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Abstract
A STUDY OF AUTUMN OLIVE (ELAEAGNUS UMBELLATA) PHENOLOGY AND
ASSOCIATED PHYSIOLOGICAL TRAITS THAT MAY FACILITATE ITS INVASION
OF THE UNDERSTORY OF A SOUTHERN APPALACHIAN FOREST
Emily Riffe
A.A., Rowan Cabarrus Community College
B.S., North Carolina State University

Chairperson: Dr. Howard S. Neufeld

Elaeagnus umbellata, better known as Autumn Olive (AO), is an exotic
tree species that has invaded much of the eastern United States. It grows in a
variety of habitats, but little is known about its ability to invade and persist in
forest understories, especially at high elevations in the southern
Appalachians. AO may take advantage of high light conditions before canopy
leaf out and after canopy leaf fall by leafing out early and maintaining leaves
late into the fall. This would allow AO access to high light in early spring and
late fall, when it may gain most of its carbon. To address this hypothesis, I
made phenological and gas exchange measurements throughout 2017. AO
began leafing out in mid-February whereas native understory species didn’t
leaf out until early April, and canopy trees until mid-April. Peak leaf number
for AO was reached in early June and survivorship followed a Type I curve
through the season, with 6% of leaves still remaining by mid-November. I also
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measured diurnal patterns of gas exchange at approximately monthly
intervals using the Li-6800 gas exchange system. Peak carbon gain of 161
mmol CO2 m-2 day-1 occurred in May while AO had an average carbon gain of
only 11 mmol CO2 m-2 day-1 during the summer months, when light levels
were much lower. The carbon gain increased again during the fall with an
October rate of 91 mmol CO2 m-2 day-1. As hypothesized, rates of carbon
dioxide uptake by AO were higher in spring and fall when light levels were
higher versus in summer when they were lower, suggesting that most of its
annual carbon is gained during those periods when the overstory is leafless.
The nearly two months of extended phenology gives AO a physiological
advantage over native species, thereby contributing to its invasiveness.
Autumn Olive is also a known nitrogen fixer; however, this process usually
demands high light levels because it is so energy expensive for the plant, and
it is unknown if AO fixed nitrogen in understory habitats. I completed indirect
measures of fixation by measuring C:N, %N, and δ15N of the leaves in
comparison to native congeners. These measures were indicative that the
plant is likely capable of fixing nitrogen while inhabiting the understory,
however they are inconclusive. This project helped identify that the main
method of understory invasion for autumn olive is the use of an extended leaf
phenology.

v

Acknowledgments
Thank you first and foremost to Dr. Howard Neufeld for being my guiding light
through this process. Thank you to my committee members Drs. Julie Zinnert and
Annkatrin Rose for all their help in making this possible, and Dr. Jennifer Chandler
for teaching me everything I know about hemispherical photos. Dr. Mike Madritch
was of great assistance with my nitrogen analyses. I thank Mike Hughes and Dana
Green for their technical assistance putting up a weather station at my field site.
Andrew Jenkins was invaluable for being able to identify any leaf I brought to him.
My fellow plant ecophysiologists in the Neufeld lab, thank you for sharing my
passion and living through the struggle with me. Specifically, I want to thank Ivy
Culver for being my field partner throughout all of 2017. I thank my family for giving
me encouragement to continue my education, and most importantly, I want to thank
Justin Ferrullo for dealing with the daily complaints, for helping me with field work,
and for learning more about plants than he ever intended to. Funding for this
research was provided by the Appalachian State University Office of Student
Research, the ASU Graduate Student Association, the Department of Biology at
ASU, the Southern Appalachian Botanical Society, and the North Carolina Invasive
Plant Council.

vi

Dedication
I dedicate this thesis to Dr. Sarah Marshburn for being my rock for the two
years I was at Appalachian State University. I couldn’t have written this without her
constant encouragement. Sarah is by far the most genuine and honorable person
I’ve ever met. She has been an inspiration to me and I’m grateful for having had the
opportunity to work with her.

vii

Table of Contents

Abstract................................................................................................................ iv
Acknowledgments ................................................................................................ vi
Dedication ............................................................................................................vii
Foreword .............................................................................................................. ix
Introduction ........................................................................................................... 1
Methods ................................................................................................................ 8
Results ................................................................................................................ 17
Discussion .......................................................................................................... 40
References Cited ................................................................................................ 56
Vita...................................................................................................................... 66

viii

Foreword

This work was completed in collaboration with a fellow master’s student, Ivy
Culver, to better understand the survival of invasive species in high elevation forest
understories. The format and references follow that of the journal Biological
Invasions.

ix

Introduction
Invasive plants are an increasing environmental and economic issue in our
society (Dornbos et al. 2016). In the United States, an invasive species is described
as “…a non-native organism whose introduction causes or is likely to cause
economic or environmental harm, or harm to human, animal, or plant health.”
(Executive Order No. 13112, 1999; Executive Order No. 13751, 2016). However,
this is a global issue and the definition varies depending on who you ask, which
results in relatively minimal regulation of invasive plants (Reichard and White 2001).
This makes understanding mechanisms of success for known invasive species
critical as well as allowing the identification of a potential new invasive species.
Invasive plants cost the United States $138 billion dollars a year from loss of
ecosystem goods, services, and processes (Pimentel et al. 2005; Dornbos et al.
2016). They also cause a variety of environmental issues by taking over habitats
typically dominated by native plants. This leads to loss of habitat and food for
animals, loss of biodiversity, and can be detrimental to specialist pollinators
(Traveset and Richardson 2006; Pyšek et al. 2012).
The mechanisms which allow some exotic species to become invasive are only
recently coming to light. There is still no comprehensive theory that can accurately
predict which species will become invasive and which will not (Warren et al. 2018).
However, there are some commonalities among invasive plant species that may
allow them to gain an advantage over native species, and among these factors are:
greater drought, cold or heat tolerances, more efficient dispersal methods, extended
leaf phenologies, and the ability to fix nitrogen (Blossey and Notzold 1995; Kean
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and Crawley 2002; Callaway and Ridenour 2004; van Kleunen et al. 2010; Warren
et al. 2018). Nonetheless, not all species possess all attributes and some species
with some of these attributes are non-invasive (Westoby et al. 2002; Orr et al. 2005;
Brym et al. 2011).
There has also been research on the correlation between invasiveness and the
region of origin of the species. Herberling et al. (2017) found that plants from East
Asia (EAS) are frequently invasive when introduced into eastern North America
(ENA). In fact, 29% of the invasives in ENA are from EAS. They also found that
56% of these EAS invaders are woody species. This could be due to similar climatic
conditions at the latitude of their origin, or environments that are becoming more
similar due to climate change (Warren et al. 2018). Another research consideration
is to identify environments with attributes common for invasive success, so that they
can be monitored for the future (Ibáñez et al. 2009). Researching the physiology of
a species allows us to consider both aspects simultaneously (factors that put a
species at risk for invasion and areas at risk for invasion). Recognizing the
physiological differences and range of responses in a species allows for
identification of optimal environmental factors for the spread of the species, and the
detection of areas that have the identified factors and could be at risk from invasion.
Autumn olive (Elaeagnus umbellata; AO) is an exotic species native to EAS,
specifically Pakistan, China, Afghanistan, India, Korea, and Japan (Edgin and John
2001; Ahmad et al. 2006). This species was introduced to the United States in 1830
as an ornamental shrub and was planted for erosion control (Orr et al. 2005;
Dornbos et al. 2016). This is a common form of introduction and it has been found
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that 82% of woody invasives were introduced
for horticulture purposes and 3% for erosion
control (Reichard 1997; Reichard and White
2001). In its native habitat, 10 different
ecotypes have been identified for commercial
benefits as it is used for fuel, fencing,
baskets, and food (Ahmad et al. 2006). AO
has fleshy fruits that have been shown to
contain nutritional and medicinal properties
(Ahmad et al. 2006) and they are also readily
dispersed by birds (Bonilla and Pringle 2015).
Fig. 1 Autumn olive branch from August 2017
(State Nature Preserve, ASU Campus. Photo by author.)

Since its introduction in 1830, AO has become one of the most noxious invasive
woody exotics throughout much of the United States and Canada (Catling et al.
1997). It is capable of growing both in full sun and in shaded habitats (Yates et al.
2004; Dornbos et al. 2016) and has the ability to rapidly produce very dense
thickets, even in the understory, as documented in Michigan where it increased its
density by six times and its spread by 26% in just two years (Dornbos et al. 2016).
Autumn olive is a drought and salt tolerant species and tends to prefer coarse, well
drained soils (Ahmad 2006; Naumann et al. 2010). However, it is capable of
growing in a variety of soil textures with pH ranging from 4 to 8 (Ahmad 2006).
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The reasons for AO’s invasiveness are still poorly understood. One common
hypothesis for invasiveness is the “release from natural enemies” hypothesis where
an introduced species is no longer constrained by a major predator/herbivore in its
new habitat (Keane and Crawley 2002). Brym et al. (2011) did observe anecdotally
that leaves of AO rarely suffered herbivory. However, it is unlikely that this feature
alone would suffice to constrain the spread of AO in the U.S. Another is allelopathy,
but a study on this did not show definitive results (Orr et al. 2005). Thus, other
aspects of the ecology of AO may play more important roles in facilitating its spread
and persistence.
Most of the research on AO in the United States has concentrated on its
invasiveness in open field habitats (Zinnert et al. 2013), even though it is capable of
invading and dominating the poorly lit environment of forest understory habitats. As
a result, little is known about the mechanisms by which it is able to invade and
persist in the relatively light-limited understory of eastern forests (Dornbos et al.
2016). In the State Nature Preserve on the campus of Appalachian State University
in Boone, NC, this species has been rapidly increasing its presence in the
understory. In less than 5 years, it has nearly quintupled its areal coverage (Howard
Neufeld, personal observations) and it is this rapid spread that was the emphasis for
conducting the research described in this thesis.
In Michigan, Brym et al. (2011) looked at a variety of leaf traits of AO inhabiting
the understory in comparison to native understory species. Their results showed
that the specific leaf area, leaf laminar area, and leaf nitrogen content of AO leaves
matched those of native shade-intolerant species, rather than those for congeneric
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native understory species. This led them to conclude that AO is not necessarily
“shade-adapted” but is using other strategies to invade these shady areas (Brym et
al. 2011), such as release from natural enemies, nitrogen fixation, more efficient
dispersal and possible use of high light early in the growing season.
Fridley (2012) was among the first researchers to focus on extended
phenologies as a key strategy for the competiveness of non-native invasive woody
species, whereby invasives leaf out earlier in the spring and retain leaves for longer
in the fall then native congeners (Chen and Matter 2017). Extended leaf phenology
is becoming recognized as a pivotal adaptation for invading plants, especially in the
Eastern United States (Fridley 2012; Smith 2013; Gallinat et al. 2015; Chen and
Matter 2017), and has been observed in E. umbellata and three other Elaeagnus
species in a large comparative study by Fridley (2012), conducted in upstate New
York. Fridley found that it was more common for non-natives than natives to have
extended leaf phenology in the fall than the spring. Using a physiological modeling
exercise, he also postulated that the extended leaf phenology of exotics in the
spring was not as significant as in the fall as compared to native species in terms of
carbon gain by the plants. However, personal observations by the author have
shown that AO leafs out very early in the southern Appalachian Mountains (midFebruary), which suggests that in the southern portion of its range, its extended
spring phenology could play a larger role than it does in the north.
Autumn olive is also a known nitrogen fixer due to its endosymbiotic
relationship with the bacteria Frankia (Naumann et al. 2010). Nitrogen fixation can
result in a higher leaf N content (Evans 1989), which would allow for higher
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photosynthetic rates due to increased chlorophyll and RUBISCO contents. It also
allows AO to persist in areas with poor, eroded soils (Ahmad et al. 2006) and may
give it an advantage over native species in such conditions. This attribute has also
led to AO being used as a nurse plant for some species, often black walnut (Juglans
nigra), which has increased AO’s spread in the US (Funk et al. 1979).
However, due to the high energy requirement for nitrogen fixation, this
process is often limited in the shade (Dixon and Kahn 2004). Therefore, it is unclear
if much or any nitrogen fixation occurs in AO when it grows in understory habitats
compared to what it achieves in full-sun locations. It is
possible that nitrogen fixation varies seasonally and may
only be active when the canopy is leafless and light
levels are higher. Byrm et al. (2011) did show that AO
leaves collected in the understory had traits consistent
with the occurrence of some nitrogen fixation, but it is
not clear when this fixation might have occurred. Even if
AO is able to fix nitrogen only seasonally this could still
give it an advantage over native species.
Fig. 2 Understory thicket of autumn olive from May 2017
(State Nature Preserve, ASU Campus. Photo by Howard Neufeld.)

The objective of my research was to assess the physiological mechanisms
that allow AO to persist and thrive in the shaded forest understory. The field site was
located in a cove hardwood forest understory of the Appalachian State University
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Nature Preserve in Boone, NC where AO has formed a dense thicket that is rapidly
expanding in size.
For my thesis research, I tested three hypotheses:
1. The ability of AO to persist and thrive in this environment is largely due
to its extended leaf phenology compared to co-occurring native
species. This would allow it access to high light when other species are
dormant, such as in early spring before the canopy leafs out, and in
autumn, after the canopy has lost its leaves, giving AO a competitive
advantage over native congeners.
2. AO takes advantage of this extended leaf phenology by gaining most
of its annual carbon during these two high light periods (i.e. early
spring/late fall) when the native species have yet to leaf out (Brym et
al. 2011). This carbon gain produces a pool of carbohydrates that
allows it to persist through the shaded months of the summer, when it
cannot attain high levels of photosynthesis.
3. AO is able to fix nitrogen in the understory, which assists with its
invasion into this shaded habitat.
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Methods
Study Site
The study site was located in the Appalachian State University Nature
Preserve (36.2130°, -81.6910°, 1053 m) which comprises 27 ha of protected land
that is situated adjacent to the west side of the campus. It consists of successional
forests that are dominated by a variety of native tree species, including: red maple
(Acer rubrum), sugar maple (A. saccharum), black locust (Robinia pseudoacacia),
tulip polar (Liriodendron tulipifera), hemlock (Tsuga canadensis), and hickory
mockernut (Carya tomentosa). The shrub understory consists mostly of great laurel
(Rhododendron maximum) and several invasive shrubs/trees: autumn olive
(Elaeagnus umbellata), multiflora rose (Rosa multiflora), and Japanese barberry
(Berberis thunbergii). The invasive species, particularly the autumn olive (AO), can
form very dense thickets which do not allow for much light to get through to the floor
of the understory, which makes it difficult for native wildflowers to grow, such as: wild
geranium (Geranium maculatum), violets (Viola spp.), showy orchis (Galearis
spectabilis), and mayapple (Podophyllum peltatum), to name but a few.
Autumn olive exists primarily in a small stand in the northern portion of the
preserve at an elevation of 1053 m, which is about 24 m below the highest point in
the preserve. Most of the plants are located on the lower mid-slope on either side of
the trail through this section, and this is where I marked plants for field
measurements. In the beginning of 2017 I randomly chose 15 plants along the trail
to use for all of my measurements and all data were collected throughout the 2017
growing year. On each of those 15 plants I randomly selected 5 branches to use for
8

phenology measurements. Also from these plants I randomly selected 5 to use for
diurnal gas exchange measurements.
Weather data for the stand were obtained using a Vantage Pro II weather
station (Davis 6152; Hayward, CA), mounted 2 m up on the trunk of a tree near the
center of the AO stand. Data collected included light (W/m2), temperature, humidity,
wind speed, and direction.

Overstory Development
Overstory development was monitored using hemispherical photography to
document changes in light penetrating to the understory. The hemispherical
photographs were taken with a Canon EOS Rebel T2i camera (Canon, Inc., Tokyo,
Japan) and a 180° fisheye lens (Sigma 4.5mm F2.8 EXDC; Sigma Corporation of
America, Ronkonkoma, NY). The hemispherical photos were taken three times
throughout the season: (1) before the canopy filled in (April), (2) with canopy fully
leafed out (July), and (3) as the canopy began to lose its leaves for the fall
(October). For these photos, I placed the camera ~1 m from the forest floor on a
tripod, and oriented it toward magnetic North. I took one photo near each of the 15
AO plants that I was using for the phenology measurements. These photos allow for
a visual comparison of the amount of direct radiation reaching the AO plants for
each of the three phases of canopy development over the growing season. These
photos were later analyzed using ImageJ (NIH; Washington, D.C.) to calculate
percent open sky. I also took instantaneous measurements of photosynthetically
active radiation (PAR) using a quantum sensor (Li-190r; Licor, Inc., Lincoln, NE)
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connected to a Li-250 light meter, once a week, between 10 am and 2 pm weather
permitting. This allowed me to obtain an average PAR for each of the 15 plants
throughout the entire growing season from February to November 2017.

Phenological Methodologies
I took measurements of the phenology of the 15 AO plants mentioned above
in the understory throughout the growing season of 2017. Occasionally, I had to
replace marked branches due to weather related losses. Once the buds started to
break in February I assessed the stage of leaf out weekly, characterizing the initial
stages as either swollen, exposed, or flushed. A count of each type of bud was taken
on each of the 75 branches. Once the majority of the leaves were fully developed
(which occurred by April 18th), I switched to completing weekly leaf counts
throughout the rest of the season. In the beginning of May there was a severe storm
and two plants were knocked down by the wind, lowering my total plant count to 13.
These weekly leaf counts allowed me to assess any leaf growth in the spring or
summer as well as the rate of leaf loss so I could calculate survivorship throughout
the season.

Leaf Pigments, Leaf Mass per Area, and Nitrogen
Chlorophyll content (chl) (µg cm-2) and leaf mass per area (g cm-2) were
measured periodically throughout the growing season: (1) before the canopy closed
(April 16th), (2) when the canopy was fully closed (July 11th), and (3) after canopy
leaves had mostly fallen (October 20th).
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I extracted chlorophyll from three leaf punches per plant (0.84 cm2 total leaf
area) from each of the 15 AO plants in 3 mL of DMF (N,N-Dimethylformamide) in the
dark, in a refrigerator at 5oC for a minimum of 24 hours. Absorbances were
measured using a Shimadzu UV-1800 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). Chlorophyll concentrations were calculated according to equations in
Porra (2002).
Five leaf punches (1.40 cm2 total leaf area) from 10 of the AO plants were
used to obtain the leaf mass per area (g cm-2), after drying at 65oC for 24 hrs in a
Thelco precision model 17 drying oven (Thelco Technology, LLC, Chicago, IL) and
weighed on a Sartorius Practum scale (Sartorius, Goettingen, Germany).
Leaf samples were sent off for analysis of stable nitrogen isotope ratios
(15N/14N) to evaluate whether or not AO was capable of fixing nitrogen in the
understory (Diaz-Barradas et al. 2015). These samples were sent to the Colorado
Plateau Stable Isotope Laboratory in Flagstaff, AZ. If AO was fixing nitrogen, then its
δ15N values should be less negative and closer to zero than the congeneric species
that are not nitrogen fixers (Delwiche et al. 1979; Unkovich 2013).
AO leaves were collected in March and in July to determine if there were any
seasonal differences in isotope concentrations which might reflect variation in Nfixation rates. Leaves from several other woody species in the preserve were also
collected for comparison. The co-occurring species chosen were far enough away (>
10 m) from the AO as to not be affected by possible fixation and incorporation into
the soil and subsequent uptake by these species. The species chosen included: red
maple, sugar maple, red oak (Quercus rubra), black locust, American ash (Fraxinus
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americana), and hickory mockernut. These species were only collected in July
because they had not yet leafed out in March. Before sending the leaves to the
stable isotope laboratory they were freeze-dried in a LABCONCO Freeze Dryer
(Labconco corporation, Kansas City, MO), placed in plastic tubes with 5 stainless
steel BBs, ground using a Pacer industrial mixer (Pacer Industrial, Inver Grove
Heights, MN), weighed between 4-6 mg, and placed in tin capsules for analysis.
Soil samples were also collected for total nitrogen content, with the idea being
that if AO is fixing nitrogen, the soils beneath its canopy should be enriched in this
element. These samples were collected in January of 2018. A total of 20 samples
were collected, with 10 inside the stand of AO and 10 from > 10 m outside the stand,
but at the same contour. These samples were air-dried at 65°C for one week, then
ground and weighed using the same methods as for the isotope preparation.
Samples were analyzed on a Flash EA1112 CN analyzer (Thermo Fisher Scientific,
Waltham, MA).

Water Stress
During July and August, the two warmest months, I measured diurnal water
potentials of 5 AO plants to determine their maximum seasonal water stress, using a
Scholander pressure chamber (PMS Inc., Corvallis, OR). These measurements
were taken on the same days that I completed diurnal measurements for those
months. The measurements were begun starting at about 8:00 am EST and at about
three hour intervals till 6:00 pm EST.
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Gas Exchange Measurements: Diurnals
Gas exchange measurements were made using the Li-6800 portable gas
exchange system equipped with the 6 cm2 chamber with LED lighting. Diurnal
patterns of photosynthesis (A) and stomatal conductance (gs) were made at
approximately 3 hour intervals during the day from 7 am to 7 pm, on three leaves on
each of 5 AO plants, once a month (weather permitting) from April to October. The
five plants used were randomly chosen at the beginning of spring 2017 and the
same five plants were used throughout the season. Leaves were chosen randomly
on each plant, while avoiding using the same leaf multiple times a day. Values for
the three leaves were averaged to obtain a plant average at each measurement time
and this value was used in all subsequent statistical analyses.
Cuvette parameters were set to match ambient light and ambient temperature
and incremented throughout the day as these changed, while CO2 was kept
constant at 400 µmol mol-1. However, if there was a change in ambient light of over
100 µmol m⁻² s⁻¹ (mostly due to shading), then I would adjust the light. The relative
humidity was set as close as possible to match the ambient humidity, but adjusted to
avoid excess moisture in the system, and ranged from 10% in October to 70% in
June; summer months typically had higher humidity, except for July which was only
at 15%.
To calculate the daily carbon assimilation rate for individual plants, I
integrated the area under each diurnal curve, using linear extrapolation between
points and geometry. When rates were negative, i.e., early in the morning and late in
the afternoon, those integrated carbon values were subtracted from the other totals
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where A was positive. These values were averaged for the five measured plants on
each day.

Gas Exchange Measurements: Response Curves
Light, temperature, and vapor pressure deficit (VPD) curves were assessed
three times throughout the season: (1) before the canopy closed (May), (2) when the
canopy was fully closed (July), and (3) after canopy leaves had mostly fallen
(October). For all curves, cuvette CO2 was kept constant at 400 µmol mol-1.
Measurements were usually completed before 2 pm to avoid diurnal influences.
Light Response Curves
Light response curves were measured on 3-5 plants per period. The light
levels, in the order used, were: ambient for that day, 2000, 1500, 1250, 1000, 750,
500, 300, 150, 50 and 0 (µmol m⁻² s⁻¹). Temperature was set to reflect the ambient
temperature of that day while VPD varied depending on the ambient humidity of that
day, but ranged between 2.77 and 1.22 kPa.
A 3-parameter exponential rise to maximum equation was used to fit each
light response curve using SigmaPlot Ver. 12.5 (Systat Software Inc., San Jose,
CA):
[𝑦𝑦 = 𝑦𝑦0 + 𝑎𝑎(1 − 𝑒𝑒 −𝑏𝑏𝑏𝑏 )]

From this, I extracted the dark respiration rate (at zero PAR), light
compensation point (where Anet = 0), apparent quantum efficiency (slope derived
from linear regression of first three points), Amax (average of four highest rates of
Anet), and saturation light intensity (where Anet = 97% of Amax).
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Temperature and VPD Response Curves
I also generated temperature and VPD response curves on three randomly
selected plants. Temperatures that could be obtained varied depending on the
weather that particular day. Low temperatures were higher in July than during May
because of problems with condensation in the system. Regardless, I was able to
achieve a 20°C range for each sampling day. For the May measurement that was
between 10°C and 30°C, for July it was between 20°C and 40°C, and for October it
was roughly between 15°C and 35°C. Measurements began at ambient temperature,
before dropping down to the lowest temperature and then being increased in 5°C
intervals. The light for these measurements was set at 750 µmol m⁻² s⁻¹ for May and
400 µmol m⁻² s⁻¹ for July and October. The light saturation point for this species was
~750 µmol m⁻² s⁻¹, but I did not use this light level for the July and October
measurements because it could have shocked the plants that had been receiving
much lower light levels during the middle and end of the growing season. The
humidity was kept around 10 mmol mol⁻¹ to minimize condensation.
VPD response curves covered the range from 1 to 3 kPa. Measurements
began at ~1.5 kPa before dropping to 1 kPa and then being raised in 0.5 intervals to
the highest VPD possible. For the October measurement, the lowest VPD I was able
to measure was 1.5 kPa. Light was kept constant at 1000 µmol m⁻² s⁻¹ and
temperature was set to 25°C.
For both temperature and VPD I fit 2nd degree polynomial functions to the
response curves using SigmaPlot Ver. 12.5:
[𝑦𝑦 = 𝑦𝑦0 + 𝑎𝑎𝑎𝑎 + 𝑏𝑏𝑥𝑥 2 ]
15

Statistical Analysis
Statistical analyses were completed and figures created using Sigmaplot
12.5. Calculation of means and standard errors were used to compare trends for the
phenology data, weekly PAR, and diurnal measurements. I performed two-way
ANOVAs using month and plant as the factors for chlorophyll content and leaf mass
per area. A one-way ANOVA with time as the main factor was used to analyze
seasonal changes in light curve parameters and leaf nitrogen content. A MannWhitney Rank Sum Test was used to analyze for the difference in soil nitrogen
content inside vs outside the stand of AO. For all analyses p < 0.05 was used for
significance.
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Results
Overstory Development
Overstory development was measured
using hemispherical photos (Fig. 3) and
measurements of PAR over each sampled
individual plant. The percent of open sky
calculated from the hemispherical photos allows
for a comparison of canopy cover in April, July,
and October, covering those periods prior to leaf
out, at peak coverage, and during leaf fall in
autumn. There was a significant (p < 0.001)
difference between all 3 months. Prior to leaf out
in April, percent open sky average 69.1 ± 1.08
%, whereas in mid-summer in July, it was
reduced to just 20.2 ± 1.34 %. Once leaves
began falling in October, the percent open sky
increased again to 35.7 ± 1.62%, which was not
as much as in April, due to partial retention of
leaves at this time of the year.

Fig. 3 Hemispherical photos of the canopy at the same location from months April, July, and October
2017

17

The weekly hand-held PAR measurements in the understory allowed
comparison of canopy change effects throughout the growing season. Figure 4A
shows changing PAR in the understory throughout the season. The highest PAR
readings (1312 µmol m-2 s-1) were found early in the spring before canopy leaf out,
and then levels started to drop significantly beginning on April 8th, as the canopy
began to leaf out. Large variations in light in any season result from clouds, which
are extremely common throughout the day in this part of the country.
Maximum PAR was < 75 µmol m-2 s-1 from June 2nd through September 22nd,
but the lowest PAR levels, which were found on July 7th, possibly indicate peak
canopy leaf area at this time of year. PAR started to rise again around September
28th as the canopy began to lose leaves, and then rose sharply to 447 µmol m-2 s-1
on October 27th, by which time most canopy trees had lost their leaves.

Phenology
Autumn olive began bud break by February 14th and was 98% leafed out by
April 12th (Fig. 4B). If we compare leaf out to PAR (Fig. 4B, 4A), it is apparent that
AO was fully flushed by the time the overstory canopy had begun to leaf out, which
means that from February 14th until April 8th (53 days) AO had leaves that
experienced high light before the canopy began to shade them. Fully flushed AO
plants experienced 16 days with PAR > 600 µmol m-2 s-1 before the canopy started
to fill in, and

then another 10 days with PAR over 400 µmol m-2 s-1. The only other

plants that were leafing out in April were two other invasive congeners, barberry and
multiflora rose.
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Leaf Survivorship
All 13 of the plants that I measured for leaf phenology exhibited Type I leaf
survivorship curves (Rauschert 2010; Fig. 4C), characterized by minimal loss of
leaves in the early to mid-portion of the season, followed by a rapid decline at the
end of the season. The primary reason for mid-summer leaf loss was storms. Leaf
number peaked at the beginning of June and remained above 50% until October 20th
and by the end of November, all of the leaves had senesced.
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Fig. 4 Understory light levels (A), leaf out (B), and leaf survivorship graphs (C) for the 2017 growing
season
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Leaf Pigments, Leaf Mass per Area, and Nitrogen
There were no significant differences in the monthly means for chl a, chl b, or
total chl concentrations in AO from April through October. Total chl ranged from
6.60 ± 0.20 µg cm-2 in April to 5.80 ± 0.66 µg cm-2 in October. The chl a:b ratio was
significantly (p = 0.018) lower in July (3.77 + 0.04 µg cm-2) than in April (4.73 + 0.08
µg cm-2) but the October chl a:b ratio did not differ from either April or July (4.51 ±
0.32 µg cm-2). Carotenoids also showed a seasonal trend and were significantly (p <
0.001) lower in July than either April or October (Fig. 5).

Fig. 5 Seasonal pigment concentrations for autumn olive throughout the 2017 growing season
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There were no significant differences among months for leaf mass per area
(Fig. 6; p = 0.290), which only varied from 0.0028 ± 0.0001 g cm-2 in July to
0.0032 ± 0.0001 g cm-2 in the other months.

Fig. 6 Seasonal Leaf mass per area for autumn olive throughout the 2017 growing season

The C:N ratio for leaves collected in March was significantly lower (p < 0.001)
than leaves collected in July, but no difference was found between the AO leaves
and congeners collected in July after the pairwise multiple comparisons tests (Fig.
7A). The mean C:N ratio for March AO leaves was 9.19 ± 0.37, for July AO leaves it
was 13.57 ± 0.50, and for July congeners it was 21.25 ± 2.63.
AO leaves collected in March had a significantly higher percent nitrogen
content than AO leaves collected in July (4.78 + 0.20 vs 3.38 + 0.15%; p < 0.001).
The AO leaves collected in July also had a significantly higher percent nitrogen
content than the congeners (2.31 + 0.35%) collected in July (Fig. 7B; p < 0.001).
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The δ15N for AO leaves collected in March (-3.74 + 0.84 ‰) was significantly
lower than in July (-1.30 + 0.15 ‰) and the July AO leaves were significantly higher
than the July congeners (-2.80 + 0.51 ‰; p = 0.002), but there was no significant
difference found between the March AO leaves and the July congeners (Fig. 7C).
The C:N ratio of the soil collected inside the stand of AO (15.1 ± 0.18) was
significantly (p < 0.001) lower than the soil collected outside the stand (17.0 + 0.37).
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Fig. 7 Leaf nitrogen analysis completed at the Colorado Plateau Stable Isotope Lab. Autumn olive
leaves for March, July, and congeners for July compared C:N Ratio (A), %N (B), and δ15N (C)
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Water Stress
Due to time constraints, pre-dawn water potentials were only measured
during the hottest and driest portion of the season, which was in July. Pre-dawn
water potentials were less than -0.1 MPa, indicating a lack of water stress at the site
(Fig. 8). Daily minimum water potentials did not drop below -0.54 ± 0.04 MPa, also
indicating that even in the middle of summer, AO was not experiencing much, if any,
water stress.

Fig. 8 Diurnal water potentials for autumn olive for the months of July and August
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Gas Exchange Measurements: Diurnals
Temperature and PAR Seasonal Changes
Seasonal changes in light and temperature were measured during the
monthly diurnal measurements (Fig. 9-15). In April, the temperature peaked at 25ºC
and PAR at 1007 µmol m-2 s-1. Both of these parameters decreased in May as the
canopy started to leaf out, with maximum temperature of 21ºC and PAR of 750
µmol m-2 s-1. The following month maximum temperature was essentially the same,
but PAR dropped drastically to a maximum of just 27 µmol m-2 s-1. July was probably
the time of peak canopy cover and maximum temperature rose to 27ºC while PAR
was only 50 µmol m-2 s-1. In August, the temperature dropped to 22ºC and PAR
remained low at 30 µmol m-2 s-1, a day that also had some cloud cover. In
September canopy leaf loss began towards the end of the month, and the maximum
temperature was 25ºC with PAR of 40 µmol m-2 s-1. The final month of diurnals was
completed in October, which was warm and had maximum temperatures around
23ºC. However, due to canopy leaf loss, maximum PAR jumped to 500 µmol m-2 s-1.
Seasonal Changes in Gas Exchange Rates
Photosynthetic rates (A) were highest in the spring months of April and May
and then again in October, due to the higher light levels at those times (Fig. 9-15).
Maximum rates of A were fairly moderate, peaking in April at just
6.0 ± 0.44 µmol m-2 s-1, and were essentially the same in May at 5.6 ± 0.65 µmol m-2
s-1. Rates in October were nearly as high as in the spring, peaking at
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5.0 ± 0.51 µmol m-2 s-1. The summer months, with much lower PAR, also resulted in
much lower A, with monthly peaks never exceeding 1.8 µmol m-2 s-1 from June
through September.
Stomatal conductance (gs) was high in the spring months of April and May,
peaking at 0.150 ± 0.01 mol m-2 s-1, before dropping during the summer months to
0.089 ± 0.01 mol m-2 s-1 and never exceeding this value. It began to increase again
in August to 0.157 ± 0.01 mol m-2 s-1, and then reached its highest seasonal value in
September with a rate of 0.220 ± 0.01 mol m-2 s-1. gs was lower in October, but still
substantial at 0.131 ± 0.01 mol m-2 s-1.
VPD did not show any major seasonal effects, but did vary diurnally, and was
generally higher towards the end of the day, mainly due to daily heating. Over the
growing season the maximum VPD varied from 1.06 ± 0.01 kPa in June, to its
highest in July at 2.99 ± 0.02 kPa.
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Fig. 9 Diurnal measures of photosynthesis (A), stomatal conductance (gs), leaf temperature, vapor
pressure deficit (VPD), and photosynthetically active radiation (PAR) for autumn olive during the
month of April
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Fig. 10 Diurnal measures of photosynthesis (A), stomatal conductance (gs), leaf temperature, vapor
pressure deficit (VPD), and photosynthetically active radiation (PAR) for autumn olive during the
month of May
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Fig. 11 Diurnal measures of photosynthesis (A), stomatal conductance (gs), leaf temperature, vapor
pressure deficit (VPD), and photosynthetically active radiation (PAR) for autumn olive during the
month of June
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Fig. 12 Diurnal measures of photosynthesis (A), stomatal conductance (gs), leaf temperature, vapor
pressure deficit (VPD), and photosynthetically active radiation (PAR) for autumn olive during the
month of July
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Fig. 13 Diurnal measures of photosynthesis (A), stomatal conductance (gs), leaf temperature, vapor
pressure deficit (VPD), and photosynthetically active radiation (PAR) for autumn olive during the
month of August
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Fig. 14 Diurnal measures of photosynthesis (A), stomatal conductance (gs), leaf temperature, vapor
pressure deficit (VPD), and photosynthetically active radiation (PAR) for autumn olive during the
month of September
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Fig. 15 Diurnal measures of photosynthesis (A), stomatal conductance (gs), leaf temperature, vapor
pressure deficit (VPD), and photosynthetically active radiation (PAR) for autumn olive during the
month of October
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Daily Carbon Gain
Integrating the diurnal assimilation curves showed that AO gained the
majority of its carbon on a per leaf basis in April and May with rates of 127 ± 14.1
mmol m-2 day-1 and 161 ± 22.9 mmol m-2 day-1, respectively. These gains occurred
before the overstory canopy was fully leafed out and when AO had access to high
light (Fig. 16). There was minimal carbon gain through the summer months (JuneSeptember) and some days actually had negative accumulation rates, e.g., July (-7
± 6.4 mmol m-2 day-1) due to the extremely low light levels. In October AO was again
able to achieve a higher, positive carbon gain of 91 ± 12.2 mmol m-2 day-1 because
the canopy had partially re-opened and PAR was higher.

Fig. 16 Daily carbon gain, on a per leaf basis, for autumn olive throughout the growing season of
2017
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Environmental Response Curves for Gas Exchange
Light Response Curves
All light curves were fitted with a 3-parameter exponential rise to maximum
equation and the means of each parameter can be found in Table 1, along with the
results of the post-hoc tests. The monthly comparison of light curves shows that Amax
was much lower in July (5.56 ± 0.81 µmol m-2 s-1; p = 0.006) compared to other
months (9.72 + 0.93 µmol m-2 s-1), even though each plant received the same
amount of light (Fig. 17A). Other parameters were also significantly lower in July,
including: dark respiration (p < 0.001), Light Compensation Point (p = 0.002), and
Saturation Light Intensity (p = 0.006). Apparent Quantum Efficiency was significantly
lower (p = 0.031) in July than October and water use efficiency (A/gs) was
significantly lower (p < 0.001) in October compared to April and July (Table 2),
because of higher gs in October (Fig. 17D).
Stomatal conductance showed similar amounts of increase with increases in
light for the months of April and October, however the maximum rates for April were
0.111 ± 0.03 mol m-2 s-1 and for October they were more than double at
0.274 ± 0.01 mol m-2 s-1. In July the plants showed little to no change in stomatal
conductance with change in light, and the averages were lower than seen in April
(Fig. 17D).
Temperature Response Curves
Temperature curves were fitted with 3 parameter 2nd degree polynomial
functions and the means of each parameter can be found in Table 1. A increased
with temperature until it reached an optimum for each month and then declined
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again. Photosynthetic rates showed a temperature optimum of 25°C for April and
October, but 30°C in July. The temperature response of gs was minimal for the
months of May and July and the rates were low for these months as well (Fig. 17E),
however in October gs peaked at 20°C with a rate of 0.246 ± 0.05 mol m-2 s -1 before
dropping as temperature was further increased.
VPD Response Curves
VPD curves were fitted with 3 parameter 2nd degree polynomial functions and
the means of each parameter can be found in Table 1. Stomatal conductance was
most responsive to VPD in May, dropping by 50% (from 0.218 mol m-2 s-1 to
0.108 mol m-2 s-1) as VPD increased from 0.99 to 2.94 kPa. Conductances were less
responsive to VPD in July and October. In July gs started at 0.112 mol m-2 s-1 at a
VPD of 0.99 kPa before peaking at 0.140 mol m-2 s-1 at a VPD of 2.0 kPa. gs then
dropped with increasing VPD. In October, the gs was lower than in May, but it
dropped by 70% (from 0.161 mol m-2 s-1 to 0.114 mol m-2 s-1) from a VPD of 1.50 to
2.90 kPa.
A showed similar trends to gs, and in May and October significantly
decreased with increasing VPD. In May the response was almost linear, dropping
77% (12.4 µmol m-2 s-1 to 9.6 µmol m-2 s-1) as VPD increased from 0.99 kPa to 2.94
kPa. In July photosynthetic rates averaged 9.6 µmol m-2 s-1 with minimal change as
VPD increased.
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Fig. 17 Seasonal response curves for autumn olive, including light (A,D), temperature (B,E), and VPD
(C,F). The photosynthetic rates (A) are shown on the left side (A-C) and the stomatal conductances
(gs) are shown on the right side (D-F)
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Table 1. Parameters used for regressions in response curves, gathered using Sigma Plot. Equations
for each curve can be found in the methods.

Light
April
July
October

y0
-2.1847
-1.0185
-2.5013

a
11.5725
6.2702
12.1713

b
0.0053
0.0101
0.0057

Temperature
April
July
October

y0
-1.5618
-3.4789
-2.8007

a
0.7657
0.7508
1.0483

b
-0.0152
-0.0135
-0.0222

VPD
April
July
October

y0
-14.1696
8.3563
3.0742

a
-1.6215
2.1354
7.365

b
0.0061
-0.6804
-2.0824

Table 2. Monthly comparison of light curve parameters. Values are mean ± se, n=5.

Light Curve Parameters
Dark respiration
(µmol m⁻² s⁻¹)
Light Compensation Point
(µmol m⁻² s⁻¹)
Apparent Quantum
Efficiency
(µmol CO2/ µmolphotons)
Amax
(µmol m⁻² s⁻¹)
Saturation Light Intensity
(µmol m⁻² s⁻¹)
Water Use Efficiency
(µmol CO2/ molH2O)

April
-2.050 ± 0.347a

July
-0.826 ± 0.109b

October
-2.275 ± 0.180a

46.646 ± 5.561a

46.482 ± 4.380a

0.043 ± 0.003ab

22.454 ±
3.066b
0.032 ± 0.004a

9.439 ± 1.471a

5.003 ± 0.564b

9.612 ± 0.898a

9.156 ± 1.427a

4.853 ± 0.548b

9.324 ± 0.871a

95.144 ± 8.341a

79.059 ±
6.903a

35.983 ± 4.085b
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0.044 ± 0.002b

Discussion
The results of this study show that AO is capable of surviving in the
understory of a southern Appalachian forest, primarily by taking advantage of an
extended leaf phenology and its symbiotic relationship with bacteria that fix nitrogen.
These two traits confer a competitive advantage to AO that allows it to establish,
grow, and eventually dominate the understory, even though AO is normally
associated with open-field habitats. The ability to reproduce vegetatively may also
contribute to its ability to dominate in this particular habitat.

Climate and Phenology
Autumn olive thrives in open field environments both in its native habitat as
well as its non-native habitat here in the U.S. (Ahmad et al. 2006; Brym et al. 2014).
Because of this dominance in open-field habitats, it has been classified as shade
intolerant (Catling et al. 1997; Ahmad et al. 2006; Brym et al. 2014). However, AO
has been found in habitats with a wide range of light availability, suggesting that it
has physiological mechanisms that allow it to extend its niche into low light
environments (Brym et al. 2011; Zinnert et al. 2013; Shiflett et al. 2017). Brym et al.
(2014) found that AO seedlings were more abundant under the canopy in a low light
environment than open environments and that these seedlings were probably more
limited by water availability than light. In contrast, adult plants were more limited by
neighborhood competition coupled with light availability. They concluded that AO
would do best in edge environments, where there is an intermediate amount of light
and slightly reduced competition.
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At my study site in the ASU Nature Preserve, AO was located only in the
interior of the forest, under a dense canopy. In such a closed canopy system, light
availability is often the main driver of plant dynamics (Pacala et al. 1996; Kobe 1999;
Brym et al. 2011, Neufeld and Young 2014). In this situation, AO only has access to
high light in the spring and fall when the canopy is leafless, with the exception, of
course, when there are sunflecks (Chazdon 1988). Sunflecks can be
disproportionally important for carbon gain in understory plants (Neufeld and Young
2014) but were not the focus of the research described herein. Nonetheless, they
could be important to the persistence of AO in understory habitats, and should be
the subject of future research efforts. Hemispherical photographs of the canopy in
April and October showed that the percent of open sky was significantly higher in
those months than during July, and most importantly, during those high light times,
AO was leafed out and could take advantage of those high PAR values.
Autumn olive bud break began on February 14th in 2017 and during the next
two months no woody native species were leafed out. Other invasives such as
multiflora rose and barberry also leafed out at similar times as AO; in fact, R.
multiflora was often the first to leaf out with B. thunbergii the last of these three
woody invasives to do so. In early April, spring wildflowers began leafing out, such
as Viola sp., but no woody congeners that compete with AO were leafed out at this
time. This could be due to the temperatures n February, which averaged 6°C in
Boone, NC. AO completed leaf out just as the canopy began to leaf out, which
allowed high light to reach the understory through April 8th, ~53 days after leaf out
began for AO. This means that AO had nearly two months to take advantage of the
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relatively high light, which would give it a competitive advantage over native
congeners.
My results differed some from the study done by Fridley (2012). Fridley found
that woody invasives also had a significantly longer phenology, but he concluded
that in upstate New York, where his study was conducted, the invasives benefited
more in the fall than the congeners, while differences in their spring phenological
extension were insignificantly different from native congeners. In the ASU Nature
Preserve, I observed that AO extended its phenology at both ends of the growing
season and that it was extended longer in the spring than in the fall. Fridley’s study
was done in Syracuse, NY while my work was located in the mountains of western
NC. This suggested to me that a temperature difference between these regions
might have been the cause of this timing difference. Using archived weather data
from the NOAA website (https://www.ncdc.noaa.gov/cdo-web/datasets) I averaged
the spring (March, April, and May) temperatures for the last 10 years for Boone, NC
and Syracuse, NY, only to find that the two regions differed by less than 2°C, with
Boone being warmer. The difference in temperature could be a factor allowing AO to
leaf out earlier in the south, but the small magnitude of the difference suggests that it
may not be the sole factor distinguishing the two sites, and that another factor, such
as latitude, might play a role. Northern habitats would have significantly shorter days
in the early spring and late fall, and a lower solar angle, than sites in the south, and
these two factors could possibly affect the timing of leaf out.
Species are known to respond to the combination of photoperiod and
temperature (Flynn and Wolkovich 2018) and different species have different
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requirements for leafing out in the spring. The three main factors affecting leaf out
for woody species are (1) chilling requirements, (2) spring temperature (both air and
soil), and (3) photoperiod (Farmer 1968; Ghelardini et al. 2010; Polgar and Primack
2011; Flynn and Wolkovich 2018). With climate change it is likely that warmer
temperatures, which cue spring leaf out for some species, will begin to occur earlier
in some regions (Schwartz and Reiter 2000; Parmesan 2006; Ibáñez et al. 2010). If
however, photoperiod is the main requirement, then species will not leaf out earlier
in response to increased temperature, but may exhibit more rapid leaf growth once
they do leaf out (Bull 1968; Monsi and Murata 1970; Gallagher 1979). However, late
leafing species could miss out on potential carbon gain in the early spring, and be at
a competitive disadvantage (Fridley 2012). Zhang et al. (2007) discussed how
species growing at different latitudes will experience different chilling requirements
and increased temperatures with the onset of climate change. Species located in
higher latitudes (above 40°N) are suspected to still achieve successful chilling
requirements whereas below 30°N temperatures may become so warm that species
won’t have successful chilling requirements (Zhang et al. 2007). This climate
fluctuation can allow for earlier leaf out times if the species is relying on temperature
cues and in the right area, or if they do not have chilling requirements (Linkosalo et
al. 2006; Polgar and Primack 2011).
If a species is relying on an extended leaf phenology and able to have
extensive leaf growth before native congeneric species, then they will be able to gain
carbon early in the spring (Polgar and Primack 2011). Long-lived trees are more
likely to have photoperiod requirements (Caffarra and Donnelly 2010; Polgar and
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Primack 2011), while short-lived early successional species are more likely to have
chilling and/or temperature requirements (Körner and Basler 2010; Polgar and
Primack 2011). Many invasives have extended leaf phenologies and would have the
potential to leaf out even earlier as the climate changes. Autumn olive behaves like
an opportunistic, early-successional species and therefore may likely take
advantage of these climatic shifts which could exacerbate its invasiveness.
AO is known for its abundant fruit production in open-field habitats (Fordham
et al. 2001; McCall and Walck 2014), and the seeds are primarily distributed by birds
(Bonilla and Pringle 2015). Fruit production requires a significant investment of
energy, particularly in the form of non-structural carbohydrates and proteins, and in
low light environments, such as a forest understory, the availability of these
resources would be limited. I noticed that in my study site, AO produced very few
flowers and fruits throughout the season (Riffe, personal observation). The diurnal
gas exchange patterns showed that carbon gain by AO in the summer, when the
canopy is fully leafed out, is marginal at best, and would probably not provide
enough photosynthates for fruit and seed production. This means that AO most likely
reproduces and spreads through vegetative propagation. This species is a prolific
sprouter, and can spread by root sprouts, much as do beech trees (Fagus
americana) (Szafoni 1991; McCall and Walck 2014). Thus, the ability to persist and
spread may be facilitated by its switch from sexual to asexual reproduction in the
understory. This has implications for genetic diversity in understory patches of AO,
and would be a subject worthy of future study to determine the relatedness of
individuals and the genetic diversity of individuals within understory patches.
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Leaf pigments, Leaf Mass per Area, Nitrogen
Certain leaf characteristics such as leaf pigment concentrations and leaf
mass per area are indicative of a plant’s photosynthetic productivity (Reich et al.
1998; Wright et al. 2004; Zinnert et al. 2013) so it is important to look at leaf
characteristics of AO in both open (Zinnert et al. 2013) and understory environments
(Brym et al. 2011; this study). AO has characteristics that allow for extensive light
capture and a high photosynthetic capacity (high %N, high leaf mass per area in the
sun), both of which are characteristics of shade-intolerant plants (Brym et al. 2011;
Zinnert et al. 2013). In open habitats, AO can have over 4x the chl amounts
compared to what I found in the understory (Zinnert et al. 2013), which no doubt
contributes to its ability to harvest the high light levels found in open habitats. The
leaf mass per area (LMA) for my understory AO plants is lower than that of leaves
from open environment plants, but similar to what Brym et al. (2011) 1 found for AO in
the understory. This finding is consistent with known sun-shade differences in leaf
anatomy (Neufeld and Young 2014). Interestingly, this suggests that light levels are
not high enough in the understory to produce sun leaves even when AO leaves flush
beneath an open canopy. There are several likely reasons for this. First, light levels
in the spring may not be high enough to elicit a sun-leaf anatomy, even though they
can reach rates above 1300 µmol m-2 s-1 beneath the leafless canopy. Second, it
could be due to the short day lengths at this time of the year. Nobel and Hartsock
(1981) found that it was the integrated total radiation received that determined

1

In Figure 2 in Brym (2011) the units for specific leaf area are cm2 per mg, which
does not yield reasonable values; I believe the mg should be g.
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whether a plant formed a sun- or shade-leaf anatomy. Long days with low
instantaneous PAR could induce a sun-leaf anatomy as could short days with high
instantaneous PAR. Thus, for AO, the combination of short days and moderate PAR
in the early spring may induce a shade-leaf anatomy in this species.
Nitrogen content is an important factor in plant invasiveness and plant
competition (Díaz-Barradas et al. 2015) because high N amounts allow for higher
rates of photosynthesis (Dornbos et al. 2016). Nitrogen fixing species can be
distinguished from non-fixing species on the basis of their higher leaf N (Cohen et al.
1980). AO is known to fix nitrogen when growing in open habitats, but little is known
about its ability to carry on this process in the understory, since fixation is a very
energetically expensive process and there may not be sufficient light in the
understory to support this process. One possibility is that AO only fixes nitrogen in
the early spring when it has access to high light. However, fixation at this time of the
year could be limited by cold soil temperatures (Jones and Tisdale 1921; Hardy et al.
1968; Roughley and Date 1986; Legros and Smith 1994; Lynch and Smith 1994;
Bordeleau and Prévost 1994; Zhang et al. 1996) and AO may only achieve high
rates later in the spring once soils have heated up.
I employed four different methods to determine if AO plants in the understory
were fixing nitrogen (leaf C:N, %N in the leaf, δ15N in the leaf, and soil C:N). If AO is
fixing nitrogen then the C:N ratio in leaves and soil (Funk et al. 1979) should be
lower, and the %N higher, than in congeners that don’t fix N. Furthermore, the δ15N
value in AO leaves should be less negative than non-fixing congeners, because they
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are relying more on atmospheric nitrogen, which has a δ15N of ~0‰ (Unkovich 2013;
Craine et al. 2015).
Three traits (C:N, %N, and soil C:N) showed significant differences from the
non-fixing congeners. They followed patterns that would suggest AO is or has
carried out N-fixation: the C:N ratios in the leaves and soil were significantly lower,
and the %N is higher in AO than for the congeners. The C:N ratio for my AO leaves
collected in March more closely matched that of understory leaves from Brym et al.
(2011) while the leaves collected in July more closely matched open environment
leaves from Zinnert et al. (2013). For percent nitrogen, both of my AO collections
were close to Zinnert’s (open environment) values for AO but significantly higher
than Brym’s (understory) leaves. However, my leaves had a lower LMA, meaning
they were thinner and wider than Zinnert’s leaves. This means that on a per area
basis my leaves would have less nitrogen content, which could explain the lower
rates of photosynthesis on a per leaf area basis that we saw throughout the year
(Reich et al. 1998).
Considering that the C:N ratio for AO leaves increased from March to July,
but the leaf mass per area remained unchanged seasonally it is likely that the
change is solely due to the decrease in %N. This decrease in leaf nitrogen during
July might be due to a decrease in RUBISCO during the summer months and
perhaps translocation of the released N to other plant parts. The lack of change in
leaf mass per area argues against a dilution effect because of continued leaf growth.
However, the δ15N values for AO leaves collected in March (when the AO had
high light and could potentially be fixing N) were not significantly different from the
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congeners collected in July, while the AO leaves collected in July were significantly
higher than the March AO or congener samples (Fig. 7C). A higher value (closer to
zero) for δ15N than the native species would indicate fixation (Spriggs et al. 2003;
Hobbie and Hobbie 2008; Brym et al. 2011). The results could be interpreted to
mean that AO had not yet started to fix nitrogen when I sampled the leaves in
March, perhaps because soils were cold, and nodulation had yet to occur for that
growing season (Jones and Tisdale 1921; Hardy et al. 1968; Roughley and Date
1986; Legros and Smith 1994; Lynch and Smith 1994; Bordeleau and Prévost 1994;
Zhang et al. 1996), but by the time I sampled in July, the soils had warmed, nodules
had formed, and fixation had occurred during the months of April and May, when the
canopy was not yet leafed out. Thus, the July measurements may reflect fixation
activity that actually occurred several months earlier when the light levels were
higher.
Another factor that can affect δ15N is the degree to which trees are associated
with mycorrhizal fungi (Robinson 2001), which can result in more negative values
(Spriggs et al. 2003). It should be noted that there are also quality control and
processing issues which can lead to inconsistent δ15N values (Unkovich 2013) and
so any results should be interpreted with caution.
In summary, the suite of data from the four N abundance and ratio measures
strongly suggest that AO is capable of fixing N in the understory. However,
maximum rates of photosynthesis are not very different from those obtained from
native species in similar habitats (Sullivan et al. 1996), and so the question of how
high leaf N benefits AO is an open question. One possibility is that the high leaf N
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content enables AO to synthesize larger quantities of RUBISCO, the carboxylation
enzyme, which usually constitutes the largest sink for leaf N (Sharkey et al. 1991),
and that in turn, allows the leaf to photosynthesize in early spring and fall when light
levels are high, and for the plant to produce large numbers of leaves that can shade
out other plants. By distributing the N among its many leaves, it can assimilate large
amounts of carbon and grow rapidly, even when the maximum rate of
photosynthesis is unremarkable compared to congeneric native species. Lastly, it is
unclear if AO carries out N fixation once the canopy is fully leafed out, and
determining this would require more detailed physiological studies involving
sampling for active nodules on a seasonal basis, and perhaps performing in situ
analyses of fixation using the acetylene reduction technique (Boring and Swank
1984).

Water Stress
AO has been described as a drought tolerant species (Naumann et al. 2010),
but at my study site AO primarily exists at lower, and presumably wetter areas of the
preserve, which suggests that it might, in fact, be sensitive to water stress. AO has
been found to have a higher specific conductivity (conductivity per unit stem area)
than native species, but it also loses conductivity at a higher water potential in an
open light environment (Zinnert et al. 2013). This suggests a safety vs efficiency
trade-off for this species, wherein the ability to conduct water more easily is
sacrificed for the avoidance of cavitation. This suggests that avoidance of severe
water stress may be more important for AO than the ability to maintain water flow to
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the leaves in the face of water limitations. To do this, AO would have to grow in
habitats that rarely experience severe soil water deficits, and this could explain why
it prefers moister habitats, such as forest coves. My water potential measurements,
collected during July and August, the warmest and driest months, showed that AO
plants at my site exhibited little if any water stress. Mid-day water potentials in the
understory at my site were much less negative than those found by Naumann et al.
(2010) during the months of June, July, and August for plants growing in open
environments.
Leaves of AO in the understory are subject to low light and lower evaporative
demand. The low, diffuse light incident most of the time on the leaves would only
minimally affect leaf temperature, and that, coupled with the higher relative humidity
(RH) in the understory compared to that in an open habitat (Geiger 1950), would
reduce the VPD and lower the evaporative demand. In addition, leaves in the
understory would have larger boundary layer resistances because of lower wind
velocities near the ground (Geiger 1950) and this would further reduce the loss of
water from leaves. Finally, low light in the understory would also reduce gs and that
would further contribute to reduced water loss from leaves in the understory. Thus, it
is clear that the loss of water from AO leaves in the understory would be lower than
that from leaves in open habitats, and would limit the amount of water stress that
these plants experience. The lack of water stress in southern Appalachian forest
understory environments could be a factor contributing to its ability to persist in these
habitats and to dominate native congeners.
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Gas Exchange Measurements
Monthly diurnal measurements of gas exchange were used to assess
seasonal changes in the ecophysiology of this species while inhabiting the
understory of a southern Appalachian forest. Although temperature can vary greatly
from day to day, and can range from below to above freezing in the spring and fall,
its daily maximum varied by only 6°C (from 21 to 27°C) across the monthly diurnal
measurements I made in 2017. Temperature curves for this species (Fig. 17B) show
only moderate changes in A from 20°C to 30°C. For example, in May rates of A
varied from 7.6 µmol m-2 s-1 at 21°C to 8.0 µmol m-2 s-1 at 30°C, thus within the range
21 to 27°C, A would have been within 90% of its maximum rate in any particularly
month. The gs showed also minimal change over this temperature range, except for
the month of October where stomatal conductance decreased drastically with
increased temperature. Thus it can be suggested that any differences in the maximal
diurnal gas exchange rates I measured were only slightly influenced by temperature
differences. This does not mean that diurnal rates could not be affected by
temperature, but rather, when comparing the diurnals from 2017, all of which were
obtained with a restricted temperature range, that differences in maximum A or in gs
were most likely due to other environmental factors, most notably, PAR and perhaps
VPD.
VPD can have major effects on gs, as seen in the VPD curves for months May
and October (Fig. 17F), where increases in VPD resulted in sharp drops in gs. VPD
changes with leaf temperature, so in the months when the canopy is open it is likely
that VPD increases would result in lower gs. For example, in May there was a
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decrease of 77% as VPD increased from 1.0 kPa to 3.0 kPa. Lower gs would cause
diffusional limitations on A and a decrease from 12.5 µmol m-2 s-1 to 9.6 µmol m-2 s-1
(Fig. 17C) was subsequently observed. There was less of a VPD effect on gs in July,
because VPD was lower and the low light levels may have decreased gs so much
that it was insensitive to VPD.
Light was extremely variable in the understory, ranging from a daily maximum
of 1007 µmol m-2 s-1 in April to just 27 µmol m-2 s-1 in June. Daily maximum PAR
levels under 50 µmol m-2 s-1 were consistent throughout the months of June to
September while the canopy was leafed out. Net photosynthesis was highest during
the spring when AO was receiving the highest light, but the rates were moderate,
possibly due to the fact that leaves were still young and maturing and had not yet
reached their full photosynthetic potential. Naumann et al. (2010) completed diurnals
on AO plants in an open field environment in coastal Virginia during the months of
May to August and found maximum rates of A between 15 and 25 µmol CO2 m-2 s-1.
These rates are 2 to 3 times higher than my maximum rates, no doubt because of
the low PAR in the understory at my site.
The light response curves show low rates of photosynthesis in July even
when leaves are exposed to high light (Fig. 17A) and this corresponds to the low A
found in July, when ambient PAR was at its lowest level. The low rates, both in the
field, and in the light response curves, suggest that AO may have down regulated
photosynthesis during this time of the year. Since chlorophyll amounts remained
unchanged throughout the season, but %N decreased, this down-regulation may
have resulted from the inactivation of RUBISCO (Björkman 1968; Chen et al. 2014)
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as well as its loss if No was exported to other plant tissues, such as roots. In
October, ambient rates of photosynthesis and rates from the light response curves
increased back to levels last seen in April, suggesting that once high light reaches
the leaves in the fall, AO can reactivate RUBISCO and achieve higher rates of A. In
addition the lower A in my study compared to Naumann et al. (2010), may have
resulted from diffusional limitations due to low gs because of the low PAR in the
understory.

Daily Carbon Gain
Calculations of daily carbon gain show that AO takes advantage of its
extended leaf phenology by acquiring most of its carbon in the spring before the
canopy is leafed out and that it also gains significant amounts again after the canopy
has lost its leaves in October. This finding is in line with the hypothesis by Brym et
al. (2011) that AO takes advantage of early spring light for much of its carbon
uptake, but contrasts sharply with the findings of Fridley (2012) who suggested that
AO and other woody exotics gain a significant amount of their annual carbon in the
autumn after canopy leaf fall.
Throughout the summer (June to September) daily carbon uptake was
minimal and even negative due to the heavy shading during these months. Many
herbaceous understory plants, especially those classified as summergreens, make
use of the same strategy as AO (Neufeld and Young 2014). That is, they gain most
of their annual carbon during the high light period in spring before the canopy leafs
out, and then essentially “idle” during the summer, barely at or above the light
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compensation point, gaining very little carbon if any at all (Neufeld and Young 2014).
Autumn olive is likely using a similar strategy, where it builds up carbohydrate
reserves in the spring when rates of photosynthesis are at their highest, and uses
these photosynthates to sustain respiratory costs during shaded summer months.
Then, in the autumn, when the canopy leaves fall off and light levels rise again, it
makes use of a second time period to assimilate more carbon.
The two high light seasons together provide AO with most of its annual
carbon. In my study, if you assume similar days to the diurnals over the spring and
autumn months when the canopy is leafless or near so, a crude calculation would
show that AO gains 90% of its annual carbon budget in the spring (April and May)
and fall (October), and only 10% in the summer (June-September). Thus, these two
high light seasons are crucial to the ability of AO to persist and thrive in an
understory environment in the southern Appalachians.

Conclusion
Invasive plant species alter the composition and functioning of native
ecological systems, and are estimated to cost the United States over $138 B per
year to manage and control. Understanding the mechanisms which facilitate
invasion and allow persistence in their new habitats is crucial for making important
management and eradication decisions by land managers, and for predicting future
invasions. The results of my research have shown that autumn olive is capable of
persisting and rapidly spreading in varying light environments, including the shady
understories of southern Appalachian forests. The two main mechanisms identified
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in this research effort that allow autumn olive to dominate forest understories are (1)
its extended phenology, which allows it to gain carbon in the spring and fall when the
overstory canopy is leafless and light levels are high enough to support significant
carbon assimilation, and (2) the ability to fix nitrogen, which may provide a
competitive edge over native congeneric species that do not fix nitrogen. It is also
able to re-allocate resources from sexual to asexual reproduction in the understory,
further contributing to its ability to spread in low light environments. Future research
should include studying the exact mechanisms by which it reproduces vegetatively
and how its invasiveness might be affected by climate change.
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