Counties near Alvinston, Ontario (17 E 429506 N 4741085) (Figure 2.1). The site selection was
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not random, but was made initially by remote sensing (satellite images obtained from Google
Earth™) followed by verification ground surveys. Sites were selected based on the following
criteria: 1) the riparian forest in satellite images appeared intact and contiguous for at least 400 m
long and 30 m wide on each side of a distinct stream channel, 2) the riparian forest contained
some ash determined by quick visual survey (we excluded riparian forests that did not contain
ash trees because our interest was in evaluating the importance of ash in relation to other
common riparian tree species), 3) there was little or no obvious ash mortality from EAB, 4)
there was no indication of cattle grazing or other disturbances in the riparian areas, 5) they were
reasonably accessible by road, and 6) permission to access was granted by landowners.
Each of the nine sites contained two plots measuring 15 m wide x 75 m long (1125 m2
area), originating at the stream edge and running parallel to the stream. At eight of the nine sites,
plots were established on opposite sides of the stream, and plot centers were offset by at least 50
m (at most sites the two plots were separated by at least 100 m) to minimize stream canopy
overlap. At the ninth site where the plots could not be placed on opposite sides of the stream for
logistical reasons, the two plots were separated by 300 m. All 18 plots were intentionally chosen
to capture a range in percent ash composition. The distance between the two plots at each site
was intentionally increased when necessary to meet this requirement, i.e. to maximize
differences in forest composition between plots and to capture the range in overall site
conditions. Therefore, although plots were not randomly placed on the landscape or in riparian
areas in accordance with the above selection criteria, we considered each plot to be a separate
measurement unit for statistical analyses. All trees > 5 cm diameter at breast height (DBH) in the
plots were inventoried to genus and the diameter at breast height (DBH) for all trees was

26

recorded using calipers to calculate the basal area for each genus (BA=π(DBH/2)2) at each site.
These measurements were done in July of 2010, 2012, 2013 and 2015.
2.3.2 Canopy Analysis
To quantify canopy openness, digital photographs were taken at 15 m intervals along a
central transect in each plot for a total of six photographs per plot. The camera locations along
each transect were marked to ensure placement of the camera at the same locations for
subsequent photographs. Using a Canon EOS 50D camera with a 185˚ SuperFisheye (5.6 mm
F/5.6) lens and a self-leveling mount on a tripod (Régent Instruments Inc. Ville de Quebec, QC),
photos were taken in the last week of July in 2010, 2013, 2014, and 2015. The software used to
analyze the photos was WinSCANOPY 2009a for Canopy Analysis (Régent Instruments Inc.).
The percent canopy openness from each of the six photos was averaged to obtain an average
percent openness for each plot. We also included canopy openness data from three additional
plots outside our study area (an old infestation area near Essex, Ontario) from photographs taken
by the same methods in similar riparian plots at the same time as our 2015 canopy photos
(Kreutzweiser, unpublished data). This was done to capture a broader range of ash composition
in riparian stands for canopy openness analysis when we examined the relationship between
canopy openness and % ash composition.
2.3.3 Ash Vigour and Mortality
Ash vigour and mortality were determined using a 3-point canopy rating scale (alive,
stressed, and dead) (Figure 2.2). Stressed was defined as substantially thinned crown and/or
evidence of intense woodpecker activity. Dead was defined as the absence or near absence of
living leaves. All ash trees in the plots were counted and flagged to monitor the progression of
mortality through the EAB infestation.
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Figure 2.1 The location of the 9 sites used to assess the impact
of emerald ash borer on riparian forest canopy structure and
leaf litter deposition throughout Lambton, Middlesex,
Chatham-Kent, and Elgin Counties.

Figure 2.2 Pictorial representation of the ash canopy mortality
rating guide. Trees are shown in the left panel as ‘Alive’ – ash
trees that had little to no woodpecker damage, 0% to 40%
thinning crown die back, little to no epicormic shoots; in the
central panel as ‘Stressed’ – Ash trees that had woodpecker
feeding on the tree, 40% to 80% thinned crown die back,
multiple epicormics shoots, and signs of bark splitting; And in
the right panel as ‘Dead’ – ash trees that had woodpecker
feeding on the majority of the tree surface, 80% to 100% crown
dieback, multiple epicormic shoots around the basal area of the
tree as well as throughout the trunk and branches, bark splitting
present, and visible galleries showing.
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2.3.4 Litterfall Deposition
Total litterfall was collected 2 times during the fall; once in the middle of October (~50%
leaf fall) and again in late November (~100% leaf fall) of 2010, 2013 and 2014 using open-top
(73 cm long x 50 cm wide x 41 cm high) polyethylene Rubbermaid® containers with screen
covered holes in the bottom to allow water to drain. October and November samples were
combined for total litterfall deposition analyses. For each plot, 5 boxes were placed at
approximately 5-m intervals along stream edges. The total litterfall was sealed in plastic bags
and placed in cold storage for subsequent processing. In 2010, leaves were identified to genus
only, whereas in 2013 and 2014 leaves were identified to species. Following identification, the
leaves were separately dried by species for 24 hours in a drying oven at 70˚C or until leaves were
crumbling to the touch to ensure constant dry weight, then weighed to obtain dry leaf mass. The
relative percent contribution to total litterfall (by weight) of each species of leaf was calculated
and presented as kg/ha. We present data only for the six most common tree genera in the plots,
which represented about 75% of total litterfall. The remainder of the leaf litter was grouped into
an “other” category which includes shrub species, and other tree genera below 10% leaf litter
composition; a full list of deposited materials was presented in Appendix 1. Coarse material,
such as small twigs, woody debris, petioles, and nut/seeds were included with the total litterfall
that was collected because coarse material from trees can make up a substantial portion of the
organic matter and influence nutrient fluxes to the forest floor (Morrison 1990).
2.3.5 Ash Regeneration
To determine the potential for regenerating ash to contribute to the 2014 leaf litter
deposition measurement, ash regeneration surveys were conducted in the summer of 2015. We
only included ash saplings <5 cm DBH (trees >5 cm DBH were included in the ash mortality
survey) and >0.5 m tall because ash shorter than this would not have deposited leaf litter in our
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traps the previous year. All ash saplings were counted in each plot to calculate the density (stems
ha-1) of the ash regeneration.
2.3.6 Leaf Nutrient Analysis
To determine the implications of changes in the nutrient availability in the leaf litter
deposition, we analyzed leaf litter for major nutrient concentrations. A representative sample of
leaves from each site was collected from over/under story trees in October 2015, at senescence
and just before leaf fall. We performed a nutrient analysis by plot for the 6 most common tree
genera in the leaf litter collection of 2014 (Fraxinus spp. L, Ulmus spp. L, Carya spp. Nutt,
Fagus sp. L, Acer spp. L, and Juglans sp. L.), which included foliage from ash trees >5 cm DBH
that we could find at least partially alive in 2015 (included white and blue ash, some of which
were outside but near our actual plots). The leaves were dried and ground (1 mm2) to prepare a
uniform sample for analysis. The samples were processed through a combustion analyzer (Vario
EL III, CHNOS Elemental Analyzer from Elementar Americas Inc. Mt. Laurel, NJ.) to determine
nitrogen and carbon concentrations. For total elemental diagnostics, the samples were
predigested with nitric acid (1 mL) and hydrogen peroxide (2 mL) overnight then placed in a
digestion microwave (Mars Xpress, CEM Corporation, Matthews, NC) for 4 min at 120°C and 9
min at 170°C. Elemental analysis was done using an inductively coupled plasma
spectrophotometer with mass spectral detector (Agilent 7700x ICPMS, Mississauga, ON).
2.3.7 Statistical Analysis
Riparian forest composition metrics were calculated for each plot. Metrics included stem
density (stems ha-1), BA (m2 ha-1), forest stand composition by genus (%), and total BA
composition by genus (%). Non-linear regression was used to examine the relationship between
the percentage of ash mortality and sample time. Average percent canopy openness was
compared among sampling years with a Kruskal-Wallis test on ranks followed by Dunn’s test for
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planned comparisons against the sampling years. A non-linear regression was used to explore the
relationship between the percentage of canopy openness in 2015 (after substantial ash mortality)
and the percentage of ash composition in the plots. I then applied non-linear regressions to
examine the relationship of tree species richness in riparian plots with both ash composition and
2015 canopy openness to determine the extent to which the stand complexity (in terms of species
richness) influenced the presence of ash and the ability to detect openness after ash mortality.
GLM regressions were applied to examine relationships between total leaf litter
deposition and sample time (2010 and 2014 only to capture the pre-infestation to post-infestation
change). Slopes of the regressions of litter deposition on sample time for each of the six most
common genera (maple, elm, ash, hickory, walnut and beech) were compared between preinfestation (2010) and post-infestation (2014) by ANOVA. Non-linear regression was used to
examine the relationship between the amount of ash trees in each plot (based on 2010 surveys)
and the density of ash saplings in 2015.
Nutrient concentrations among genera were compared by ANOVA, and when significant
(p<0.05), Holm-Sidak planned comparisons between ash and all other leaf genera were applied.
All tests were conducted using SigmaPlot for Windows Version 12.0 (Build 12.0.0182
Copyright© 2011 Systat Software, Inc.) or SAS for Windows 9.3 (Copyright© 2002-2010 by
SAS Institute Inc.). Prior to ANOVA, all data transformations were either arcsine square root
transformed for percentages or log10-transformed to meet the assumptions of the ANOVA.
When tests for homogeneity of variances or normal distributions failed (p< 0.05), non-parametric
tests (e.g., Kruskal-Wallis) were applied.
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2.4

RESULTS

2.4.1 Riparian Forest Composition and Ash Mortality
A total of 23 tree species were identified across the 18 plots. In the pre-infestation
surveys, ash, on average, was the single most common tree in terms of stem density, BA, and
stand composition in the riparian plots (Table 2.1), although the % BA ash composition varied
among plots from 7.5 to 49.7%.
Table 2.1 Mean (± SEM) stem density, basal area (BA), % forest stand composition, and % BA
composition in riparian forest plots for the 14 most abundant tree genera found.
Tree Genera
Fraxinus spp.
Acer spp.
Tilia sp.
Ulmus spp.
Fagus sp.
Carya spp.
Ostrya sp.
Juglans sp.
Populus spp.
Quercus spp.
Crataegus spp.
Prunus spp.
Salix spp.
Celts sp.

Stem
Density
(stems ha-1)
304.20 (38.93)
285.93 (42.92)
157.22 (34.63)
124.94 (24.77)
122.83 (30.34)
117.78 (33.56)
108.89 (19.57)
55.11 (10.73)
53.33 (40.08)
52.53 (15.41)
31.75 (14.88)
30.00 (10.62)
17.78 (8.89)
12.44 (2.18)

BA
2

-1

(m ha )
13.69
4.98
3.11
2.49
4.18
1.86
0.98
3.55
4.53
2.58
0.27
0.98
2.49
0.27

(1.87)
(0.71)
(0.53)
(0.71)
(1.33)
(0.62)
(0.18)
(1.16)
(2.76)
(0.89)
(0.09)
(0.53)
(1.87)
(0.27)

Stem density
(%)
23.89
22.17
11.82
8.42
10.50
9.01
8.89
4.12
4.70
4.34
2.32
2.51
1.40
1.03

(2.68)
(2.89)
(2.51)
(1.74)
(2.96)
(2.46)
(1.70)
(0.80)
(3.20)
(1.32)
(1.08)
(0.88)
(0.66)
(0.17)

BA (%)
37.01
14.20
8.96
6.65
12.99
5.58
2.97
8.87
11.37
7.14
0.73
2.52
8.14
0.62

(3.93)
(2.05)
(1.39)
(1.20)
(4.50)
(1.95)
(0.59)
(2.54)
(7.01)
(2.38)
(0.35)
(1.35)
(6.85)
(0.27)

Ash mortality among most sites increased significantly from an average of 9% in 2010 to
99% in 2015 (Figure 2.3; closed circles). One site was a notable exception and was analyzed
separately. That site was the only one in which most of the ash in the two plots were blue ash,
and their mortality rates over the 5-year period were substantially slower, increasing from about
3% to 33% (Figure 2.3; open circles).
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2.4.2 Canopy Analysis
The mean percent openness of the canopy across plots gradually increased from about
8% in 2010 to 12% in 2015 (p<0.001) (Figure 2.4). While average openness across plots only
reached a maximum of 15% in 2015, openness (gap patchiness) within plots was more variable
ranging from 3% to 18%. When openness data from the three plots near Essex were included (%
BA composition of ash in those plots was 29, 55 and 74%), a significant relationship between the
ash composition in the plot and canopy openness was detected in 2015 (r2 = 0.74, p<0.001).
However, the shape of the regression curve (Figure 2.5) indicates that this relationship was not
apparent until the ash composition reached approximately 50% or more of stand composition,
and that the Essex plots in particular influenced that relationship. To explore the extent to which
BA of stand composition (in terms of genera richness) might influence this relationship, we
found that canopy openness in 2015 had a strong negative relationship (R2=0.90, p≤0.001) with
tree species richness, and that the % ash composition in plots also tended to be inversely related
to tree richness (R2=0.39, p=0.002) (Figure 2.6).
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Figure 2.3 Percentage of ash mortality in riparian plots with a
low content (<5%) of blue ash (closed circles; n=16) and plots
with a high (>40%) content of blue ash (open circles; n=2). The
best fit regression lines are means of the observed values.
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Figure 2.4 Percent canopy openness in riparian plots over 4
years. The boxes show the 25th and 75th quartiles; the line in
each box shows the median value; and the whiskers show the
maximum and minimum average plot values across sites.
Boxes with different letters indicate significant differences
between years (Holm - Sidak p<0.05).
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composition in plots (open circles). The best fit regression lines
are fitted to the means of the observed variables.
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2.4.3 Leaf Litter and Litterfall Deposition
We analyzed only the six most common genera found in leaf litter from 2010, 2013, and
2014, as well as “other” species collected and the coarse material (2013, 2014) in the collection
bins. There was a statistically significant (p<0.001) decrease (84% loss) in the average ash leaf
litter deposition (Table 2.2). However, total litterfall deposition increased by 12.3% between
2010 and 2014 but this was not significant (p=0.21). Coarse material increased 22.8% from 2013
to 2014 with no significant difference (p=0.13) over this period. Although none of the other
genera were significantly different between 2010 and 2014 (p>0.05), maple, walnut, hickory, and
beech showed increases up to 39% while elm decreased by 15%.
Table 2.2 Annual (Mean ±SEM) leaf litter deposition and litterfall for the six most common tree
genera (accounting for 76% of the leaf litter and total litterfall) across the 18 riparian plots
Annual leaf litter Deposition (kg ha-1)
2010
2013
2014

Genera
Fraxinus
spp.
Acer spp.
Carya spp.
Fagus sp.
Juglans sp.
Ulmus spp.
Other
Coarse
Material‡

% Change
2010-2014

pvalue
<0.001

321

(42.9)

56

(14.8)

51

(19.5)

-84.0% *

398
153
113
121
184
315

(41.7)
(34.9)
(19.2)
(28.2)
(23.0)
(51.8)

456
137
135
136
160
331

(52.4)
(30.8)
(26.1)
(17.6)
(23.7)
(53.8)

530
162
121
169
157
378

(92.0)
(43.2)
(28.5)
(32.9)
(23.7)
(69.3)

+33.2%
+5.9%
+7.4%
+39.7%
-14.8%
+20.1%

0.21
0.87
0.83
0.30
0.43
0.47

188

(22.4)

232

(25.4)

+22.8%†

0.13

0.21
1566
(31.5)
1556
(58.5)
1747
(137.6)
+12.3%
Total
*indicates significant differences between 2010 and 2014 (Students or Mann-Whitney rank sum
t-test, p<0.05)
†Difference in percent from 2013 – 2014, no data for course material in 2010
‡Data was log10 transformed
I analyzed ash litter deposition for site 14D separately; at this site, blue ash was
predominant and ash mortality was considerably less than all other sites (Figure 2.3). Despite
lower ash mortality at this site, there was a significant reduction (59% decline) in ash litter
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deposition between 2010 and 2013 (p=0.03). However, by 2014, ash litter deposition had
increased (about 45% less than 2010) and was no longer significantly different (p=0.18).
Linear regressions were used to examine relationships between average leaf litter
deposition rate for each genus and the initial % composition of ash trees to each plot. While the
mean deposition of ash litter at all sites decreased significantly between 2010 and 2014 the
decreases were largest at plots with the highest ash BA in 2010. (Figure 2.7, p≤0.001). None of
the other genera showed significant changes in slope (p< 0.05) of litter deposition on % ash trees
in plots between 2010 and 2014, but maple was marginal (p=0.08) and walnut (p=0.21) was
similar in that both genera tended to shift from negative to positive slopes after the infestation.
This suggests that in plots with higher proportions of ash content, and therefore greater
likelihood of more and larger canopy openings, that maple (and possibly walnut) litter deposition
increased as those trees flourished in canopy openings created by EAB.
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Figure 2.7 The relationship between initial ash stem density in the riparian plots and average leaf
litter deposition (kg/ha) for six of the most common leaf genera collected (these species
accounted for 76 % of leaf litter biomass). Solid circles indicate litter from plots sampled in 2010
and open circles are litter from plots sampled in 2014. Best fit regression lines are means of the
observed values.
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2.4.4 Ash Regeneration
The density of ash saplings among plots ranged from 444 to 6178 stems/ha, with a
median of 1591 and an average of 2085 stems/ha. Sapling density showed a significant and
negative relationship with the density of ash trees in the plots (R2=0.23, p=0.04) (Figure 2.8).
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Figure 2.8 The relationship between the stem density of ash trees (> 5 cm dbh) prior to the EAB
invasion (2009) and the stem density of ash regeneration stems per hectare in 2015.

2.4.5 Leaf Litter Nutrients
Few of the nutrients analyzed were significantly different in ash compared to the other
common genera. Only sulfur was significantly higher in ash than all others, being about 2-5
times higher than in the other genera (Table 2.3). Maple was found to have significantly higher
macro-nutrient flux than ash, as well as a higher C:N ratio which was due to having a lower N
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concentration than ash. N concentration and the C:N ratio in ash litter was intermediate
compared to other genera, with N significantly higher than in maple and the C:N ratio
significantly lower than in maple. The post-infestation flux (movement of nutrients from tree
litter to forest floor) of most nutrients in ash litter was found to be significantly lower when
compared to most other common genera, because of the large post-infestation reduction in ash
litter deposition (Table 2.3). Hickory was found to have significantly greater flux of micronutrients Mn, Zn, Al, B, Ba, Ag, Bi, Ga, La, Li, Sb. Maple leaf litter contained significantly
lower concentrations of Fe, Zn, Ba, and Rb than ash leaf litter, whereas ash contained lower
concentration levels of macro-nutrients such as Mn, B, Hg, Ag, Bi, Li, Tl than maple. Walnut
and Elm both had significantly greater content of Zn, B, Li than was found in ash foliage
(Appendix 2).
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Table 2.3 Mean macro-nutrient flux and concentration (±SEM) of the six most commonly collected leaf genera found in the riparian
plot (n=18) in 2015.
Nutrient Flux
Fraxinus spp.
Acer spp.
Carya spp.
Fagus sp.
Juglans sp.
-1
-1
-1
-1
kg ha SEM
kg ha
SEM
kg ha
SEM
kg ha
SEM kg ha-1 SEM
N†
0.76 (0.06)
5.78* (0.33)
2.31* (0.16)
1.94* (0.39)
3.07* (0.22)
C†‡
23.42 (0.30)
254.85* (1.08)
75.46* (0.29)
59.60 (0.55) 77.82* (1.14)
C:N
33.22 (2.56)
46.21* (3.10)
34.34 (2.14)
33.76 (5.06)
25.96 (2.12)
P†
0.08 (0.01)
0.63* (0.09)
0.21* (0.02)
0.18* (0.04)
0.27* (0.05)
K†
0.62 (0.06)
2.99* (0.19)
1.21* (0.11)
1.02* (0.21)
3.17* (0.55)
Ca
1.43 (0.21)
10.09* (0.36)
4.13* (0.13)
1.36 (0.15)
6.15* (0.37)
S
0.11 (0.01)
0.23* (0.02)
0.11 (0.01)
0.08 (0.03)
0.17 (0.01)
Mg†‡
0.21 (0.03)
1.23* (0.06)
0.61* (0.03)
0.25 (0.05)
0.75* (0.03)
Nutrient Concentration
g kg-1 SEM
g kg-1 SEM
g kg-1 SEM
g kg-1 SEM
g kg-1 SEM
N
14.93 (1.27)
10.9* (0.62)
14.27 (0.97)
16.02 (3.20)
18.15 (1.28)
C
459.31 (5.81)
480.85* (2.04)
465.82 (1.81)
492.6* (4.57) 460.45 (6.72)
C:N
33.22 (2.56)
46.21* (3.10)
34.34 (2.14)
33.76 (5.06)
25.96 (2.12)
P
1.62 (0.23)
1.18 (0.17)
1.3 (0.12)
1.48 (0.29)
1.58 (0.31)
K
12.07 (1.09)
5.65* (0.35)
7.44* (0.70)
8.43 (1.74)
18.75 (3.28)
Ca
28.12 (4.10)
19.03 (0.68)
25.5 (0.79)
11.23 (1.27)
36.41 (2.18)
S
2.25 (0.21)
0.44* (0.04)
0.67* (0.06)
0.62* (0.21)
0.99* (0.07)
Mg
4.15 (0.57)
2.32 (0.12)
3.76 (0.17)
2.07 (0.40)
4.45 (0.20)
* indicates significant difference from ash (Holm-Sidak planned comparison, p<0.05)
† Data was log10 transformed
‡ Data was analyzed using Dunn’s planned comparison, p<0.05

Ulmus spp
kg ha-1 SEM
2.92* (0.26)
69.80 (0.43)
24.89 (1.87)
0.31* (0.03)
1.87* (0.18)
4.06* (0.20)
0.10 (0.01)
0.52 (0.02)
g kg-1
18.59
444.59
24.89
2
11.93
25.84
0.66*
3.34

SEM
(1.64)
(2.77)
(1.87)
(0.19)
(1.14)
(1.27)
(0.05)
(0.11)
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2.5

DISCUSSION
Ash can be a common tree species in southern Ontario riparian forests and, in our plots,

ash was the single most common tree in terms of stem density and BA. This concurs with the
findings of Crocker et al. (2009) who reported higher densities of ash trees in riparian stands than
in upland areas of Lower Michigan, USA. Therefore, the loss of ash trees due to EAB infestation
may precipitate a cascade of localized ecological effects in riparian forests. Ash mortality
increased significantly during the study period. By 2015, the average ash mortality rate for sites
containing no blue ash was approximately 99%, which is consistent with post-infestation
mortality rates found in studies in Michigan and Ohio (Klooster et al. 2014, Knight et al. 2012).
In our site (two plots) containing blue ash, mortality over the 5-year study period was <30%
indicating some degree of resistance to EAB. Our observations concur with previous assessments
that showed blue ash resistance in infested EAB areas (Anuleiwcz et al. 2007, Tanis and
McCullough 2012)
The loss of ash in our riparian plots resulted in about a 1.5-fold increase in canopy
openness between 2010 and 2015, but canopy openness throughout all the plots was relatively
small increasing from about 8% pre-infestation average openness to 12% post-infestation.
Anulewicz et al. (2007) and Smitley et al. (2008) also reported gradual thinning of ash tree
canopies throughout the progression of an EAB infestation and that these caused openings of the
overall forest canopy. Percent canopy openness in our riparian plots was influenced by the % BA
of ash or ash composition in the riparian forests and the riparian forest composition as indicated
by genera richness. I expected a strong positive relationship between the % ash composition and
canopy openness after the infestation in riparian plots, but this relationship was only clear in
plots with > 50% ash. This low degree of association between moderate densities of ash (<50%
stand BA) and canopy openness seems to have arisen from the spatial distribution of
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conspecifics, the canopy architecture, and the stand composition. We observed (but did not
quantify) that all species of ash trees were often scattered among other tree species within the
plots, and only tended to form clusters or pockets of pure ash when ash composition of one or
more ash species in a stand approached about 30% or higher. Kashian and Witter (2011) also
reported increased clustering of ash trees as their percent composition to stand composition
increased. Gaps from dieback among clusters of ash were more obvious than canopy openings
from scattered, individual dead ash, but the apparent influence of these gaps was diminished by
averaging canopy opening readings across whole plots. We further observed that mature ash
tended to have the highest overstory crowns among the common tree species in our riparian
plots. This meant that even in plots with up to 30-40% ash, the loss of ash crowns was often
obscured by lower-crowned species such that average canopy openings as measured by the
digital canopy analyzer were only marginally affected. The negative relationship we measured
between canopy openness and genera richness further indicates that the stand structure had a
bearing on the effects of ash loss on canopy openness. Decreasing effects of EAB-induced ash
loss on canopy openness with increasing stand richness agrees with an earlier contention that
localized mortality events in forest stands will have less pronounced impacts on stand structure
with increasing stand richness (Morin et al. 2011). Overall, our data and observations indicated
that riparian forests with less than 50% ash do show significant increases in canopy openness
throughout the forest. However, it is also evident that even at lower ash densities in more diverse
riparian stands, EAB can cause localized, patchy canopy gaps that may have implications for
increased light penetration, forest floor vegetation responses, and nutrient cycling (Nisbet et al.
2015).
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The mortality of ash trees in riparian forests had a significant influence on ash leaf litter
deposited on the forest floor. At the peak of ash mortality, ash leaf litter deposition rates dropped
by about 84%. However, although almost all ash in most plots were dead by the final litter
collection, ash leaf litter was still found in our stream-side collectors. It appears that occasional,
residual blue ash may have contributed to this at the site where it was present but that most of the
remaining litter was derived from regenerating ash saplings. Regeneration surveys confirmed
that high densities of ash saplings (<5cm DBH, but >1m tall) were common in our plots and
would have contributed to ash leaf litter post-infestation. While there were no significant changes
in leaf litter deposition from the other major genera of trees or total litterfall, there were
noticeable increases in leaf litter from walnut (40%), maple (33%), beech (7%), other species
(uncommon tree species, shrubs) (20%), and coarse material (23%). This potentially indicates a
compensatory increase in litter production by those trees in response to canopy openings from
the loss of ash. Runkle (1984) studied gap influences in maple/beech stands and his results
showed that maple and beech production responded positively to gaps, often becoming dominant
relative to other species at a given site. Similarly, walnut is a shade intolerant tree and may have
increased annual leaf litter deposition rates from increased sapling production and/or from
reduced competition in the canopy causing rapid branch and leaf growth (Runkle 1982). We also
found a noticeable, although not statistically significant, decline (15%) in elm litter deposition
which may have reflected increased elm mortality from Dutch elm disease that was observed
across sites during the study period. With the increased mortality of ash trees, we predicted that
total litterfall would have decreased; however, the data shows an increase in total litterfall. This
increase in total litterfall was at least partly due to the increase in coarse material (twigs, petioles,
and seeds) (+23%) which is associated with dying trees compared to total leaf litter which was
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1515 kg ha-1 (-3%). Herms and McCullough (2014) discuss that one of the ecological impacts of
EAB is increases in coarse woody material because dead trees become more fragile with dead
branches and twigs being contributors to the amount of total litterfall deposited on the forest
floor.
Reductions in ash leaf litter were found to be associated with corresponding reductions in
nutrient fluxes to riparian soils. This can also be linked to nutrient availability for aquatic
invertebrates in adjacent water bodies (Nisbet et al 2015). My data, when compared to Nisbet
(2014), show that ash is not exclusively a high-nutrient leaf source for consumers, but is among
the better-quality species common in riparian forest stands. The C:N ratio in leaf litter is
considered an indication of leaf litter quality for consumers, lower C:N ratios inferring higher
quality litter (Taylor et al. 1989). I found that the C:N ratio of ash leaf litter was intermediate
among the six common tree genera in riparian plots, but was significantly lower than maple
which are the other most abundant trees in riparian areas of our study region. Langenbruch et al.
(2012) and Vesterdal et al. (2008) also found ash leaf litter to be a comparatively high-quality,
N-rich litter source from among tree species in forest stands they assessed. In our study ash leaf
litter was also found to have higher concentrations of magnesium and sulfur. Magnesium is an
essential element in the growth of leaves where is it found throughout the vascular tissue and
chloroplasts (Shaul 2002). Blue ash in particular had the highest concentration of magnesium
among all species we analyzed, including white, green, and black ash (Chen and Poland 2010).
In this study, the post-infestation reduction of ash leaf litter reduced the flux of macro and micronutrients to the forest floor from this tree genus litter.
Given the prevalence of ash in some riparian forests (the single most common tree in our
riparian plots in terms of stem density and BA) and its high-quality leaf litter, the loss or large
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reduction in ash leaf litter deposition to forest floors and adjacent water bodies could have
negative implications for soil nutrient cycling, soil, and aquatic litter consumers. However, our
data show that even when all mature ash trees are dead, ash leaf litter is retained to some extent
from regenerating saplings. Aubin et al. (2015) studied the ash regeneration potential in EAB
infested forests and concluded that ash is likely to persist on the landscape for decades, but only
in juvenile, low-shrub forms and stump sprouts. This form of ash would nevertheless provide
some level of sustained high-quality ash leaf litter inputs to forest floors and adjacent water
bodies.
We found a weak (r2=0.23) but significant (p=0.04) negative relationship between ash
sapling density and initial % ash composition in riparian plots. This was unexpected. We
expected increasing canopy openings from loss of ash trees to create increased light and more
favourable regeneration conditions for ash saplings. However, it appears that at high densities of
ash with larger gaps from clustered dead ash trees, the proliferation of herbaceous ground
vegetation and shrubs that we observed may have suppressed ash seedling or sapling growth. In a
companion study in the same riparian plots, herbaceous ground vegetation mass under EABcreated canopy gaps was 100% to 800% higher than in nearby closed-canopy plots (Dutkiewicz,
Chapter 3). A review by Royo and Carson (2006) and response by Young and Peffer (2010)
show that understory vegetation proliferation on forest floors, especially after canopy-opening
disturbances, can suppress tree regeneration. Peterken and Mountford (1998) reported that tree
seedling and sapling growth is difficult when growing within forest canopy gaps created by elm
tree mortality from Dutch elm disease, because of increased competition by ground vegetation in
these areas. Hausman et al. (2010) found that gaps created by the removal of dying EAB-infested
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ash also promoted an increased spread of invasive plants, and the same risk may occur from the
creation of gaps from clustered dead ash.
2.6

CONCLUSION
Our field study provides empirical evidence that EAB infestations can have measurable

effects on riparian forest structure with implications for litterfall inputs to soils and adjacent
water bodies. EAB-induced canopy openness and reductions in high-quality leaf litter deposition
rates was shown to significantly affect riparian stands with >50% ash composition, and can also
occur at smaller, patch-level scales when ash is clustered. Results and implications should be
generally applicable to any other invasive insect pest that causes rapid mortality of deciduous
trees species, especially upper-canopy species, commonly found in riparian forests. In critical
riparian areas, where ash are predominant such as source water locations, biodiversity hotspots,
or habitats for species at risk, management actions can be taken to reduce the effects of the rapid
loss of ash from EAB. Management options to mitigate effects can include strategic preinfestation selection harvest and planting of appropriate replacement trees (Looney et al. 2015,
Nisbet et al. 2015). Retaining mature ash trees in critical riparian habitats could be accomplished
by the use of environmentally-responsible systemic insecticides (McKenzie et al. 2010). Saving
several mature ash trees in these critical areas could have several beneficial effects including the
preservation of male and female ash trees for a viable seed bank, minimizing the effects of
canopy openings in ash clusters, reducing the spread of secondary invasive plant species, and
slowing herbaceous vegetation growth to allow for successful seedling and sapling survival.
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3

3.1

Soil and Nutrient Cycling Responses in Riparian Forest to the Loss of Ash (Fraxinus
spp. L) from Emerald Ash Borer (Agrilus planipennis, Fairmaire)
ABSTRACT
Emerald ash borer (Agrilus planipennis Fairmaire [EAB]) is a elusive species that has

been spreading across Canada and the United States killing ash (Fraxinus spp. L.) trees. Ash
trees commonly grow individually or clustered together throughout ecologically sensitive areas,
such as riparian zones. The loss of ash caused by EAB can have negative impacts on riparian
ecosystem communities and function via creation of canopy gaps, changes in light penetration,
expansion of ground vegetation, and alteration of soil nitrogen and carbon cycling. From 2014 to
2015, I examined the effects of ash mortality in riparian forest ecosystems. I selected two areas
with different infestation timelines, a “new” area with recent (2-3 years) EAB-caused mortality
and an “old” area (initially infested 10 years before) to better understand the long-term effects of
canopy gaps created by sudden ash loss on litterfall, herbaceous ground vegetation, and soil
nutrient cycling. Within each area, study sites consisted of one plot with clustered dead ash
(canopy gap plots - CG) and a nearby plot with scattered ash in the canopy (canopy closed plots CC). CG plots showed a significant decrease in the amount of litterfall deposited on the forest
floor compared to CC plots. The biomass and N content of herbaceous ground vegetation was
significantly greater in CG plots in both the new and old infestation sites. Soil C and N
concentrations were not significantly different between CG and CC sites. However, nitrate
concentrations in soil solution was significantly greater in the CG compared to CC plots at the
new infestation sites but showed the opposite trend at the old infestation sites. The lower nitrate
concentrations in soil solution at the old infestation sites likely reflects uptake by the much
greater biomass of herbaceous ground vegetation. Canopy gap size management through
silviculture techniques such as shelter wood cutting of ash trees would help to prevent large gaps
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from forming and would be beneficial to support growth of seedlings and saplings before the
establishment of the herbaceous ground vegetation. Understory vegetation management would
be beneficial for the establishment and growth of ash trees in EAB affected areas.
Key words
Agrilus planipennis, Fraxinus, Riparian Forest, Canopy
3.2

INTRODUCTION
The ecological function of healthy riparian forest ecosystems is governed by a dynamic

relationship between biotic and abiotic components (Harvey et al. 1994). Disturbances by
invasive species can disrupt the balance of functioning riparian forests by altering important
biological and biogeochemical components of forest ecosystems (Gandhi and Herms 2010).
Emerald Ash Borer (EAB), Agrilus planipennis Fairmaire (Coleoptera: Buprestidae) is an
invasive alien species that was first discovered in Canada and the United States in 2002 near the
Detroit – Windsor area (Haack et al. 2002, Scarr et al. 2002). Native to China, eastern Russia,
Japan and Korea (Kimoto and Duthie-Holt 2006), EAB is now firmly established in eastern
North America. Over the last 15 years the distribution of EAB has expanded from Michigan and
Ontario to now include over 30 US States and parts of southern Quebec (USDA 2016). Emerald
Ash Borer is a host-specific species that attacks and kills healthy ash trees.
Ash trees are commonly found throughout urban centres as boulevard and park trees but
they are also found in a wide variety of forest habitats, including riparian forests where they can
be a dominant species. Mortality of ash trees in riparian forests is of great concern (Poland and
McCullough 2006) due to the significant role that these ecotonal forests play in mediating the
flow of energy and materials to adjacent waterbodies and potentially the functioning of
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headwater streams which are closely linked to the terrestrial ecosystem. Small headwater
streams have closed forest canopies that create a physical barrier to reduce light input, moderate
temperature fluctuations, and produce substantial amounts of primary source nutrients from
organic matter, especially leaf litter from deciduous trees and shrubs (Richardson and Danehy
2006).
Forest disturbances can alter soil nutrient cycling processes (Hazlett et al. 2008). This
includes forest insect outbreaks that have been shown to influence the forest canopy and disrupt
or change nutrient cycling and ecosystem processes (Knoepp et al. 2011, Fleming 2000). Insect
infestations that cause increased tree mortality can lead to decreased transpiration and increased
light penetration to the forest floor, both of which can affect site drainage and moisture
conditions (Campbell and Sloan 1977, Houston 1981). When insects create openings in the forest
canopy this can alter the climate (ground temperatures, soil moisture, air humidity) of the
surrounding forest, and these microclimate changes can alter soil nutrient cycling processes
(Yorks et al 2003). Lovett et al. (2002) suggested that it is possible for N to be taken up and
reallocated by other plants within a forest ecosystem during insect outbreaks rather than being
completely lost from the system.
Chapter 2 focused on the effects of an EAB outbreak on forest canopy structure,
specifically the effects of rapid ash mortality on canopy openness, litterfall deposition rates and
composition, ash regeneration densities, and stand structure. In this chapter, emphasis will be
placed on the impact of canopy gap formation on nutrient fluxes to the forest floor in litterfall,
understory vegetation biomass and soil nutrient cycling. In chapter 2, I showed that large canopy
gaps were formed when several ash trees that were clustered together died, allowing greater
amounts of light to penetrate the canopy and reach the forest floor. In this chapter, I focus
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specifically on these large gap areas in riparian forests. My objective was to determine if these
gaps created by EAB in riparian forests disrupted the nutrient fluxes and cycling in the forest
floor at those locations compared to closed canopy areas. My approach was to compare open
canopy areas (CG - gaps caused by ash mortality) with closed canopy areas (CC - minimal ash
present) by: (1) quantifying the percentage of open canopy, (2) determining the mass of litterfall
deposited on the forest floor, (3) measuring the nutrient concentrations and fluxes of litterfall
deposited on the forest floor, (4) determining the biomass and nutrient content of herbaceous
vegetation, and (5) determining soil N mineralization and soil solution N concentrations. These
comparisons were made in riparian forests of a recent EAB infestation (ash mortality 1-3 years
old) and an old infestation (mortality 8-10 years old). By examining both new and old EAB
infestations I was able to capture temporal changes in the forest canopy, litterfall, herbaceous
vegetation and soil nutrient cycling conditions resulting from gaps created by ash tree mortality.
I hypothesized that EAB-induced canopy gaps will cause significant changes in the
litterfall inputs, vegetation and soil nutrient cycling and predict the following trends: (1) CG
plots will have a greater percent canopy openness created by the mortality of clustering ash than
CC plots, (2) CG plots will have lower litterfall deposition than in CC plots, (3) because of lower
litterfall deposition in CG plots, the C and N flux to the forest floor from litter deposition will be
lower in CG plots, (4) because of increased light levels to the forest floor in CG plots, the
understory herbaceous vegetation biomass and therefore its nutrient content will be higher in
these plots, and (5) because of increased light penetration and probable changes in microclimate
conditions in CG plots, soil N mineralization and soil solution N concentrations will be higher in
CG plots than in CC plots. For all of these predicted responses, I expected greater differences
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between CG and CC plots in the old infestation than in the new infestation because of the longer
time since canopy gap formation.
3.3

MATERIAL AND METHODS

3.3.1 Study Areas and Riparian Forest Composition
I established nine 5 m x 5 m paired plots (one plot in a CG and the second in nearby CC)
at about 25 m distance from the edge of the gap (18 plots total) within a relatively new area of
ash mortality from EAB (new infestation, 1-3 years since complete or nearly complete ash
mortality) distributed across riparian forests in 5 sites. A second set of five paired plots (10 plots
total) was established at four sites in an older EAB infestation area (old infestation, 8-10 years
since complete ash mortality). The new infestation areas were located in Middlesex, Elgin, and
Chatham-Kent Counties near Glencoe, Ontario (42˚ 44’50” N, 81˚ 42’34” W) and the old
infestation areas were located in Essex County near Essex, Ontario (42˚ 10’23” N, 81˚ 46’12”
W) (Figure 3.1). The site selection was not random, and I intentionally established paired plots
where gaps from EAB-induced ash mortality were obvious from riparian forest sites that were
previously used in this project (Chapter 2, and Kreutzweiser unpublished site data). The initial
site selection was made by remote sensing (satellite images obtained from Google Earth™)
followed by verification ground surveys. Sites were selected prior to ash mortality based on the
following criteria: 1) the riparian forest in satellite images appeared intact and contiguous for at
least 400 m in length and 30 m in width on each side of a distinct stream channel, 2) the riparian
forest contained clusters of ash visible by a quick visual survey, 3) there was no indication of
cattle grazing or other disturbances in the riparian areas, 4) the sites were reasonably accessible
by road, and 5) permission to access was granted by landowners. When two sets of paired plots
occurred at a single site, the paired plots were located on opposite sides of the stream and with at
least 100 m between the pairs.
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Figure 3.1 The location of the 14 paired plots at the old and new infestation sites in Middlesex,
Chatham-Kent, Elgin, and Essex Counties, Ontario. Each site had 2 sets of paired plots spaced
~50 m – ~100 m apart and, in all but one case, on each situated on opposite sides of the stream.
3.3.2 Canopy Analysis
Canopy openness was measured in the CC and CG plots, from digital photographs taken
in the centre of each plot with a Canon EOS 50D camera, 185° SuperFisheye (5.6mm F/5.6) lens
and a self-leveling mount on a tripod (Régent Instruments Inc.). The photos were taken over a 3day period during full leaf out conditions (July 2015). The canopy photographs were then
digitally analyzed using the software WinSCANOPY 2009a for Canopy Analysis (Régent
Instruments Inc.). Consistent photo colour classification was used throughout the analysis to
facilitate comparisons among plots.
3.3.3 Litterfall
Total litterfall was collected in the fall of 2014 using four plastic 34 X 38 cm litter boxes
per plot (Figure 3.2). Samples were collected twice, in mid-October at approximately 50% leaf
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fall and in early December at 100% leaf fall, and the four collecting containers were pooled for
each plot to better represent the variety trees/shrubs throughout the plots. Litterfall was kept
frozen at -2oC prior to sorting. The leaves were separated by tree genera, shrubs, and coarse
material (twigs, seeds/nuts, bark, and petioles), dried at 70oC for 24 hours, and weighed. The
weights for each leaf genus, total shrub litter, and coarse materials were recorded and the tree
leaves were kept separated by genus for subsequent nutrient analysis. The leaves were ground to
a uniform particle size (1 mm2) using a Wiley Mill. Total carbon and nitrogen concentrations
were determined using a NCS combustion analyzer (Vario EL III, CHNOS Elemental Analyzer,
Elementar Americas Inc. Mt. Laurel, NJ.).
3.3.4 Herbaceous Ground Vegetation
The herbaceous ground vegetation was collected at the end of July 2015 when the
vegetation was fully leafed. A 1 m x 1 m quadrat was placed near the centre of each plot to
collect all the non-woody vegetation (Figure 3.2). All herbaceous vegetation in the 1 m2 quadrat
was clipped at ground level with shears and transferred to a paper bag for storage. Prior to
analysis, the samples were dried at 70oC for 24 hours, and weighed to obtain a total biomass
measure. The samples were processed and analyzed as per the leaf litter samples.
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Figure 3.2 CC and CG 5 m X 5 m plot layout showing the
placement of soil sampling locations, lysimeters, and the litter
boxes

Figure 3.3 Tension lysimeter system used for the extraction of
water from the soil, (a) tension lysimeter with porous clay cup
at the depth of 30 cm, (b) rubber stopper with air and water
extraction tubes that seal to create a vacuum, (c) cover to
protect then lysimeter end from biotic and abiotic disturbances,
and (d) pigtail pin to keep the cover in place in case of flooding
in the riparian area.
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3.3.5 Soil N Mineralization
I used both an in-situ core field incubation method and an anaerobic laboratory
incubation to assess N mineralization in CC and CG plots. For the in-situ method two PVC soil
extraction tubes with a diameter of 5 cm and 20 cm in length were hammered vertically into the
soil until the tubes were flush with the soil surface at four locations within each CC and CG plot
(Figure 2). One tube was covered and remained in the soil. The other soil extraction tube (T1)
was removed from the soil immediately after it was driven into the ground and refrigerated at 4 o
C. After 65 days, the incubated soil extraction tube (T65) was removed and refrigerated at 4 o C.
The soil was extruded from each tube and sieved (Ah horizon, depth 0-10 cm, sieved 2 mm) to
remove coarse fragments of root and rock material and to create a homogenized sample. A
subsample was taken from each T1 and T65 soil sample to determine moisture content by drying
for 24 hrs at 110 o C. A 20 g (oven dry weight equivalent) sample from T1 and T65 was weighed
into a 120 mL glass vial and shaken for 1 hour with 60 mL of 2 M KCl solution. The samples
were then filtered and analysed for inorganic - N (NH4+-N and NO3--N) determined by
Technicon autoanalyzer IIC using sodium nitroprusside and cadmium reduction methods
(Hazlett et al. 2007).
A subsample of each CC and CG plot soil sampled at T1 was anaerobically incubated in
the laboratory to determine potential mineralizable N. A 20 g (oven-dried equivalent weight) was
weighed into a 120 mL glass vial and shaken for 1 hour with 60 mL of 2 M KCl solution. A
second 20 g sample was weighed into a 120 mL glass vial and incubated in the dark for 14 days
at 30o C after addition of 30 mL of distilled/deionized water. At the conclusion of the incubation
period the samples were shaken for 1 hour with 30 mL of 4 M KCl solution. As above, samples
were filtered and extracts analysed for inorganic - N (NH4+-N only) determined by Technicon
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autoanalyzer IIC using the sodium nitroprusside method. Accumulation or depletion of
inorganic-N during the field and laboratory incubations was calculated by subtracting initial from
final concentration.
A subsample of each CC and CG plot soil sampled at T1 was air-dried, ground (Fritsch,
Planetary Mono Mill – Pulverisette 6), and placed into 4-dram glass vial for analysis. C and N
concentrations of these subsamples were determined using a combustion analyzer (Vario EL III,
CHNOS Elemental Analyzer for Elementar Americas Inc. Mt. Laurel, NJ.).
3.3.6 Soil solution
Five porous cup tension lysimeters were used to collect soil solution in each CC and CG
plot (Figure 3.2). Lysimeters (60 cm in length) were installed at a 30O angle to allow the porous
clay sampling point to sit approximately 30 cm below the soil surface (Figure 3.3). The holes
were bored using a soil auger and a 30O wooden angled jig to maintain consistency across plots.
Tension on the lysimeters was set at - 50 kPa using a hand vacuum pump with pressure gauge.
Samples were bulked between the five lysimeters in each plot at each sampling date using a 2000
ml graduated cylinder. Samples were taken every 4 weeks (June – December 2014, April – July
2015) for a full calendar year excluding January-March because of snowfall and ground freezing.
Lysimeter samples were kept refrigerated at 4oC until processing and analysis. Analysis of water
was conducted at the Great Lakes Forestry Centre in Sault Ste Marie, ON. All samples were
initially course filtered and then passed through 0.45 µm filter paper prior to analysis. Inorganic
N (NO-3-N and NH4-N) and total N were determined by Technicon autoanalyzer IIC using
sodium nitroprusside, cadmium reduction and autoclave digestion-cadmium reduction methods,
respectively.
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3.3.7 Statistical Analysis
Paired t-tests were applied between the CG and the CC plots of the new and old
infestations. Because I anticipated differences due to infestation age (older infestation would
have greater effects), I analyzed data from new and old infestations separately, then qualitatively
compared their trends. Differences between CG and CC plots in litterfall deposition and nutrient
concentrations were tested separately by genera of leaves collected, shrubs, and coarse material
(twigs, seeds/nuts, bark, and petioles). For these analyses, and all others, data that did not meet
the normal distribution or homogeneity of variance assumptions of the t-test were log10
transformed.
The nutrient flux of each leaf genera, shrub and coarse material was calculated by using
the mass (kg ha-1) of the leaves collected multiplied by the nutrient concentration (ppm). The
same approach was used to determine nutrient content of herbaceous ground vegetation.
Differences in all nutrient-related measurements (litterfall C and N concentrations and flux,
herbaceous vegetation C and N concentrations and content, soil and soil solution C and N
concentrations, soil and lab incubation inorganic N concentrations) between CG and CC were
analyzed using paired t-tests. All tests were conducted using SigmaPlot for Windows Version
12.0 (Build 12.0.0182 Copyright© 2011 Systat Software, Inc.).
3.4

RESULTS

3.4.1 Canopy Analysis
The mean percent openness of the canopy at CG plots was significantly greater (new
infestation p=0.002, old infestation p=0.03) than the CC plots (Figure 3.4). Mean percent canopy
openness for the old infestation sites was 28% and 13% for CG and CC plots in comparison to
15% and 10% for the new infestation sites. The new infestation was less variably open than the
old infestation sites and it ranged across both plot types from a low of 8% to a maximum of 21%.
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The old infestation sites had the greatest variance with a minimum of 6% in the CC plots to a
maximum of 44% open in the CG plots probably due to the fact that most dead ash trees in the
old infestation sites CG plots had fallen whereas almost all dead ash in the new infestation plots
were still standing.
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Figure 3.4 Percent openness for CG and CC plots for the new (A) and old (B) infestation sites.
Boxes represent the 25th and 75th quartiles, and the horizontal line the median. The whiskers
represent the maximum and minimum average plot values for the sites. Boxes with different
letters indicate significant differences between the sites (Students t-test: New p=0.002, Old
p=0.03).
3.4.2 Litterfall Deposition
Maple was the most abundant leaf litter type in all plots, and its deposition was
significantly lower in CG than in CC plots of both infestations (Table 3.1). There were no other
significant differences in leaf litter deposition among the remaining genera between CG and CC
plots at either infestation. While differences between CG and CC plots for the other genera were
not significant, most CC plots tended to have higher deposition rates compared to CG plots.
There was also significantly higher deposition of coarse material (twigs, bark, seeds/nuts, and
petioles) (p=0.04) and total litterfall deposition (p=0.04) in the CC compared with the CG plots
for the new infestation sites (Table 3.1). Similar to canopy openness there was large variability in
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litterfall deposition between plots at the old infestation sites despite total litterfall being
significantly lower in the CG plots. Leaf litter from regenerating ash saplings was also generally
greater in the CG plots compared to CC plots for both new and old infestation sites but the
differences were not significant.
Table 3.1 Mean (±SEM) leaf litter deposition (kg ha-1) for CG and CC plots in new and old
infestation sites.
New
Genus

CG kg ha-1

CC kg ha-1

Old
pvalue
0.41
0.02*
0.21
0.28
0.66
0.35
0.59
0.85
0.27
0.69
0.06

(22)
(431)

4
2134

(3)
(512)

pvalue
0.53
0.02*

(14)
(102)

1030
1
22
466

(2)
(357)

0.46
0.68

(99)
(41)

585
181

(267)
(118)

0.38
0.75

(250)
(151)

778
5201

(308)
(199)

0.80
0.18

CG kg ha-1

Fraxinus spp.
46 (19)
32 (14)
36
Acer spp.†
720 (230) 1132 (226)
1691
Carya spp.
377 (132)
537 (194)
Fagus sp.
132 (26)
255 (111)
Juglans sp.
351 (79)
306 (90)
495
Ostrya sp.
57 (17)
94 (24)
78
Populus spp.
112 (77)
355 (196)
26
Quercus spp.
383 (183)
401 (142)
404
Tilia sp.
129 (43)
210 (82)
Ulmus spp.
330 (140)
308 (132)
257
Shrub
377 (98)
197 (69)
149
Coarse
Material
462 (49)
547 (85)
0.38
650
Total†
3476 (58) 4375 (83) 0.04* 3785
†Data was log10 transformed
Bold – Only one site was found to have the species of tree
*Significant differences between CG and CC (Students t-test)

CC kg ha-1

For both the new and old infestation sites, N concentrations in leaf litter for all tree
genera were not significantly different between CG and CC plots except for elm (Ulmus spp.)
(p=0.006) in the new infestation sites, where elm litter in CG plots had higher N concentrations
(Figure 3.5a). Among the remaining genera, N concentrations tended to be slightly higher in CG
than CC plots in the new infestation and slightly lower in CG than CC in the old infestation.
Average C concentrations in leaf litter also did not differ between CG and CC plots among sites
except for ironwood (Ostrya sp.) which had significantly higher (p=0.01) C concentration in the
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CG plots of the new infestation (Figure 3.5b). While the remaining genera were not significantly
different, there tended to be higher average C concentrations in leaf litter in CG plots versus CC
plots of both infestations. Leaf litter C:N ratio ranged from the smallest in the new infestation
for elm 27 (±2) to greatest for beech (Fagus sp.) 72 (±3). In the old infestation, leaf litter C:N
ratio ranged from 32 (±2) for both ash and walnut (Juglands sp.) to 65 (±4) for beech. There was
no significant differences between the CG and the CC plots with the exception being elm
(p=0.002) which had a lower C:N ratio in the CG plots (Figure 3.5c).
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Figure 3.5 Mean (± standard deviation) leaf litter nitrogen (i) and carbon (ii) concentrations (g
kg-1) and C:N ratio (iii) in the new (A) and old (B) infestations. Asterisk indicates tree genera
with significant difference in nitrogen concentration (p<0.05) between CG and CC plots
(Students t-test - New infestation [i], elm p=0.009, [ii] ironwood p=0.015, [iii], elm (p=0.004).
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In terms of N flux to the forest floor from litterfall, the only litter genus that differed
between CG and CC plots was maple which had significantly lower (p=0.03) N flux in CG plots
of the new infestation. N flux from total litterfall tended to be lower in CG plots of the new
infestation compared to CC plots, and was significantly lower than in CG plots of the old
infestation (p=0.03) (Table 3.2). Similarly, the flux of C from maple litter was significantly
lower (p=0.01) in the CGs of the new infestation sites (Table 3.3), while all other genera showed
no significant differences between CG or CC plots for both the new and old infestations.
However, C flux from total litterfall was significantly lower in CG plots in both infestations.
(p=0.02 new, p=0.03 old).
Table 3.2 Mean (±SEM) N flux of leaf litterfall (kg/ha-1) in the CG and CC plots for the new and
old infestation sites.
CG kg ha-1
0.9 (0.4)
7.2 (2.4)
5.1 (2.0)
0.9 (0.3)
5.8 (1.6)
1.3 (0.2)
3.7 (2.9)
4.5 (2.6)
1.9 (0.9)
5.0 (2.5)
5.9 (1.7)

New
CC kg ha-1
1.0 (0.1)
10.0 (2.0)
7.3 (2.4)
2.5 (1.4)
4.8 (1.8)
1.5 (0.2)
6.4 (4.1)
5.0 (2.0)
3.6 (1.8)
3.9 (1.7)
4.2 (0.6)

P-value
0.67
0.03*
0.37
0.29
0.45
0.56
0.70
0.81
0.47
0.72
0.36

CG kg ha-1
1.2
18.6 (5.4)

Fraxinus spp.
Acer spp.†
Carya spp.
Fagus sp.
Juglans sp.
5.9
Ostrya sp.
0.8
Populus spp.
0.6
Quercus spp.
5.0
Tilia sp.
Ulmus spp.
Shrub
2.4
Coarse
5.7 (0.6)
6.1 (1.1) 0.73
9.6
Material
Total†
44.1
47.9 (0.6) 56.3 (0.7) 0.08
†Data was log10 transformed
Bold – Only one site was found to have the species of tree
* Significant differences between CG and CC (Students t-test)

Old
CC kg ha-1

P-value

28.0 (4.5)

0.30

12.1

(2.7)

4.0
18.2

(0.7)

8.3 (4.1)
7.7 (3.0)

0.30

(3.7)

9.1 (3.6)

0.90

(2.2)

87.4 (2.9)

0.03*
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Table 3.3 Mean (±SEM) C flux of litterfall (kg/ha-1) in the CG and CC plots for the new and old infestation sites.
-1

Fraxinus spp.
Acer spp.†
Carya spp.
Fagus sp.
Juglans sp.
Ostrya sp.
Populas spp.

CG kg ha
27.2 (10.1)
347.6 (110.6)
175.5 (65.8)
65.6 (18.1)
163.6 (43.1)
42.9 (6.4)
129.5 (88.9)

New
CC kg ha-1
35.6 (3.2)
539.4 (108.2)
282.5 (94.2)
151.9 (75.7)
144.2 (49.5)
56.2 (10.2)
285.5 (176.2)

221.2 (102.7)
231.9 (76.9)
Quercus spp.
58.1 (24.4)
123.5 (58.6)
Tilia sp.
136.1 (67.6)
148.9 (63.2)
Ulmus spp.
172.0 (47.2)
151.7 (31.8)
Shrub
214.0 (20.4)
251.0 (45.3)
Coarse Material
Total
1753.2 (26.4)
2402.1 (38.6)
†Data was log10 transformed
Bold – Only one site was found to have the species of tree
* Significant differences between CG and CC (Students t-test)

-1

Old
CC kg ha-1

P-value
0.46
0.01*
0.18
0.29
0.67
0.30
0.55

CG kg ha
35.4
825.6 (275.9)

234.4
39.1
27.5

483.6

0.84
0.39
0.89
0.73
0.43

207.8 (83.0)

698.0

67.2 (19.9)
304.2 (116.9)
1741.2 (94.6)

262.2
214.3
356.7
3242.1

0.02*

1031.9 (285.8)

P-value
0.63

195.5 (194.3)

(123.2)
(73.6)
(146.9)
(108.4)

0.28
0.82
0.03*
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3.4.3 Herbaceous Ground Vegetation
The average total biomass of herbaceous ground vegetation was significantly higher in
CG than in CC plots of both infestations, and was particularly abundant in CG plots of the old
infestation where average herbaceous biomass was about 10 X higher than in CC plots (Table
3.4). Herbaceous vegetation at the new infestation sites showed little variation in N and C
concentrations and C:N ratio with no significant differences between CG and CC plots (Table
3.4). However, in the old infestation sites herbaceous ground vegetation had significantly lower
average N concentration (p=0.01) in the CG plots compared to CC plots, leading to significantly
higher C:N ratios of herbaceous vegetation in CG plots of the old infestation (Table 3.4).
However, in terms of total N and C content of herbaceous ground vegetation there were clear and
significant differences in both new and old infestations between CG and CC plots. Herbaceous
vegetation in the CG plots had significantly greater N and C content compared to CC plots
(Table 3.4).

65

Table 3.4 Mean (±SEM) biomass (kg ha-1), N and C concentrations (g kg-1), C:N ratio, and the N and C nutrient content (kg ha-1) of
herbaceous ground vegetation in CG and CC plots at the new and old infestation sites.
Measure

Units
CG
-1

New Infestation
CC
(115)
105
(22)
(1)
22
(10)
(16)
408
(16)
(1)
20
(2)
(2)
2
(1)
(50)
43
(9)

Biomass
kg ha
657
N concentration
g kg-1
21
-1
C concentration
g kg
431
C:N Ratio
21
-1
N content
kg ha
13
C content
kg ha-1
283
†Data was log10 transformed
* Significant differences between CG and CC (Students t-test)

p-value
<0.001*
0.60
0.24
0.36
<0.001*
<0.001*

CG
2653
13
396
31
35
1005

Old Infestation
CC
(613)
259
(79)
(1)
23
(2)
(21)
329
(36)
(4)
14
(2)
(9)
6
(2)
(169)
78
(19)

p-value
0.01*
0.01*
0.05
0.01*
0.016*
0.005*

Table 3.5 Chemical and biological properties of surface (10 cm; Ah horizon) soil sampled from CG and CC plots at the new and old
infestation sites used for in-situ and laboratory incubation experiments (mean concentrations with standard error in parentheses – new
n=9, old n=5).

C (g kg-1)

New infestation
CG
New Infestation
CC
Old Infestation
CG
Old Infestation
CC
.

N (g kg-1)

C:N

N Mineralized
(65-day In-Situ Incubation)
NH4+ -N
Inorganic N
-1
-1
NO3 -N (µg g )
(µg g )
(µg g-1)

N Mineralized
(14-day
anaerobic lab
incubation)
NH4+-N
(µg g-1)

4.21 (0.23) 0.33 (0.01) 12.56 (0.46)

5.51 (2.65)

-0.01 (0.07)

5.50 (2.65)

19.04 (1.18)

4.25 (0.29) 0.34 (0.02) 12.66 (0.58)

5.64 (4.04)

-0.03 (0.35)

5.60 (4.01)

26.22 (2.39)

4.99 (0.28) 0.45 (0.02) 10.99 (0.67)

-2.06 (3.38)

0.43 (0.09) -1.63 (3.42)

14.56 (1.08)

4.80 (0.37) 0.44 (0.01) 10.81 (0.64)

1.79 (2.90)

0.26 (0.10)

16.77 (2.25)

2.05 (2.90)
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3.4.4 Soil C and N and N Mineralization
The soil C and N concentrations and C:N ratio showed little variation in the shallow
mineral soil (0-10 cm) with no significant differences between the CG or CC plots in the new
and old infestation sites (Table 3.5). In the old infestation CG plots, there was a small net
increase in NH4+ - N, however, with a depletion of NO3- - N, the total inorganic-N concentration
decreased during the 65-day incubation period. Nitrification was shown to occur in both CG and
CC plots at the new infestation sites but not at the old infestation sites. The laboratory incubation
results indicated no significant differences in the amount of NH4+ - N between the CG and CC
plots in either the new or old infestations.
3.4.5 Soil solution
Mean annual NO3- -N, inorganic N and total N concentrations in soil solution was
significantly higher in the CG plots for the new infestation sites compared to the CC plots (Table
3.6, Figure 3.6a, b). The opposite effect was shown in the old infestation sites with inorganic N
and total N concentrations being significantly lower in CG plots compared to the CC plots (Table
3.6, Figure 3.6i and ii). Soil solution NH4+ -N concentrations were low and not significantly
different for the CG or CC plots for both new and old infestation sites (Table 6, Figure 3.6 iii).
Soil solution N concentrations were highest in July and August 2014 and in April 2015.
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Table 3.6 Mean (standard error) annual NO3-, NH4+, and total N in soil solution for the old and new infestations across the CG and CC
plots.

New
Infestation
Old
infestation

CG
CC
CG
CC

NO3-—N
(mg l-1)
3.44 (0.58)
1.79 (0.46)
0.57 (0.17)
1.54 (0.29)

pNH4+-N
value
(mg l-1)
<0.001 0.09 (0.04)
0.19 (0.11)
0.005 0.07 (0.02)
0.09 (0.06)

pvalue
0.464
0.746

Inorganic –
N (mg l-1)
3.53 (0.61)
1.98 (0.51)
0.64 (0.17)
1.55 (0.24)

pTotal N
p-value
value (mg l-1)
0.003 4.58 (0.72) 0.007
2.85 (0.59)
0.002 1.46 (0.21) 0.003
2.44 (0.33)
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GAP

CC

12
CC

Figure 3.6 Total N (i) NO3--N (ii), and NH4+-N (iii) concentrations (mg l-1) in the soil solution
sampled from lysimeters at 30 cm depth. The CC sites (closed circles) and the CG (open circles)
for the new (A) and old (B) infestation shown in the time series throughout the collection year,
error bars represent the
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3.5

DISCUSSION
At both the new and old infestation sites, the results show that ash mortality in areas

where ash was clustered created gaps in the canopy. Clustered ash trees are commonly found in
riparian areas (Kashian and Witter 2011, Dutkiewicz et al. Chapter 2) the loss of which would
lead to increased light penetration to the forest floor. Although this study did not directly
measure light penetration, the significant increase in herbaceous vegetation in CG versus CC
plots indicates, in part, that light penetration was greater in gaps created by EAB. In the new
infestation sites, where ash mortality was more recent, the majority of the trees remained
standing with no leaf canopy. In the second year of the study several trees in the new infestation
sites fell, more closely mimicking the canopy opening characteristics of the old infestation sites.
Similar increases in canopy gap sizes have been observed in forest stands attacked by Dutch elm
disease (DED), where the coalescence of canopy gaps of dying individual trees began forming
larger canopy gaps with increasing dead elm density (Dunn 1986). Similarly, a gradual thinning
of the forest canopy caused by beech bark disease (BBD) eventually (within 15 years postinfestation) created permanent canopy gaps as the trees became brittle and snapped ~5 m above
the forest floor (Krasny and Whitmore 1992). With natural forest canopy gaps being created by
single tree or multiple tree mortality, the rate of gap formation tends to be similar to the rate of
gap closing (Runkle 1982). However, unlike natural forest gap creation, the introduction of an
invasive pest like EAB can have a greater impact on gap formation in forest canopies because of
the widespread nature of the infestation and the rapid mortality of host trees (Orwig and Foster
1998). In the old infestation plots I also observed that larger gaps where dead ash had fallen also
inflicted further site disturbance from the falling trees, damaging non-ash species by snapping off
limbs, crushing saplings, and breaking trunks of larger trees. DED and BBD created gradual
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canopy gaps, whereas EAB creates a more rapid thinning of the canopy from dying ash trees. All
three infestations however, create larger and more distinct canopy gaps by the falling trees over
time, which in my study is shown to be more prevalent by the dead ash at the old infestation
sites.
In the new infestation, the gaps created by EAB-induced ash mortality resulted in lower
total litterfall in CG plots than in CC plots, although there was large site to site variation that
prevented this difference from being statistically significant at the old infestation. Leaf litter
deposition varied between individual genera for the new and old infestations with some genera
depositing more leaves in CG plots and others in CC plots. It is possible this variation was
caused by the smaller collection bins used (not same bins as in chapter 2), which are not
normally used for collecting of litter and can be bias to their immediate surroundings (tall
vegetation, shrubbery) more than a larger container. It was apparent at the old infestation sites
that litterfall deposition reductions in gaps were attenuated to some degree by increased litter
inputs from adjacent living trees and shrubs, perhaps from some distance, such that total litterfall
deposition to the forest floor was not as greatly reduced in gaps as expected. The majority of the
riparian forest study area had maple and ash as the dominant species. Leaf litter collection results
showed that in both the new and old infestation, the presence of maple litter was significantly
lower in the CG plots. This was due to the configuration of ash in the CG plots which had mostly
pure ash clustering with maple being at the fringe of the canopy gaps, whereas in the CC plots
ash, an upper canopy tree, were scattered amongst the maple trees which dominated the mid-toupper canopy. While the deposition of ash litter was substantially reduced from pre- or earlyinfestation rates (Dutkiewicz et al. Chapter 2), ash litter was not absent from litter traps in gaps
where all mature ash trees were dead. The presence of ash litter was retained to some degree by
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input from juvenile stems of ash regeneration, which was particularly prevalent in gaps. This
concurs with results of Chapter 2 and Aubin et al. (2015) who reported high rates of ash
regeneration from seedlings and epicormic shoots in EAB-killed ash stands. The degree to which
ash regeneration will continue to provide a source of ash litter to soils is unknown and will
depend on rates of re-infestation by EAB and survival of regenerating ash. In this context, it is
important to note that ash is predicted to only persist in riparian areas and on the landscape in
juvenile, shrub form (Aubin et al. 2015). Nevertheless, our data indicate that even juvenile shrub
forms of ash will continue to provide a source of ash litter to soils, and that this may increase if
ash regeneration proliferates. Natural canopy cover reestablishment in gaps from colonization
and proliferation of species on the edge of gaps (Whitmore 1989) would be expected to
eventually eliminate the differences in total leaf litter deposition between CG and CC plots, but
the time required for this to completely recover is unknown. In Chapter 2 there is evidence of
increased leaf litter deposition by maple, walnut and hickory post-infestation but it was not
statistically significant.
Total nutrient flux to the forest floor is derived from a mixture of litterfall from different
tree species with varied concentrations of nutrients (Attiwill and Adams 1993). EAB induced
mortality of ash trees in riparian forests had the potential to modify nutrient inputs due to
changes in the mass of litterfall reaching the forest floor and to changing proportions of leaf litter
from the remaining mature trees present in these riparian ecosystems. I hypothesized that the N
concentrations of leaf litter in CG plots would be elevated for genera other than ash due to
greater soil N availability in CG plots due to ash mortality and reduced N uptake from the soil
compared to CC plots. This hypothesis was only found to be true for elm in the new infestation
sites, which showed a significant increase in N concentration of leaves and a lower C:N ratio. It
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is not clear why the other genera like maple, hickory, beech, walnut, etc. do not follow the same
trend as elm considering Millard (1996) suggested that vigorously growing trees (such as the
living trees on the edges of the EAB-induced gaps) have an increased capacity for the uptake of
N. Elm is considered to be more of an early-successional species in riparian areas, so it may be
able to respond more rapidly and take advantage of changes in nutrient availability compared to
the other genera. Alternatively, the elevated N concentrations in elm could also be attributed to
stress responses (example, DED) in trees which is known to cause excess N storage by proteins
in leaves (Dickeson, 1989). Considering that the increased N concentration in elm leaf litter does
not continue into the old infested sites it is possible that this increase of N concentration in elm
leaf litter is a short-term, temporary response to the gap creation.
Taylor et al. (1989) reported that an accurate predictor for the decomposition rate that
returns litterfall N and C to the soil was litterfall C:N ratio. Differences in nutrient concentrations
in tree species could vary the C:N ratio of leaf litter on the forest floor affecting the cycling of
nutrients (Prescott 2002). In my study all the leaf litter collected showed an average C:N ratio of
40-43 in the new infestation sites and 35-40 in the old infestation sites. While these values were
within the range of Parton et al. (2007) which showed Canadian leaf litter C:N ratio for
deciduous forests leaves to be between 31-48, only elm showed a significant difference in C:N
ratio between CG and CC plots at the new infestation sites. The quality of leaf litter for other
genera remained relatively unchanged in CG plots compared to CC plots across all infestation
sites.
The litterfall flux of N and C was predicted to be lower in the CG plots with the occurrence of
dead ash. Total litterfall N flux was not significantly different between CG and CC plots in the
new infestation, but in the old infestation total litterfall N flux for the CG plots was less than half
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of that in the CC plots. The results from the old infestation suggest that the new infestation will
show a similar decrease in the litterfall N flux for CG plots within several years. Total litterfall C
flux was significantly lower in the CG plots than in the CC plots in both the new and old
infestations. Overall, N and C fluxes to forest soils from tree litter were consistently, albeit not
always significantly, lower in EAB-induced gaps and this may have implications for nutrient
loading and cycling in forest soils. In terms of specific leaf litter, maple was the only genera that
showed significantly lower N and C flux through leaf litter for the CG plots in the new
infestation sites. There was a similar trend for maple litter N and C flux in the old infestation, but
the differences between CG and CC were not significant. As mentioned previously, maple is the
second most dominant species in these study areas. We can surmise that, since maple was found
to have significantly lower leaf litter in the CG plots, this could be affecting the N and C flux in
the CG plots. During the time period since infestation there was limited potential for total
litterfall to recover due to the absence of other genera in the CG plots and the inability of those
genera present to occupy the gaps created by ash mortality
The creation of gaps due to ash mortality yielded significantly increased understory
herbaceous vegetation biomass, and increased N and C content in that vegetation, compared to
the CC plots. Proliferation of the herbaceous vegetation was most prevalent in the old infestation
sites where CG plots had 10, 5, and 12 times more biomass, N and C content than the CC plots.
The greater vegetation growth in the old infestation sites reflects the larger canopy gaps at these
sites due to dead and fallen ash trees compared to the new sites where most trees remain standing
and gaps have therefore not reached their maximum size or light penetration. The significant
increase in the biomass of the ground vegetation found in CG plots in the new and old infestation
sites in our study agree with the results of Aubin et al. (2015) and Hausman et al. (2010) who
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also reported increased herbaceous ground vegetation following ash mortality in a riparian forest.
They also discovered that these large open canopy areas have a greater capacity for
establishment of invasive plants, as well as providing competition for the establishment of ash
seedlings. The same phenomenon was shown to occur with excessive herbaceous plant growth in
dead elm canopy gaps created by DED which increased competition for the regeneration of
saplings and seedlings (Peterken and Mountford 1998). Canopy openings have been shown to
create small micro-climates where herbaceous ground vegetation can thrive (Spies and Franklin
1989, Hausman et al. 2010). Moore and Vankat (1986) found a correlation between the increase
in herbaceous growth and increased gap size, but this process also reverses once the gap size
decreases. Although I did not measure and record ground vegetation by species, my observations
at the CG plots in our study indicated that a denser and taller layering of vegetation (e.g. Giant
Ragweed [Ambrosia trifida L.] grew upwards of 2-4 m) was usually present compared to CC
plots. In the old infestation sites the vegetation in the CG plots had lower N concentrations in the
plant material, significantly increasing the C:N ratio of the ground vegetation in the CG plots.
While this result may seem counterintuitive to an increased N availability in CG soil, the more
rapid growth in CG plots of the old infestation may have diluted the N concentration within the
plant tissue. This has not happened as yet at the new infestation plots because the herbaceous
vegetation has not yet reached the proliferation levels of the older sites. Despite the N
concentration being lower in the ground vegetation of the CG plots at the old sites, the N content
was almost 6 times greater than in CC plot vegetation due to the large increase in biomass.
Bauhus and Bartsch (1995) studied nutrient loss in forest canopy gaps and concluded that
increased growth of vegetation prevented nutrient run off and could promote regeneration of
trees when these nutrients were cycled through decomposition. Therefore, the prolific increase in
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ground vegetation in gaps at the older infestation sites in our study may actually increase N
uptake and retention in the riparian areas, minimizing transport to the streams. The overall
effectiveness of N capture and retention by prolific ground vegetation in reducing export to water
would depend on the extent of that vegetation proliferation.
Contrary to our hypothesis we did not demonstrate differences in soil N mineralization
between CG and CC plots in either the new or old infestation sites based on both the in-situ and
laboratory incubations. Surface mineral soil total C and N concentrations were also not different
between CG and CC plots. This is consistent with similar research conducted on areas affected
by hemlock woolly adelgid (Jerkins et al. 1999). In that study, the areas that were infested were
not significantly different in soil C and N compared to uninfested sites. It appears that any
potential difference in soil microclimate caused by ash mortality and canopy openings in our
study were not sufficient to change N turnover rates. We did find higher rates of nitrification
occurring at the new infestation sites regardless of canopy opening when contrasted with the old
infestation sites. New infestation sites did have significantly higher soil solution NO3- - N,
inorganic-N and total N concentrations in CG plots compared to CC plots. This was not the case
for the old infestation sites. This initial increase in N leaching has been demonstrated in multiple
studies looking at forest gaps caused by disturbances in various forest types (Mladenoff 1987,
Ritter et al. 2005). Decreased plant uptake has been suggested as the primary factor contributing
to the increase in N leaching (Scharenbroch and Bockheim 2008). However, these studies did not
show the effects of gap formation on N leaching over long periods of time. The results from the
old infestation sites showed that there is a decrease in the N concentrations of the soil solution in
CG plots with an increase in time since gap formation. The significant reduction in N leaching in
the CG plots of the old infestation is coincident with the large increase in herbaceous ground
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vegetation N content on these plots. The herbaceous layer was a greater sink for N and C in the
areas of older EAB infestation, whereas the new infestation sites with rapid ash mortality and
little understory growth have a higher loss of N in soil water percolating from the upper mineral
soil.
3.6

CONCLUSIONS
EAB-related ash mortality creates large gaps in the forest canopy which increased over

time from initial branch and crown dieback to tree fall. Short term effects show litterfall in CG
plots decreased compared with CC plots, however, this appears to be a temporary response, as
there were no significant differences in the old infestation. Nutrient fluxes from litterfall to the
forest floor were consistently lower in CG plots demonstrating that EAB-induced gap creation
will reduce nutrient loading to forest soils from litterfall, at least at the patch or gap scale. The
formation of forest canopy gaps increased the growth of herbaceous ground vegetation with a
corresponding increase in N and C content. While soil N mineralization was not increased in
forest canopy gaps, N leaching was elevated during the early years after ash mortality until the
establishment of fast growing herbaceous vegetation provided a sink for this available N.
Overall, my results indicate that transient changes in litterfall deposition, N leaching and
herbaceous vegetation growth resulting from the EAB-induced gap formation in riparian forests
are not likely to have a strong or long-lasting effect on soil nutrient cycling and export water, but
as suggested by Lovett et al (2002), available nutrients are “repurposed” for use by herbaceous
vegetation before the next stage of succession by tree seedlings and saplings.
Therefore, EAB affected riparian forests can be left unmanaged as my data show that the
riparian ecosystem will regenerate relatively quickly with other tree species. However, this does
have a risk of inviting other invasive plant species such as garlic mustard and European
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buckthorn to regenerate within the gaps created by EAB (Aubin et al. 2015). Management of
riparian forest canopy gaps to prevent the proliferation of excessive ground vegetation is crucial
in keeping native forest species in the EAB affected area. This is not only important for the
prevention of exotic invasive species but to allow seedlings and saplings to grow in the
understory. In chapter 2, I showed that there was a negative relationship between the amount of
ash regeneration and the abundance of ash trees in a plot. This trend would be similar for other
regenerating species that would be eclipsed by the more vigorously growing herbaceous
vegetation. Using a pre-emptive silvicultural method of ash harvesting would be ideal for areas
with zero or little EAB detectable in the forest stand. A thinning of unacceptable growing stock
ash trees or thinning large clusters of ash trees maintaining canopy closers would be beneficial
for providing sapling growth development of maple, walnut, elm, and beech understory (Elliott
and Streit, 2011). In conclusion, the management of riparian forest stands are at the discretion of
the land owner and the type of riparian ecosystem for their management plan of the forest.
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4

General Summary and Conclusion
My analysis of riparian forest structure examined the effects of ash mortality by EAB on

riparian forest ecosystems including the tree canopy, litterfall, ground vegetation, soil nutrient
cycling, and nutrient percolation in soil. Throughout all the sites examined, ash trees were one of
the more prevalent trees in terms of basal area and stem density, closely followed by maple. Over
the course of this study (2010-2015), ash mortality from EAB reached 99% dead ash with the
exception of one site which contained a large amount of blue ash. Only one third of the blue ash
had succumbed to EAB with the remaining two thirds of blue ash categorized as “alive” or
“stressed” (Figure 2.2). EAB caused ash mortality was found to increase the openness of the
riparian forest canopy by 2015. In 2015, the ash canopy was non-existent; however, the dead
trees were still standing with several beginnings to crack and fall during high winds. Assuming
all standing ash trees would fall within the next 3-5 years this would further increase the
openness of the canopy by snapping off limbs and snagging adjacent trees when they fell. This
secondary canopy opening was not directly studied in this thesis but from the canopy data
gathered from chapter 3 CG plots it was apparent in the old infestation sites that the snapping of
non-ash trees and dead ash snags magnified the opening the forest canopy further.
Examining the riparian forest canopy and species interactions further, I was able to show
a positive increase in the openness of the canopy and ash composition which was expected. I
found that tree genera diversity (genera richness/plot) demonstrated a negative relationship with
the percentage of canopy openness, leading to the conclusion that a higher diversity of trees with
multiple canopy levels reduced the effect of ash loss on canopy openness. It is also important to
note that tree species diversity was not the only factor to impact the openness of the canopy. I
found that with the mortality of ash trees, large canopy openings were produced when ash trees
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were clustered, whereas this effect was significantly less in plots with ash trees that were
scattered throughout the canopy.
Ash leaf litter was found to have decreased by 84% within the 4 years since EAB
infestation. Ash leaf litter was still found to be present in the litter collections and it was thought
to be from ash regrowth of seedlings and saplings. Interestingly, I expected there to be an
increase in the amount of regeneration in plots that had higher ash composition. However, the
data showed the opposite effect with a negative relationship (regeneration/percent ash). This was
thought to be due to the higher amount of growth by herbaceous ground vegetation suppressing
the regeneration growth of ash. In chapter 3, the herbaceous vegetation biomass data
demonstrated that within the CG (canopy gap) plots there was up to an 800% increase in
vegetation biomass compared to the nearby CC (closed canopy) plots. This massive increase in
biomass of herbaceous ground vegetation is a barrier could be managed to allow natural growth
of native tree seedlings and saplings.
There was some evidence that other tree genera increased (not significantly) to take
advantage of the increased light availability with ash absent from the forest canopy. The increase
in maple, walnut, beech, and hickory litter did not significantly change the total mass of leaves
falling on the forest floor; however, it did change the mass of nutrients available for nutrient
cycling in the forest soil. N flux in the leaf litter for example, was found to be higher in all other
genera studied by a significant amount. Maple, hickory, and walnut for the majority of elements
examined (N, C, P, Ca, K, Mg, and S) were found to have 2 – 11 times higher N flux then ash.
When comparing the N flux between CG plots and CC plots for individual species there was no
difference between the plots, with the exception of maple that had significantly higher flux of N
in the CC plots. I would speculate that this is due to maple and ash competition, as maple and ash
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combined made up 48% stem density in the riparian forest. My CC plots were dominated by
maple whereas the CG plots had previously been clusters of ash, and therefore less N flux from
CG plots. This was more evident in the older infestation where diversity of trees was less and
maple and ash once dominated a greater portion of the forest canopy.
Canopy opened in the dead ash clusters (CG plots) promoted large increases in the
amount of ground vegetation within the CG plots. Herbaceous ground vegetation mass was
significantly higher than the CC plots for both the new and old infestation plots. In some cases,
the vegetation from the old infested plots was up to 2.5 m tall. This increase in biomass also
translated in increased content of N and C at the CG plots for both the old and new infestation
plots.
Soil N and C concentrations showed little variation between plot types with no significant
differences between the CG or CC plots in both infestations. In the new infestation, there was
little difference between CG and CC in the soil concentration and N mineralization. However,
measurable increases in nitrification were shown in both the CG and CC plots. The NO3- - N,
inorganic N, and total N concentrations for the soil solution of the CG plots for the new
infestation resulted in a significantly higher annual mean. The opposite effect was shown in the
old infestation CG plots being significantly lower. Corresponding soil solutions concentrations of
N and ground vegetation in the new infestation were not different between CC and CG plots.
However, in the old infestation the N concentration of the soil solution was significantly less in
the CG plots. These data suggest that with the die back of ash trees in CG plots, and therefore
reduced uptake by the trees, there is a greater amount of available N in the soil solution. This N,
in turn, appeared to have been taken up by the prolific herbaceous ground vegetation of the old
infestation, resulting in the overall N depletion of soil solution.
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These changes observed in the riparian forest canopy and nutrient cycling by the loss of
ash by EAB are not necessarily detrimental to the overall ecosystem but more an alteration or
redistribution of resources over time. How long it will take for the riparian forest to return to an
original state is uncertain but could take many decades; however, preparing a management plan
for rebuilding riparian forests may possibly allow them to return to the original ecosystem more
quickly.
4.1

IMPLICATIONS FOR MANAGEMENT OF EAB IN RIPARIAN AREAS
Management of EAB in riparian areas, where deemed necessary, will need to rely on

multiple management strategies to effectively mitigate the long-term effects ash mortality. The
results from this thesis, which enhance the understanding of the ecological consequences of EAB
infestations in riparian areas, will help in determining if and to what extent active management of
the problem is needed. As mentioned previously, managing for the forest gaps through
silviculture methods to dampen the effects of rapid ash loss from EAB is important for
maintaining and promoting growth of existing native tree species throughout the area. Knight et
al. (2010) observed that ash trees from EAB-induced mortality were replaced by invasive plants
and trees in Michigan such as reed canary grass (Phalaris arundinacea) and common buckthorn
(Ramnus cathartica). Aubin et al. (2015) found similar results wherein the loss of ash created
opportunities for various invasive species to populate the understory along with native ground
vegetation. Therefore, managing gaps to prevent large openings from rapid loss of ash could be
an important management strategy for minimizing incursions by invasive plants. Streit et al
(2012) discussed the use of silvicultural methods like shelter wood harvesting, to reduce the
number of ash trees in riparian forest stands in advance of an EAB infestation. Pre-infestation
harvesting of select ash trees in riparian areas will help to maintain effective canopy cover by
natural canopy redevelopment from other trees species and prolong a healthy over-story thus
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minimizing the growth of ground vegetation and promoting the growth of seedlings and saplings.
In addition, removal of all or most of the host for EAB could potentially slow the rate of
infestation by limiting host availability. If a land owner was to do a pre-infestation harvest it
would be beneficial to complete this activity during the winter to mitigate soil compaction which
can take years to reverse (Hausman et al. 2010).
The use of biocontrol agents such as parasitic wasps is another management strategy for
maintaining ash tree populations. Native parasites to North America such as Atanycolus spp.,
Spathius floridanus Ashmead, Spathius laflammei Provancher, and Leluthia astigma Ashmead
(Braconidae), Phasgonophora sulcata Westwood (Chalcididae), Balcha indica Mani & Kaul and
Eupelmus spp. (Eupelmidae) have been noted by Duan et al. (2012) to prey on EAB with a 3.6%
parasitism rate. Most native parasites prey on the later instars, prepupa and the pupae of EAB but
finding parasitoids that prey on EAB in their earlier life stages would be beneficial for reducing
populations before major damage occurs to the trees. Exploratory surveys in China have
identified two genera of wasps that have greater potential for parasitism then the native species
mentioned above. These non-native parasites; Spathius agrili (Braconidae), which was found to
have a parasitism rate of 6.3% and Tetrasticus planipennisi (Eulophidae) had a 6.6% rate of
parasitism (Liu et al. 2003). Two parasitoids from China are now being used for release and
control of EAB in Canada, Tetrastichus planipennisi Yang (Hymenoptera: Eulopidae) which is a
larvae parasite and Oobius agrili Zang and Huang (Hymenoptera: Enclopidae) which is an egg
parasitoid (Yang et al. 2005, Liu et al. 2007). Spathius agrili from China is not acclimatized to
deal with Canadian winter and will not survive past the 40th parallel. However recently another
species, Spathus galinae (Hymenoptera: Braconidae), has been found in Russia which is more
cold tolerant and has been approved for biological control release in Canada (Duan et al. 2014).
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The use of parasites does not a produce a “silver bullet” solution to slow EAB advances but it
may work well to help maintain residual ash tree populations following the main EAB infestation
in an area.
Another management strategy that has been used to protect high value ash trees (e.g.,
those lining urban boulevards) from damage by EAB is systemic pesticides (McCullough 2015).
In Canada, the only product that is approved by the CFIA for use against EAB is a pesticide
known and TreeAzin®, a product whose active ingredient is the naturally-derived chemical,
azadrachtin. This form of protection is effective but is expensive and must be applied every 2-3
years for the tree to maintain resistance to EAB. However, the use of environmentally acceptable
systemic insecticides to maintain forest canopy cover may be societally acceptable (e.g., it is
used in urban parks) and therefore treating some ash in riparian areas to maintain effective
canopy cover may be an effective strategy to slow down the rate of spread of EAB through a
riparian ash stands. Protecting several sentinel ash trees for the production of seed would be
beneficial to the regeneration of ash in future riparian forests.
Management of EAB in riparian forest stands will depend on the objectives of the
landowner or organization that is managing the forest. This thesis demonstrates that mortality of
ash trees by EAB causes varying ecological impacts in riparian forests. These impacts are based
on the numerous factors such as, ash tree density, diversity of trees species in the forest,
scattering or clustering of ash trees, and regeneration of ash/other tree species. Most of the
adverse effects are related to the sudden canopy openings that occur when clustered ash die, but
my data demonstrates that most of these effects will be short term. Forest succession of the
riparian ecosystem will eventually return the canopy gap areas back to forested habitat within a
several decades but by investing in early management strategies (using one or more of the
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management strategies discussed above) to mitigate impacts to the riparian ecosystem could lead
to a return to treed forest canopies sooner then if left unattended.
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6 Appendices
Appendix 1. List of trees and shrub species from the leaf litter deposition boxes collected in the
2013 and 2014 field seasons. All species descriptions and identifications were completed using
Farrar (1995), Mercker (2013), Symonds (1963), and Soper and Heimburger (1982)
Genus

Species

Common Name

Authority

Fraxinus

americana
nigra

White Ash
Black Ash
Swamp Ash
Hoop Ash
Blue Ash
Red Ash
Green Ash

L.
Marsh.

Acer

quadrangulate
pennsylvanica
pennsylvanica var.
subintegerrima
negundo

nigrum
rubrum

saccharinum
saccharum

Carpinus

caroliniana

Carya

cordiformis
ovata

Celtis

occidentalis

Cornus

sp.

Corylus

cornuta†

Crataegus
Fagus
Hamamelis

sp.
grandifolia
virginiana

Manitoba Maple
Box-elder
Ashleaf Maple
Black Maple
Black Sugar Maple
Red Maple
Swamp Maple
Soft Maple
Silver Maple
Soft Maple
Sugar Maple
Hard Maple
Rock Maple
Blue Beech
American hornbeam
Musclewood
Ironwood
Bitternut Hickory
Swamp Hickory
Shagbark Hickory
Upland Hickory
Hackberry
Northern Hackberry
Dogwood
Cornels
Beaked Hazel
Beaked Hazelnut
Hawthorns
American Beech
Witch - Hazel

Michx.
Marsh.
(Vahl) Fern.
L.

Michx.
L.

L.
Marsh.

Walt.

(Wangenh.) K. Koch
(Mill.) K. Koch
L.
L.
Marsh.
Tourn. ex L.
Ehrh.
L.
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Juglans

nigra

Malus
Morus
Ostrya

sp.††
sp.
virginiana

Pinus

resinosa†

Platanus

occidentalis††

Populus

deltoides
ssp. deltoids
grandidentata
tremuloides

Prunus
Subgenus Cerasus

pensylvanica††

Subgenus Padus

Subgenus Prunophora
Ptelea

serotine
virginiana
var. virginiana
nigra†
trifoliata†

Quercus

alba
bicolor††
macrocarpa

muehlenbergii
palustris††
rubra

Salix
Sambucus

velutina††
sp.
sp.†

Sassafras

albidum†

Black Walnut
American Walnut
Apple
Mulberry
Ironwood
Hop-hornbeam
Red Pine
Norway Pine
Sycamore
American Sycamore
American Plane - tree
Buttonball - tree
Eastern Cottonwood
Largetooth Aspen
Bigtooth Aspen
Trembling Aspen
Quaking Aspen
Pin Cherry
Wild Red Cherry
Fire Cherry
Black Cherry
Choke Cherry
Eastern Choke Cherry
Canada Plum
Common Hoptree
Wafer-ash
Stinking-ash
White Oak
Stave Oak
Swamp White Oak
Bur Oak
Blue Oak
Mossycup Oak
Chinquapin Oak
Chinkapin Oak
Yellow Chestnut Oak
Pin Oak
Swamp Oak
Red Oak
Northern Red Oak
Black Oak
Willow
Elders
Elderberries
Sassafras

L.
Mill.
L.
(Mill.) K. Koch
Ait.
L.

ex Marsh.
Michx.
Michx.
L. f.

Ehrh.
L.
Ait.
L.

L.
Willd.
Michx.

Engelm.

Muenchh.
L.
Lam.
L.
(Nutt.) Nees
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Staphylea

trifolia†

Bladdernut Tree
L.
American Bladdernut
Tilia
americana
Basswood
L.
American Linden
Toxicodendron
radicans
Poison - Ivy
(L.) Kuntze
Ulmus
americana
White Elm
L.
American Elm
rubra
Slippery Elm
Muhl.
Red Elm
thomasii
Rock Elm
Sarg.
[syn. U. racemose]
Cork Elm
[Thomas]
Vitis
riparia
Riverbank Grape
Michx.
Wild Grape
Frost Grape
† Leaf litter deposition tree species that were collected and identified in 2013 but not in 2014
†† Leaf litter deposition tree species that were collected and identifies in 2014 but not in 2013
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Appendix 2. Nutrient flux of the 6 most commonly collected leaf genera at the sites in Southern Ontario. The mean macro-nutrients
(kg ha-1) and the mean micro-nutrients (mg ha-1) leaf content is given with the standard error of the mean (SEM) in brackets
Fraxinus spp.
Macro
N†
C†‡
C:N
P†
K†
Ca
S
Mg†‡
Micro
Fe†
Cu†
Mn†
Zn†
Al†
B
Ba†
Hg
Hg†‡
Rb†‡
Sr†‡
Ag†‡
Be†‡
Bi†‡
Ga†‡
La†‡
Li†
Sb†‡
Tl†‡
U†‡

kg

ha-1

SEM

Acer spp.
kg

0.76
23.42
33.22
0.08
0.62
1.43
0.11
0.21
mg ha-1

(0.06)
(0.30)
(2.56)
(0.01)
(0.06)
(0.21)
(0.01)
(0.03)

6058.54
512.63
2159.02
610.12
2066.37
2056.43
807.75
797.01
823.09
149.70
2700.24
0.20
0.48
0.59
0.86
4.39
1.82
0.28
0.13
1.72

(663.47)
(28.56)
(194.52)
(49.02)
(350.40)
(139.30)
(130.02)
(113.14)
(124.15)
(29.79)
(454.99)
(0.03)
(0.04)
(0.04)
(0.14)
(0.30)
(0.56)
(0.07)
(0.03)
(0.12)

ha-1

Carya spp.

SEM

kg

5.78*
254.85*
46.25*
0.63*
2.99*
10.09*
0.23*
1.23*
mg ha-1

(0.33)
(1.08)
(3.10)
(0.09)
(0.19)
(0.36)
(0.02)
(0.06)

4342.48*
395.39
7081.47*
494.76*
1867.91
3898.87*
422.63*
1391.49*
1457.26*
49.38*
1885.73
0.80*
0.51
3.52*
1.11
7.01
11.58*
0.58
0.26*
1.35

(233.40)
(14.18)
(2163.02)
(19.53)
(158.65)
(195.93)
(38.54)
(125.48)
(136.45)
(4.68)
(103.35)
(0.07)
(0.04)
(0.40)
(0.10)
(0.90)
(2.20)
(0.06)
(0.03)
(0.11)

ha-1

Fagus sp.

SEM
2.31*
75.46*
34.34
0.21*
1.2*
4.13*
0.11
0.61*

kg

Juglans sp.

SEM

kg

ha-1

Ulmus spp

SEM

kg

ha-1

SEM

(0.16)
(0.29)
(2.14)
(0.02)
(0.11)
(0.13)
(0.01)
(0.03)

1.94*
59.60
33.76
0.18*
1.02*
1.36
0.08
0.25
mg ha-1

(0.39)
(0.55)
(5.06)
(0.04)
(0.21)
(0.15)
(0.03)
(0.05)

3.07*
77.82*
25.96
0.27*
3.17*
6.15*
0.17
0.75*
mg ha-1

(0.22)
(1.14)
(2.12)
(0.05)
(0.55)
(0.37)
(0.01)
(0.03)

2.92*
69.80
24.89
0.31*
1.87*
4.06*
0.10
0.52
mg ha-1

(0.26)
(0.43)
(1.87)
(0.03)
(0.18)
(0.20)
(0.01)
(0.02)

(341.88)
(13.98)
(5348.52)
(131.06)
(10036.08)
(235.25)
(318.28)
(96.22)
(54.44)
(45.32)
(203.98)
(0.08)
(4.23)
(0.27)
(2.25)
(31.03)
(5.47)
(0.47)
(0.05)
(0.13)

3083.39*
448.13
1952.65
951.56*
1335.18
1625.12
299.20*
291.28
511.14
140.91
941.69
0.31
0.17
0.65
0.61
3.62
3.88*
0.19
0.05
1.43

(413.47)
(64.05)
(365.27)
(141.82)
(170.25)
(163.60)
(58.99)
(156.20)

4797.08
524.39
3364.70
1187.65*
1465.70
3996.15*
667.66
880.99
973.24
114.88
3551.79
0.50
0.35
2.16*
0.82
5.75
20.16*
0.49
0.13
0.95*

(557.29)
(32.65)
(564.90)
(102.70)
(279.69)
(362.21)
(89.77)
(113.04)
(151.13)
(11.33)
(258.10)
(0.03)
(0.04)
(0.25)
(0.10)
(0.36)
(8.60)
(0.12)
(0.02)
(0.06)

5030.71
410.34
3159.54
944.79*
1946.62
5641.89*
683.52
814.88
884.78
189.89
2623.78
1.35
0.30
2.70
2.06
7.79
5.76*
1.49
1.37
2.28

(447.31)
(25.44)
(514.26)
(116.02)
(186.20)
(487.61)
(53.92)
(88.16)
(62.72)
(84.77)
(156.48)
(1.12)
(0.03)
(1.47)
(1.15)
(1.90)
(1.61)
(1.00)
(1.14)
(1.19)

mg ha-1
5580.00
440.03
36924.85*
1327.28*
82982.54*
4173.60*
2570.78*
812.70
904.32
135.23
3061.84
0.63*
27.96
2.35*
14.89*
211.73*
28.72*
1.29*
0.26
2.01

ha-1

.
(49.00)
(96.75)
(0.09)
(0.03)
(0.04)
(0.09)
(0.19)
(0.72)
(0.05)
.
(0.36)

* indicates significant difference from ash (Holm-Sidak planned comparison, p<0.05) † Data was log10 transformed ‡ Data was
analyzed using Dunn’s planned comparison, p<0.05

