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Abstract of the Dissertation
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by
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Doctor of Philosophy
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Stony Brook University

2009

If a shift in species composition, as occurs during the spread of an invasive species,
includes a change in the ecophysiological characteristics of the community, the invasion
may alter a range of ecosystem processes. Invasion by the nitrogen-fixing legume kudzu
(Pueraria montana) across the southeastern United States has the potential to increase
nitrogen (N) cycling and nitric oxide (NO) emissions from soils, thus raising ozone
concentrations in regions where ozone formation is limited by NO availability.
Furthermore, kudzu is expected to move northward by 100's of kilometers as global
temperatures increase. | studied kudzu invasions in Georgia and found that rates of N-
turnover in soils increased up to 1000%, and NO emissions from soils were more than
100% higher (2.81 vs. 1.24 ng NO-N cm-2 h-1) in invaded vs. uninvaded sites.
Atmospheric modeling suggests that these higher NO emissions will raise ozone
concentrations substantially. To understand the impacts of a northward migration, |
examined how kudzu invasion affects soil nitrogen and microbial dynamics in Maryland.
I found that net nitrogen mineralization was 10 times higher and net nitrification was 5
times higher in invaded soils at one site in Edgewater, MD, but not at two other sites.
Nitric oxide from invaded soils were over 5 times higher than fluxes from uninvaded
soils in Edgwater, but only half as large in a second site. | propose that kudzu invasion in
the southeastern United States represents a novel threat to air quality and could increase
the frequency with which federal ozone standards are exceeded. In a second set of
experiments, | used litter from congeneric pairs of native and invasive species to
investigate 1) whether leaf litter from invasive species loses mass and N more quickly
than litter from native species and 2) whether mixtures of litter from native and invasive
litters lose mass and N additively. Litter from invasive species decomposed more quickly,
and mixtures of native and invasive litters decomposed nonadditively, at a slower rate



than expected. These results suggest that, while invasive species are likely to alter
decomposition and nutrient cycling, the presence of native species may buffer ecosystems
against these changes.
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Chapter 1 The effects of invasive species on ecosystems and the

atmosphere

Introduction

The role of individual species and species’ traits in the context of communities
and ecosystems is a central issue in ecology. Individual species can have a huge
influence on the surrounding community and ecosystem, whether it is a keystone species
such as Pisaster ochraceus, which can determine community structure, or an ecosystem
engineer like the Castor Canadensis, the beaver, which can create a novel environment
(Paine 1969, Odling-Smee 2003). In the plant community, species may alter their
environment in a variety of ways, such as by determining the availability of nutrients
(e.g., through the presence of N-fixing legumes or through the production of recalcitrant
plant litter), the availability of water (e.g., through the redistribution of water from lower
to upper soil profiles), fire frequency, light availability, the frequency of disturbance, and
even the chemical composition of the atmosphere (Vitousek and Walker 1989, Lerdau
and Keller 1997, D'Antonio 2000, Chapin 2002, Schnitzer and Bongers 2002). In some
of these cases, a single species may be responsible for the observed environmental
effects; in others, traits that are shared by multiple species in a community may have a
cumulative effect. The ability of individual invasive species to alter a range of ecosystem
processes is well documented. Largely, this ability can be attributed to species’ physiology
in a particular context—e.g., the presence of a nitrogen-fixing plant species may play a key
role in nitrogen cycling in an ecosystem where other species of N-fixers are absent or rare.
Traits that are shared by species can also influence ecosystem processes. For example, plant
species that have rapidly decomposing litter tend to reinforce high rates of decomposition and
nutrient cycling within an ecosystem, while the opposite is true for species with recalcitrant
litter (Hobbie 1992).

Impacts of invasive species on ecosystems and the atmosphere
Invasions by exotic plant species can be a valuable tool for understanding how

individual species or traits shared among multiple species can affect higher-level processes.



These “natural experiments” in which community composition is changed—manipulated not
by design, but as a consequence of historical contingency—provide an opportunity for
studying the ecosystem effects that follow a change in species composition. Many studies of
invaders have identified how both individual species and suites of species have influenced
ecosystems in important ways. The effects of invaders are typically the consequence of how
their physiology differs from the physiology of the native species present in a community
before the invasion occurred. Perhaps best known is the example of invasion by the nitrogen
(N) fixing tree Myrica faya in Hawai’l (Vitousek and Walker 1989). M. faya’s ability to fix N
lead to substantial changes to the development of young volcanic soils, increases in nitrogen
cycling rates, and the spread of numerous other invasive species whose establishment had
been prevented previously by limited nitrogen availability. The potential for traits shared by
multiple invasive species to affect communities and ecosystems has also been well
documented for grass invasions in western North America, where invasion by multiple
species has been shown to have altered the fire regime of some ecosystems (D'Antonio
2000).

Few parts of the world remain free of these often destructive plants, which can
cause the extirpation of native species, the disruption of entire ecosystems, and appear
likely to influence other agents of global change (Pimentel et al. 2000). However, some
of the broader impacts of invaders—including changes to atmospheric chemistry—nhave
received less attention than their impacts on other ecosystem properties (Hall 2005).

One way in which an invasive species can dramatically change ecosystems and
atmospheric chemistry is through the production of “keystone molecules”—compounds
that can have an impact on ecosystems and communities far out of proportion to their
relative abundance in the environment (Lerdau 2003). For example, isoprene (CsHs), a
volatile organic compound (VOC) is produced in the leaves of many plant species
(Lerdau and Keller 1997, Keller and Lerdau 1999). It is also an important reactant in the
atmosphere, notably in the production of tropospheric ozone, an important pollutant
(National Research Council 1991). Similarly, the signaling compounds produced by
legumes and other nitrogen-fixers to attract N-fixing microbial symbionts, and the
enzyme nitrogenase, which the symbionts use to fix N, can result in substantial increases
in nitrogen cycling and trace gas fluxes that could potentially affect air quality (Erickson
et al. 2001, Martin et al. 2003, Hall and Asner 2007).



For my dissertation, | have investigated both of these categories of potential
changes—those caused by traits shared across invasive species, as well as impacts caused by
the unique physiology of an individual invasive species, the N-fixing ability of the invader
kudzu (Pueraria montana). | have focused specifically on how both individual and groups of
invasive species may alter nitrogen cycling and, in the case of kudzu, trace gas byproducts of
the nitrogen cycle. The ability of invasive N-fixing species to disrupt N cycling in invaded
ecosystems is well known, and in the case of kudzu, this will be the first investigation of this
aggressive invader’s impacts on ecosystems. In contrast to kudzu, which tends to form
monospecific stands, many invaders in the northeastern United States become established as
part of more diverse communities—multiple invasive and native species often co-occur in the
same location (Howard et al. 2004). These invaders are not physiologically distinct from the
native species in the region, and many of them are in the same genus or family as many
native species. Nevertheless, these invasions may cause changes in nutrient cycling in the
invaded ecosystems if invaders as a group tend to produce leaf litter that is more rapidly
decomposed than that of native species. Understanding these two different modes of
ecosystem disruption that can accompany two very different modes of invasion will help
provide a more complete picture of how plant invasions and the effects of a single species

and groups of species can influence the nitrogen cycle.

Trace gas fluxes: VOC’s and nitrogen oxides

Among the broader impacts that may follow an invasion by a single species are
changes in the emissions of certain trace gases and the reactivity of the atmosphere. Two
classes of trace gases, nitrogen oxides and VOC’s can profoundly alter the radiative and
chemical balance of the atmosphere. Nitrous oxide (N2O) is a powerful greenhouse gas
that also contributes to the destruction of ozone in the stratosphere (upper atmosphere).
Nitric oxide (NO) and VOC'’s are the critical precursors to ozone formation in the
troposphere (lower atmosphere), and can also be involved in the formation of organic and
nitrate aerosols (Schlesinger 1997). Tropospheric ozone is the single most important air
pollutant in terms of impacts on agricultural crops and human health, and it is also a
major greenhouse gas (EPA 2002). Atmospheric concentrations of N,O rose considerably
during the 20" century, and continue to increase by3.5 Tg, or 0.3%, annually (Matson
and Vitousek 1990, Matson et al. 2002). In the stratosphere, N,O contributes to the



destruction of the ozone that acts to protect the earth’s surface from damaging ultraviolet
radiation (Schlesinger 1997).

Over much of the earth, including the regions where my research was conducted
in the eastern United States, biogenic reactive compounds emitted from plants (e.g.,
isoprene), and soils (e.g., NO) make major contributions to the atmosphere's reactivity
(Guenther et al. 1995, Pierce et al. 1998, Fiore et al. 2005). The size of biogenic fluxes is
determined by a number of factors, including climate, soil nitrogen dynamics, and plant
species composition; for example, emissions of photochemically-active reduced carbon
compounds such as isoprene are sensitive to temperature and light, while emission rates
of reactive nitrogen oxides from soils vary as a function of soil moisture and nitrogen
transformation rates (Lerdau and Keller 1997, Keller and Lerdau 1999, Davidson et al.
2000). Legumes and other nitrogen-fixing plants are linked to substantial increases in
NO fluxes from soils, presumably as a consequence of root exudation and depositing
nitrogen-rich litter, which increases N cycling rates and the trace N gas fluxes that are
byproducts of the soil nitrogen cycle (Erickson et al. 2001, Martin et al. 2003, Hall and
Asner 2007). In tropical environments, these plants may also be contributing to

substantial increases in N,O emissions from soils (Erickson et al. 2001).

Kudzu: potential impacts

Kudzu is among the most well-recognized invasive plants, yet the fact that it is
both a large isoprene emitter and a nitrogen-fixer—and thus a novel source of both VOC
and nitrogen oxide emissions—has received little attention from an atmospheric
chemistry perspective. As noted above, these compounds are the key precursors to
tropospheric ozone formation and a major natural source of organic and nitrate aerosols,
which gives kudzu the distinction of being as close to a ‘polluting plant” as one can find.
Its extensive cover in the southeastern US--which at over 3 million ha rivals soybean--
and its ability to spread rapidly (over 50,000 ha yr') serve to bring the implications for
regional air quality into even greater relief (USDA 2002, Forseth and Innis 2004).

In the United States, kudzu is projected to be fixing up to 235 kg N ha™ yr in the
United States, an order of magnitude more than Myrica faya in Hawai’i, and potentially a

vastly larger input of biologically-available nitrogen than atmospheric nitrogen



deposition, which ranges from roughly 7 kg N ha™ yr in the southeastern United States
to about 10-13 kg N ha™* yr™ in the northeast (Vitousek and Walker 1989, Forseth and
Innis 2004, Holland et al. 2005). Because ecosystems in the eastern United States tend
to be N-limited, kudzu invasion has the potential to dramatically increase nitrogen
cycling and trace gas fluxes. The particulars of tropospheric chemistry in the southeast
US may make understanding NO fluxes resulting from kudzu invasion particularly
important. Ozone formation in the Southeast is generally NO limited--in the warm
summer months, large biogenic emissions of VOC’s (notably isoprene) create a high
VOC/NOx ratio in the troposhere, so that small changes in NOy concentrations can play a
large role in ozone formation (Chameides 1988, National Research Council 1991, Trainer
et al. 1993, Kleinman et al. 1994, Jacob et al. 1995, Daum et al. 2000). The unique
confluence of an extensive and growing N-fixer invasion and a relatively VOC-rich/NOx-
poor atmosphere may lead to substantially increased tropospheric ozone levels in the
southeastern United States as a direct result of the invasion, with detrimental effects on

human health and agriculture.

Preliminary investigation of kudzu’s potential to alter ecosystems

In August and September, 2005, | collected preliminary data to determine how
kudzu invasion is affecting the plant community and ecosystems at two sites in the
Maryland Department of Natural Resources’ McKee-Beshers Wildlife Management Area
in Montgomery County, MD, just a few miles from the Potomac River. Kudzu has
formed dense carpets and thoroughly covers trees in several spots along the edge of the
oak/hardwood forest typical of this region, where white and red oaks (Quercus alba) and
Q. rubra), box elder (Acer negundo), sassafras (Sassifras albidum), American elm
(Ulmus Americana), and hickory (Carya spp.) are common. | paired plots invaded by
kudzu with nearby uninvaded plots that were similar in slope, aspect, topography, and
land-use history. | attempted to obtain an initial impression of the impacts of kudzu
invasion by comparing community and ecosystem variables in the invaded sites to those
in the uninvaded sites. In each site, | used standard quadrat methods to estimate species
composition and cover, took leaves from kudzu and the common tree species listed above

to measure foliar nutrient concentrations, and took soil samples to measure the soil pools



of carbon and nitrogen as well as the microbial processes responsible for nitrogen cycling
in the soil (potential net nitrogen mineralization, potential net nitrification, and
denitrification).

The results of this preliminary investigation support my hypothesis that kudzu
invasion is altering community composition as well as nutrient pools and cycling. Kudzu
appears to be preventing the establishment of trees in invaded sites, where there were
only 20% as many juvenile trees as in uninvaded sites. In planned contrasts following a
one-way ANOVA, foliar nitrogen concentrations were significantly higher in kudzu
leaves than in the leaves of the common tree species (P<0.05), suggesting that kudzu is
indeed contributing high levels of nitrogen to invaded sites (Figure 1). I also found
suggestions that nitrogen cycling was higher in the sites invaded by kudzu, though no
statistically significant results (Figure 2). Net N mineralization, in which the
decomposition of organic N-containing compounds releases inorganic forms of N,
trended higher in invaded plots, as did net nitrification, the transformation of ammonium
(NH,") to nitrate (NO3), which is also the main source of NO emissions in temperate
soils. However, my statistical tests had very low power because | only sampled two site
pairs, and | made no direct measurements of gas fluxes. Additionally, these sites in
Maryland are at the northern limit of kudzu’s range, and may not be representative of the
invader’s impact further south.

Research approach and summary

In order to understand how the extensive invasion of kudzu may influence
ecosystems and atmospheric chemistry in the southeastern United States, I conducted a
combination of field and modeling experiments. In chapter 2, | present my study of the
impact of kudzu on nitrogen cycling and NO gas fluxes in Georgia, and the potential
impacts on ozone formation across a 9-state region. | found that kudzu invasion had
large impacts on net nitrogen mineralization and net nitrification, and doubled emissions
of NO. In collaboration with atmospheric chemists, these results were used to
parameterize a model of ozone formation across the region. | determined that under the
extreme, but not unreasonable case in which kudzu spreads across all non-agricultural

and non-urban soils, ozone concentrations could increase by up to 2ppb, and parts of the



southeastern United States would fail to meet EPA Clean Air Act ozone standards by an
additional 7 days from June through August.

Researchers have predicted that that kudzu will migrate northward by 100’s of
kilometers in response to rising temperatures and elevated atmospheric CO,, and
empirical evidence suggests that this range expansion may be underway already (Sasek
and Strain 1990, Lamont and Young 2004, Holmgren 2008). However, the ecosystem
impacts of such a range expansion can be difficult to predict, especially when factors
affecting nitrogen fixation rates—such as growing season length, temperature, and
nitrogen deposition—can be very different in more northern regions than in the heart of
its current distribution. In chapter 3, | examine the potential ecosystem and atmospheric
consequences of a northward expansion by kudzu. | studied the effects of kudzu invasion
on nitrogen cycling and trace gas fluxes in Maryland, along most northern portion of
kudzu’s distribution, and where temperatures and growing seasons mimic those projected
for the higher latitudes where kudzu is expected to migrate as temperatures and
atmospheric CO; increase (Hayhoe 2008, NOAA/ESRL 2008). Effects similar to those
in Georgia were found, but only in some sites, and only during one of the two years of the
experiment, suggesting that kudzu range expansion has the potential to have large
impacts on northern ecosystems and atmospheric chemistry, but the timing and location
of those effects may be difficult to predict.

In the final chapter, | shift from investigations of the effects of a single species on
ecosystems to the effects of a group of species that may share common traits related to
their ability to invade. Until recently, scientists have depended largely on vote-counting
and narrative literature reviews for a window into general patterns of ecosystem impacts
of invasion (Ehrenfeld 2003, Levine et al. 2003, Dukes and Mooney 2004), with some
exceptions (Ashton 2005, Liao et al. 2008). One valuable tool for studying general
properties of invaders is phylogenetic pairing. Phylogenetic pairing—of invasive species
either with related exotic species that are not invasive or related native species--has been
put to use to great effect in studies of general properties associated with invasive success
(e.g., Agrawal et al. 2005, Muth and Pigliucci 2006, Funk and Vitousek 2007), but it has
been used less frequently in assessments of general impacts of invaders (Levine et al.
2003). Many of those properties that are often touted as typical of a successful invader—



high growth rates, high nitrogen concentrations—can have impacts on ecosystem
properties such as evapotranspiration or nutrient cycling. In the final chapter, |
conducted two decomposition experiments to investigate whether there are traits shared
by invasive species in the northeastern United States cause changes to nutrient cycling
and availability in invaded ecosystems. Using a phylogenetically-paired design, | found
that invasive litter decomposes and releases N more quickly than native litter. Because
leaf litter in eastern forests is often decomposing in the presence of other species, | also
examined the decomposition of litter in combination of species to better understand
decomposition dynamics, and found that in the presence of native litter, rates of
decomposition in invasive litters slows; the presence of native species may provide a

temporary buffer against invasive impacts on nutrient cycling.
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Figure 1. Bar plot of nitrogen concentration (+/- SE) of kudzu (black bar) and 7 co-occurring
woody species (white bars) from Montgomery County, MD in September, 2005 (P<0.05).
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Figure 2. Bar plots of mean (+/- SE) net N mineralization (A) and net nitrification (B) in
soils invaded by kudzu (black bars) and in uninvaded soils (white bars) in two pairs of
plots Montgomery County, MD in September, 2005. There were no significant effects of
invasion.



Chapter 2 Kudzu (Pueraria montana) invasion doubles emissions of nitric

oxide, a precursor to tropospheric ozone

Abstract

Invasion by the nitrogen-fixing legume kudzu (Pueraria montana) across the
southeastern United States has the potential to increase nitrogen (N) cycling and nitric
oxide (NO) emissions from soils, thus raising 0zone concentrations in regions where
ozone formation is limited by NO availability. I studied kudzu invasions in Georgia and
found that rates of N-turnover in soils increased up to 1000%, and NO emissions from
soils were more than 100% higher (2.81 vs. 1.24 ng NO-N cm-2 h-1) in invaded vs.
uninvaded sites. Atmospheric modeling suggests that these higher NO emissions will
raise ozone concentrations substantially. | propose that kudzu invasion in the
southeastern United States represents a novel threat to air quality and could increase the

frequency with which federal ozone standards are exceeded.

Introduction

Although the ability of exotic invasive species to alter community, ecosystem and
biogeochemical processes is well documented (Vitousek and Walker 1989, D'Antonio
2000, Zavaleta 2000), the impacts of invasion on the chemical and radiative balance of
the atmosphere have received less attention (but see Hall and Asner 2007 (Hall and Asner
2007)). Whenever the physiology of an invasive species includes metabolic processes
that involve biosphere/atmosphere exchange—such as the reduction of N, or the
production of a chemically reactive hydrocarbon—the spread of that species has the
potential to affect the atmosphere. This is particularly likely to be the case when the
metabolic process in question is rare or absent from the ecosystem being invaded, and
when the invader is abundant enough that the magnitude of its impact is larger than the
natural variation already present in the invaded ecosystem. | investigated the impacts of
the nitrogen (N) kudzu (Pueraria montana), the most abundant invasive terrestrial plant
in the southeastern United States, on soil emissions of the greenhouse gas nitrous oxide

(N20), and the chemically reactive species nitric oxide (NO), one of the precursors to

10



tropospheric ozone formation. Like most other legumes, kudzu develops symbiotic
associations in its roots with bacteria capable of transforming atmospheric N3 into
biologically available NH;" (Forseth and Innis 2004). When it is released to the soil from
decomposing tissues or leaked from roots, the symbiotically-fixed N can be taken up by
plants and microbes (Forseth and Innis 2004). Because of these additions of fixed N to
soils, invasions by N-fixing plants tend to cause the overall rate of N-cycling in the
invaded ecosystem to increase, including rates of nitrification (the oxidation of NH," to
NO3’) and denitrification (the reduction of NO3™ to N,) (Erickson et al. 2001, Martin et al.
2003, Hall and Asner 2007). As a consequence, emissions of NO and NO, gas by-
products produced during nitrification and denitrification, tend to increase as well
(Forseth and Innis 2004).

Tropospheric ozone is among the most damaging of air pollutants, affecting
respiratory health and reducing crop production. In the southeastern United States, where
kudzu invasion is most severe, formation of tropospheric ozone is generally limited by
atmospheric concentrations of NO and NO, (collectively referred to as NOy), and soil
emissions of NO can be an important determinant of ozone concentrations in the region
(Williams and Fehsenfeld 1991, Davidson et al. 1998). Kudzu is also a strong emitter of
isoprene (CsHs), a photochemically reactive hydrocarbon that plays an important role in
tropospheric ozone formation (Sharkey and Loreto 19933, b).

With a current distribution of over 3 million ha, and spreading by over 50,000 ha
yr'!, kudzu coverage in the southeastern United States exceeds that of cultivated soybean,
making it the dominant N-fixing plant in the region (USDA 2002, Forseth and Innis
2004). Although high levels of N fixation have been documented in U.S. populations of
kudzu, N fixation in kudzu and its effects on invaded ecosystems have received limited
attention (Lynd and Ansman 1990). Projections based on N fixation rates in kudzu’s
native range suggest that it may be fixing up to 235kg N ha™ yr in the U.S., an order of
magnitude more than the invasive N-fixing tree Myrica faya in Hawai’i (20 kg N hayr™)
or atmospheric deposition in the eastern U.S. (7-13 kg N hayr™) (Vitousek and Walker
1989, Forseth and Innis 2004, Holland et al. 2005). Because kudzu also emits the VOC
isoprene at high rates (Sharkey and Loreto 1993b), its rapid expansion has the potential to

be a growing source of tropospheric ozone production in the region.
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Methods

To take the first step in determining how kudzu invasion may be affecting air
quality in the Southeast, | tested the hypotheses that kudzu is accelerating microbial
production and emission of NO and N,O from invaded soils. | then used a chemical
model of the troposphere to estimate the potential impacts that these changes in gas
fluxes can have on ozone in the region. In July and September 2007, | conducted
measurements in paired plots at three locations in Madison County, Georgia, a common
experimental design for investigations of impacts of invasions on soil processes (15-17).
At each site, one plot was established within a stand of kudzu, and a second plot
established in an area where kudzu had not invaded, within 50m of the kudzu plot. The
uninvaded plots were former pasture that had not been grazed for at least 10 years, and
contained a combination of blackberry shrubs (Rubus occidentalis) and herbaceous
species, though there were a few juvenile sweetgum (Liquidambar styraciflua)
individuals inside or adjacent to the plots at 2 of the 3 sites. There were fewer than 7
trees in any 50m x 20m area, and only 1 to 3 trees within the 10m? plots; each tree was
approximately 3m to 5m tall. At the time of my measurements, kudzu represented 100%
of the canopy in invaded plots and 0% in uninvaded plots. All plots were located on
Madison sandy loam soils, derived from mica schist and/or gneiss. Plots within a site had
similar slopes and aspects; additional information on soils and land-use history can be
found in the online supporting material (methods detailed at the end of the chapter).

Understanding the real-world ecosystem impacts of kudzu invasion requires field
studies that are necessarily less controlled than manipulative experiments (Ashton 2005).
I recognize that in field experiments of this nature, it is impossible to completely rule out
the possibility that factors other than kudzu—such as land use history—may influence
nitrogen cycling and trace gases in these sites. Although it limits my ability to control
potentially important factors, | believe it is important to understand the potential impacts
of kudzu invasion in a field setting, where the effects of a kudzu “treatment” are
representative of what is actually occurring with kudzu invasion in the region. To that
end, | have worked to reduce the effects of potential confounding factors in the field as

much as possible. | have worked to control land-use history, slope, aspect, and soil type
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by locating each pair of invaded and uninvaded plots in close proximity to one another
within the same former pasture, with similar slopes, aspects, and soils.

To test the hypothesis that kudzu is increasing NO emissions, | conducted
dynamic chamber-based flux measurements of NO fluxes using a portable
chemiluminscent NOy analyzer (Unisearch model LMA-3D). Fluxes were measured
from four rings placed randomly within each plot in July. I also took a separate series of
gas samples from a static chamber fitted to each ring for lab analysis of N,O
concentrations using a gas chromatograph fitted with an electron capture detector. After
completing gas measurements for each ring in July, | removed a 12-cm soil core for lab
analysis of net N mineralization, net nitrification, denitrification enzyme activity, total
carbon (C) and N pools, inorganic N pools, and microbial biomass; a second set of soil
samples were taken for analysis in mid-September. | analyzed the data using split-plot
ANOVA. When necessary, data were log transformed or rank transformed to meet the
assumptions of ANOVA. The reported P values are based on one-tailed tests unless

otherwise indicated.

Results & Discussion

NO fluxes were larger in sites invaded by kudzu (P=0.032, figure 1). Averaged
across the four rings sampled in each plot, fluxes were 127% higher in invaded plots.

The measured NO emissions varied from 2.19 to 3.70 ng NO-N cm™ h™! in invaded plots
compared to @ much narrower range of 1.21 to 1.26 ng NO-N cm™ h™ in uninvaded plots.
Fluxes of N,O showed a trend towards increasing under kudzu (Figure 1; P=0.107)). Soil
moisture, which can have substantial effects on trace N gas fluxes (Davidson and Verchot
2000), did not differ between invaded and un-invaded plots in July (P=0.43) or
September (P=0.48, two-tailed tests).

The results of the laboratory soil assays demonstrated a clear and consistent
association between kudzu invasion and increased N cycling rates in both mid-summer
and early autumn. | found large increases in net N mineralization rates under kudzu, with
as much as an order of magnitude difference between invaded and uninvaded plots in
both July (P=0.003) and September (P=0.007, Figure 2). Net rates of nitrification, which
is typically the primary source of NO production in well-drained soils (Davidson et al.
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2000), were 110% to 532% higher in soils invaded by kudzu across the two sampling
times (July: P=0.012, September: P=0.031, Figure 2). There were no differences in my
measurements of denitrification enzyme activity, microbial biomass, total C, or total N in
soils during either season.

Soil inorganic N pools are an unreliable indicator for changes in N cycling rates
because inorganic N in soils can turn over in a matter of hours under high rates of plant
uptake and microbial immobilization (Schlesinger 1997), but they can provide insight
into N availability in relation to plant demand. Soil pools of inorganic N were also
higher in invaded sites, though by a smaller factor than the N cycling rates (Figure 3).
On average, invaded sites had 69% more NH,4" (P=0.028), and 220% more NO3/NO,
(P=0.0025) in July. In September, invaded sites had an average of 10% more
NH,*(P=0.0085), though the difference may have been strongly affected by an outlying
core taken from the uninvaded Carey Pasture plot, which contained 20 pg N g™ dry soil,
considerably more than the average of 4.3 ug N g™* dry soil for all other cores taken from
both invaded and uninvaded soils. Pools of NO3 and NO," were 550% larger in invaded
plots (P=0.02). An excess of soil NO3™ can contribute to aluminum mobilization, soil
acidification, and increased rates of NO3™ leaching to aquatic ecosystems (Matson et al.
2002).

In order to develop a first order estimate of the annual NO emissions from these
soils, | assumed that A) the measured fluxes are representative of fluxes from these soils
throughout the growing season; B) fluxes don’t vary diurnally; and C) the growing
season length is 260 days with a base temperature of 28°C (SRCC 1997). Although more
extensive sampling throughout the southern United States and measurements of seasonal
and diurnal variation would provide the basis for more accurate estimates of annual NO
emissions, these assumptions allow me to make an initial, transparent estimate. Based on
these assumptions and my field measurements, | calculated that the kudzu-invaded soils
emit 1750 g NO-N ha-1 yr-1. In contrast, the mixed-vegetation uninvaded soils emit only
761 g NO-N ha-1yr-1. This second estimate is very close to the (Davidson et al. 1998)
estimate that 523 g NO-N ha-1 yr-1 are emitted from non-agricultural soils in the

southeastern United States, suggesting that the estimates from this current study represent
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a reliable first cut at estimating kudzu’s influence on annual NO emissions (Davidson et
al. 1998).

Ozone formation in the Southeast is generally NO limited: in the warm summer
months, large biogenic emissions of volatile organic compounds (VOCSs) (notably
isoprene) create a high VOC/NOxy ratio in the atmosphere, and under these conditions,
ozone production is very sensitive to perturbations in NOx (Chameides 1988, National
Research Council 1991, Trainer et al. 1993, Kleinman 1994, Jacob et al. 1995, Daum et
al. 2000). Assuming that the increases in NO fluxes observed at my Georgia sites are
representative of the impacts of kudzu across the southeastern United States, the doubling
of NO emissions under kudzu could increase regional ozone concentrations and the
frequency of high ozone events.

To investigate the potential effects of a kudzu invasion on regional ozone levels, |
used the global chemical transport model (CTM) GEOS-Chem model, focusing on the
summer season (June—August) when ozone levels are highest. For the sensitivity
analysis, | assumed an extreme case in which kudzu covers all non-agricultural, non-
urban soils. In this scenario, kudzu produced a 28% increase in soil NO emissions and a
subsequent spike in ozone concentrations. This increase occured against a background of
decreasing NOy emissions nationally; NOx emissions in the United States decreased by
29% between 1990 and 2006, due to a 17% decrease in NOy emissions from
transportation, and a 38% decrease from fuel combustion (EPA 2002). The areas most
vulnerable to kudzu-induced NO fluxes are Mississippi, Arkansas, and Tennessee, where
ozone increases by up to 1.6 ppb (Figure 4). As a consequence, the summer days with
daily maximum 8 hour average ozone exceeding 70 ppb would increase in these areas by
up to 7 days/summer due to kudzu invasion. The warm temperatures that spawn high
ozone events (e.g., events in the 90th percentile) also increase NO fluxes from invaded
soils, so that kudzu invasion becomes most important during the worst pollution episodes,
increasing ozone concentrations by up to 2 ppb. This increase has the potential to partly
or entirely offset national reductions in ozone concentrations of 2-15ppb under the A1B
scenario in the GEOS Chem simulation. Given the unexpected difficulty many regions
have had in meeting ambient ozone standards in spite of efforts to reduce anthropogenic
production of NOx and VOCs (Hall et al. 1996), the potential for kudzu invasion to
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further offset benefits from anthropogenic emission reductions could constitute an
obstacle to meeting the future air quality standards in the United States.

The continuing invasion by kudzu represents a novel and growing source of ozone
precursors. Increasing temperatures will allow kudzu to survive at higher elevations and
to expand its range to the north by 100s of kilometers; an observed trebling in the number
of populations on Long Island, NY may represent early evidence of that expansion (Sasek
and Strain 1990, Lamont and Young 2004). Kudzu’s impact on the atmosphere will be
most important in areas that are distant from urban centers, and particularly in landscapes
where little fertilizer is added to soils, such as the forested areas of southern Appalachia.
My model results suggest that kudzu spreads further into these and other areas, the
accompanying increase in NO emissions may increase 0zone concentrations and the
frequency of high ozone events in the southeastern United States. These air quality
impacts of an invasive species should be taken into account during both scientific and

economic analyses of invasive species’ impacts.
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Figure 1. Bar plots showing mean (+SE) NO (A) and N,O (B) emissions from soils
supporting kudzu (black bars) and native vegetation (white bars) at each of 3 Georgia
sites in July, 2007. Soil NO emissions were larger across soils invaded by kudzu
(P=0.032); N,O emissions showed a trend towards increasing under kudzu (P=0.107).
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Figure 2. Bar plots of mean (+SE) net N mineralization and net nitrification from lab
assays of soils supporting kudzu (black bars) and native vegetation (white bars) at each of
3 Georgia sites in July (A and B), and September (C and D), 2007. Net N mineralization
rates were higher in invaded sites July (A; P=0.003) and September(C; P=0.007); net
nitrification rates were also higher in both July (B; P=0.012) and September (D;
P=0.031).
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Figure 3. Bar plots of mean (+SE) inorganic nitrogen pools from soils supporting kudzu
(black bars) and native vegetation (white bars) at each of 3 Georgia sites in July (A and
B), and September (C and D), 2007. Soil pools of NH4+ were higher in invaded sites in
July (A, P=0.028) and September (C, P=0.0085). Pools of NO2-/NO3- were higher in
both July (B, P=0.0025) and September (D, P=0.020).
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Figure 4. Changes in summer (June-August) average surface ozone (in ppb) due to the
28% increase in soil NO, emissions accompanying kudzu cover of all non-agricultural,
non-urban soils in a 9-state region. Simulated with the GEOS-Chem model.
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Supporting Material: Materials and Methods

Sites

The paired-site design has become common in studies of the effects of N-fixers
on soil nitrogen studies and gas fluxes (Rice et al. 2004, Yelenik et al. 2004). The paired
uninvaded site is used as a control or reference for determining the relative impact of
kudzu invasion.

Three sites were selected in Madison County, Georgia. Two sites were located on
private property along Buford Carey Road (34.14659, -83.32646 and 34.14460, -
83.32422) and one on private property along Stone Stewart Road (34.09457, -83.30870).
Each site was selected to contain an area invaded by kudzu that could be paired with an
uninvaded area within 50m of the invaded site. Sites were selected so that soils, slopes,
aspects, and land-use history was similar between paired uninvaded and invaded areas
within each site. The soils at all three sites were well-drained Madison sandy loam, with
some variation in slope among sites. At the first Buford Carey site (“Carey blackberry™),
the invaded and uninvaded plots were located on an east-facing 10-15% slope. Plots at
the second Buford Carey site (“Carey Pasture”) were located on a north-east facing 6-
10% slopes, while plots at the Stone Stewart site (“Wilson Elder”) were located on south-
facing 6-10% slopes. Aerial photos from the Digital Library of Georgia, which collects
aerial photography of Madison County produced by the Agricultural Stabilization and
Conservation Service (USDA 1944-1980). The first Buford Carey site is located in an
area which appears shrubby at least as far back as 1951, during which time they display
no signs of agricultural activity. The second Buford Carey site is located on land that
was used as pasture starting as far back as the 1940’s. After 1973, the land was no longer
managed, though one area abutting the kudzu patch was mowed occasionally. The Stone
Stewart site was farmed at least until 1951, but farming in the plots ceased prior to 1967.

Sample collection and preparation
Soil sampling was conducted from July 20-22 and September 15, 2007. At each
sampling time, soil cores were taken from paired invaded and uninvaded plots on the

same day. Locations for soil cores were selected randomly in each plot. The top litter
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layer was removed, and a PVC pipe (5 cm internal diameter x 20 cm long) was driven 12
cm into the ground and removed with the core intact. The cores contained little or no
organic layer, so they were not separated into different horizons before being placed in
separate polyethylene bags. The cores were kept cool until transferred to a refrigerator in
the lab. Most lab analyses were started within 3 days of soil collection, but the
denitrification assays were usually conducted 4-6 days after sampling. Since
precipitation can stimulate microbial activity (Paul 1996), samples were taken at least 24
hours after any major rain event.

Soils were homgenized by hand in plastic bags, and major rocks, roots, and
invertebrates were removed. Subsamples from each core were taken for laboratory
analysis of moisture content, total C and N, initial nitrate and ammonium, microbial
biomass, net mineralization and nitrification potential, and dentirification enzyme assays
(details below). Soil moisture content (g H2O g™ dry soil) was determined by drying a
subsample at 60 C until soils were no longer decreasing in weight. Total carbon and
nitrogen content of dried, ground samples was determined using a CE Flash EA 1112

Elemental Analyzer (CE Instruments, Milan, Italy).

Inorganic N pools

Inorganic N was extracted from soils by placing a 10g subsample of soil from
each core in a 120 ml polypropylene specimen cup with 50ml 2M KCI, and shaking the
cups for 60 minutes to ensure that all the inorganic N bound to soil surfaces can exchange
with the KCI. The soils were allowed to settle for another 60 minutes after shaking. The
KCI solution from each cup was filtered using Whatman #42 filter paper and stored
below freezing in a 40ml glass scintillation vial. Determinations of NO3;/NO,™--N and
NH,"--N content were made using a Lachat autoanalyzer (Lachat Quickchem Systems,
Milwaukee, WI). These measurements also represent the initial or “pre-incubation”
inorganic N concentrations for the calculations of net N mineralization and net

nitrification rates.
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Net N mineralization and net nitrification

Concurrent with subsampling for the initial KCI extractions, a second 10g
subsample was taken from each homogenized core and placed in a 120 ml specimen cup,
which in turn was placed in a mason jar and sealed with a gas-tight lid fitted with a
rubber septum. The jars were incubated at 20-22 C. After 10 days, the specimen cups
were removed, and inorganic N was extracted and analyzed as described above; these
extractions represent the “post-incubation” inorganic N content. Net mineralization was
calculated as the difference in total inorganic N concentrations in the pre-incubation and
post-incubation extractions; net nitrification was calculated similarly, as the difference in
NOs-N and NO,'-N concentrations in pre- and post-incubation soil extractions (Matson
et al. 1987).

Soil microbial biomass

The determination of total microbial biomass was made using the chloroform
fumigation incubation method (Jenkinson and Powlson 1976, Voroney and Paul 1984).
10g soil samples were fumigated with chloroform to kill the microbes, innoculated with
0.1g soil from the same sample, and using measurements of the CO,, evolved to estimate
the microbial C present.

A 10g subsample of soil from each core was fumigated for 12-18 hours. The 10g
samples of fumigated soils and a 0.1g fresh soil inocculum from the same core were
placed in a quart-sized mason jar and sealed with a gas-tight lid fitted with a rubber
septum. A second 10.1g fresh sample from the same core was sealed in a second mason
jar. After incubating for 10 days at 20-22°C, a 9ml gas sample from the headspace of
each mason jar was transferred to an evacuated glass vials. The vials were stored at room
temperature until CO, concentrations were determined using a gas chromatograph fitted
with a thermal conductivity detector. Headspace concentrations of CO,-C were
calculated. Microbial biomass-C was calculated as the difference in CO,-C per unit dry
weight of soil in fumigated and unfumigated samples, divided by a constant (0.41)

representing the fraction of biomass mineralized to CO..
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Denitrification enzyme activity assays

I determined the denitrification potential of soils using the Dentrification Enzyme
Activity method (Smith et al. 1978). A slurry of soil and a medium containing a surfeit
of nitrate and glucose was created, so that the denitrification process was limited only by
the amount of denitrifying bacteria in the sample. Choloramphenicol, an inhibitor of
microbial growth, was added to ensure the assay is measuring activity of the microbial
community present in the soil at the time of sampling. A 5g subsample was taken from
each homogenized soil core and placed with 10 ml medium into a 125ml erlenmeyer
flask with a ground glass joint and sealed with a rubber stopper. The flasks were placed
under negative pressure for 3-minutes followed by a 1-minute flush with N, gas. This
process was repeated 2 more times to ensure that the soils were anaerobic. Following the
third flush with N2, the flasks were vented, and 4ml acetylene was added to each flask to
inhibit the transformation of N,O to N by denitrifying bacteria. The flasks were placed
on an orbital shaker, and 9ml samples of the headspace of each flask were taken using a
polypropylene syringe and transferred to evacuated gas vials after 1 and 3 hours. The
N,O concentration of each vial was determined using a gas chromatograph fitted with an

electron capture detector.

Trace N gas emissions

Plots were sampled for NO and N,O emissions from July 20-22, 2007. Gas
measurements for each set of paired uninvaded and invaded plots were conducted on the
same day, and all sampling was conducted between 10am and 6pm to limit any variation
in temperature between plots. In each plot, four beveled, Teflon-coated PVC rings
(25.5cm diameter) were randomly inserted several centimeters into the soil. At least 30
minutes after inserting the ring, a Teflon-coated, molded PVVC chamber top fitted with a
gas-sampling port was inserted over the ring and made gas-tight. Emissions of NO were
measured in situ using a portable chemiluminescent detector equipped with a CrOg filter
that converts all NO to NO, (Unisearch Associates, Concord, Ontario, Canada)(Matson
1996 8). Standard curves were conducted in the field before and after each set of four
measurements using a standard gas with a known NO, concentration (0.0992 ppm, Scott-
Marin Co., Riverside, CA). Ambient NO; concentrations were low but detectable, so
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NO, concentrations within the chamber were measured immediately before and after NO
measurements in order to measure the consumption of ambient NO2 by soils, which was
assumed to be linear. NO emissions were measured as the linear increase in NO
concentrations in the chamber over 4 minutes, and were corrected for the consumption of
ambient NO, during that 4-minute period (Hall and Matson 2003).

To measure N,O emissions, a Teflon-coated, molded PVC chamber top fitted
with a septum was placed over each ring and made gas-tight. Using polypropylene
syringes, 9ml gas samples were taken from the chamber at 0, 10, 20, and 30 minutes, and
transferred to evacuated glass vials. The vials were stored at room temperature until
analysis for N,O using a gas chromatograph fitted with an electron capture detector. The
N,O flux was calculated using the linear increase in N,O concentration, the chamber

volume, and the soil surface area.

Ozone Sensitivity Analysis

To investigate the potential effects of a kudzu invasion on regional ozone levels, |
used the global chemical transport model (CTM) GEOS-Chem model focusing on the
summer season (June—August) when ozone levels are highest. The GEOS-Chem model
has been extensively used in past studies on tropospheric ozone and its precursors, both
globally (Bey et al. 2001, Martin et al. 2002, Sauvage et al. 2007, Wu et al. 2007) and for
the United States (Fiore et al. 2002, Fiore et al. 2003a, Fiore et al. 2003b, Hudman et al.
2004, Hudman et al. 2007, Wu et al. 2008). | used GEOS-Chem version 8.01.01
(http://www.as.harvard.edu/chemistry/trop/geos/) with the meteorological input from the
NASA/GISS general circulation model (GCM). More detailed model description is
available in Wu et al. (Wu et al. 2007, Wu et al. 2008).

The soil NOy inventory in the standard version of GEOS-Chem follows Yienger

and Levy (Yienger and Levy 1995). For this study, | scaled the calculated soil NOy
emission in the SE by a factor of 3 in order to match observed NO fluxes in this region
(Davidson et al. 1998). 1 followed the IPCC A1B scenario for 2050 in which the U.S.
NOy emissions from fossil fuel are projected to decrease by 40% due to technological
improvements. The meteorology was simulated for 2050 which enhances the soil NOy
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emissions by 8% compared to 2000 due to higher temperatures (Wu et al. 2008). NO flux
from non-agriculture soils account for about 1/3 of the total soil NO emissions over the
SE (Davidson et al. 1998). As a sensitivity test, | assumed full kudzu coverage over the

non-agriculture land area over SE, which increased the total soil NOy emission by 28%.
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Chapter 3 Range expansion of invasive species under climate change:
understanding the potential impacts of a northward expansion
of kudzu (Pueraria montana) on ecosystems and atmospheric

chemistry

Abstract

Kudzu (Pueraria montana), a leguminous vine native to Asia, is expected to
move northward by 100’s of kilometers as global temperatures increase. As a nitrogen-
fixer, kudzu has demonstrated the ability to accelerate nitrogen (N) cycling and increase
production of both nitric oxide (NO), a precursor to tropospheric ozone, and nitrous oxide
(N20), a powerful greenhouse gas. Though there is a strong theoretical and empirical
foundation for predicting kudzu’s expansion northward, it is more difficult to predict how
that expansion will affect ecosystems in the northeastern United States in coming
decades. Kudzu’s range in the northern United States is limited by winter temperatures,
and even in places where kudzu is able to establish, both soil temperature and growing
season length can influence N-fixing activity in legumes, and may serve to diminish the
potential impact of kudzu on invaded ecosystems and atmospheric chemistry. In order to
understand the wider impacts of kudzu’s expansion into the northeastern region in
coming decades, | examined how kudzu invasion affects soil N and microbial dynamics
from April, 2006 through September, 2007 at 3 sites in Maryland that currently
experience winter temperatures within the range expected for the Northeast within the
next 100 years. | also measured fluxes of NO and N,O at 2 of the sites in September,
2007. Kudzu’s impact on soils in Maryland appears to be subject to considerable
interannual and spatial variability. Across all three sites, kudzu invasion only caused a
significant increase in the sizes of soil nitrate and ammonium pools, and only on certain
dates. Though there were no differences in N cycling through most of 2006, in 2007, net
N mineralization was 10 times higher and net nitrification was 5 times higher in invaded

soils at one site in Edgewater, MD, but not at the two other sites. Trace gas flux
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measurements showed a similar pattern: NO fluxes from invaded soils were over 5 times
higher than fluxes from uninvaded soils in Edgwater, but only half as large in a
Poolesville, MD site. Kudzu leaf litter decomposed more quickly than litter from co-
occurring species, providing one possible mechanism for the observed impacts on soil N
dynamics. There were only occasional differences in denitrification activity, microbial
biomass, and soil moisture in invaded and uninvaded soils, and no difference in N,O
fluxes. This study suggests that when experiencing lower temperatures and shorter
growing seasons than are found closer to the center of its North American distribution,
kudzu continues to have the potential to disrupt ecosystem processes, but the presence of
an impact is subject to interannual and spatial variability, making these impacts less
predictable than in lower latitudes. Although kudzu may not soon be the threat to
northeastern ecosystems and regional air quality that it is in the southeastern U.S., it is
possible that its establishment in the northeast may be accompanied by changes in N
cycling and trace gas fluxes, at least in some places during certain, probably mild, years.

Introduction

Considerable attention has been paid to the impacts of a changing climate on the
distribution of plant species. Much work has focused on documenting how climate
change has already altered species distributions and to predict its impacts on communities
and endangered or threatened species in coming decades (e.g., Benning et al. 2002,
Parmesan and Yohe 2003, Root et al. 2005). Populations are generally expected to
migrate to higher latitudes or higher elevations as increasing temperatures remove
restrictions imposed by winter temperatures, and warmer summer temperatures may
make lower latitudes or elevations less habitable (Kingsolver 1992). One question in this
reshuffling of species is how plant species that play important roles in ecosystem
processes will respond to the changing climate, including invasive species that have the
potential to disrupt or damage communities and ecosystems as populations migrate under
changing temperature and precipitation regimes. While field, greenhouse, and modeling
studies have examined the responses of species and communities to global change factors
(e.g., Sasek and Strain 1988, Higgins and Harte 2006, Mohan et al. 2006), the question of
how these key species will interact with ecosystems at higher latitudes has received less
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attention. Because climatic conditions at the northern edge of a species distribution in
North America are likely both to be different from those at the center of the distribution
and also closer to emerging conditions in more northern latitudes under a changing
climate, understanding the ecosystem impacts of these populations can provide a window
into the potential impacts of a northern expansion of the species in coming decades.

Kudzu (Pueraria montana), a leguminous vine native to Asia, is expected to
move northward by 100’s of kilometers as global temperatures increase, and it is likely to
have a range of ecosystem impacts throughout its new distribution (Sasek and Strain
1991). Currently estimated to be spreading by 50,000 ha yr-1, this invasive vine already
covers over 3 million ha in the southeastern United States, roughly equivalent to the
acreage of soybean agriculture in the region, making it the likely dominant nitrogen-fixer
in Southeast (USDA 2002, Forseth and Innis 2004). It has demonstrated a capacity for
high rates of nitrogen (N) fixation in its native range and has shown a high degree of
nodulation and nitrogenase activity in the United States (Lynd and Ansman 1990, Forseth
and Innis 2004). Although fixation rates have not been measured in the U.S., kudzu is
accelerating N mineralization and nitrification rates in soils at sites in Georgia,
sometimes by an order of magnitude, and more than doubling emissions of nitric oxide
(NO), a precursor to ozone formation, and nitrous oxide (N,O), a powerful greenhouse
gas (Hickman, in preparation).

There are numerous examples of how the species-specific physiology of plants
can determine or strongly influence a number of ecosystem properties, including fire
regime, water availability, nutrient cycling, and atmospheric chemistry (e.g., Vitousek
and Walker 1989, Hobbie 1992, D'Antonio 2000, Zavaleta 2000, Hall and Asner 2007).
In the area of atmospheric chemistry, of critical concern is the central role species-
specific physiology can play in controlling fluxes of both volatile organic compounds
(VOC’s) and NO, the two key precursors to the formation of tropospheric ozone, which is
often regarded as the most important air pollutant in terms of its impacts on public health
and agriculture (EPA 2002). Biogenic emissions of the VOC isoprene (CsHs) are
strongly controlled by species identity (Lerdau and Keller 1997, Keller and Lerdau 1999),
while a key group of species—Ilegumes and other N-fixing plants—are linked to
substantial increases in NO fluxes from soils, presumably as a consequence of the
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decomposition of their N-rich litter (Erickson et al. 2001, Martin et al. 2003, Hall and
Asner 2007, Hickman in preparation). Because species identity is so important to the
emissions of N oxides and isoprene, a shift in plant community composition, as would
occur with changes in species distributions under climate change, can result in large shifts
in an ecosystem’s capacity to produce and emit these reactive compounds. The unusual
physiological combination found in kudzu--moderate- to high-emissions of isoprene and
a high N-fixation capacity that has been shown to double soil NO fluxes in Georgia--
means that the vine is responsible for increasing emissions of both precursors to
tropospheric ozone, making it as close to a “polluting plant” as one can find (Hickman in
preparation). The northern expansion of kudzu, which already appears to be underway
(see below), has the potential to profoundly change northeastern ecosystems and
atmospheric chemistry. Understanding how kudzu’s physiology will interact with the
new environment it encounters in the ecosystems of the northeast is essential to
understanding its potential impact on soils, communities, and the atmosphere.

Two key environmental factors are behind the expected range expansion of
kudzu: ambient CO, concentrations and winter temperatures, both of which are expected
to increase substantially in the 21% century. Vines in general have shown larger and more
sustained growth responses to increased CO, than trees have (Hattenschwiler and Korner
2003), and the growth responses of N-fixers such as soybean have shown little
acclimation to elevated CO, (Ainsworth et al. 2002).

Though there is a strong theoretical and empirical foundation for predicting
kudzu’s expansion northward (Wechsler 1977, Sasek and Strain 1991, Jones et al. 1994,
Soussana and Hartwig 1996, Hartwig et al. 2000, Ainsworth et al. 2002, Lamont and
Young 2004), it is more difficult to predict how that expansion will affect ecosystems in
the northeastern United States, at least during the 21 century. In regions where winters
are not severe enough to prevent the establishment of kudzu, season length and cold
temperatures are still likely to diminish rates of N fixation in kudzu and limit changes to
soil N cycling. Reductions in soil temperature of as little as 5° C have been shown both
to delay the onset and reduce the degree of nodulation in several legumes (e.g., Glycine
max (L.) Merr., Lupinus angustifolius, Vicia faba L., Trifolium repens, Medicago

doliata), so that plants growing in soils that remain cooler longer into the growing season
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exhibit diminished rates of N fixation relative to plants growing in warmer soils
(Lindemann and Ham 1979, Fyson and Sprent 1982, Ryle et al. 1989, Peltzer et al. 2002,
Robin et al. 2005). Freezing temperatures during the winter can induce embolisms in
vines, and may reduce the amount of kudzu biomass surviving to the next growing
season. Consequently, even as temperatures permit a northward expansion of kudzu, its
impact on the N cycle may not mirror those observed closer to the center of its
distribution. Even so, growing seasons in the Northeast are expected to increase by
roughly 20 to 60 days by the end of the century, and average temperatures by 2.5° to 5.5°
C, creating a climate likely to be considerably more hospitable to kudzu, and more
conducive to high rates of N fixation (Jones et al. 1994).

Another factor that has the potential to influence an impact of kudzu on soil N
dynamics is atmospheric N deposition. Rates of N deposition tend to be higher in the
northeastern United States than in southern states (Holland et al. 2005). When soil pools
of inorganic N are large, N-fixers may reduce investment in N fixation, and N fixation
itself can be inhibited (Lucinski et al. 2002). Additionally, N additions to uninvaded soils
may reduce any differences that may have emerged between invaded and uninvaded soils
as a consequence of kudzu invasion.

Because of these complicating factors, predicting the impacts of a northern
expansion by kudzu is not simply a matter of mapping out where kudzu is expected to
establish and assuming that the impacts observed in kudzu’s current distribution will be
replicated in its new range. Instead, these various factors make predicting kudzu’s
impact on soils in higher latitudes more difficult. It is possible that delayed onset of N
fixation and reduced nodulation in cooler soils as well as winter die-back can reduce the
amount of N added to soils by kudzu, while higher rates of N-deposition to both invaded
and uninvaded soils in the northeastern United States could reduce the magnitude of any
differences in N dynamics in invaded and uninvaded soils that may have emerged as a
consequence of kudzu alone. However, projections of kudzu’s N fixation rates under
ideal climatic conditions are an order of magnitude larger than N deposition rates
(Forseth and Innis 2004, Holland et al. 2005), leaving the possibility that kudzu could

have sizable impacts even under the conditions of cooler temperatures and higher N
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deposition prevalent in the northeastern United States expected to continue during
coming decades.

In order to understand the wider impacts of kudzu’s move north in coming
decades, | examined how well-established kudzu populations at the northern limit of its
current distribution affect a range of community and ecosystem properties. | expect the
cooler temperatures that predominate in the northern part of kudzu’s distribution to limit
kudzu productivity, particularly in years with multiple freezing events, and consequently
to reduce N-fixation rates on an per unit area basis. These increases, combined with
higher levels of N deposition, are likely to reduce potential differences in N cycling and
trace N gas in invaded and uninvaded soils. However, | expect the large differences
observed in Georgia (Hickman in preparation), the large observed and estimated N-
fixation activity of kudzu, and the generally high N lifestyle of legumes (Hickman in
preparation) to increase N cycling rates and trace gas emissions even in these more
northern soils, particularly in soils where kudzu density approaches levels typically

observed in the southeastern United States.

Materials and Methods

Sites

I selected sites where winter temperatures tend to be colder than in the center of
kudzu’s current distribution, and have been within the range that northeastern
temperatures are expected to reach within the next 100 years. Averaged over 1961 to
1990, January minimum temperatures in the southeastern United States, where kudzu
thrives, tended to hover around or slightly above freezing; Athens, GA and Montgomery,
AL averaged -0.056° and 1.83°C, respectively. Minimum January temperatures were
considerably lower in Northeastern states, averaging —9.78° to -9.167°C in
Poughkeepsie, NY, Worcester, MA, and Hartford, CT. In Baltimore, MD, at a latitude
where kudzu has long been successfully established, average minimum January
temperatures were —4.72°C from 1961 to 1990, roughly intermediate between the
Southern and Northern averages (NOAA/ESRL 2008). Minimum temperatures in the
northeastern United States are expected to increase by roughly 2-6 degrees by the end of
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the century, making northeastern winters much closer in temperature to those currently
experienced in Maryland (Jones et al. 1994).

Because changes in ecosystem processes (including trace gas fluxes) can lag
behind changes in community composition (Chapin 2002), | selected three sites where
kudzu was well-established: McKee-Beshers Wildlife Management Area in western
Montgomery County, MD (N 39 05.107, W 077 25.871), the Summit Hall Turf Farm,
also in Montgomery County (N 39 05.315, W 077 26.556), and the Smithsonian
Environmental Research Center (SERC) in Anne Arundel County, MD (N 38 51.945, W
076 33.815).

Experimental design

The paired-site design has become common in studies of the effects of N-fixers
on soil N studies and gas fluxes (Rice et al. 2004, Yelenik et al. 2004, Ashton 2005). The
paired uninvaded site is used as a control or reference for determining the relative impact
of kudzu invasion. In this case, the paired-site structure is preferable to a transect design
because kudzu typically invades along a forest edge, and transects running from invaded
into uninvaded habitat would also run from the forest edge into the forest interior,
confounding degree of kudzu invasion with edge effects. At each site, one plot was
established within a stand of kudzu, and a second plot was established in an area where
kudzu had not invaded, within 40-200m of the kudzu plot, for a total of 6 plots. At
SERC, the invaded plot was located within a former agricultural field where kudzu has
been present for over 30 years. The uninvaded plot was established on a former
agricultural field abandoned 30 years ago, cleared 10 years later, and allowed to return to
succession during the last 20 years (Dennis Whigham, personal communication). Soils in
both the invaded and uninvaded plots at SERC were a well-drained Marr-Dodon
complex, derived from loamy fluviomarine deposits, with a slope of 2 to 5 degrees
(USDA). Soils at all plots in McKee-Beshers and Summit Hall were well-drained Penn
silt loam. At McKee-Beshers, both plots had 3 to 8 degree south-facing slopes; the plots
at Summit Hall had 15 to 25 degree slopes (USDA). The area adjacent to these plots has
been managed as a flooded bottomland swamp for over 40 years; the plots themselves are
unmanaged (Ken D’Loughy personal communication). Plant cover at the sites was
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characterized in September, 2005 and was described by Hickman and Lerdau (Hickman
2006). In invaded plots at all three sites, kudzu cover ranged from 80% to 100%.
Uninvaded plots at all three sites contained primarily herbaceous species, though the
woody shrub Rosa multiflora was present in the uninvaded plot at SERC. Additionally,
succession had proceeded further in the area around the uninvaded plot at McKee-
Beshers was located—though the plot itself contained only herbaceous species, the

surrounding area contained more and larger trees than the other plots.

Sample collection and preparation

Soil sampling was conducted 9 times starting in March, 2006: bimonthly from
March through September 2006 and 2007, and once in December, 2006. At each
sampling time, soil cores were always taken from all sites within a single day, with the
exception of September, 2007, when soils from SERC were taken on September 5", and
soils from the other sites were taken on September 6™. Locations for soil cores were
selected randomly in each plot; 3 cores were taken per plot, for a total of 18 cores per
sampling time. The one exception was sampling in September, 2007, when 4 cores were
taken per plot, for a total of 24 soil cores. The top litter layer was removed, and a PVC
pipe (5 cm internal diameter x 20 cm long) was driven 12 cm into the ground and
removed with the core intact. The cores contained little or no organic layer, so they were
not separated into different horizons before being placed in separate polyethylene bags.
The cores were kept cool until transferred to a refrigerator in the lab. Most lab analyses
were started within 3 days of soil collection, but the denitrification assays were usually
conducted 4-6 days after sampling, and analysis of soils from September, 2007 were
conducted approximately 2-3 weeks after sampling. Since precipitation can stimulate
microbial activity (Paul 1996), samples were taken at least 24 hours after any major rain
event.

Soils were homogenized by hand in plastic bags, and major rocks, roots, and
invertebrates were removed. Subsamples from each core were taken for laboratory
analysis of moisture content, total C and N, initial nitrate and ammonium, microbial
biomass, net mineralization and nitrification potential, and denitrification enzyme assays

(details below). Soil moisture content (g H,O g™ dry soil) was determined by drying a
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subsample at 60° C until soils were no longer decreasing in weight. Total carbon (C) and
N content of dried, ground samples was determined using a CE Flash EA 1112 Elemental
Analyzer (CE Instruments, Milan, Italy).

Inorganic N pools

Inorganic N was extracted from soils by placing a 10g subsample of soil from
each core in a 120 ml polypropylene specimen cup with 50ml 2M KCI, and shaking the
cups for 60 minutes to ensure that all the inorganic N bound to soil surfaces can exchange
with the KCI. The soils were allowed to settle for another 60 minutes after shaking. The
KCI solution from each cup was filtered using Whatman #42 filter paper and frozen in a
40ml glass scintillation vial until determinations of NO3/NO,-N and NH;*-N content
were made using a Lachat autoanalyzer (Lachat Quickchem Systems, Milwaukee, WI).
These measurements also represent the initial or “pre-incubation” inorganic N

concentrations for the calculations of net N mineralization and net nitrification rates.

Net N mineralization and net nitrification

Concurrent with subsampling for the initial KCI extractions, a second 10g
subsample was taken from each homogenized core and placed in a 120 ml specimen cup,
which in turn was placed in a mason jar and sealed with a gas-tight lid fitted with a
rubber septum. The jars were incubated at 20-22° C. After 10 days, the specimen cups
were removed, and inorganic N was extracted and analyzed as described above; these
extractions represent the “post-incubation” inorganic N content. Net mineralization was
calculated as the difference in total inorganic N concentrations in the pre-incubation and
post-incubation extractions; net nitrification was calculated similarly, as the difference in
NOs-N and NO,-N concentrations in pre- and post-incubation soil extractions (Matson
et al. 1987).

Soil microbial biomass

The determination of total microbial biomass was made using the chloroform
fumigation incubation method (Jenkinson and Powlson 1976, VVoroney and Paul 1984).
A 10g subsample of soil from each core was fumigated for 12-18 hours. The 10g

samples of fumigated soils and a 0.1g fresh soil inoculum from the same core were
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placed in a quart-sized mason jar and sealed with a gas-tight lid fitted with a rubber
septum. A second 10.1g fresh sample from the same core was sealed in a second mason
jar. After a 10 day incubation at 20-22° C, a 9ml gas sample from the headspace of each
mason jar was transferred to an evacuated glass vial. The vials were stored at room
temperature until CO, concentrations were determined using a gas chromatograph fitted
with a thermal conductivity detector. Microbial biomass-C was calculated as the CO,-C
per unit dry weight of soil in fumigated samples, divided by a constant (0.41)

representing the fraction of biomass mineralized to CO..

Denitrification enzyme activity

I determined the denitrification potential of soils using the Dentrification Enzyme
Activity method (Smith et al. 1978). A slurry of soil and a medium containing a surfeit
of nitrate and glucose was created, so that the denitrification process was limited only by
the amount of denitrifying bacteria in the sample. Choloramphenicol, an inhibitor of
microbial growth, was added to ensure the assay was measuring activity of the microbial
community present in the soil at the time of sampling. A 5g subsample was taken from
each homogenized soil core and placed with 10 ml medium into a 125ml Erlenmeyer
flask with a ground glass neck and sealed with a rubber stopper. The flasks were placed
under negative pressure for 3-minutes followed by a 1-minute flush with N, gas. This
process was repeated 2 more times to ensure that the soils were anaerobic. Following the
third flush with N, the flasks were vented to room pressure, and 4ml acetylene was
added to each flask to inhibit the transformation of N,O to N, by denitrifying bacteria.
The flasks were placed on an orbital shaker, and 9ml samples of the headspace of each
flask were taken using a polypropylene syringe and transferred to evacuated gas vials
after 1 and 3 hours. The N,O concentration of each vial was determined using a gas
chromatograph fitted with an electron capture detector. The change in N,O concentration

from time O through 3 hours was used to calculate the denitrification rates.

Trace N gas emissions
Plots were sampled for NO and N,O emissions on September 5" and 6™, 2007.

Gas measurements for each set of paired uninvaded and invaded plots were conducted on
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the same day, and all sampling was conducted between 10am and 6pm to limit variation
in temperature between plots. In each plot, four beveled, Teflon-coated PVC rings
(25.5cm diameter) were randomly inserted several centimeters into the soil. At least 30
minutes after inserting the ring, a Teflon-coated, molded PVVC chamber top fitted with a
gas-sampling port was inserted over the ring and made gas-tight. Emissions of NO were
measured in situ using a portable chemiluminescent detector equipped with a CrOg filter
that converts all NO to NO, (Unisearch Associates, Concord, Ontario, Canada). Standard
curves were conducted in the field before and after each set of four measurements using a
standard gas with a known NO, concentration (Scott-Marin Co., Riverside, CA).
Ambient NO, concentrations were low but detectable, so NO, concentrations within the
chamber were measured immediately before and after NO measurements in order to
measure the consumption of ambient NO; by soils, which was assumed to be linear. NO
emissions were measured as the linear increase in NO concentrations in the chamber over
4 minutes, and were corrected for the consumption of ambient NO, during that 4-minute
period (Hall and Matson 2003).

To measure N,O emissions, a Teflon-coated, molded PVC chamber top fitted
with a septum was placed over each ring and made gas-tight. Using polypropylene
syringes, 9ml gas samples were taken from the chamber at 0, 10, 20, and 30 minutes, and
transferred to evacuated glass vials. The vials were stored at room temperature until
analysis for N,O using a gas chromatograph fitted with an electron capture detector. The
N0 flux was calculated using the linear increase in N,O concentration, the chamber

volume, and the soil surface area.

Litter decomposition

In October, 2006, newly senesced leaf litter was collected from kudzu and 7 co-
occurring woody species (Table 1). Litter was collected along a transect approximately
500m in length encompassing both invaded and uninvaded areas in the McKee-Beshers
Wildlife Management Area, and running across Penn silt loam soils. Litter bags were
constructed from nylon 1/32 inch square mesh, measuring 15.5cm by 12cm along the
interior edges. Enough bags were constructed to allow for the destructive sampling of
three replicates of each species at 18, 32, 44, and 53 weeks. Leaves were dried at room
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temperature, and 2.5¢g of dried litter from a single species was placed in each mesh bag
and weighed. Three 2.5g samples from each species were dried at 60°C and weighed to
calculate the weight difference between air-dried and oven-dried litter. Each bag was
sealed with three staples of known weight, which was later subtracted from the final
weight after harvesting.

The litter bags were placed in the field December 6th, 2006. Replicates were
allocated randomly to each of 3 blocks located approximately 10m apart from one
another in an area of uninvaded forest in McKee-Beshers. Within a block, litter bags
were placed randomly on a 3 m? grid at 0.5m intervals. At each harvest time, bags were
collected, dried at 60°C, weighed, and ground for analysis of C and N content using a CE
Flash EA 1112 Elemental Analyzer (CE Instruments, Milan, ltaly).

Statistical analyses

Because of several site disturbances in which plot markers were removed or
destroyed, it was necessary for me to establish new plots for sampling on several
occasions over the course of the 2-year experiment. Consequently, | was unable to
conduct a repeated measures analysis of the soil data. Instead, | conducted separate split-
plot ANOVAs at each time point to avoid non-independence of samples within any single
analysis; site was included as a random factor, and kudzu invasion as a fixed factor.

Analyses of the NO and N,O fluxes were conducted using split plot ANOVA,
including site and kudzu invasion whole and within plot factors. For the decomposition
experiment, mass loss and N loss were analyzed in 3-way mixed model ANOVAS,
including block as the random factor, and species and harvest date as the fixed factors.
When necessary, data were log transformed or rank transformed to meet the assumptions
of ANOVA.

Results

Across all three sites, kudzu invasion only caused a significant increase on the
sizes of soil nitrate pools, nitrification rates, and denitrification enzyme activity, and only
on certain dates, and trends towards an increase in some of these variables on several

dates as well as on microbial biomass on one date (Table 2, Figures 1 through 8). Nitrate

38



levels in invaded areas were an average of over 1.5 times higher on dates where the
difference was significant. The difference actually increased to just over 2 times when
summed across all sampling times, and invasion may have had a significant effect on
nitrate pools across sampling times with the greater statistical power of a repeated
measures analysis (Figure 1). There were no differences in total soil N.

There were no differences between the kudzu and uninvaded plots in net N
mineralization, and differences in net nitrification on only two dates (Figure 2). Tests of
significance for interactions are not possible in split plot analyses, but visual inspection of
the data suggests that in 2007, net N mineralization was an average of 10 times higher in
invaded soils at SERC than in uninvaded soils, while net nitrification was 5 times higher
(Figure 3). It appears that while kudzu had no impact on net N mineralization and
nitrification in 2006 at any of the sites, it may have been accelerating N cycling at the
SERC site in 2007, but not at the other two sites.

September, 2007 measurements of trace N gas fluxes followed the pattern for soil
N cycling; there was no significant difference, but examination of the data shows that NO
fluxes were over 5 times higher in invaded soils at SERC; in contrast, fluxes in invaded
soils at Summit Hall were only half as high as in uninvaded soils (Figure 4A). There
were no differences in N,O fluxes, though N,O emissions from invaded soils at SERC
were more than 3 times higher than emissions from uninvaded soils (Figure 4B).

Laboratory assays of denitrification enzyme activity, which provides an index for
potential denitrification rates, showed differences due to kudzu invasion only in May,
2007, when enzyme activity was higher in soils from uninvaded sites (Figure 5, P=0.023
in a two-tailed test).

There was no significant effect of invasion on microbial biomass at any of the
sampling times (Figure 6). With the single exception of September, 2007, when soil
moisture was higher in uninvaded soils (P=0.024), soil moisture did not differ between
invaded and uninvaded areas. (Figure 7). There were no differences in total soil C.

Leaf litter from kudzu lost mass more quickly than 7 co-occurring tree species in
2007 (P<0.0001, Figure 8). By the end of one year, kudzu had lost most of its mass
(56.2% +/-2.3% of starting mass), while on average, litter from each of the other species
lost between 38.0 +/-3.0% and 14.0 +/- 1.0% of their initial mass. Patterns of N loss
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matched those for mass loss, with kudzu losing a greater percentage of its starting N and
more N mass over the course of the year than the native species (P<0.05).

Discussion

Warming temperatures are expected to promote the expansion of kudzu into the
northeastern United States, which may result in the disruption of ecosystem processes
and increases in the emissions of harmful trace gases. Both soil temperature and growing
season length can influence N-fixing activity in legumes, and may serve to diminish the
potential impact of kudzu on invaded ecosystems and atmospheric chemistry. My study
in Maryland suggests that when experiencing lower temperatures and shorter growing
seasons than are found closer to the center of its distribution, kudzu continues to have the
potential to disrupt ecosystem processes, but the presence of an impact is subject to large
inter-annual and spatial variability, making these impacts less predictable than in lower
latitudes.

The most striking of the results is evidence of increased trace N gas fluxes and N
cycling in invaded soils and NO fluxes at one site in 2007, but not in others. Visual
examination of the data suggests that N cycling rates were higher in invaded soils at the
SERC site throughout 2007 (Figure 4), and that both NO and N,O fluxes were higher in
September 2007 (Figure 4). Though NO fluxes were actually only half as large from
invaded soils as uninvaded soils at Summit Hall, invaded soils at SERC emitted NO 5
times faster than in uninvaded soils—a much larger difference than the approximate
doubling observed in Georgia. Since | only made measurements in September, 2007, it is
impossible for me to draw any direct conclusions about the potential inter-annual
variability in gas fluxes from invaded and uninvaded soils in Maryland. However,
because NO is produced largely as a byproduct of nitrification, it is likely that differences
in NO emissions from invaded and uninvaded soils were absent at all sites in 2006,
emerging only at SERC in 2007. At the very least, the September, 2007 gas flux
measurements suggest that kudzu may have the potential to cause dramatic increases in
NO fluxes from some soils as it migrates north, with the potential for unwelcome changes

to regional air chemistry.
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While environmental conditions in Maryland appear often to inhibit the kinds of
ecosystem and atmospheric impacts kudzu is having in ecosystems farther south
(Hickman in preparation), this inhibition is not universal. The degree to which the 2007
increases in N cycling and gas emissions at SERC may be an anomaly is unclear. Periods
of unusually mild temperatures during winter 2006-2007 may have played a contributing
role to these increases, but daily and monthly temperature records provide little support
for the possibility that the interannual variability can be attributed to temperature
differences. Average winter temperatures (December through February) in Maryland
weren’t any higher in 2006-2007 (2.39° C) than they were the previous winter (2.56° C).
March temperatures were slightly higher in 2007 (6.89° C) than in 2006 (6.56° C), but
April was 3.06° C warmer in 2006 than 2007 (NCDC 2008). There was also little change
in the number of days experiencing below-freezing temperatures in Upper Marlboro, MD
(near the SERC site) from October through April for the two years: 94 days experienced
below-freezing temperatures in 2005-2006, and 97 days in 2006-2007 (NCDC 2008).

Whatever the driving factor for the observed differences at SERC, these results
suggest that kudzu retains the ability to disrupt ecosystems and increase emissions of
dangerous trace gases in a region where average minimum January temperatures are
roughly 4.5° C colder on average than in Georgia, and within the range of temperatures
expected for much of the northeastern region by the end of the century. Although kudzu
may not soon be the threat to northeastern ecosystems and regional air quality that it is in
the southeastern U.S., it is impossible to dismiss the possibility that its establishment in
the northeast may be accompanied by changes in N cycling and trace gas fluxes, at least
in some places during certain, probably mild, years. One may also expect regions where
kudzu is now established but where it does consistently alter N cycling may experience
greater impacts of invasion as temperatures warm. An increase of 2 to 6° C by 2100
would raise winter temperatures in Maryland above those currently experienced in
Georgia, where kudzu’s impact on N cycling is large and consistent.

Alternatively, it is possible that atmospheric N deposition, which is generally
higher in the Mid-Atlantic region than in southeastern states (Holland et al. 2005), and
can enrich the inorganic N content of soils, may be reducing N fixation in kudzu at the

Maryland sites. Since N-fixation is energetically expensive, N-fixers may switch to
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uptake of NH," and NO;" if there are high concentrations of inorganic N in soils; nitrate
can also inhibit nitrogenase activity and rhizobial infection of legume roots (Munns 1977,
Kwon and Beevers 1993, Lucinski et al. 2002). Because there are differences in both
temperatures and atmospheric N deposition with latitude, it is impossible to eliminate N
deposition as a contributing factor to the different patterns of N cycling observed in
Maryland and Georgia. However, if there was little variation in N deposition between
sites in Maryland, the presence of a difference at SERC in 2007 suggests that N
deposition was not responsible for the absence of an effect of kudzu invasion in 2006.
Using measurements in 2005 and 2006 as replicates, there were no differences in annual
wet NO3” and NH," deposition among 5 National Atmospheric Deposition Program
monitoring locations in Maryland and Virginia, though there were differences among
locations when analyzing just summer deposition (P=0.52 and P=0.06, respectively;
analysis not shown) (NADP 2008).

Additionally, if N deposition were contributing to greater N availability in
Maryland than in Georgia, | would expect to find faster N cycling rates and possibly
larger pools of inorganic N in uninvaded soils in Maryland. However, net N
mineralization, net nitrification, and denitrification enzyme activity did not differ in
uninvaded soils in the two states (P=0.56, P=0.55, an P=0.28 respectively; analysis not
shown) or in pool sizes of inorganic N (P=0.51; analysis not shown). While | can’t rule
out a role for atmospheric N deposition completely, it appears to be an unlikely source of
the site differences | observed. Even if N deposition is contributing to reduced N-fixation
in kudzu, that effect can be expected to decrease under increasing atmospheric CO;
concentrations. Elevated CO; acts as a drain on inorganic N pools in soil, limiting
growth responses in non-N-fixers, while the growth response to elevated CO, in N-fixers
is unaffected (Soussana and Hartwig 1996, Hartwig et al. 2000, Lee et al. 2003).
Resolution of these questions would be aided by direct measurements of N-fixation rates
in kudzu in both Maryland and Georgia and comparisons of N inputs from kudzu to N
inputs in uninvaded areas.

It is certainly possible that interactions in N deposition, temperature, and
competition for soil N could play a role in controlling N-fixation in kudzu, and controlled
experiments incorporating these factors will be needed to determine exactly what factors
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and interactions are important. The possible confounding effect of N deposition is a
necessary consequence of conducting paired field experiments like this one. However, in
studying the ecosystem effects of invasion, and especially in trying to understand the
possible real-world impacts of kudzu’s northward expansion on variables such as NO
emissions, field studies are an essential tool (see discussion in Ashton et al, 2005 (Ashton
2005)). Ultimately, a combination of controlled field experiments and manipulative
studies focusing on factors of interest will provide more complete understanding of how
various factors may interact with kudzu invasion to influence gas fluxes and N cycling.

In contrast to 2007, sampling throughout the 2006 growing season revealed only a
mild effect of kudzu invasion—a sporadic increase in the size of NO3™ pools in invaded
soils, which continued in 2007, and a smaller, less consistent difference in NH;" over the
two years (Figure 1). The absence of differences in net N mineralization, net
nitrification, and denitrification enzyme activity in 2006 suggests that differences in N
cycling rates were not responsible for the increased NOs™ in invaded plots. Although
kudzu plots were not significantly drier than uninvaded plots, it may be possible that
increased water use by kudzu had some drying effect on soils, reducing leaching of
nitrate. Additionally, pools of NO3™ can increase in dry soils when sub-surface NOs" is
carried to the surface with the movement of capillary water (Paul 1996). N-fixation
activity by kudzu may also reduce the plant’s demand for other sources of N, so that
differences in soil inorganic N pools may reflect differential plant uptake in invaded and
uninvaded plots.

Even when net N mineralization and net nitrification were higher in invaded plots,
no differences emerged in denitrification enzyme activity. Denitrification depends on a
source of reduced C and anoxic conditions in addition to NO3™ (Davidson et al. 2000),
and it is possible that these factors limited denitrification in both invaded and uninvaded
sites rather than NO3 pools.

The markedly faster decomposition of kudzu leaf litter is consistent with the idea
that labile, N-rich litter is responsible for kudzu’s impact on soil N dynamics. Kudzu’s
more labile leaf litter began to lose mass more quickly than other species within the first
few months of decomposition, and extended that difference throughout the year. These

faster rates of mass and nutrient loss represent a faster input of nutrients into these
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ecosystems than is typical of co-occurring woody species, and provide a probable
mechanism for observed increases in N cycling rates. Root exudation and turnover may
also play an important role.

Soil moisture, which can be an important determinant of microbial activity (Paul
1996), differed as a consequence of invasion only in September, 2007. The significant
effect of invasion in September, 2007 is worth noting, however, since | took gas samples
on this date, and soil moisture can affect both the size of trace gas fluxes and the
proportion of NO to N,O emitted (Davidson and Verchot 2000). Oxygen diffuses more
slowly into soils with high moisture levels, favoring the anoxic process of denitrification,
the major source of N,O production, over nitrification, which produces larger amounts of
NO. Additionally, high soil water content slows the diffusion of NO out of soils,
providing microbes with more opportunities to further reduce NO to N,O or N,
(Davidson et al. 2000). These soils were relatively dry, with only 10-15% moisture by
mass, however, and though present, the differences between invaded and uninvaded soils
were very small: 10.3% and 11.0% moisture by mass, respectively. Though soil moisture
is essential for substrate transport and availability (and thus can help promote rates of N
cycling and gas fluxes), the direction of difference in moisture at these sites (including
SERC) was opposite that of N cycling and gas fluxes, indicating that other factors—such
as kudzu invasion--were more important to the differences in N cycling at SERC.

Many invasive species, such as Myrica faya in Hawai’i, or kudzu in the
southeastern U.S., can have dramatic impacts on the ecosystems they invade. The
environmental context of an invasion can be an important determinant of the magnitude
of that invasion’s impact on an ecosystem. In Hawai’i, the absence of any N fixers
combined with a N-poor substrate provide an environment in which invasion by the N-
fixer M. faya can fundamentally alter the trajectory of community development (Vitousek
and Walker 1989). In the eastern U.S., the replacement of chestnut, a species that does
not emit the VOC isoprene, by species of oak, which does, likely resulted in a net
increase of biogenic VOC production in the region (Lerdau 2003). The impacts of kudzu,
both an N-fixer and a large emitter of isoprene, may likewise be dependent on the

environmental context of invasion as it migrates north.
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My research suggests that in a climate typical of the northern limits of its current
distribution, kudzu retains the ability to increase N cycling and fluxes of trace N gases,
though this ability may often be inhibited, presumably as a consequence of cooler soil
temperatures, shorter growing seasons, and freezing events that may damage above-
ground biomass. As often as not, establishment of kudzu in the northeast may not be
accompanied by changes in N cycling, but my understanding of kudzu’s impacts at these
higher latitudes is not complete enough to predict where and when it may affect
ecosystems, other than to say that some, sometimes large, changes to N cycling and
emissions of dangerous trace gases are likely to result. Over time, one can expect the
frequency of ecosystem impacts to increase as northeastern winters grow milder and
growing seasons become longer, creating an environment more suitable to kudzu
establishment and N-fixing activity. Elevated CO, concentrations may enhance this
effect, both by having a fertilizing effect on kudzu growth and by depleting soil N, giving
kudzu a stronger competitive advantage over non-N-fixers. Though kudzu’s full impact
on the ecosystems and atmosphere of northeastern states may not be experienced for
years or decades after it invades, preventing its establishment will be essential to avoiding

these potentially damaging impacts in the long term.
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Tables & Figures

| Species
Acer rubrum
Acer negundo
Carya glabra
Fagus grandifolia
Pueraria montana
Quercus alba
Sassafras albidum

Table 1. Plant species used in litter decomposition experiment.

2006 2007

April | May July Sept Dec March May July Sept
Net N 0.710 | 0.350 | 0.785 0.998 | 0.820 0.521 0.832 0.145 | 0.440
mineralization
Net 0.137 | 0.945 | 0511 0.0558 | 0.608 0.675 0.696 0.223 | 0.593
nitrification
Soil NOy 0.0867 | 0.328 | 0.00422 | 0.403 | 0.430 0.0962 0.0434 | 0.460 | 0.161
Soil NH," 0.376 | 0.580 | 0.894 0.825 | 0.261 0.120 0.140 0.910 | 0.768
DEA 0.828 | 0.955 | 0.957 0.422 | 0.127 0.179 0.0229 | 0.690 | 0.525
Microbial 0.434 0.151 | 0.623 0.476 0.421 0.308 | 0.201
biomass
Moisture 0.364 | 0.510 | 0.646 0.793 | 0.923 0.519 0.484 0.455 | 0.074

Table 2. Results of split plot ANOVA F tests for the effect of kudzu
invasion ANOVA for each sampling time. Results that are significant at
P<0.05 are in bold, and for 0.05<P<0.10 are in bold italics. P values for
significant tests of kudzu invasion on variables involving N are presented as
one-tailed tests.
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Figure 1. Soil pools of inorganic nitrogen at three sites in Maryland from April, 2006
through September, 2007. Values are means +/- 1 SE. Pools of nitrate tended to be
higher in areas invaded by kudzu throughout the sampling period (B, P<0.05 for 4 of 9
sampling times in one-tailed tests, P=0.08 for a 5").
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Figure 2. Net N mineralization (A) and net nitrification rates (B) at three sites in
Maryland from April, 2006 through September, 2007. Values are means +/- 1 SE. There
are significant interactions between site and kudzu presence throughout 2007 for net
nitrification rates (P<0.05 in one-way tests), and for x of the 4 sampling times in 2007 for
net mineralization (P<0.05 in one-way tests).
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in Maryland from April, 2006 through September, 2007. Values are means +/- 1 SE.
Significant interactions between site and kudzu presence in 2007 suggest
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2007. Values are means +/- 1 SE.
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Figure 5. Denitrification enzyme activity at 3 sites in Maryland from April, 2006 through
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Figure 7. Soil moisture at 3 sites in Maryland from April, 2006 through September,
2007. Values are means +/- 1 SE.
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Chapter 4 Interactions in the decomposition of leaf litter from native and
invasive species may buffer ecosystems against invader-

induced acceleration of nutrient cycling

Abstract

If a shift in species composition, as occurs during the spread of an invasive
species, includes a shift in litter chemistry, it may be accompanied by changes in leaf
litter decomposition dynamics that can determine rates of nutrient cycling and
productivity in the community. Because litter from two different species often exhibit
non-additive rates of mass and nutrient loss when decomposing together rather than
separately, the rate of change in ecosystem processes following a shift in plant
community composition may depend in part on whether litter is decomposing separately
or in combination. | selected pairs of native and invasive species from the same genus or
family and common to Long Island, NY for two litterbag decomposition experiments to
determine: 1) whether leaf litter from invasive species loses mass and nitrogen (N) more
quickly than litter from native species and 2) whether mixtures of litter from native and
invasive litters lose mass and N additively. Litter from invasive species lost more mass
and N than native species in both experiments, with some notable exceptions among late
successional species in and vines in the Vitaceae. While mixtures containing litter from
only native or only invasive species decomposed in an additive fashion, mixtures of
native and invasive species decomposed at the slower rate typical of the native species
decomposing alone. These results suggest that, while invasive species are likely to alter
decomposition and nutrient cycling, the presence of native species may buffer ecosystems
against these changes, and consideration of a species’ successional status and growth
form may be necessary for reliably predicting the effects of invasion on ecosystem
processes.
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Introduction

Most studies on the ecosystem impacts of invasive species have concentrated on
the effects of particular invaders rather than on the impacts of invasive species as a group
or on whether native and invasive species might interact to affect ecosystem properties
(e.g., Witkowski 1991, Levine et al. 2003, Haubensak et al. 2004, Rice et al. 2004, but
see Ashton 2005). One way that invaders might alter ecosystems is through the
deposition of leaf litter with distinctive chemical composition. Because leaf litter is the
largest annual nutrient source in most terrestrial systems, differences in the litter
chemistry of invasive species can change nutrient availability and future productivity
(Swift 1979, Hobbie 1992, Schlesinger 1997, Ehrenfeld et al. 2001, Ashton 2005).

Species with high rates of nutrient uptake and readily decomposable, nutrient-
rich litter tend to reinforce high rates of nutrient cycling, while species with lower rates of
nutrient uptake and more recalcitrant litter maintain slower rates of nutrient cycling
(Hobbie 1992). Plant invasions are known to cause changes in nutrient cycling when a
key aspect of the invader’s physiology differs from members of the invaded community,
as with the invasion of Hawaiian ecosystems by the nitrogen-fixer Myrica faya (Vitousek
and Walker 1989). But invasions could also change nutrient cycling rates if a community
is invaded by a group of species with litter that decomposes either more quickly or more
slowly than the species they are replacing. Such a group of invaders could change
nutrient cycling in an ecosystem even if the functional diversity of the community
remains unaltered by the invasion.

Recent studies suggest that litter from invasive species often has higher nutrient
contents and decomposes faster than litter from co-occurring natives, potentially leading
to increased rates of nutrient cycling (Ehrenfeld 2003, Ashton 2005, Liao et al. 2008). In
many cases, there are a priori reasons for expecting these changes; for example, many
studies include invasive N-fixing plants, which are expected to have more N-rich, faster
decomposing litter. Invasions in which a new growth form is introduced into an
ecosystem are also likely to cause changes in litter decomposition rates (Vitousek and
Walker 1989, Wedin and Tilman 1990, Hobbie 1996, Scowcroft 1997). Because many
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invaders are early successional or ruderal species (D'Antonio 1999), they may also be
expected to have N-rich, labile litter associated with rapid growth (Lambers 1998).

If changes to ecosystem properties occur because an invader is functionally
different from the community it is invading, it can be difficult to conclude that invasion
per se is likely to cause changes to an ecosystem; instead, these changes may only happen
when a novel function is introduced to an ecosystem. In other words, it is difficult to
determine whether there are general properties shared by invaders that are likely to
change ecosystems, or whether such changes should be expected only for certain species
in certain contexts (e.g., a nitrogen-fixing species invading a community where nitrogen
fixers are absent). One way to determine whether there may be general properties shared
by invasive species that may change ecosystem processes is by controlling for factors
other than a species’ identity as native or invasive that are likely to influence litter
decomposition dynamics. By controlling for factors such as phylogeny and growth form,
I can ensure that differences observed are indeed differences due to a species identity as
invasive.

The rate at which ecosystem dynamics change after plant invasions may be
complicated by interactions during the decomposition of litter from native and invasive
species. Litter from two different species often exhibits non-additive rates of mass and
nutrient loss when decomposing in mixtures as opposed to in isolation, and these
interactions may play an important role in determining how quickly ecosystem processes
change following a shift in plant community composition (Gartner and Cardon 2004).
While the deposition of more rapidly decomposed leaf litter from invasive species may
result in increased rates of nutrient cycling, interactions with litter from native species or
other invasive species may ameliorate or exacerbate this impact, depending on whether
interactions are non-additive, and if so, in what direction. In the northeastern United
States, where invasion by multiple exotic species is common (Howard et al. 2004),
understanding the potential interactions among leaf litter from different species and
different origins (native v. exotic) is essential to understanding how invasions affect
ecosystem processes.

To assess how the decomposition dynamics of litter from invasive species may
impact ecosystem processes, | conducted two experiments. In the first | used litter from
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three invasive species and three co-occurring congeneric or confamilial native species in
Long Island, NY. By tracking mass and N loss for each species individually and in each
possible 2-species combination, | was able to determine whether and to what extent the
presence of other species affects the decomposition dynamics of litter from native and
invasive species. An earlier study by Ashton et al. investigating differences in
decomposition in invaded and uninvaded sites found evidence suggesting that litter from
invasive species decomposed faster than litter from native species (Ashton 2005). To
investigate whether litter from invasive species as a group decomposes more quickly than
litter from native species (which the results of Ashton et al. suggest may be the case
(Ashton 2005)), | conducted an additional litter decomposition experiment using closer
phylogenetic pairing between invasive and native species than used by Ashton et al. and

expanding the number of species studied from 8 to 11.

Materials & Methods

Site description

I examined decomposition of native and exotic invasive leaf litter in the East
Farm Preserve along the north shore of Long Island, Suffolk County, New York, USA
(40degrees54.3” N, 73deg08.9°W). The Preserve was cleared in the early 1900s,
historically used for agriculture and pasture, abandoned, and donated to The Nature
Conservancy. The Preserve is a mixed deciduous hardwood forest with loamy soils. |
selected a plot in a relatively uninvaded, native-dominated forest, with less than 1%
exotic species cover (Ashton 2005). The most common native species in the plots were
Acer rubrum L. (red maple), Fagus grandifolia Ehrh. (American beech), Quercus rubra
L. (red oak), Quercus alba L. (white oak), Prunus serotina Ehrh. (black cherry), and

Viburnum acerifolium (maple-leaf viburnum).

Experimental design

I conducted two experiments: in 2003, | examined the effects of species origin
(invasive vs. native) on leaf litter decomposition, and in 2004, | examined the effects of
mixing litter from different species and origins on decomposition. In autumn, 2002, |
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collected newly senesced leaf litter from 11 woody species common to Long Island for
my experiment comparing native and invasive litter decomposition rates, which ran from
December 2002 through December 2003 (Table 1). In autumn, 2003, I collected newly
senesced leaf litter from 6 woody species common to Long Island for the mixed litter
experiment, which ran from December 2003 to December 2004 (Table 2). All the species
selected were common on Long Island and present in the East Farm preserve. In each
experiment, half of the selected species were invasive species not native to North
America (hereafter referred to as invasive), and half were native species. Each native
species selected was paired with a corresponding invasive species by growth form
(though one pair in 2003—Prunus serotina and Rosa multiflora—included species with
different growth forms), which can influence rates of decomposition (Hobbie 1996), and
by phylogentic relatedness; all pairs represent native and invasive species within the same
genus, or, where within-genus pairing was not possible, within the same family.
Decomposition is strongly influenced by the chemical and physical structure of leaf litter,
and litter from related species exhibits less variation in these traits (Swift 1979, Becerra
1997). By selecting related taxa of native and invasive species, | can help ensure that any

differences between species are due to species origin rather than differences in

phylogeny.

Sample preparation and analysis

For all species, litter was collected from at least three sites on Long Island, within
an area of approximately 100 km?, and from multiple individuals within each site. The
litter selected was derived from plants and leaves grown in full sun. Within each
experiment, litter from all sites was pooled for each species.

All litterbags were constructed from 1mm? mesh, with interior dimensions of 15.5
x 12 cm. For the 2003 species origin experiment, litter was dried at 38°C before bags
were filled. A subsample of litter from each species was weighed, dried at 60°C, and
reweighed to calculate 38°C to 60°C conversion factors. 1 filled each bag with a total of
2.5-3.5¢g of litter from a single species; enough bags were filled with each species to
allow for the destructive harvest of 3 replicates at 0, 3, 15, 25, 35, and 52 weeks. An
additional set of bags was filled with 3g of polyester material to quantify the amount of
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organic and inorganic mass gained by the bags over time. The mean mass gain by the
polyester bags collected at each harvest time was subtracted from the litterbags to
quantify the amount of organic and inorganic matter accumulating in the bags over time
(Harmon 1999).

For the 2004 litter mixture experiment, litter was dried at 60°C. | filled each bag
with a total of 2.5-3.5g of litter from a single species, or with equal amounts of litter from
two different species. Enough bags were filled with every possible one- and two-species
combination to allow for the destructive harvest of 3 replicates at 0, 3, 15, 25, 40, and 52
weeks, for a total of 378 litter bags. No polyester-filled bags were used, but subsamples
of harvested litter were placed overnight in a muffle furnace at 550°C for the
determination of ash-free dry weight to correct for any soil contamination of the samples.

In both years, replicates for each harvest were randomly placed in each of 3
blocks spaced 10 m apart from each other; over 50m separated the sites for the two
experiments. Within each block, the bags were randomly placed 0.5 m from each other
in a grid, and pinned to the soil surface, below the existing litter layer. The random
allocation to blocks and grid locations was intended to prevent any confounding effects
of spatial variation on litter decomposition. At each of the 6 harvest times, bags were
collected, gently cleaned of introduced soil and organic matter, dried at 60C, and weighed
to calculate mass loss. A Wiley mill was used to grind the dried litter, which was then
analyzed for C and N concentration using a CE Flash EA 1112 Elemental Analyzer (CE
Instruments, Milan, Italy).

Statistical Analysis

To examine differences in mass and N loss in the 2003 species origin experiment,
I conducted a 3-way full-factorial, mixed-model ANOVAs, with one random factor
(block) and two fixed factors (time and litter type (2 levels: native and invasive)).
Because newly senesced litter from different species has different concentrations of N,
most tests of N loss used the percent of initial N remaining as a response variable.
However, | also conducted some tests on the total loss of N by weight from decomposing
litter.
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To examine differences in mass and N loss in the 2004 mixed litter experiment, |
conducted a 3-way full-factorial, mixed-model ANOVAs, with one random factor (block)
and two fixed factors (time and litter type (5 levels: single native species, single invasive
species, mixture of two invasive species, mixture of two native species, and mixture of
one native and one invasive species)). As with the 2003 experiment, most tests of N loss
used the percent of initial N remaining as a response variable, but | once again conducted
some tests on the total loss of N by weight from decomposing litter.

For the 2004 mixed litter experiment, | also conducted a series of planned
contrasts to determine whether mixtures of litter from different species decomposed more
quickly or more slowly than species decomposing alone. | conducted 4 separate contrasts
(Table 3). First I conducted 2 contrasts to determine whether mixing litter from different
native species together or mixing litter from different invasive species together had any
effect on decomposition rates (i.e., one contrast compared mixtures of native species to
single native species, and a second compared mixtures of invasive species to single
invasive species). | conducted 2 additional contrasts to determine whether mixing litter
from native species with litter from invasive species had a synergistic or antagonistic
effect on decomposition rates. These contrasts consisted of comparing the mixtures of
native and invasive litters with either the native litters decomposing alone or the invasive
litters decomposing alone. Because the mixtures of native and invasive litters were used
for both of these contrasts, these tests are not strictly orthogonal. They do, however,
represent a set of reasonable contrasts in line with my hypotheses regarding the effects of
litter mixtures, and following the recommendation of Quinn and Keough (Quinn and
Keough 2002), I did not adjust my o for the tests.

The contrasts were conducted for the response variables (proportion total mass
remaining and proportion N remaining, corrected using the polyester fill or AFDW
technique for the respective experiments) at week 52, since replicates from this date
exhibit the cumulative differences in mass and N loss among the various litter types, and
thus provides the best metric for understanding how these differences may affect
ecosystem processes over a longer time scale. An additional analysis of the absolute
amount of N lost by week 52 was conducted, because although litter types may not

exhibit differences in the proportion of initial N lost, higher starting N concentrations in
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invasive or native litters could still result in larger N fluxes to ecosystems. In the mixed
litter experiment, a series of unplanned contrasts among the individual single and mixed
litter types was made also to identify any differences between species. Data were rank-
transformed as necessary to meet the assumptions of ANOVA. Because | used % mass
remaining and % N remaining as response variables, variances often increased over time.
In order to meet the assumption of homogeneity of variances even after transformations
were employed, the first sampling time was excluded from the ANOVA of %N
remaining in 2003, and the first two sampling times were excluded from the ANOVA of
% mass remaining in 2004.

Likelihood estimates of the decomposition constants (k) for the decomposition
equation: x=e™* were determined by simulated annealing using the anneal function in the
likelihood package developed for R by Lora Murphy

(http://www.ecostudies.org/Ime R code tutorials.html) .

Results

2003

Mass loss

There was considerable variation in mass loss among species in 2003: Rosa
multiflora and Rubus phoenicolasius had lost over 96% of their starting mass by the end
of the experiment, in contrast to both Acer species, which lost slightly less than 50% of
their mass after one year. | found a nearly significant interaction between time and litter
type (Figure 1, P=0.074, where litter type is a factor with 2 levels: native and invasive),
demonstrating that invasive species exhibit faster rates of mass loss, in keeping with the
results of earlier studies. There were significant effects of the family by time interaction
(P=0.0067), and for family, time, and family by litter type interaction (P<0.001 for each),
the latter of which suggests that in some families, invaders may not lose mass faster than
natives (Table 4). An analysis of the estimated decomposition constant k for each litter
type also revealed faster rates of mass loss for litter from invasive species (F=96.9,
P=0.01, Table 5).
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N loss

Patterns of N-loss echoed those of mass loss (Figure 1), with a significant litter
type by time interaction (Table 6, P=0.0006), where invasive litter appears to lose N more
quickly than native litter. After relatively little change in N concentrations through week
15, both litter types exhibited immobilization of N at week 25, followed by rapid N loss.
In keeping with the presence of a significant litter type by family interaction (P=0.022),
when each pair was analyzed separately, | found that invaders lost more nitrogen than

natives in 3 of the 5 cases, while the pattern was reversed in a fourth case (Figure 2).

Within-family comparisons

In comparisons within families, there were some exceptions to the overall patterns
among the Sapindaceae and the Vitaceae. In the family Sapindaceae, the invader A.
platanoides lost mass more slowly than its native congener A. rubrum (P=0.046) in 2003,
though there were no differences in the proportion of N lost by the end of the year. There
were no differences between the species in starting litter N concentrations or C:N ratios.
Results were different in the 2004 experiment, when A. platanoides litter had higher N
concentrations (P=0.0431) and a lower C:N ratio (P=0.0074). The native A. rubrum litter
exhibited considerably more immobilization of N over the course of the year than did A.
platanoides (P=0.014), though there was effectively no net N loss in either species by the
end of they year, and no differences in mass loss between the species (Figure 2 and
Figure 3). Though there were no differences in starting N concentration or C:N, A.
platanoides had higher N concentrations in 2004.

In 2003, the general pattern of greater mass loss among invaders was also
reversed in the Vitaceae, when litter from the native V. novae-angliae exhibited greater
mass loss (P=0.0074) and %N loss (P=0.0015)) than the confamilial invader A.
brevipedunculata. Starting concentrations of N in litter from the two species were not
significantly different (P=0.0736; though A. brevipedunculata had a lower starting C:N
ratio (P=0.0182)). Results were different in 2004, when A. brevipedunculata litter had
both higher starting N concentrations and a lower C:N ratio, there were no differences in
N loss between the two species, and early increases in mass loss in V. novae-angliae

disappeared by the end of the year (Figure 3).
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2004

Mass loss

Variation in mass loss was also substantial in 2004, ranging from 86% of starting
mass lost in R. phoenicolasius to 46% of starting mass lost in R. allegheniensis after a
year. | found no effect of litter type in 2004 (where litter type is a factor with 5 levels:
three mixture types (invasive/invasive, native/native, and native/invasive) and the two
single species types (native and invasive)), but like in 2003, there was a significant time
by litter type interaction (Figure 1, P=0.0336). Decomposition constants were calculated,
and are listed in Table 5. The main effects for time (P<0.0001) and block (P=0.0038)
were also significant (Table 7).

My planned contrasts revealed two significant effects. First, invasive litter lost
more mass after one year than native litter (P=0.0013), as was the case in my 2003
experiment. Secondly, mixtures containing litter from both native and invasive species
lost less mass by the end of the experiment than invasive species decomposing alone
(P=0.0497). These mixtures did not lose more mass than native species decomposing
alone, indicating mixtures of native and invasive species lost mass in a non-additive
fashion.

In contrast, there was no effect of mixing litter from different species when only
invasive litters were included in the mixture or when only native litters where included in
the mixtures—in both cases, litter lost the same proportion of mass whether it was
decomposing alone or in a mixture.

In a set of unplanned contrasts comparing the mass lost after one year from all the
different individual and mixed species combinations used, | found one set of significant
differences: the invasive species R. phoenicolasius lost more mass than 9 other types of
litter bags, including 3 species decomposing alone, and 6 mixtures of species. The
greater mass loss in R. phoenicolasisus suggests that it may be an important contributor
to the differences in mass loss between native and invasive litters.

I did not consider plant family as an explicit factor in my analysis of the 2004
experiment, but | did conduct tests to determine whether mixing native and invasive

litters within a family or genus had the same non-additive effect observed in the larger
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analysis (Figure 3). Tests of the Rubus species revealed the same pattern as the overall
analysis, where invasive litter alone lost more mass than the mixture (P=0.031, analysis
not shown). This pattern was reversed in Vitaceae, where the native species

decomposing alone lost more mass than the mixture (P=0.0091, analysis not shown).

N loss

There was great variation in the proportion of N remaining among species,
ranging from losses of 87.8% in the invader R. phoenensis to an increase of 32% in the
native A. rubrum after one year (Figure 1). Significant effects were found for the litter
type main effect (Table 8, P=0.0004) as well as the time by litter type interaction
(P=0.0003), suggesting differences in the N loss dynamics of different litter types.
Unlike with mass loss, planned comparisons among litter types at week 52 provided no
evidence for non-additive effects on the proportion of N lost for any of the mixture types.
However, two of the three ANOVAs examining the proportion of N lost at week 52
within each family provided some evidence for the same non-additive effects seen for
mass loss in native/invasive mixtures: the A. brevipedunculata / V. novae-engliae and the
R. phoenicolasius / R. allegheniensis mixtures were no different from the native
component of the mixture alone in %N remaining, but had lost less N than the invasive
component (Figure 3, P=0.0216 and P=0.00604, respectively, analysis not shown).

In both 2003 and 2004, starting N concentrations in invasive litter were higher in
invasive species than in native species (P=0.01056, Figure 4). Consequently, faster
declines in the proportion of N in invasive litters (or mixtures containing invasive litter)
actually represent an even larger absolute flux of N to the ecosystem. In 2003, net loss of
N by weight was higher for the invaders in parings of species within Caprifoliaceae
(P=0.0153), and Rosaceae (P=0.0009), though there were no differences in the Rubus and
species, and the pattern was reversed for the Vitaceae (P=0.0129). In 2004, Aceraeceae
species again showed no difference, but in both the Rubus (P=0.0032) and Vitaceae (P-
=0.0016) pairings, the invader lost more N over the course of the year.

Unplanned contrasts of the proportion N lost were similar in some respects to
those for overall mass loss, with R. phoenicolasius losing a greater proportion of its
starting N concentration by week 52 than 11 other species groups, none of which
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included R. phoenicolsius. But A. rubrum, which experienced a net increase in N content
by week 52, had significantly larger proportion of its starting N concentration than 5
other species groups, including one mixture that included A. rubrum (A. rubrum with R.

phoensis).

Discussion

Decomposition of native and invasive litter

Previous research suggests that litter from invasive species tends to decompose
faster than that of co-occurring natives, potentially leading to increased rates of nutrient
cycling, and my results generally, but not uniformly, support this suggestion (Scowcroft
1997, Ehrenfeld 2003, Ashton 2005, Liao et al. 2008). In both experiments reported here,
invasive species as a group lost more mass by the end of the experiment than did native
species, and N loss generally followed the same pattern. This pattern, however, was
reversed in the Vitaceae and Sapindaceae, suggesting that invasiveness, per se, is not
responsible for faster decomposition and nutrient release (Figure 2 and Figure 3).

Differences in litter chemistry are likely to be driving the differences in
decomposition rates observed here. In Lavelle et al.*s hierarchical model of the controls
on decomposition in terrestrial ecosystems, litter chemistry follows climate and soil
properties as the chief determinants of decomposition (Lavelle et al. 1993). The higher N
concentrations and lower C:N in invasive litters appear to be responsible for the overall
patterns of increased mass and N loss among those species. This conclusion is borne out
in comparisons of litters within species—for those families where invaders decomposed
more quickly (Caprifoliaceae and the two Roseaceae pairs), the invasive litter also had
lower C:N and higher N concentrations.

The higher N concentrations and faster decomposition of invasive litter may be
explained by the early-successional or disturbance-favoring strategy used by many
invaders (D'Antonio 1999). These species tend to exhibit fast growth, produce N-rich
litter, and reinforce high rates of nutrient cycling, which favors their continued success

over natives or other exotics (Grime 1988, Hobbie 1992). In these cases, invasive species
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may successfully invade by being a more extreme early-successional species than their
confamilial native species, increasing nutrient cycling as a result (Ashton 2005).

The reversal of this pattern in the Vitaceae may be the result of the native species
matching the invader at its own game as a successful early-successional species. Vitis
species are widely recognized as early pioneer species favoring moderately and highly
disturbed habitats, with an ability to grow quickly and choke out other vegetation,
characteristics commonly associated with successful invasive species (Lutz 1943,
Siccama et al. 1976, Huenneke and Sharitz 1986, Locasio 1991), and V. novae-angliae is
the only native species in this study that is listed as a noxious weed in the United States
(though P. serotina, A. rubrum, and P. quinquefolia have all been identified as potentially
weedy species in the northeastern U.S. (Uva 1997)). Additionally, because they are
structural parasites, vines such as V. novae-angliae can devote more resources to growth
(Schnitzer and Bongers 2002), and many vines have exhibited greater growth responses
to CO; than other woody species (Phillips et al. 2002). Their physiology may make vines
an exception to the overall pattern of faster decomposition among invaders.

In contrast, the slower decomposition of the invasive A. platanoides adds to
several lines of evidence suggesting that its success is more likely due to its performance
as a shade-tolerant tree competing with other late-successional species. Earlier studies
have depicted A. platanoides as a more extreme late-successional species than its native
congener: A. platanoides is more shade tolerant than A. rubrum, and N mineralization
under A. platanoides proceeds more slowly than it does under A. rubrum (Fang 2005),
traits consistent with a species that produces recalcitrant leaf litter. Much as the invasive
Rubus species succeed by being more extreme early-successional species than their
native counterparts, it appears that A. platanoides may succeed by being a more extreme
late-successional species.

Though I conclude that as a group, litter from invaders in the northeastern United
States exhibits increased rates of mass and N loss during decomposition, it appears that
consideration of the biology of the invader—in particular, the plant’s physiology and
successional status—is critical to predicting whether invasion is likely to be accompanied

by a change in decomposition rates.
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Effects of mixing litter

The mixed litter experiment can provide a more nuanced and realistic
understanding of the impact of invasive species on ecosystem processes, particularly
early in an invasion. In the northeastern United States, terrestrial ecosystems are
commonly invaded by multiple exotic species, creating an environment in which leaf
litter from a particular species is often decomposing in association with litter from other
native and invasive species (Howard et al. 2004). Consequently, understanding the
potential interactions between litters from different species and origins (native v. exotic)
when they decompose in mixtures will be essential to understanding how an ecosystem
responds to invasion.

The mixture of native and invasive litters was the only one of the three mixture
classes to exhibit non-additive effects in decomposition. These native/invasive mixtures
decomposed at the same rate as native species, which was significantly slower than the
decomposition rates of invasive litters. The same effects were seen for N loss within the
Rubus and Vitaceae pairings, but more time may be needed to see the same general
patterns for N loss across all the species mixtures: N was largely immobilized in native
litters, while invaders lost N at about half the rate they lost mass suggesting that
considerable immobilization was also occurring in invasive litters. But if the observed
interaction in mass loss of the native/invasive mixture persists until decomposition is
complete, the same effect could be expected to emerge for N loss as well.

The slower-than-expected decomposition of native and invasive litter mixtures
has several implications for invaded ecosystems in the northeastern United States. Early
in an invasion, invaders are likely to be less common than native members of a
community, so invasive litter will usually be decomposing in association with native
litters. As long as this association continues, the increased decomposition rates typically
exhibited by invasive litter is held in check, preventing or moderating the impacts of fast-
decomposing invaders on soils as a consequence of the interaction present in
native/invasive litter mixtures. As the abundance of invaders in a community increases,
the chances that litter from a given invasive species is decomposing alone or in
combination with another invader will increase, ultimately removing the check that native

litter provides on rapid decomposition and leading to increases in nutrient cycling rates.
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This moderating effect of native litter effectively buffers uninvaded ecosystems against
changes caused by invasive litter, and if litter-mediated changes in nutrient cycling and
soil communities are an important factor contributing to invasive success, the moderating
effect of native litter may also indirectly buffer the native community against invasion.
The strength of this buffering effect can be expected to be inversely related to invader
abundance, and strongest during the early stages of an invasion.

The slow decomposition of native and invasive mixtures is likely caused by litter-
mediated changes in the decomposer community. Phenolic compounds or secondary
metabolites transferred from one litter type to another can slow decomposition in a
mixture (Fyles and Fyles 1993, McArthur et al. 1994, Salamanca et al. 1998, Nilsson
1999), in this case, presumably from the native to the invasive litter. A. rubrum generally
has higher phenolic concentrations than faster-growing native trees, and also has higher
concentrations of hydrolysable tannins (Shure and Wilson 1993). Relatively high
concentrations of polyphenolics have also been found in V. riparia, of which V. novae-
angliae is a hybrid, in comparison to other species in the genus Vitis (Kortekamp 2006).
Though unlikely, it is also conceivable that high N release from an N-rich invader could
have an inhibitory effect on lignin-degrading enzymes, resulting in slower decomposition
of more recalcitrant native litter types (Carreiro et al. 2000). Empirically, the rapid
decomposition of R. phoenicolasisus demonstrated in the unplanned comparisons
suggests that this species may have had an important influence on the differences
between native and invasive species decomposing alone, but these comparisons do not
provide sufficient evidence to conclude that interactions involving R. phoenicolasisus
were driving non-additive mass loss of the native/invasive litter mixture.

The fact that mixtures containing two native species decompose in a purely
additive fashion suggests that ecosystem processes in uninvaded communities are likely
to be sensitive to the more rapidly decomposing invasive species. If the alternate had
been true, and mixing native species had synergistic effects on decomposition,
decomposition dynamics in uninvaded ecosystems may have already proceeded at a rate
comparable or closer to that of litter from invasive species (providing that mixtures of
invasive litters decompose additively), reducing the potential impact of invasion on
ecosystem processes. While multiple invaders may help promote invasive success by
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altering soils to favor faster-growing species with more nutrient-rich litter, it appears that
they will do so in a purely additive fashion, at least for effects mediated by litter
decomposition.

While this research supports the general conclusion that litter from invasive
species tends to decompose more quickly than that from native species, the exceptions to
that pattern are equally important to the development of the theory and prediction of the
impacts of plant invasions. Here, the ecosystem impacts of an invasive species can be
linked to the tendency of plants with a certain successional status to have a characteristic
litter chemistry, though as was seen with the Vitaceae pair, the physiology of certain
growth forms may present an exception to the general pattern of differences between
native and invasive litters. Davis et al. (2001) argued that greater consideration of
successional status is needed in research on the mechanisms and predictability of species
invasions (Davis 2001); my research suggests that it is also important for understanding
and predicting the ecosystem impacts of invasion.

The environmental context of decomposing invasive litter is also important to
understanding its impacts on ecosystems—hboth the identity of any litter it is
decomposing with, and the history of the site where decomposition is occurring. Because
the more rapid decomposition of invasive litter tends to slow to rates typical of native
species in mixtures of the two, the ecosystem impacts of invasion may be reduced or
ameliorated, at least early in an invasion when native leaf litter is abundant. As invader
abundance increases, however, these ameliorating effects will gradually disappear as
invasive litter is increasingly likely to decompose in association with litter from the same
or other invasive species. Additional research into understanding the mechanism behind
these interactions and the role that species, genus, or family-specific biology plays will be
needed to better understand the degree to which a buffering effect is likely to occur with
any given invasion.

Additionally, since my experiments were conducted in an uninvaded site, by
default I was examining properties of the litter independent of the long-term effects
invasion may have on the environment. | was also implicitly examining the potential
effects of exotic species at the early stage of an invasion, when invaders have had as yet
little or no impact on soil properties. As an invasion proceeds, soil properties such as
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nutrient cycling and microbial community composition can change as a consequence
(Vitousek and Walker 1989, Kourtev et al. 2002a, Kourtev et al. 2002b, Kourtev et al.
2003); these changes, in turn, can influence decomposition rates, with decomposition
proceeding much more rapidly in invaded sites (Ashton 2005). It is further possible that
over time, the decomposer community may adapt to the chemical differences in invasive
litters, leading both to more rapid decomposition of both invasive litter generally and

litter mixtures.
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Tables and Figures

Table 1. Species used in the 2003 decomposition experiment

Native Species Invasive species Growth form Family

Acer rubrum L. Acer platanoides L. tree Sapindaceae

Vitis novae-angliae Fern. Ampelopsis brevipedunculata vine Vitaceae
(Maxim.) Trautv.

Rubus occidentalis Rubus phoenicolasius shrub Rosaceae

Prunus serotina Rosa multiflora shrub Rosaceae

Parthenocissus quinquefolia, Lonicera morrowii shrub Caprifoliaceae

Viburnum acerifolium shrub Caprifoliaceae

Table 2. Species used in the 2004 mixed-litter decomposition experiment

Native Species Invasive species Growth form Family

Acer rubrum L. Acer platanoides L. tree Sapindaceae

Vitis novae-angliae Fern. Ampelopsis brevipedunculata vine Vitaceae
(Maxim.) Trautv.

Rubus allegheniensis Rubus phoenicolasius shrub Roseaceae

Table 3. Planned comparisons for the 2004 mixed-litter decomposition experiment

Comparisons Groups used in comparison

Test 1 Native species alone vs.  Native/Native species mixture

Test 2 Invasive species alone Vs, Invasive/lnvasive species mixture

Test 3 Native species alone vs.  Native/lnvasive species mixture

Test 4 Invasive species alone vs.  Native/lnvasive species mixture
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Table 4. ANOVA of mass loss from native and invasive litter, weeks 3 through 52, 2003

Source SS MS df F P

Time 271747.83 271747.83 1 884.110933 2.34e-52
Litter type 19.6182483 19.6182483 1 0.65038061 0.50425821
Family 31591.805 7897.95126 4 73.0831019 0.00000234
Block 1402.77291 701.386454 2 12.136976 0.15013419
Time x litter type 795.120421 795.120421 1 11.8576062 0.07388866
Time x family 5598.03397 1399.50849 4 7.91105542 0.00673079
Time x block 79.0063853 39.5031927 2 0.26295978 0.78384923
Litter type x Family 8740.50344 2185.12586 4 27.4112257 0.00009673
Litter type x block 60.1902128 30.0951064 2 0.36741405 0.70279922
Family x block 863.096334 107.887042 8 1.3520794 0.33927961
Time x litter type x family 1877.62155 469.405387 4 5.07672979 0.02372951
Time x litter type x block 133.572185 66.7860923 2 0.70288118 0.52079654
Time x family x block 1411.50316 176.437894 8 1.92424439 0.18681915
Litter type x family x block 636.077245 79.5096557 8 0.25928784 0.97735485
Time x litter type x family x block733.536323 91.6920403 8 0.29831309 0.96503387

Notes: “Time” refers to harvest date and “litter type” refers to whether litter was from a native or invasive species.
Significant differences are marked in boldface type. Data were rank transformed to meet the assumption of homogeneity of variances.

Table 5. Initial nitrogen contents and likelihood estimates of decay constants for all

Specles
Species Initial N content (%) Initial C:N k (1/yr)
2003 2004 2003 2004 2003 2004
Native
Acer rubrum L. 1.14+/-0.03  0.61+/-0.03 40.85+/-1.11  80.5+/-4.15 0.98+/-0.04 0.91+/-0.19
Vitis novae-angliae Fern. 1.30+/-0.02  1.46+/-0.08 34.43+/-0.38  32.60+/-1.63 1.25+/-0.08 1.00+/-0.13
Prunus serotina 1.35+/-0.07 33.37+/-1.50 1.38+/-0.03
Parthenocissus quinquefolia ~ 1.66+/-0.04 27.23+/-0.65 1.19+/-0.15
Viburnum acerifolium 0.86+/-0.05 54.37+/-3.32 1.35+/-0.10
Rubus allegheniensis 1.55+/-0.05 31.11+/-0.95 0.82+/-0.16
Rubus occidentalis 1.60+/-0.03 28.13+/-0.46 1.82+/-0.13
Invasive
Acer platanoides L. 1.04+/-0.07 1.03+/-0.14 42.68+/-3.04 44.87+/-5.75 0.77+/-0.07 0.83+/-0.05
Ampelopsis brevipedunculata  1.47+/-0.07  2.09+/-0.22 29.58+/-1.20  23.15+/-2.07 0.94+/-0.05 0.68+/-0.04
(Maxim.) Trautv.
Rosa multiflora 2.11+/-0.04 20.77+/-0.43 1.83+/-0.08
Lonicera morrowii 1.44+/-0.05 30.93+/-1.03 2.12+/-0.11
Rubus phoenicolasius 1.39+/-0.03  2.06+/-0.01 30.72+/-0.79  22.40+/-0.22 2.10+/-0.03 1.76+/-0.16

Notes: All values are means +/- 1 SE; n=3 for initial N content and initial C:N; n=3 bags per time point over 6 harvest

times for calculation of k.
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Table 6. ANOVA of nitrogen loss from native and invasive litter, weeks 15 through 52,

2003

Source SS MS df F P

Time 75483.6622 75483.6622 1 32.0588977 3.165e-7
Litter type 4.41048616 4.41048616 1 0.25686326 0.64954066
Block 3905.29959 1952.64979 2 7.96392233 0.08128209
Family 39487.4627 9871.86567 4 23.8217472 0.00011926
Time x litter type 761.085828 761.085828 1 25.5723852 0.00060513
Time x family 8857.96639 2214.4916 4 451744445 0.02701656
Time x block 681.0849 1340.54245 2 12.7734157 0.53816288
Litter type x family 3681.44556 920.361389 4 4.88072294 0.02223377
Litter type x block 29.0685918 14.5342959 2 0.07056144 0.93228708
Family x block 3235.5245 404.440562 8 2.2726237 0.13279295
Time x litter type x family 2712.65886 678.164715 4 1.70943513 0.22662727
Time x litter type x block 27.1303614 13.5651807 2 0.03077011 0.96977256
Time x family x block 3696.49186 462.061483 8 1.25847568 0.3764504
Litter type x family x block 1419.56567 177.445709 8 0.07571114 0.9996828
Time x litter type x family x block ~ 2937.27716 367.159645 8 0.1559375 0.9956775

Notes: “Time” refers to harvest date and “litter type” refers to whether litter was from a native or invasive species.
Significant differences are marked in boldface type. Data were rank transformed to meet the assumption of homogeneity of variances.

Table 7. ANOVA of % mass remaining in native and invasive litter and litter mixtures,

weeks 25 through 52, 2004

Source SS MS df F P

Time 121106.081 121106.081 1 41.5103083 1.348e-9
Litter type 35870.9328 8967.73319 4 3.86078965 0.04923858
Block 16315.0301 8157.51503 2 3.43073221 0.07153104
Litter type x block 18580.3608 2322.5451 8 0.80024574 0.60320306
Time x litter type 4881.9111 1220.47778 4 1.13685516 0.40452564
Time x block 798.66208 399.33104 2 0.31469803 0.73504772
Time x litter type x block 8574.45471 1071.80684 8 0.3673724 0.93641759

Notes: “Time” refers to harvest date and “litter type” refers to the 5 different types of single and mixed litter bags: a single native
species, a single invasive species, a mixture of two native species, a mixture of two invasive species, and a mixture of one native
species and one invasive species. Significant differences are marked in boldface type.
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Table 8. ANOVA of % N remaining in native and invasive litter and litter mixtures,

weeks 3 through 52, 2004

Source SS MS df F P

Time 6204.00806 6204.00806 1 8.72663469 0.00340228
Litter type 28517.5589 7129.38973 4 33.0094292 0.00005037
Block 1008.16051 504.080253 2 1.87986732 0.1862458
Time x litter type 4785.10703 1196.27676 4 8.2689496 0.00606511
Time x block 1099.04612 549.523058 2 2.72383512 0.09106844
Litter type x block 1727.07272 215.88409 8 0.30445756 0.9639769
Time x litter type x block 1157.13746 144.642182 8 0.20345549 0.99012678

Notes: “Time” refers to harvest date and “litter type” refers to the 5 different types of single and mixed litter bags: a single

native species, a single invasive species, a mixture of two native species, a mixture of two invasive species, and a mixture of one

native species and one invasive species. Significant differences are marked in boldface type.
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Figure 1. Decomposition (percentage of initial mass remaining) and nitrogen loss
(percentage of initial nitrogen remaining) of leaf litter from native and invasive species in

2003 (top two graphs) and 2004 (bottom two graphs). Open symbols represent native
species and filled symbols represent invasive species (n=3 plots, n=5 invasive species,

n=6 native species, and n=3 bags per species per time point). Error bars are +/- 1 SE.
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Figure 2. Decomposition (percentage of initial mass remaining) and nitrogen loss

(percentage of initial nitrogen content remaining) of litter from native and invasive
species by genus or family. Open symbols represent native species, and filled symbols
represent invasive species (n=3 blocks and n=3 bags per species per time point). Error
bars are +/- SE. ANOVA results for the main effect of species are printed below each
key in decomposition graphs, and for the main effect of species and the interaction

between time and species in the graphs of nitrogen loss.
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filled symbols represent invasive species (n=3 blocks and n=3 bags per species per time
point). Error bars are +/- SE. ANOVA results for the main effect of species are printed
below each key in decomposition graphs, and for the main effect of species and the

interaction between time and species in the graphs of nitrogen loss.
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