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The Role of Phenology in Invasive Plant Speciex&sgin Temperate Forest Understories
Lindsay Marie Dreiss, PhD

University of Connecticut, 2016

Mechanisms underlying the ability of invasive éxgilant species (IES) to establish outside of
their native ranges and outcompete native speki8} 4re not yet fully understood, especially in{ow
resource environments. In deciduous forest undegstovhere light availability is low, but seasdpal
variable, one potential contributor to succes&& Is extended leaf phenology, which may resuihfro
earlier leaf flush or later leaf abscission comparethat of NS. If either is the case, IES woddd to
exploit a broader temporal niche for assimilatiagaurces, which is particularly beneficial if isudts in
photosynthetic activity when the canopy is leaflgss when light availability is high and competition
low). Therefore, the role of phenology with respecthe hypothetical growth advantage of IES is
twofold; extended leaf phenology may allow IESake advantage of a vacant niche and canopy
phenology may mediate the amount of resourcesablaitluring that niche. Despite growing efforts to
understand the mechanistic basis of IES succdesvitight environments, relatively little is known
regarding influences of overstory phenology on usitey IES and NS carbon gain and physiological
responses. The goal of my research was to exglermte of community-level phenological interacgon
in the success of IES, focusing on mechanisticesmfer their hypothesized growth advantage oveimNS

deciduous forest understories in Connecticut.

Strong relationships characterized seasonal grandrtraits associated with overstory and
understory phenology, including a positive linkagth the extension of seedling leaf phenology belyon
canopy leaf lifespan. Compared to NS, IES genemdhibited greater phenological extension and
achieved greater seasonal growth. This advantageneat pronounced under canopies that allowed
greater cumulative understory light across the grgweason. After accounting for phenology, growth
differences between IES and NS were explainedrnynaber of intrinsic growth determinants, including

greater specific leaf area and more efficient wipdéant photosynthesis. However, photosynthetic



Lindsay Marie Dreiss — University of Connecticud, L8

capacities and their temperature responses weardéamgporally dependent and greater in IES thanSn N
during spring and summer. This contributed to aigreimportance of pre-canopy periods with respect
IES growth. These findings demonstrate the sigaifie of a community-level understanding of
phenological interactions and environmental coadgiin elucidating IES growth advantages over NS in

deciduous forest understories.
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INTRODUCTION

Current ecological research initiative reflects@ams over the vulnerability of global
ecosystems to unprecedented rates of environmgrabge. Among changes that are well documented
worldwide and yet not fully understood are thossated by the introduction of invasive exotic plant
species (IES). IES possess the ability to succlgsfstablish, grow, and reproduce under a widéstyar
of environmental conditions and usually do so atdbst of native species (NS) abundance (Alvarez &
Cushman 2002; Hunter & Mattice 2002; Hulme & Brem?@06). Studies and efforts to model exotic
plant invasions often focus on species-specifitsti@aker, Baker & Stebbins 1965; Bossdeirél.

2005; van Kleunen, Weber & Fischer 2010) and, mecently, site-specific factors influencing site
invasibility (Gilbert & Lechowicz 2005; Leishman &omson 2005). One such trait is phenology — the
timing of life events - , which may mediate 1) thgriad physiological, morphological, and allocagbn
traits that allow IES to be successful outsidehefrtnative ranges (Baruch & Goldstein 1999; Feng,
Wang & Sang 2007; Leishmahal. 2007; Canet al. 2009; Schutzenhofer, Valone & Knight 2009), and

2) the environmental conditions leading to invasiamerability.

Phenology affects nearly all aspects of ecologyearadution, as many biological phenomena,
from individual physiology to global nutrient flugehave annual cycles influenced by the timing of
abiotic events (Forrest & Miller-rushing 2010). Fadant species or communities, phenology is tied to
many characteristics that are important to competdability, including those associated with reseur
availability and acquisition. Often conceptualizeda temporal niche, phenology limits species range
(Chuine & Beaubien 2001), facilitates species cstexice (Fargione & Tilman 2005), and is adaptive
(Volis 2007), making it a major indicator of comnilyrassembly, climate change (Fitter & Fitter 2002;
Clelandet al. 2007; Sherrgt al. 2007), and ultimately, species success. In pdatictor plants, leaf
budburst and abscission strongly correlate withonginning or end, respectively, of the growingseea

and with a plant’s temporal niche for acquiring smid light resources (Wolkovich & Cleland 2011).



Phenology from a community perspective can indipatéods of species vulnerability to herbivory
(Hunter 1990), opportunities for pollination (Kueial. 2008), and competition for resources (Davis,

Grime & Thompson 2000).

There is growing recognition that distinct phenadsgor phenological sensitivities of IES could
facilitate their success in introduced environméhiarrington, Brown & Reich 1989; Wolkovich &
Cleland 2011; Fridley 2012). IES may gain an adygatover NS by extending their leaf lifespan thioug
earlier spring leaf flush (Harrington, Brown & RRit989) or delayed autumnal abscission (Zotz, Frank
& Woitke 2000; Fridley 2012). In this context, plodogy may be used to exploit resources through
several means, including an extension of nichedbhe@ichardset al. 2006; Wolkovich & Cleland
2011), and the occupancy of a “vacant niche” tlizetresources that are not being used by resident
species (Elton 1958; Magk al. 2000). Although theories regarding fluctuatingoeges (Davigt al.

2000) and “windows of invasion opportunity” (Dradteal. 2006; Caplat, Anand & Bauch 2010;
Wolkovich & Cleland 2011) suggest that communityelephenology may play a critical role in growth
success of IES, relatively little is known on ttopic. Particularly in deciduous forests, wheretgse
availabilities are low, but seasonally variablegmstory phenology may play an important role in
understory survival: IES that exhibit extended ldaspan and photosynthetic activity in pre- andtp
canopy periods may benefit from access to peribtiggber resource availability and lower competitio
Therefore, the role of phenology in growth advaatafjlES in temperate deciduous forest underst@sies
twofold; extended understory leaf lifespan maywll&S to take advantage of a vacant niche (Wolkovic
& Cleland 2011) and community-level phenology mamptcol the amount and fluctuation of unused

resources during that niche (Daetsal. 2000).

In the temperate deciduous forests of New Englawnelstory phenology can create a complex
patchwork of fluctuating resources, allowing windo®f high light availability in the understory inet
early spring and late autumn when the canopy el These opportunities for understory vegetatiio

take advantage of essential resources are critictthe persistence of understory vegetation aed ar



common in temperate forest seedlings (Seiwa 18@®)ings (Gill, Amthor & Bormann 1998; Seiwa
1999), understory trees (DePhamphillis & Neufel@9)9 and shrubs (Gill, Amthor & Bormann 1998).
Many IES flush leaves early on in the growing seasonsiderably earlier than canopy and co-occgrrin
understory NS (Harrington, Brown & Reich 1989; ®thihbeck 1992; Pattison, Goldstein & Ares 1998;
Xu, Griyn & Schuster 2007), and abscise leaves Iatthe fall (Harrington, Brown & Reich 1989;

Asshoff, Zotz & Kérner 2006; Fridley 2012). For exale, Japanese barberry leaves flush up to one
month earlier than those of native species andaeeks earlier than do canopy leaves (Xu, Griyn &
Schuster 2007). Understory light availability isxsmerably higher when the canopy is leafless, shah
slight differences in the time of understory Idash can have a large effect on seasonal lightraben

and carbon gain (Anderson 1964) and outweigh theaxuences that come with extending leaf exposure
to risk .g., increased chance of damage by frost or herbi@Wfliams, Field & Mooney 1989; Reich
1995; Grime 2006). However, the timing of phenogisasuch as bud burst, leaf flush, and leaf absaissi
also differ among overstory tree species, andrasudt, light availability is not uniform throughbotine

forest or within the growing season (Kato & Komiya2002; Dreiss & Volin 2013). As such, the
potential advantage of extended leaf lifespan énuthderstory is mediated by composition of oveystor
species. Understory IES with extended leaf lifespaay gain an advantage over NS under canopies with

later spring phenophases, higher light transmissiod shorter leaf lifespans.

Exploration of community-level phenology also affsinvestigation of critical periods of IES
advantage over NS in terms of plant carbon gaiveGthat conditions are favorable for photosynthesi
(e.g., air temperatures > &), understory plants should benefit from extendaaj photosynthetic
activity beyond that of canopy species and understompetitors. However, irradiance in spring i$ no
equivalent to that in autumn as maximum incidefdrs@diation flux and zenith angle are largeria t
spring and decline toward the winter months. Tasilts in a greater transmission of light and atgre
likelihood for photosynthetic capacity to be reathefore canopy leaves flush (Richardson & O’Keefe

2009). The majority of annual carbon gained by ustidey vegetation is attained in early spring when



canopy trees are still leafless, allowing sub-cgn@metation to fix a “spring carbon subsidy”
(Harrington, Brown & Reich 1989; Givnish 1992; Lam al. 2008; Richardson & O 'Keefe 2009).
Although post-canopy activity may not be the gretentributor to annual carbon gain, it may be
disproportionately more common in IES, potentigligviding an advantage over NS in the understory
(Fridley 2012). In either case, a community-lev&dessment of phenology, and its influence on the
biomass growth and physiology responses of IES\#dnay help to elucidate the success of IES in

deciduous forest understories.

Given the apparent influence of overstory phenolmgyinderstory growth, and the incomplete
knowledge regarding IES and NS growth responsesdsonal light availability, the objectives of my
dissertation were to evaluate the role of commuigityel phenology on the success of IES and the
underlying mechanistic basis for IES and NS groatferences in deciduous forest understories. In
Chapter One, | examined how community-level intéoas in canopy phenology and understory leaf
lifespans affected relative seasonal growth of dB8 NS seedlings when grown over two growing
seasons and under three canopy types differinghhtransmission and phenology. In Chapter Two, |
guantified physiological, morphological, and alltbeaal determinants of growth to identify mecharssm
of IES and NS carbon capture in low-light enviromtse In Chapter Three, | developed a stochastic
model of photosynthesis based on physiologicalaesps to seasonal temperature and light to examine
IES and NS annual carbon gain and proportionalritmritons from pre- and post-canopy photosynthetic
activity. Overall, | hypothesized that 1) annualbca gain and growth of IES exceeds that of NSES)
growth advantage over NS is most pronounced uratespies that allow greater understory light
availability (.e., later spring phenophases, higher transmittanckeshorter leaf lifespans), 3) growth
variation among IES and NS is related to differanpentrinsic growth determinants, and 4) IES
advantage is more greatly influenced by spring #ngnmn phenological variation. Collectively, my
findings stress the importance of community-lemé¢iactions mediated by the phenological struatiire

overstory and understory vegetation and the sehsariation of environmental conditions for IES



growth in temperate forest understories. Furtheemitiis dissertation elucidates the role of commyuni
level predictors such as canopy species compositlant phenology, and environmental site
characteristics under different growing conditiamsl emphasizes their importance in understanding

differences in understory growth and developmetween IES and NS.

LITERATURE CITED
Alvarez, M.E. & Cushman, J.H. (2002) Community-lesensequences of a plant invasion: effects on
three habitats in coastal Californigcological Applications, 12, 1434—1444.

Anderson, M.C. (1964) Studies of the woodland ligJthate: I. the photographic computation of light
conditions.Journal of Ecology, 52, 27—-41.

Asshoff, R., Zotz, G. & Kdrner, C. (2006) Growthdgohenology of mature temperate forest trees in
elevated CQ Global Change Biology, 12, 848—861.

Baker, H.G. & Stebbins, G.L. (196%he genetics of colonizing species. Academic Press, Backhuys.

Baruch, Z. & Goldstein, G. (1999) Leaf constructeamst, nutrient concentration, and net,CO

assimilation of native and invasive species in Hawecologia, 121, 183-192.

Bossdorf, O., Auge, H., Lafuma, L., Rogers, W.Een&nn, E. & Prati, D. (2005) Phenotypic and

genetic differentiation between native and intratlplant population®ecologia, 144, 1-11.

Cano, L., Escarre, J., Vrieling, K. & Sans, F.X0@2) Palatability to a generalist herbivore, deéeand
growth of invasive and nativ@enecio species testing the evolution of increased competitiviitsh
hypothesisOecologia, 159 95-106.

Caplat, P., Anand, M. & Bauch, C. (2010) Modellingasibility in endogenously oscillating tree
populations: timing of invasion matteBiological Control, 12, 219-231.

Chuine, I. & Beaubien, E.G. (2001) Phenology issgandeterminant of tree species rargel ogy
Letters, 4, 500-510.

Cleland, E.E., Chuine, I., Menzel, A., Mooney, H8ASchwartz, M.D. (2007) Shifting plant phenology
in response to global chang@endsin Ecology & Evolution, 22, 357-365.

Davis, M.A., Grime, J.P. & Thompson, K. (2000) Rlueting resources in plant communities: a general



theory of invasibility Journal of Ecology, 88, 528-534.

DePhamphillis, C. & Neufeld, H.S. (1989) Phenolagyl ecophysiology ohesculus sylvatica, a vernal
understory treeCanadian Journal of Botany, 67, 2161-2167.

Drake, J.M., Drury, K.L.S., Lodge, D.M., Blukacz,,Aan, N.D. & Dwyer, G. (2006) Demographic
stochasticity, environmental variability , and wirngs of invasion risk foBythotrephes longimanus

in North AmericaBiological Invasions, 8, 843—861.

Dreiss, L.M. & Volin, J.C. (2013) Influence of lephenology and site nitrogen on invasive species
establishment in temperate deciduous forest uraterstForest Ecology and Management, 296, 1—
8.

Elton, C.S. (1958The ecology of invasions by plants and animals. Methuen, London.

Fargione, J. & Tilman, D. (2005) Niche differenéephenology and rooting depth promote coexistence
with a dominant €bunchgrasecologia, 143 598-606.

Feng, Y., Wang, J. & Sang, W. (2007) Biomass atiooamorphology and photosynthesis of invasive

and noninvasive exotic species grown at four iaadé levelsActa Oecologica, 31, 40—-47.

Fitter, A. & Fitter, R. (2002) Rapid changes invflering times in British plants&cience, 296, 1689—
1691.

Forrest, J. & Miller-rushing, A.J. (2010) Towargnthetic understanding of the role of phenology in
ecology and evolutiorPhilosophical Transactions of the Royal Society B: Biological Sciences, 365,
3101-3112.

Fridley, J.D. (2012) Extended leaf phenology arelabtumn niche in deciduous forest invasidiaure,
485, 359-364.

Gilbert, B. & Lechowicz, M.J. (2005) Invasibilitynd abiotic gradients: the positive correlation esgw
native and exotic plant diversiticology, 86, 1848—1855.

Gill, D.S., Amthor, J. s & Bormann, F.H. (1998) fedenology, photosynthesis, and the persistence of
saplings and shrubs in a mature northern hardwoi@st. Tree Physiology, 18, 281-289.

Givnish, T.J. (1992) Determinants of shade toleeandemperate forest trees, with implications for
trends in forest structure and diversBylletin of the Ecological Society of America, 73, 186—187.

Grime, J.P. (2006lant Strategies, Vegetation Processes, and Ecosystem Properties. John Wiley &

Sons.



Harrington, R.A., Brown, B.J. & Reich, P.B. (1983ophysiology of exotic and native shrubs in
southern Wisconsin. I. Relationship of leaf chaggstics, resource availability, and phenology to

seasonal patterns of carbon g#decologia, 80, 356—-367.

Hulme, P.E. & Bremner, E.T. (2006) Assessing thpaat ofl mpatiens glandulifera on riparian habitats:

partitioning diversity components followingournal of Animal Ecology, 43, 43-50.

Hunter, J.C. & Mattice, J.A. (2002) The spread obay exotics into the forests of a northeastern
landscape, 1938-199%he Journal of the Torrey Botanical Society, 129 220-227.

Hunter, M.D. (1990) Differential susceptibility t@riable plant phenology and its role in competitio

between two insect herbivores on oBkological Entomology, 15, 401-408.

Kato, S. & Komiyama, A. (2002) Spatial and seastedrogeneity in understory light conditions cause
by differential leaf flushing of deciduous overstorees Ecological Research, 17, 687-693.

van Kleunen, M., Weber, E. & Fischer, M. (2010) A&taranalysis of trait differences between invasive

and non-invasive plant specié&sology Letters, 13, 235-245.

Kudo, G., Ida, T.Y., Tani, T., Kudo, G., Ida, T.¥.Tani, T. (2008) Linkages between phenology ,
pollination, photosynthesis, and reproduction inidgous forest understory planicology, 89,
321-331.

Leishman, M.R., Haslehurst, T., Ares, A. & Barugh(2007) Leaf trait relationships of native and
invasive plants: community-and global-scale congmans.New Phytologist, 176, 635—643.

Leishman, M.R. & Thomson, V.P. (2005) Experimertéatence for the effects of additional water,
nutrients and physical disturbance on invasivetplanlow fertility Hawkesbury Sandstone soils,

Sydney, AustraliaJournal of Ecology, 93, 38—49.

Lopez, O.R., Farris-Lopez, K., Montgomery, R.A. &ish, T.J. (2008) Leaf phenology in relation to
canopy closure in southern Appalachian tréeserican Journal of Botany, 95, 1395-1407.

Mack, R.N., Simberloff, D., Lonsdale, M.W., Evahs, Clout, M. & Bazzaz, F.A. (2000) Biotic
invasions: causes, epidemiology, global consequsiacel controlEcological Applications, 10,
689-710.

Pattison, R.R., Goldstein, G. & Ares, A. (1998) Gtio, biomass allocation and photosynthesis of

invasive and native Hawaiian rainforest spedi#sologia, 117, 449-4509.

Reich, P.B. (1995) Phenology of tropical foresegtgrns, causes, and consequerCasadian Journal



of Botany, 174, 164-174.

Richards, C.L., Bossdorf, O., Muth, N.Z., Gurevijtdh& Pigliucci, M. (2006) Jack of all trades, r&as
of some? On the role of phenotypic plasticity iarglinvasionsiEcology Letters, 9, 981-993.

Richardson, A.D. & O’Keefe, J. (2009) Phenologididlerences between understory and overstory: a
case study using the long-term Harvard Forest dscBhenology of Ecosystem Processes (ed A.
Noormets), pp. 87-117. Springer, Berlin.

Schierenbeck, K.A. (199Zompar ative ecological and genetic studies between a native (Lonicera
sempervirens L.) and an introduced congener (L. japonica Thunb.). PhD Thesis, Washington State

University.

Schutzenhofer, M.R., Valone, T.J. & Knight, T.MO(@®) Herbivory and population dynamics of invasive
and native_espedeza. Oecologia, 161, 57—66.

Seiwa, K. (1998) Advantages of early germinatiangimwth and survival of seedlings Afer mono
under different overstorey phenologies in decidumasid-leaved forestdournal of Ecology, 86,
219-228.

Seiwa, K. (1999) Changes in leaf phenology are niéget on tree height iicer mono, a deciduous
broad-leaved treénnals of Botany, 83, 355—-361.

Sherry, R.A., Zhou, X., Gu, S., Arnone, J.A., Sablind.S., Verburg, P.S., Wallace, L.L. & Luo, Y.
(2007) Divergence of reproductive phenology undienate warmingProceedings of the National
Academy of Sciences of the United States of America, 104, 198-202.

Volis, S. (2007) Correlated patterns of variatinrphenology and seed production in populationsvof t

annual grasses along an aridity gradieésalutionary Ecology, 21, 381-393.

Williams, K., Field, C.B. & Mooney, H.A. (1989) Ralonships among leaf construction cost, leaf
longevity, and light environment in rain-forest i of the genuBiper. The American Naturalist,
133 198-211.

Wolkovich, E. & Cleland, E. (2011) Phenology of mignvasions: a community ecology perspective.

Frontiers in Ecology and the Environment, 9, 287-294.

Xu, C.-Y., Griyn, K.L. & Schuster, W.S.F. (2007)dfgphenology and seasonal variation of
photosynthesis of invasi\igerberis thunbergii (Japanese barberry) and two co-occurring native
understory shrubs in a northeastern United Statesldous foresOecologia, 154, 11-21.



Zotz, G., Franke, M. & Woitke, M. (2000) Leaf phérgy and seasonal carbon gain in the invasive plant
Bunias orientalis L. Plant Biology, 2, 653—658.



CHAPTER ONE

INFLUENCES OF OVERSTORY PHENOLOGY AND UNDERSTORY NI CHE
BREADTH ON GROWTH OF INVASIVE AND NATIVE SPECIES IN TEMPERATE
DECIDUOUS FOREST UNDERSTORIES

10



ABSTRACT

When competing with native species (NS) in deciduouest understories, invasive exotic
species (IES) may benefit from extended leaf lifesghrough earlier leaf flush or delayed autumnal
abscission. However, the potential advantage @&reldd leaf activity is mediated by overstory specie
composition, which determines understory light lality through canopy phenology and transmittance
I examined how community-level interactions in ganphenology and understory leaf lifespans affect
relative growth (RG) of IES and NS seedlings. Commardens containing four IES and four NS were
replicated under each of three canopy types - sugate Acer saccharum), red oak Quercus rubra),
and white ashHraxinus americana). Seasonal light availability was greatest undeitevash canopies
due to higher transmittance, later spring phenaghamnd shorter leaf lifespans. In the underst&Sy,
leaves generally flushed earlier and abscised fhser did NS leaves, resulting in greater accesgho
during the growing season. As a result, IES, a®apg exhibited greater RG than did NS under all
canopy types, but more so under white ash canddiest of the variation in IES and NS RG was
explained by variation in light availability, driméby dates of canopy flush, abscission, and tratenae.
These findings support the hypothesis that longgfrlifespans afford IES a growth advantage over NS
under deciduous canopies allowing greater accdgghto As such, community-level phenological exeent
are critical for mediating understory light availé and IES growth success in temperate forest

understories.

ABBREVIATIONS

IES — Invasive Exotic Species;

NS — Native Species;

PAR — Photosynthetically Active Radiation;
RG — Relative Growth
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INTRODUCTION

Invasive exotic plant species (IES) pose a settiogsat to forest ecosystem structure and function
worldwide, but the causes for success in introd@sedronments are often unclear. In temperate
deciduous forests of eastern North America, thitybif IES to colonize understories is notableegiv
intense competition for light and other resourédthough often referred to as highly resistantrigeision
due to the deep shade cast during the growing séBsmm 1989), interior forest understories are not
without IES (Canhamat al. 1990; Martin & Marks 2006; Dreiss & Volin 2013; bierling & Fridley
2013). In these ecosystems, the common tenden&&ato rapidly colonize and dominate forest
understories has been attributed to myriad fageogs Martin, Canham & Marks 2009; Funk 2013). One
of several widely cited mechanisms facilitatingasion is an extended duration of annual photostiothe
activity in invasive foliage, due to early leafdluin the spring or delayed autumnal abscissean,
Harrington, Brown & Reich 1989; Xu, Griyn & Schusg007; Fridley 2012). Extended leaf lifespan
commonly occurs in temperate forest seedlings (&4®88), saplings (Gill, Amthor & Bormann 1998;
Seiwa 1999), understory trees (DePhamphillis & MELL989), and shrubs (Gill, Amthor & Bormann
1998), and is particularly beneficial to understspgcies if it results in photosynthetic activitiiem the
canopy is leafless. Given favorable conditionsplootosynthesise(g., air and soil temperatures 2G),
pre- and post-canopy periods of high light exposume low competition may result in a significant
amount of carbon gain for growth and survival iaViyy shaded understories (Gill, Amthor & Bormann
1998; Daviset al. 2000; Augspurger 2008). Consequently, extendddifeapans allow IES to exploit
resources over an extended period of tiime, proader temporal niche; Richargsal. 2006) and when
they are not being used by resident species {acant niche; Mackt al. 2000; Wolkovich & Cleland
2011).

Importantly, however, the breadth of that niche,ahds, the potential advantage in carbon gain
of IES over NS in interior forest understoriesmediated by overstory canopy transmittance and

phenology. Light is one of the most limiting resoes for understory growth, and is a function ohbot
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transmission (quantity and quality) and season§iitying of availability;e.g., Anderson 1964). The
importance of greater light transmission for thecass of understory plants, and for IES in paricus
well documented (Pattisat al. 1998; Yamashitat al. 2000; Sanford, Harrington & Fownes 2003;
Gurevitchet al. 2008; Knightet al. 2009; Schulte, Mottl & Palik 2011). However, lés&nown
regarding overstory phenological influences ongraiged light availability and their potential rafelES
success (Fridley 2012; Dreiss & Volin 2013). Inideous forests of the northeastern United States, t
period of deep shade during the growing seasofigstdy high light transmittance prior to canopy
closure in the spring and after canopy abscissidha fall. Extension of a temporal niche into @ed
post-canopy periods through early leaf flush oagedl abscission is critical for understory plaots t
access and assimilate light; the greater the exiein$ a temporal niche during favorable environtaén
conditions, the more carbon gained (Gill, AmthoB&mann 1998; Daviet al. 2000; Augspurger 2008).
In interior forest communities, however, light dahility may be driven by phenological interactions
among strata (Baldocchi al. 1984; Kawamurat al. 2001). Although the growth benefits of longer leaf
lifespans in the understory are clear, they maselsive: leaves that flush weeks earlier undettex|
leafing canopy might only flush days earlier whewler a canopy with early spring leaf phenophases.
Both transmittance and phenology differ considgralnhong deciduous tree species. For
example, transmittance during the growing seasiberdd from 2.6 — 7.8% of full sunlight among
common overstory constituents of deciduous bro&ddeasts in eastern North America, such as sugar
maple, red oak, white ash, black locust, and quplispen (Dreiss & Volin 2013). In temperate forests
daily carbon gain by understory plants is correlatéth total daily light availability, which is gegest
during pre-and post-canopy periods due to the decisl nature of the overstory (Kuppers 1984;
Ellsworth & Reich 1993). Alteration of understorlggnology to match these periods of high light
availability results in maximum carbon gain (lIwd&&ohen 1989; Kikuzawa 1991). However, overstory
phenology also differs by species with spring faagh in sugar mapleACer saccharum) typically
occurring 1-3 weeks earlier than in red o@kiércus rubra) or white ashKraxinus americana; Salisbury
1916; Lechowicz 1984; Dreiss & Volin 2013). Moreovile latter species has a relatively short leaf
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lifespan; in the fall, its canopy usually absciaeabout the same time as that of sugar mapleyamal

four weeks before red oak. Connecticut forests witbrstories dominated by canopies allowing higher
light transmittance and later spring leaf phenophdmd the greatest abundance and coverage of
understory IES (Dreiss & Volin 2013). These findiraign with the general theory that the risk of

invasion rises with increasing quantities of unussiburces (Daviat al. 2000). Notably, phenology was
more important than transmittance in determinirgdtiferences in IES and NS abundance across canopy
types. Although Dreiss & Volin (2013) suggested tanopy phenology may facilitate plant invasiod an
establishment, continued plant success in tempéoadst understories is dependent on sufficienttpla
growth through carbon assimilation.

My objective was to examine how community-leveenaictions in overstory phenology and
understory leaf lifespans affect variation in rielatgrowth (RG) of IES and NS seedlings in deciduou
forest understories. | used replicated common gerdeder each of three canopy cover types sugar
maple, white ash, and red oak) to investigate tleets of canopy phenology, seasonality, and aasedti
environmental conditions.é., light availability) on growth of IES and NS in thederstory. The
common garden design afforded the opportunitysbrteechanisms related to concepts regarding
ecosystem susceptibility to species invasions;iipaky, the fluctuating resource availability hgthesis
(Daviset al. 2000), and the hypothesized importance of phendlognediating temporal niche breadth
(e.g., Wolkovich & Cleland 2011). Since IES are oftenatbfor earlier spring leaf flush and delayed
abscission, my first hypothesis was that IES, ogtwpa broader temporal niche, would exhibit greate
annual growth than that of NS in the understoryrédwer, because light is generally the greatestitig
resource for growth in temperate forest undersiddeg., Finzi & Canham 2000; Zhareg al. 2009), my
second hypothesis was that the growth advantatieSoivould be most pronounced under canopies that
allow greater understory light availability throubigher transmittance, late spring phenophases, and
short durations of leafy canopies. Finally, mydhwypothesis was that contrasts between IES and NS
under the three canopy types would remain congistithin and across plant functional groups of
understory species.
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METHODS

Sudy Stes

All sites were on tracts in the University of Contieut Forest (41.8IN, 72.2%W,; Fig. 1).
Approximately 82 tree and shrub species are présébdnnecticut, the most abundant canopy species
areAcer rubrum, Acer saccharum, Fagus grandifolia, Quercus alba, andQuercusrubra (Wharton et al.
2004). In this region, the annual mean temperasu889 C with mean January and July temperature
being -3.8 C and 21.3C, respectively. The annual mean snowfall is 1@2and the total annual mean
precipitation is 116.8 cm (NOAA 2010). | establidharee sites under each of three dominant canopy
types:A. saccharum (sugar maple)Q. rubra (red oak) (n = 3), anBraxinus americana (white ash) (n =
3). Together, the three canopy species represamige in phenological traits and light transmit&anc
(Dreiss & Volin 2013). To be considered one of $pecified canopy cover types, percent canopy cover
of the target species needed to exceed 70% ofdwetastory cover. Sites were even-aged forestsggrea
than 75 years old (as determined from aerial phafgg between 1934 and 2010 from the University of

Connecticut Map and Geographic Information Ceritgp://magic.lib.uconn.edy/

Common Gardens

Common gardens containing seedlings of four IESfandNS were constructed under each of
the nine sites. Gardens consisted of 4 x 4 m feroetbsures in which 0.33 m of topsoil was excavate
and replaced with a common experimental soil (®llime mixture of sand and soil extracted and mixed
from all forest sites). The eight understory speeiere chosen because they are common to the region
and because they represent three functional gretipsb, subshrub, and vine, as defined by the USDA

Plant databasén{tp://plants.usda.gov/growth habits def.Dtnthe four IES included two shrubs,

Euonymus alatus (burning bush) anBerberisthunbergii (Japanese barberry), a subshfedsa multiflora
(multiflora rose), and a vin&elastrus orbiculatus (oriental bittersweet). Similarly, four commonlg-c

occurring NS included two shrulisalmia latifolia (mountain laurel) antindera benzoin (spicebush), a
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subshrubRubus allegheniensis (blackberry), and a vin€arthenocissus quinquefolia (Virginia creeper).
Between twenty and thirty-five individuals of eagjpecies were transplanted into each site. Indilgdua
were collected from the field during the summeR013, transplanted in a stratified random mann#ér wi
regards to canopy type and site, and labeled in gaden matrix (1,665 plants total). Initial plaites
ranged from 0.02 — 0.48 g. Over the course of tingdys all gardens were watered as needed to maintai
field capacity and fertilized with a 15:9:12 sloelagase fertilizer (The Scotts Company, Marysvilé{,

USA) on a bi-monthly basis during the growing seaso

Garden Characteristics

Critical phenophases in overstory and understoggtagion were tracked for every species with
monitoring every other day in all gardens as descrby Dreiss & Volin (2013). This included datés o
initial and full leaf flush in spring, leaf coloand leaf abscission in fall. Chlorophyll loss wasasured
weekly from August to January in 2014 and 2015@sirSPAD chlorophyll meter (Konica-Minolta
Laboratory USA, San Mateo, CA, USA). Garden envinents were characterized through monitoring of
understory photosynthetically active radiation (BARd air temperature at 10-minute intervals using
fixed-positionHobo H21-002 sensors and dataloggers (Onset, Inc., CageMA, USA) positioned at

understory plant crown height.

Growth Measurements

Comparisons of annual relative growth (RG) amortg #ad NS seedlings under the various
canopy types were based on a combination of déisteutarvests and nondestructive measurements to
estimate plant biomasgd, height and diametesensu Kaelkeet al. 2001). At the beginning of the
growing season in 2014 and 2015, two leafless iddals per species were harvested in each garddn, a
all harvested as well as non-harvested plants megesured for stem basal diamet@y 2 cm above the

soil surface) and total heightl(from ground line to the base of the terminal bin)ndestructive
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measurements were taken again at the end of thedtOtving season and at the beginning and endeof th

2015 growing season.

Roots and shoots of harvested plants were sefdagatd roots were rinsed free of soil. Plant
tissues were oven-dried at 70° C to a constant arassveighed. For each species separately, regnessi
equations were developed based on allometric measmts (R= 0.62 - 0.88, Table S1), using data
from both years, in which the total dry mass ofveated plants was regressed against a stem volume
index O?H, cn?) sensu Kaelkeet al. (2001). Harvest data were coupled with allomegstimates of
initial mass for individual seedlings in a part&ulear to calculate annual RG as:

RG = [In(final mass) in(initial mass)]

Data Analysis

Prior to hypothesis testing, a regression analyais conducted to examine the influence of the
natural log of initial plant mass on RG (McConnaaglg Coleman 1999; Volin, Kruger & Lindroth
2002; Kruger & Volin 2006; Sott al. 2015). Regression analysis indicated a negatlatioaship
between RG and the natural log of initial plant snd®G = -0.58*In(initial mass) — 0.64, P < 0.00t fo
data pooled across all species and sites). Morgthare was no significant variation in the slopéhis
relationship across species and sites (P = 0.32¢nGhe relationship, predicted values of RG and
residuals (observed — predicted) were calculateddoh seedling. RG was then adjusted based on the
average initial mass of all seedlings and indivicdedling residuals. Relationships between RG and

other variables were analyzed using adjusted RGegal

Statistical analyses were performed using JMPOsaBd SAS v. 9.3 (The SAS Institute). The
total amount of potentially utilizable light avdile to each seedling was calculated based orsit$liesh
date, abscission date, and cumulative understofy &ing that time. Dates of observed understody an
overstory phenophase were also used to calcutateath seedling, leaf lifespan and extension of

temporal niche (in days) into pre- and post-canmgyods. The latter two were calculated as canbyshf
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date minus seedling flush date and seedling alisgidate minus canopy abscission date, respectively
To compare canopies with respect to total lightlaldity during the growing season, understory PAR
was summed for days when temperatures were fawfabphotosynthesis. The total number of days for
this calculation was the same for every canopy,tgpdhere were no significant differences in usiey

air temperatures among canopy types (Fig. S1).

To determine differences in leaf lifespan amongiigse(n = 24), IES and NS groups (n = 6), and
functional groups (n = 9), foliar phenophases veampared across canopy types and years using mixed-
effects, two-way ANOVAs. Statistically, values agsoyears did not differ significantly and therefare
average across both years is reported in the sefudtoss species, treatment main effects and
interactions were tested using analysis of varideckeniques appropriate for a 3x8 factorial splitp
completely randomized design. Tukey-Kramer test®wsed to determine pairwise mean differences in
environmental characteristics across canopy types3). Within species and functional groups,
treatments were tested using a randomized completi-design. Similarly, to test for differences in
growth response, RG was compared among speciesn@&SIS groups, and functional groups using
ANOVAs. Relationships between plant growth and &ayironmental factors, such as total season

understory PAR, were also examined with polynomegtession.

To gain a better understanding of the plant atteéiband environmental factors driving
differences in RG, partial correlations and patealst squares regression analyses were condittese
determined variables useful for modeling RG respsietween IES and NS groups. Predictor variables
included total seasonal light, extra spring antdays, dates of canopy phenophases (eaf flush and
abscission), and dates of understory phenophase®dbreak, leaf flush, autumn color, and
abscission). Models explaining RG of each spegiesled IES and NS groups, and pooled functional
groups were analyzed. A principal components ama(f&CA) with varimax rotation provided analysis of
the positions of IES and NS seedlings along intieewironmental gradients using phenological

components of niche breadsnsu Dreiss & Volin (2013). These included extra spramgl fall days, total
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season light, leaf lifespan, and RG. The identityt aumber of principal components representing the

data were those that resulted in the maximum thauatrof data variability explained by the ordinatio

RESULTS

Garden Environments

For both 2014 and 2015, spring and autumn phenephaanopy light transmittance, and total
light availability were significantly different amg canopy types (Fig. 2). Sugar maple canopies there
first to flush leaves in the spring, followed bylreak and white ash canopies{E 53.7, P < 0.001). In
the fall, red oak canopies abscised 26-35 daystla&® did sugar maple and white ash canopigs &
42.9, P < 0.001). Across the entire growing seastiite ash understories had access to significantly
more PAR (2,229 + 57 mol #) than did understories of red oak (1,926 + 54 m@), each of which was
significantly greater than in sugar maple undeis$of1,593 + 61 mol iy F,s = 30.6, P < 0.001). For
white ash, this was in part due to higher transmdaé when canopies where fully flushed, with 3.9 +
0.5% of full sunlight reaching the understory dgrmidday, which was significantly higher than thmat
red oak (2.6 + 0.3%) and sugar maple (2.1 + 0.28ppies, and allowed for more total seasonal light
the understory when canopies were flushed §25.8, P = 0.001). Air temperature did not sigafitly

differ across canopy types at any point in the gngveeason (Fig. S1).

Under story Phenology

In general, understory vegetation flushed eartiantthe corresponding overstory (Fig. 2, Table
1). The exceptions were three of the four NS grgwinder sugar maple canopies (Fig. 2). Leaf flash f
some IESi(e., Berberis thunbergii, Euonymus alatus, andRosa multiflora) and the NS subshrubg,,
Rubus alleghiensis) was, on average, two weeks earlier than canadyfllesh. Understory vegetation also
abscised significantly later than canopies of wagh and sugar maple (P < 0.001 for each), butedot
oak (P = 0.83) (Fig. 2, Table 1). In some case®istdry seedlings did not drop their leaves untiten

than five weeks after canopy abscission.

19



In general, regardless of canopy type, leaves 8fdéedlings flushed earlier, abscised later, and
began losing chlorophyll later than NS seedlings (P001 for each, Figs. S2 & S3). As such, IES
foliage was photosynthetically active for morelud pre- and post-canopy periods and exhibited
significantly greater temporal niche breadth th&hfbliage (t162= 16.5, P < 0.001). This resulted in IES
seedlings having the potential to utilize substdiytmore light over the growing season underlakée
canopy types (fz= 237.9, P <0.001, Table 1).

Principal components analysis of phenological nicdrgation produced three significant axes.
Principal component 1, which explained 56% of thBance, scaled positively with the total amount of
potentially utilizable light and leaf lifespan, repenting a gradient from more to less utilizalghtl
available (Fig. 3). Component 2 accounted for 18%h@ variance in environmental data, and scaled
positively with the number of days the niche exezhthto post-canopy periods. Component 3
represented extension into pre-canopy periods &\daRd explained 17% of the variance. The IES-NS
dichotomy strongly followed the indirect environnngradient represented by all three principal
components: seedlings that had access to moreslighé higher RG, due to greater extension inte pre
and post-canopies, were mostly IES.

Subshrubs flushed, on average, 8-11 days earlicabscised 6-13 days later than did shruhs (t
=-3.91 and 3.43, respectively, P < 0.001 for eaahil respective phenophases of which the lattez we
7-10 days earlier and 5-10 days later than vines=(t10.7 and 7.33 respectively, P < 0.001 for each)
(Table 1). Vine species flushed last and begarreplyll loss and abscission first, resulting in
significantly shorter niche breadth,(i= 24.2, P < 0.001) and less access to total sdagurfF 1= 29.5,

P < 0.001) (Fig. S3).

Relative Growth

Across all canopy types, the average annual R&®f &s a group, was significantly higher than
that of NS (t163= 8.33, P <0.001; Table 2, Fig. 4). Across funaiogroups and canopies, subshrub RG
exceeded vine RG (= 10.7, P < 0.001), which, in turn, was greatentslarub RG (k.= 16.7, P
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<0.001). However, when comparing functional growfilin canopies, there was no significant
difference in RG between subshrubs and vines udgar maple and red oak canopies, although in all
cases subshrubs and vines grew faster than shrabke(2). Within each functional group, annual RG o
IES was greater than the corresponding NS for shanbl vines, except for shrubs growing in the
relatively deep shade created by the sugar maplepeas (Fig. 4). In contrast, IES and NS subshrubs
were not significantly different except under thghter light environment afforded by the white ash

canopies, where the IES subshrub had a significgnlater RG than the NS subshrub (Fig. 4).

Annual growth for each species was positively dateel with the total amount of utilizable light
(R =0.38 — 0.70 depending on the species, P <LGd@Cach). Across canopy types, relationships
between RG and light availability were quadratiig(5). Regression lines were significantly stedper
NS growth under white ash compared to sugar m&ple=(0.04) and for IES growth under white ash
compared to sugar maple,{B 0.03) and red oak {= 0.01) canopies (Fig. 5). After total light, extr
post-canopy days, the date of canopy abscissiahthendate of canopy flush explained the most gnowt
variation in IES, though these relationships vaviéth canopy type (Table 3). Similarly, total light
available explained the most variation in NS RApfeed by canopy dates of full flush and abscission
Overall, models were able to explain a greater arhofivariation in IES growth (R= 0.26 — 0.52) than
NS growth (R = 0.25 — 0.30), with the highest amount of growdhiation for both groups explained
under white ash canopies (Table 3). Species-spenddels varied slightly and explained 34 — 67% of
the variation in annual RG (Table S2). Among fumtil groups, annual growth variation of subshrubs

was explained the least (shrub-R0.58; vine R= 0.69; subshrub®= 0.34, Table S3).

DISCUSSION
| analyzed the responses of IES and NS growth denstory light availability mediated by
phenological interactions between overstory andetsidry vegetation. The results supported my first

hypothesis that IES exhibiting greater temporahaibreadth achieve greater RG than do NS.
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Furthermore, in support of my second hypothesis,difference was greatest under white ash canppies
which allowed for higher light availability.¢., greater light transmission, later spring phenopsaand
shorter leaf lifespans). This is the first studyrtoorporate a) direct measures of biomass prooludtie.,
destructive harvests) and b) overstory phenologniassessment of extended leaf lifespan as a
mechanism for IES growth advantage over NS in teaipeleciduous forest understories. In doing so, |
emphasized the significance of canopy phenologitatture and understory leaf lifespans in IES l48d
growth differences. As such, inclusion of infornoatregarding canopy compaosition may result in a

greater understanding of invasion success in ortésrest communities.

Light availability is a dynamic property of foragtderstories (Perkins, Johnson & Nowak 2011),
as is evidenced by the differential canopy phenobogl transmission among overstory canopies. Across
the growing season, white ash understories recéngedreatest amount of light, due to higher light
transmission when canopy leaves were present #ativedy shorter leaf lifespans.€., later spring and
earlier fall phenophases). The positive effectsigher light transmission on plant growth and
development are well documented, with plants oftembiting greater photosynthetic capacity, RG, and
biomass production with increasing light availdbi(Pattisoret al. 1998; Baruch, Pattison & Goldstein
2000; Meekins & McCarthy 2000; Athanasietal. 2010). Seasonal dynamics of light as a result of
different plant phenologies, however, are lessistudVindows of opportunity for access to high tigh
during pre-canopy leaf flush and post-canopy abgmsalso differ among canopy species and may be
exploited by understory species through severahmesluding extended temporal niche breadth,
(Richardset al. 2006; Wolkovich & Cleland 2011), and occupyingvacant niche” to utilize resources
not being used by resident species (Elton 1958 kM\gal. 2000). In this study, IES leaf lifespan was
extended through earlier spring phenophaisestjudbreak; Xu, Griyn & Schuster 2007; Mceweral.
2009, and leaf flush; Harrington, Brown & Reich 99@&nd delayed autumnal abscission (Harrington,
Brown & Reich 1989; Zotet al. 2000; Fridley 2012), resulting in a broader tenapaiche for carbon

acquisition (Uemura 1994) and access to vacanesighspring and autumn. All IES flushed leaves
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earlier than the three canopy species, therebyrgpatcess to unused resources; a fundamentalggemi
of many hypotheses characterizing IES success lantlgpmmunity susceptibility (Elton 1958;
Harrington, Brown & Reich 1989; Davés al. 2000; Macket al. 2000; Shea & Chesson 2002; Wolkovich
& Cleland 2011). However, because of delayed leahfrelative to IES, NS were generally not able to
take advantage of shorter windows of high lightilabélity under sugar maple canopies. Almost alfIE
and NS species extended leaf lifespan beyond fivathite ash and sugar maple, but not red oak casopi
However, annual RG was still significantly greaieder red oak than sugar maple canopies, suggesting
that the later spring flush and higher light traission in red oak canopies provided a greater dppity
for understory species to gain carbon than thenamtwwrindow of high light available to those growing
under sugar maple. Across canopies, white ash hwdrmvided larger windows of high light availakylit
in both spring and autumn as well as greater catrapgmittance when the canopy was fully flushed
compared to either sugar maple or red oak, resintgceater carbon gain for all understory species.
IES exhibited greater RG than did NS regardlessanbpy type or understory seasonal light
availability. This is consistent with shade houseles that have found RG to increase with higiugt |
availability regardless of species or growth foRReichet al. 1998; Toledo-Aceves & Swaine 2008).
Plant growth and carbon gain is the result of aldoation of many physiological, morphological, and
biochemical growth determinants (Blackman 1919; hara & Poorter 1992; Kruger & Volin 2006).
Consequently, IES success may be attributed tala wdriety or combination of traits. Previous stgdi
have investigated these traits in attempts to ifjeplant invasiveness (Daehler 2003; PySek and
Richardson 2008; PySekal. 2009; Soti & Volin 2010; Voliret al. 2010) and environmental impact
(Ehrenfeld 2010; PySedt al. 2012). Although all indicate that no single tratitgroup of traits completely
explain IES success, IES are often noted for hakigher values than NS with respect to traits dased
with high performance (Van Kleun&nal. 2010). Moreover, these differences are speciesifgpand
depend on environmental factors (PySek et al. 188frt, Bone & Holzapfel 2000; Daehler 2003;
PySek and Richardson 2008; Teetal. 2010). Relative growth rates, in particular, asedias a
performance indicator, as higher RG is relatedtt@$s and often contributes to a successful cdtivaet
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strategy: plants are able to establish faster atcbmpete neighbors for resources (Leicht & Silande
2006; Zhenget al. 2009; Matzek 2011). For seedlings, a small stedistlifference in RG can have
profound fitness implications in the early periddestablishment and development (Walters & Reich
2000). Previous studies have noted higher RG inciii8pared to NS regardless of irradiance levels
(Pattisoret al. 1998; Zhengt al. 2009, 2012) and under higher-resource conditiboscglla, Wood &
Dillon 1986; Burns 2004, 2006; Wilson, Wilson & Albo 2004; Garcia-Serrambal. 2005; Gurevitclet
al. 2008). However, while IES have commonly been stidh resource-rich environments, such as
disturbed areas or edge habitats, invasion intd-liguited interior forests is also relatively coram
(Canhanet al. 1990; Martin & Marks 2006; Funk & Vitousek 200Therefore, the notion that IES,
which are often characterized as fast-growing,usssdemanding species, are less likely to parsist

low-resource habitats has been challenged in rgeams (see Funk 2013 review).

In resource poor environments, longer leaf lifespamd more efficient use of resources may be
more successful strategies than fast growth (FuMit8usek 2007; Costet al. 2011; Matzek 2011;
Heberling & Fridley 2013, 2016). Leaf lifespansnegent a balance between construction and
maintenance costs of a leaf across its lifetimethadime required to compensate for those cosbsigjn
carbon gain (Chabot & Hicks 1982). Under shadedlitimms, leaf lifespan increases as retaining Isave
for longer time periods maximizes photosynthetimger unit of resource invested in leaf constonct
(Givnish 1988; Poortest al. 2006). As such, longer leaf lifespans are geneeal$ociated with resource
conservation, large investments in non-photosyittheaf structures, and slower plant growth, pasdigt
resulting in lower RG, but higher resource usecficies. Funk & Vitousek (2007) found evidence of
greater light-use efficiency in IES, suggesting tiSperform NS in shaded environments. However, the
significance of resource conservation to IES susoesy be magnified when integrating instantaneous
measures of resource-use efficiency over leafddes characteristic of the temperate deciduousespec
used in this study (Heberling and Fridley 2013)is®tudy focused on traits related to carbon gain,

including phenological traits and RG, all of whiate related to IES performance (Harrington, Brown &
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Reich 1989; Pattisoet al. 1998; Smith & Knapp 2001a; Gandiagial. 2009; Volinet al. 2010). IES
may benefit from traits attributed to successfuhpetition in both high- and low-resource environtsen
as they overall had greater RG and longer leapéas.

With the exception of subshrubs growing under sugaple and red oak canopies, my third
hypothesis, that trends between IES and NS unddhtke canopy types will remain consistent within
and across plant functional groups, was suppoRedvines and shrubs, IES exhibited greater leaf
lifespans than did NS, resulting in greater RG uradlecanopies for vines and under canopies witr la
spring phenophasesd,, red oak and white ash) for shrubs. However, IEENS subshrubs showed no
significant differences in growth except under wlash canopies. Although specific data on leaf
lifespans for functional groups is limited, prevéostudies note greater RG in IES over NS for boths/
(Leicht-Young, Silander & Latimer 2007; Fridley Z)Jand shrubs (Fogarty & Facelli 1999; Grotkopp &
Rejmanek 2007; Zou, Rogers & Siemann 2007; Guredtal. 2008; te Beest, Esler & Richardson
2015). In my study, subshrubs were representechbyEBS and one NS, both within the Rosaceae family.
These two species did not differ in leaf lifespaiR®, similar to a previous comparison of an IE8 an
NS in the Rosaceae family (Gurevitetrel. 2008). However, IES advantages over NS may basifted
with relative increases in resource availabilityaébler 2003), as was exemplified in my study by a
greater RG in IES than NS subshrub under the hiligtgrconditions afforded by the white ash canopy.
Data from Heberling & Fridley (2013) (calculatedr their supplementary information) also suppoet th
connection between differences in leaf lifespan aodsequently, growth as IES and NS vines fronn the
study did not exhibit a significant difference eaf lifespan or carbon gain, while IES of shrubreve
significantly greater than NS of shrub in termdoth. Similar to this study, these data also shatvat
shrub leaf lifespans were greater than those @syibut carbon gain was not, suggesting another
mechanism in vine success in temperate forest atmteys. One possibility is greater photosynthettes
as these tend to be negatively correlated withliegpan within and across plant functional groups
(Reich, Walters & Ellsworth 1992; Wriglt al. 2004) and positively correlated with higher RGjahhis
often greater in vines than in shrubs (Cornelis€astro Diez & Hunt 1996). Although data on
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chlorophyll loss suggest that shrubs may be phaotbsyically active later in the autumn comparetht®
situation in vines, further study is needed to deiee the physiological differences in leaf acijvit
between IES and NS, especially under different pgarigpes. A study that includes several specielimit
each functional group would help to elucidate gaesntrinsic differences among functional groups i
regard to IES and NS.

Cumulative access to light across the growing seass most significant in explaining variation
in growth for all understory species. Although poess studies confirm that light transmission ac¢sun
for a significant amount of the variation in underg growth (Pacalat al. 1994; Kobeet al. 1995; Finzi
& Canham 2000), fewer studies recognize the rolghehology in seasonal light capture and availgbili
(Kloeppel & Abrams 1995; Maeno & Hiura 2000). Imststudy, both the number of “extra” spring days
and “extra” fall days were indicative of greater R IES advantage. However, while pre- and post-
canopy conditions provide ample understory ligheése periods may not be equal in their contribstion
annual carbon gain. The potential for phenologiséénsion of photosynthetic activity into pre- qrubt-
canopy periods to enhance carbon gain dependsa@anibunt of irradiance and plant physiological
capacity during these periods. Irradiance in spaimg autumn is not equivalent (Hutchison & Matt 2,97
Gill, Amthor & Bormann 1998), with higher solar e&ion angles in the spring resulting in greatginti
transmission through the overstory (Baldocsttal. 1984; Constabel & Lieffers 1996). Higher light
environments are matched by larger leaf areas ighetchlorophyll activities in the spring although
these may differ among species (Harrington, BrowlReich 1989; Reichkt al. 1992; Gill, Amthor &
Bormann 1998; Koniger, Harris & Kibler 2000; Moreftr Stokes & Morison 2003). Later autumnal
abscission may result in late season respirat@ge®that exceed carbon gains (tead. 2008) or
negative effects on nutrient retranslocation andagfe, and thus on future growth (Killingbeck, May
Nyman 1990; Niinemets & Tamm 2005; Weih 2009). &itmight explain why some studies report no
extension of temporal niche breadth of understpecs after canopy abscission (DePhamphillis &
Neufeld 1989; Gill, Amthor & Bormann 1998; Augspard Bartlett 2003; Augspurger, Cheeseman &
Salk 2005). In contrast, recent work by FridleyX2Psuggests that while post-canopy activity maty no
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be the greatest contributor to annual carbon gfaives disproportionately more common in IES,
providing an advantage over NS in the understorgompanion study to my project explored the reéativ
importance of pre-, during- and post-canopy permmaghotosynthetic capacity and temperature regpons
of IES and NS, and found that IES indeed gaineceroarbon than did NS under canopies that allowed
greater understory light through later spring phdrases, shorter leaf lifespans and higher traresmeit
(see Chapter 3). Thus, the role of community-l@ednology in IES growth advantage in temperate
forest understories is a significant one driverti®yability of IES to take advantage of a greatena
breadth and a vacant niche (Wolkovich & Cleland1)01

My study stresses the importance of canopy-undsgrgteenological interactions in IES growth
and access to light in temperate deciduous forestnstories. IES exhibited longer leaf lifesparattid
NS, allowing for significantly more access to lightring the growing season and, subsequently, great
RG. This advantage was pronounced under canogebdld larger windows of high light availability in
the spring or autumn or greater light transmissiorning periods when canopy leaves were present.
Previous research emphasizes the importance afn@savailability in plant invasions.g., Burke &
Grime 1996; Davigt al. 2000; Leishman, Thomson & Cooke 2010). Howevas, study demonstrates
the importance of systematic differences in oveyspienology to IES growth success in resource-poor
temperate deciduous forest understories. As groesmence suggests that future climate trendsleat
to changes in both temperature and phenology (Byatibl. 1999; Waltheket al. 2002; Menzeét al.
2006), the incorporation of key seasonal factoterdening invasive growth advantage will be
fundamental to understanding the ecology of a cingngorld. My results elucidate the role of complex
community-level predictors such as canopy speaagposition, plant phenology, and environmental site
characteristics in understory growth and IES suedésS exhibit greater niche breadth and RG than do
NS under canopies with higher light transmissiater spring phenophases, and shorter leaf lifespans
This may help land managers to prioritize areasuture management activities. Given the apparent

influence of overstory phenology on IES and theeptial for future climate-driven phenological shjft
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further study should focus on IES and NS growtlpoese to warming under varying phenological

conditions.
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TABLES

Table 1. Average (+ SE) phenological extensiordégs) and total amount of utilizable light (mol
m?) available to four invasive exotic species (IEBJ four native species (NS) grown under three
canopy types during the seasons of 2014 and 20dtta Hays refer to the number of days a
seedling was active prior to canopy leaf flush i(gpr and after canopy abscission (autumn).
Different letters within a row denote significantfeérences among canopy types at P < 0.05. One-
way ANOVAs compare variables across species, |IESNS groups and functional groups within
a canopy type, where site was a random effectANIDVAs are significant at P < 0.001 (***).

Sugar Maple Red Oak White Ash
(Acer saccharum) (Quercusrubra) | (Fraxinusamericana)
Species “Extra” Spring Dayst
Group IES
Shrub Berberis thunbergii 9.3+1.¢% 22.9+1.0 24.9+1.2
Shrub Euonvmus alatus 9.2+0.¢ 23.6+0.¢ 23.4+0.€
Subshrub  Rosa multiflora 10.7+1.® 24.7+1.2 26.5+1.@
Vine Celastrus orbiculatus 0.5+0.7 13.7+0.9 13.6+0.7
NS
Shrub Lindera benzoin -1.4+1.F 11.1+1.2 10.4+1.08
Shrub Kalmia latifolia -0.5+2.3 13.7+2.0 15.9+1.9
Subshrub  Rubus alleghiensis _ 8.0+0.¢ 22.7+1.2 17.4+0.6
Vine Parthenocissus quinquefolia -6.4+1.00 5.6+x1.3 7.4+0.9
IES 6.5+0.50 21.€+0.62 20.5+0.52
NS -0.4+0.6° 13.40.8 11.6:0.72
ANOVA **k% *k%k **k%
IES>NS IES>NS IES>NS
Shrub 6.3+0.5¢k 20.(+0.6¢ 19.5+0.6¢
Subshrub 9.4+0.8¢c 24.81.1a 21.%1.0b
Vine -1.€+0.6k 11.¢+0.9¢ 11.€+0.8¢
ANOVA **k% *k%k **k%
SS>S>V SS>S>V SS=S>V
Species “Extra” Autumn Daystt
Group IES
Shrub Berberis thunbergii 31.1+1.k2 5.6+1.¢® 30.5+1.4
Shrub Euonymus alatus 37.8+1.2 9.7+1.¢ 39.5+1.2
Subshrub  Rosa multiflora 36.9+2.¢ 10.7+3.2 35.1+2.%2
Vine Celastrus orbiculatus 26.91+0.7 -1.8+1.¢ 25.2+0.7
NS
Shrub Lindera benzoin 19.2+1.¢ -10.2+2.8 15.7+1.¢€
Shrub Kalmia latifolia 28.6+2.9 9.3+2.4 30.5+2.6
Subshrub  Rubus alleghiensis 41.3+1.6 12.4+1.8 35.8+1.6
Vine P. quinquefolia 13.1+0.9 -17.6+1.2 9.9+1.09
IES 32.6+0.82 5.7+1.2° 32.€£0.72
NS 23.¢+1.22 -3.1+1.5P 20.6+1.C2
A '\| n\/A *k%k *kk *k%k
IES>NS IES>NS IES>NS
Shrub 31.4+0.9¢ 3.8+1.2k 30.6+0.8¢
Subshruhb 39.1+1.5¢ 11.4£2.0k 35.4+1.4¢
Vine 22.71+1.1¢ -7.C+1.7k 20.5+1.1¢
ANOVA *k%k *kk *k%k
SS>S>V SS>S>V SS>S>V
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Group
Shrub

Shrub
Subshrub
Vine

Shrub
Shrub
Subshrub
Vine

IES

NS
ANOVA

Shrub
Subshrub
Vine
ANOVA

Species
IES
Berberis thunbergii

Euonvmus alatus
Rosa multiflora
Celastrus orbiculatus

NS

Lindera benzoin
Kalmia latifolia
Rubus alleghiensis
P. quinquefolia

Total Available Light (mol m-?)
101329

1288+17P
129843
994+17F

8372t
1047+5¢
1114+2F
694122

1177#13
93319

*k*k

IES>NS

1152+17¢
1284+28t
894+22¢

*k*k

SS>S>V

1196+26

129742
1332+3%t
088+1&

905+32
1066+672
1277+27¢
761+3G*

1196:15°
981+212

*kk

IES>NS

1173+14¢
128&+24k
931+18¢

*%k%k

SS>S>V

1261+35

1417+1€
1486+28
1209+25

918427
1115+57%
1281+3&

792423

132318
99242

*kk

IES>NS

1172+18¢
134(+30¢
92&+26¢

*k*k

SS>S>V

tCalculated as [Julian Date Canopy Flush] — [Jubate Seedling Flush]
t1 Calculated as the [Julian Date Seedling Absmigst [Julian Date Canopy Abscission]

39




ov

Table 2. Average (+ SE) relative growth (§\g?) measured for four invasive exotic species (IE®) four native species (NS)
under three canopy types pooled by species grodifusmational group over two growing seasons. Dédfarletters within a row
denote significant differences among canopy typgel & 0.05. One-way ANOVAs compare variables acemecies groups
within a canopy type, where site was a random effieccomparing growth across all canopy typesgrenttions between
canopy type and species group from mixed modekvirap ANOVAS are also included.

Sugar Maple Red Oak White Ash Average
(Acer saccharum) (Quercusrubra) (Fraxinusamericana)

Specie Relative Growth (g ¢t yr?)

IES
Shrut Berberis thunberaii 0.35+0.1® 0.69+0.1" 1.2340.17 0.91+0.0¢
Shrub Euonymus alatus 0.58+0.06 0.80+0.08 1.11+0.08 0.84+0.06
Subshrub Rosa multiflora 0.94+0.26 1.08+0.14 1.94+0.18 1.43:0.09
Vine Celastrus orbiculatus 0.74+0.0 1.39+0.0¢ 1.41+0.07 1.17+0.0¢

NS
Shrub Lindera benzoin 0.3610.% 0.47+0.13 0.79+0.09 0.54t0.08
Shrub Kalmia latifolia 0.58+0.07 0.61+0.08 0.71+0.07 0.63t0.14
Subshrub Rubus alleghiensis 0.71+0.22 0.89+0.26¢ 1.66+0.22 1.0#0.1
Vine Parthenocissus quinguefolia 0.21+0.0® 0.27+0.0%¢ 0.43+0.0% 0.32+0.0¢
Species Group
Overall IES 0.89+0.07 1.11+0.04 1.16+0.09 1.03t0.04
Overall NS 0.39+0.% 0.57+0.06 0.61+0.12 0.51+0.05
Summary of ANOVA
Canopy **
Gr OUp *kk *kk **% *k%
Canopy* Group NS (0.94)
Direction IES>NS IES>NS IES>NS IES>NS
Functional Group
Shrubs (S 0.54+0.0¢ 0.65+0.0¢ 0.87+0.0€ 0.7+0.02
Subshrubs (SS) 0.81+0.17 1.03+0.18 1.79+0.12 1.27#0.07
Vines (V) 0.80+0.1% 1.10+0.17 1.2540.14 1.07+0.0¢
Summarv of ANOVA
Canopy o
Group * *k%k *k% *k%k
Canopy* Group el
Direction SS=V>S SS=V>S SS>V>S SS>V>5

*, P <0.05; ** P <0.01; ** P < 0.001



Table 3. Regression models using significant emvirental and
phenological site variables (as indicated in asisp regression)
to explain the empirical variation in relative aahgrowth (g ¢ yr
1) for invasive exotic species (IES) and native @m(NS) grown
under three different canopy types; sugar mafsber(saccharum),
red oak Quercusrubra) and white ashHraxinus americana).

Variable R? P for the factc P for the modi
Sugar Maple

IES 0.2¢ <0.00!
Total Available Light <0.001

Seedling 50% Abscission <0.001

NS 0.25 <0.001
Total Available Light <0.001

Seedling 50% Abscission 0.006

Red Oak

IES 0.31 <0.001
Total Available Light <0.001

Extra Fall Days <0.001

Canopy Flush Date 0.007

Seedling 50% BudBreak 0.002

Canopy Drop Date 0.01

NS 0.24 <0.001
Total Available Light <0.001

Canopy Flush Date 0.05

Canopy Drop Date 0.10

White Ash

IES 0.52 <0.001
Total Available Light <0.001

Canopy Flush Date <0.001

Seedling 50% Abscission 0.005

NS 0.30 <0.001
Total Available Light <0.001

Extra Spring Days <0.001

Canopv Flush Da <0.00!
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FIGURE LEGENDS
Figure 1. Nine common garden sites located in St@onnecticut, USA. Sites were constructed under

canopies of white asHlr{axinus americana, black circles), sugar maplAder saccharum, white circles),

and red oakQuercusrubra, grey circles).

Figure 2. AverageHSE) photosynthetically active radiation (PAR) aablié to the understory of white
ash Fraxinus americana, red line), sugar maplé\¢er saccharum, blue line), and red oak)(ercus

rubra, green line) stands across the 2014 and 2015 ggosdasons (n = 3 for all three canopy species).
Horizontal bars represent average leaf lifespaowfinvasive exotic understory species (IES) and f
native species (NS) and whiskers represent the dathe first seedling flushed and the last segdli
abscised for each species or group. Darker barsaited ES and lighter bars indicate NS. Full specie

names are the same as in Table 1.

Figure 3. Principal component analysis of four siva exotic species (IES, n = 872) and four native
species (NS, n = 793) grown in common gardens uhdee canopy types varying in leaf phenology,
using variables based on seedling and canopy reafqtogies (see Table 1 for species names and ganop
types). For each seedling these included its itedfdan, the number of pre- and post- canopy days
incorporated in leaf lifespan (extra spring andidalys, respectively), the availability of utilizalight

(Total Season Light), and annual relative growtBREach point represents the average of 2014 and
2015 measurements taken on IES (black circlesNsh¢Qrey circles) seedlings. Vectors represent the

strength and direction of the relationship betwsesdling positions and phenological variables.

Figure 4. Averages (+ SE) for annual relative gtogg g* yr') measured for three functional groups
under stands of white ashr@xinus Americana, red), sugar maplé\¢er saccharum, blue), and red oak
(Quercusrubra, green) during the growing seasons of 2014 an&.20dbels on the x-axis also note the
native status and functional group of each spebBigterent letters denote significant differencetvibeen

invasive (IES) and native (NS) species for eachkipation of functional group and canopy type at P <
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0.05. One-way ANOVAs compared variables acrossd&bNS groups and functional groups within a

canopy type, where site was a random effect.

Figure 5. Quadratic regressions relating relatimvgh of seedlings with the total amount of utibiiz
light available to them given their leaf phenol@mnd growing conditions. Each point represents the
average of 2014 and 2015 measurements taken orseedling by the canopy type under which they
were grown (red circles = white ash, blue circlesigar maple, and green circles = red oak). Regress
lines represent relationships for invasive exgpiecées (IES, solid lines) and native species (NShdd

lines) coded by canopy type.
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Figure 3
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514

Annual Relative Growth (g g yr?)

Sugar Maple

IES RG=-0.00039(SL) + 0.00000086(SL)Y, R*=0.29

RG =0.00063(SL) + 0.00000018(SL)?, R2 = 0.20
NS RG=-0.00025(SL)+0.00000063(SL), R2=038  RG =-0.000057(SL) + 0.00000021(SL)%, R*=0.18 RG =0.00023(SL) + 0.00000033(SL):, R2 = 0.36

Red Oak

White Ash

RG =0.00038(SL) + 0.00000061(SL)*, R* = 0.36
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SUPPORTING INFORMATION

Table S1. Allometric growth equations and coeffitgeof determination for eight
understory species based on initial harvests incM&014 and 2015. Relationships
were used to estimate initial plant mass of alldBegs in situ and for subsequent
relative growth determinations. Diameter (D) andgHe(H) were measured in mm.

Berberis thunbergii Initial Mass (g) = 0.0007(fH) + 0.003, R=0.79
Celastrus orbiculatus Initial Mass (g) = 0.0007(fH) + 0.005, R=0.77
Euonymus alatus Initial Mass (g) = 0.0006(fM) + 0.024, R=0.62
Kalmia latifolia Initial Mass (g) = 0.001(BH) + 0.024, R=0.68

Lindera benzoin Initial Mass (g) = 0.0006(fH) - 0.003, R =0.88
Parthenocissus quinquefolia  Initial Mass (g) = 0.0007(BH) + 0.053, R=0.76
Rosa multiflora Initial Mass (g) = 0.0009(fM) + 0.051, R=0.79
Rubus allegheniensis Initial Mass (g) = 0.0004(fH) + 0.107, R=0.80

49



0§

Temperature (°C)

25

20
=
——White Ash
—Sugar Maple
10 ——Red Oak
5
0

3/16 4/16 5/16 6/16 716 8/16 9/16 10/16 11/16 12/16
DATE

Figure S1. Weekly averagetE) temperature under white ashrgxinus americana) (red line), sugar mapleA¢er

saccharum) (blue line), and red oalQ(ercus rubra) (green line) stands across the 2014 and 2015iggoseasons (n = 3 for
all three canopy species).
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Table S2. Regression models using significant enwiiental and phenological site variables (as iteitan a stepwise regression) to
explain the empirical variation in relative anngedwth (g g* yr %) for seedlings of four invasive exotic speciesS)nd four native

species (NS).

Dependent Variables

Invasive Species
Berberis thunbergii
Total Available Light
Seedling Abscission
Seedling 50% Color
Canopy Drop Date
Extra Spring Days

Celastrus orbiculatus
Total Available Light
Canopy Flush Date
Extra Fall Days
Seedling Abscission

Euonvmus alatus .
Total Available Light

Canopy Flush Date
Extra Fall Days

Rosa multiflora
Total Available Light
Canopy Flush Date

Seedling Budbreak

RZ

0.25
0.65

0.64

0.62

0.39

<0.001
0.001
0.05
0.05
0.10

<0.001
<0.001

0.02
0.02

<0.001
<0.001
0.03

<0.001
0.004
0.09

P for the factor P for the model

<0.001
<0.001

<0.001

<0.007

<0.001

Dependent Variables

Native Species
Lindera benzoin
Totalailable Light
Canolpgl Date

CanopgDate

Parthenocissus quinquefolia
Total ANable Light
Canopy afe
Extra Spribays
Seedhking Flush

Kalmia latifolia
Total/ailable Light

Canopylirate
Canopy Digite
Seedling Full Flush
Rbus allegheniensis
Total/ailable Light
CanopglriDate

RZ

0.25
0.52

0.44

0.67

0.34

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
0.03

<0.001
0.01

P for the factor P for the model

<0.001
<0.001

<0.001

<0.007

<0.001




Table S3. Regression models using significant enwrental and
phenological site variables (as indicated in astep regression) to
explain the empirical variation in relative anngabwth (g g yr %)
for seedlings of three functional groups.

Dependent Variables R? P for the factor P for the mode

Shrub 0.5¢ <0.00!
TotalAvailable Light <0.001
Canopy Flush Date <0.001
Canopy Drop Date <0.001
Seedling 50% Color <0.001
Subshrub 0.34 <0.001
TotalAvailable Light <0.001
Extra Fall Days 0.05
Seedling Budbreak 0.11
Vine 0.69 <0.001
TotalAvailable Light <0.001
Canopy Flush Date <0.001
Extra Fall Days <0.001
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CHAPTER TWO

ELUCIDATING MECHANISMS UNDERLYING DIFFERENCES IN GR OWTH
BETWEEN NATIVE AND INVASIVE SEEDLINGS IN DECIDUOUS FOREST
UNDERSTORIES
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ABSTRACT

Invasive exotic plant species (IES) have been niatetheir ability to achieve higher rates of
biomass growth than native species (NS), yet thehandisms underlying this difference remain unclear
and less studied in resource-limited environmdréggamined the mechanistic basis for differences in
relative growth (RG) between co-occurring IES ar&liN deciduous forest understories where light is
limiting, but seasonally and spatially dynamic assult of variation in overstory species compositiin
these environments, extended leaf lifespan mayriboité to IES growth advantage, especially if guks
in net carbon gain when the overstory canopy i#dss | hypothesized that IES RG exceeds that®f N
and, after accounting for phenology, this contisisélated to differences in several intrinsic griow
determinants. Four IES and four NS were grown immon gardens located under three canopy types -
sugar mapleAcer saccharum), red oak Quercusrubra), and white ashHraxinus americana) - which
differed in the total amount of light afforded teetunderstory during the growing season. | assessed
relationships between RG and its determinantsydict seedling phenology, over two growing seasons.
Mean RG ranged between 0.2 and 1.9 grgf, and was significantly explained by extension of
understory leaf lifespan into periods when the pgneas leafless as well as by area-based, masd:;base
and whole-plant photosynthesis. After accountingoftenology, leaf area ration (LAR) was the most
important explanatory variable for growth, with raanfluence from specific leaf area (SLA) than leaf
mass ratio (LMR). Correspondingly, relative to NESS were able to achieve greater seasonal growth at
similar photosynthetic capacities, via more efintight capture as well as an extended duration of
photosynthetic activity. Thus, IES exhibit traitet enhance resource capttre. (higher RG) and

resource conservationd, longer leaf lifespans) in low-resource environment

ABBREVIATIONS

Aarea— Area-based Photosynthesis;
Amass— Mass-based Photosynthesis;
Amax— Maximum Photosynthetic Rate;

Apiant— Whole-plant Photosynthesis;
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CUE - Carbon Use Efficiency;
GAR — Gross Assimilation Rate;
GRC - Growth Response Coefficient;
IES - Invasive Exotic Species;

LAR — Leaf Area Ratio;

LMR — Leaf Mass Ratio;

NAR — Net Assimilation Rate;

NS — Native Species;

PFD — Photosynthetic Flux Density;
RG(R) — Relative Growth (Rate);
RMR — Root Mass Ratio;

SLA — Specific Leaf Area;

SMR — Shoot Mass Ratio

INTRODUCTION

Invasive exotic plant species (IES) pose a seriskgo ecosystems worldwide, but the causes
for success in invaded environments are often anclavasion ecologists often seek mechanistic
explanations for observed differences in plant gnobetween IES and native species (NS) as expressed
in particular traits. Growth determinants are comimaised to identify plant invasiveness (Daehldd20
PySek & Richardson 2007; PySetkal. 2009; Soti & Volin 2010; Voliret al. 2010) and environmental
impact (Ehrenfeld 2010; PySekal. 2012), as they may provide a valuable conceptasisidor
describing variation in plant ecological strategies differential responses of plant species tiedint
environmental conditions (Weiher & Keddy 1999; Dé&aZabido 2001; Lavorel & Garnier 2002; Suding
et al. 2008). Although most studies indicate that nolsitiit or group of traits completely explains IES
success, IES are often noted for having higheregalbban do NS with respect to traits associateal wit
high performance (van Kleunehal. 2010). In particular, relative growth rate (RGRyats set of
principal determinants are often used as they iagetty related to fithess and strategies of carbon

capture.
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RGR is used in traditional analyses of growth tplax variations in growth, as it is a result of a
combination of many physiological, morphologicaldallocational characteristics (Blackman 1919;
Lambers & Poorter 1992; Kruger & Volin 2006). RGRptants reflects net assimilation rates (NAR, rate
of dry matter production per unit leaf area) araf brea ratio (LAR, leaf area per unit total plarass),
such that RGR NARXLAR (Evans 1972, Causton and Venus 1981). NARpkysiological
component, determined by photosynthetic carbon giaihrespiration losses. LAR reflects the amount of
leaf area of a plant and depends on biomass abocat leaves relative to total plant mass (leassna
ratio, LMR) and the amount of leaf area per urdf lgiomass (specific leaf area, SLA), such that
LAR =LMR xSLA. Variation in leaf traits is thought to aligioag a leaf economic spectrum
representing carbon fixation strategies and trdffebetween resource capture and resource conservat
(Reich, Walters & Ellsworth 1997; Westobyal. 2002; Wrightet al. 2004, 2005). RGR, in particular,
can increase with increasing NAR, SLA, or LMR, i importance of particular components in
explaining variation in RGR may differ with respéatspecies or growing condition. Some studies find
SLA to be the primary determinant (Poorter & Remk880; Cornelissen, Castro-Diez & Carnelli 1998)
while others suggest that NAR is more influenti&iieklaas & Poorter 1998; Villat al. 2005; Shipley
2006). The importance of particular determinanty sfeange with environmental conditions (Walters,
Kruger & Reich 1993; Shipley 2002, 2006). Accordinghe carbon gain hypothesis, plants under low-
light conditions generally enhance light interceptby augmenting carbon allocation to leaves (LMR)
and producing thinner leaves (higher SLA), leadmbigher LAR (Givnish 1988), although not in all
cases (Valladares & Niinemets 2008). In high lighwironments, higher irradiance should allow for
greater RGR through higher carbon fixation and NAR to greater photosynthetic capacity (Pattison,
Goldstein & Ares 1998; Baruch, Pattison & Goldst2@®0; Kruger & Volin 2006). However, multiple
mechanistic pathways link RGR with its various comgnts, and these relationships are often species-
specific and dependent on environmental factorsekample, physiological and morphological traits

that influence RGR are thought to be high in rapatbwing and spreading IES (Pattissiral. 1998;
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Baruch & Goldstein 1999; Grotkopp & Rejmanek 200&mes & Drenovsky 2007; Leishmetrel. 2007;

Van Kleuneret al. 2010).

Much research has centered on differences in R@Relka IES and NS, as higher growth rates
generally contribute to a successful competitivatsgy: IES are able to establish faster and oyteten
NS for resources (Walck, Baskin & Baskin 1999; Bglhamet al. 2004; Burns 2004). IES could achieve
higher RGR than do NS by exhibiting higher ratepludtosynthesis or lower rates of respiration (high
NAR), thereby allocating more biomass to leavegh(iMR) or producing more leaf area per unit
biomass (high SLA). SLA is generally consideretié¢oa strong indicator of invasiveness and a robust
predictor of RGR in IES€(g., Grotkopp & Rejmanek 2007; James & Drenovsky 20Git)) IES
exhibiting higher SLA (Leishmaet al. 2007; Van Kleunest al. 2010) and achieving a greater return on
biomass invested in leaves than do NS (Lambers@&tB01992). However, for some species, NAR is a
stronger predictor of RGR (Grotkopp, Erskine-Ogé@eRejmanek 2010). Ultimately, these and other
traits position IES contribute to an ecologicahttgy that favors resource capture over resource
conservation (Wrightt al. 2004; Leishmaet al. 2010). However, previous studies noting higher RGR
IES compared to NS are focused on growth underehiggsource conditions (Force#al. 1986; Burns
2004, 2006; Wilsomt al. 2004; Garcia-Serrara al. 2005; Gurevitclet al. 2008). Typically, traits
expressed in resource-rich environments may bedisaageous for plants invading resource-poor
environments where slow growth and tissue retergrenmportant (Berendse 1994). While traits
enhancing conservation and efficient use of regsuncay be more advantageous in resource-poor

systems, they also culminate in a lower RGR.

Though IES are common in resource-poor environm@daghanet al. 1990; Martin & Marks
2006), relatively few studies have evaluated thdedging causes of differences in RGR between IES
and NS under these conditions. Increasing evidsuapports IES success over NS in both high-and low-
resource environments (Funk & Vitousek 2007; Hebgr& Fridley 2013, 2016; Volin, Parent & Dreiss

2013). IES may still exhibit greater RGR than do, Ngardless of irradiance levels (Pattisbal. 1998;
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Zhenget al. 2009, 2012), with differences in IES and NS insihe@ with increases in resource
availability (Daehler 2003). Several studies hawenfl that a greater RGR for IES was due to greater
NAR or maximum photosynthesis ¢4 in both high and low light, as well as greaterR_# low light
(see Kruger & Volin 2006). As such, the important@articular determinants in explaining growth

differences between IES and NS may change withuresavailability.

In deciduous forest understories in eastern Nortledca, IES, compared to NS, often exhibit
higher RGR, characteristic of fast-growing, resewlemanding growth strategies, and longer leaf
lifespans, associated with resource conservatibis. Juggests that IES may possess traits that eehan
competitive ability in both high- and low-resoumvironments (see Chapter 1; Funk & Vitousek 2007;
Funk 2013; Heberling & Fridley 2013). In these ieowments, seasonal light availability is relativel
low and a function of canopy structure (governig@t transmission) and phenology (timing of leaist
and abscission), both of which differ considerabtyong deciduous tree species. This results inti@tia
in in situ understory light with space and time (Kato & Koaniya 2002). Success of IES has been
attributed to extended leaf lifespan into pre- post-canopy periods, when understory light avditghs
high and competition from NS is low (Harrington,oBm & Reich 1989; Xu, Griyn & Schuster 2007;
Fridley 2012). However, the benefits of extendedgeral niche breadth and, thus, the potential
advantage of IES over NS, are mediated by overstggtation. For instance, in the northeasternddnit
States, spring leaf flush in sugar maeef saccharum) typically occurs 1-3 weeks earlier than in red
oak Quercusrubra) or white ashKraxinus americana) (Salisbury 1916, Lechowicz 1984, Dreiss and
Volin 2013). In the autumn, canopies of white asbcise at the same time as those of sugar magle, an
up to four weeks before those of red oak. Previbudies note the influence of light transmission on
growth strategies (Yamashighal. 2000; Sanfordt al. 2003; Gurevitclet al. 2008; Knightet al. 2009;
Schulteet al. 2011), but fewer recognize the role of phenologgeasonal light capture and availability
(Harrington, Brown & Reich 1989; Gill, Amthor & Borann 1998; Routhier & Lapointe 2002; Jadty

al. 2005; Richardson & O 'Keefe 2009). Species growdau low-light conditions typically exhibit
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slower growth and higher resource-use efficien@céfaet al. 1994), but longer leaf lifespans and
extension of leaf activity into canopy-off periaahay significantly enhance growth rates over arrenti

growing season (Heberling & Fridley 2013).

Plant biomass growth represents a set of relatippstmong intrinsic determinants that are
specific to species and environmental conditioegging the question of how IES are able to gain a
growth advantage over NS in low-light, deciduoase$t understories. As such, the objective of this
study was to determine the mechanistic basis fimbgs growth differences between IES and NS in
these environments. | assessed determinants oalratative growth (RG) in four IES and four NS
under three canopy types that differ in light traission and phenology. Consequently, | assessed how
RG corresponds with extended leaf lifespans intode when the canopy is leafless. | hypothesihat t
extended leaf lifespans resulting in photosynthetitvity during periods prior to canopy leaf flushd
after canopy abscission contribute to greater sehgwowth in IES compared to NS. | also hypothediz
that, after accounting for phenology, difference®GR of IES and NS are explained by several isitin
determinants. In particular, on the basis of exgrbttade-offs between SLA and resource availability
predicted that IES would demonstrate higher SLA gmegter leaf biomass after controlling for
differences in plant size, thus gaining an advamtager NS in understories with low and variable

seasonal light availability.

METHODS

Sudy Stes

All sites were on tracts in the University of Contieut Forest (41.8IN, 72.2%W; see Chapter 1
Fig. 1). Approximately 82 tree and shrub speciespaesent in Connecticut, the most abundant canopy
species arécer rubrum, Acer saccharum, Fagus grandifolia, Quercus alba, andQuercusrubra

(Wharton et al. 2004). In this region, the annuahmtemperature is 8.8 with mean January and July
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temperature being -3.% and 21.3C, respectively. Annual mean snowfall is 109.2amd the mean
total annual precipitation is 116.8 cm (NOAA, 201i03stablished three sites under each of three
dominant canopy type#. saccharum, Q. rubra, andFraxinus americana. These three canopy species
represent a range in phenological traits and ligimtsmittance (Dreiss & Volin 2013). To be clasgifas
a particular canopy cover type, percent canopyrcolvthe target species needed to exceed 70%aif tot
overstory coverSites were even-aged forests greater than 75 gkh(as determined from aerial
photography between 1934 and 2010 from the Uniyeo$§iConnecticut Map and Geographic

Information Centerhttp://maagic.lib.uconn.edl/

Common Gardens

Common gardens containing seedlings of four IESfandNS were constructed under each of
the nine sites. Gardens consisted of 4 x 4 m feroetbsures in which 0.33 m of topsoil was excavate
and replaced with a common experimental soil (®llme mixture of sand and soil extracted and mixed
from all forest sites). The eight understory speeiere chosen because they are common to the region
and because they represent three functional gr@hpsb, subshrub, and vine) as defined by the USDA

Plant databasén{tp://plants.usda.gov/growth habits def.Dtnthe four IES included two shrubs,

Euonymus alatus (burning bush) anBerberisthunbergii (Japanese barberry), a subshfdsa multiflora
(multiflora rose), and a vin&elastrus orbiculatus (oriental bittersweet). Similarly, four commonlg-c
occurring NS included two shrulisalmia latifolia (mountain laurel) antindera benzoin (spicebush), a
subshrubRubus allegheniensis (blackberry), and a vin€&arthenocissus quinquefolia (Virginia creeper).
Between twenty and thirty-five individuals of eagjiecies were transplanted into each site. Indiladua
were collected from the field during the summeR013, transplanted in a stratified random mannér wi
regards to canopy type and site and labeled in gacten matrix (1,665 plants total). Initial plaizes
ranged from 0.02 — 0.48 g. All gardens were watesedeeded to maintain field capacity and fertilize
with a 15:9:12 slow-release fertilizer (The Sc&@tempany, Marysville, OH, USA) on a bi-monthly basis

during the growing seasons.
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Garden Characteristics

Critical phenophases in overstory and understoggtagion were tracked for each species with
monitoring every other day in all gardens. Thestuithed dates of initial and full leaf flush in spyi and
leaf color and abscission in falefisu Dreiss & Volin 2013). From these records, | cadted
phenological extension, defined here as the numbdays that understory leaves were present during
canopy-off periods. Garden environments were chamaed through monitoring of understory
photosynthetically active radiation (PAR) and aimperature at 10-minute intervals using fixed-posit

Hobo H21-002 sensors and dataloggers (Onset, Inc, CageMA, USA).

Growth Measurements

Comparisons of annual relative growth (RG) betwé&shand NS seedlings over two growing
seasons were based on a combination of destruivests and nondestructive measurements to
estimate plant biomasgd, height and diametesensu Kaelkeet al. 2001). At the beginning of the
growing season in 2014, two leafless individualsgpecies were harvested in each garden, and all
harvested as well as non-harvested plants wereumeehfor stem basal diamet&, (2 cm above the soil
surface) and total heighiti( from ground line to the base of the terminal bddndestructive allometric
measurements were taken again at the end of thedtOtving season and at the beginning and endeof th
2015 growing season.

Destructive harvests were conducted on 6-11 iddais of each species at each canopy site on
July 15 in 2014 and in 2015. Roots and shoots ofdséed plants were separated, and roots weredrinse
free of soil. ImageJ software was used to calcuéstbarea for each individual. Plant tissues viees
oven-dried at 70°C to a constant mass and weidfadeach species, regression equations were
developed based on allometric measurements (sqeetaTable S1), using data from both years, in
which the total dry mass of harvested plants wgsessed against a stem volume ind@3H, cn?) sensu
Kaelkeet al. (2001). Final harvest data were coupled withraditric estimates of initial mass for
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individual seedlings in a particular year to castalannual relative growth (RG) lagfinal mass) -
In(initial mass). Specific leaf area, SLA{teaf area (kg leaf masY)was calculated for each harvested
seedling. Seasonally averaged LMR was calculatsddan two growth phases: an exponential phase
from April to July harvest and a linear phase frauty harvest to November. This approach is preditat
on the assumption that production of new leavesneasigible after harvest (Xu, Griyn & Schuster
2007), which was true for all species except theskrubs. As such, the LMR calculation was modified

a single exponential growth phase from leaf flushliscission in the case of subshrubs.

Gas Exchange

Diagnostic gas exchange was generally measargtl using a LI-6400 portable photosynthesis
system (Li-Cor Biosciences) for 4-5 days per weeknfMay to November 2015 on fully expanded
leaves (30-50 gas exchange curves per speciesaangyctype) to determine species-specific
photosynthetic responses to variation in leaf taatpee and light intensity in environments exhiiati
wide seasonal variation (Man & Lieffers 1997; Xujy@ & Schuster 2007). Photosynthetic light
responses were assessed during morning hours 18:80AM), across a range of leaf temperatures
throughout the growing season using five light (RAgRels ranging from 25 to 15@0nol m? s?.
Temperatures included ambient and amhi€iitC to determine photosynthetic responses to wariirg

cooling.

The photosynthetic light response model of Hares@h (1987) was used in a nonlinear least
squares analysis to compute maximum photosyntheatco(Anay), dark respiration (B, and light

compensation point (LCP) for eanhsitu light-response curve:

A=Amax(1 - [1 — R/Amay 1_PAR/LC5 (eqn 1)
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Daily integrals of photosynthesis were estimateidgia stochastic model sensitive to variations
in temperature and light. The temperature deperedehphotosynthetic parameters+£A Ry, and LCP)

was then modeled using the Arrhenius function:
P = R * exp(E/0.008314*(1/293-1/(273+T))) (egn 2)

where P is the parameter,i® the parameter scaled to reference temperaiiigeis the activation

energy, and T is the air temperature of the gandbich was assumed to equal leaf temperature.
Activation energies, the minimum energy necessarpérticular reactions to take place, provide a
guantitative description of plant processes baseithermodynamic considerations and are often used t
characterize changes in plant photosynthetic ckenatics with temperature variation (Hikosakal.
2006). For each parameter, temperature-normaliakees and activation energies were calculatedeat th
leaf-level given data for each combination of spgctanopy type, and month the measurement was
taken. The temperature at which parameters werealmed was determined by the average mid-day
temperature of that month. Average and standaodt erere determined for temperature-normalized
values and activation energies across leavespéaes in a given canopy type and month of
measurement. Photosynthesis (A) was calculateelacin 10-minute interval by substituting the
Arrhenius equation (egn 2) into the Hansbal. (1987) model of light response (egn 1) for each
corresponding photosynthetic parameter. Each teatypernormalized value and activation energy was
sampled from empirical Gaussian distributions &aves within a species, given the canopy type and
month being modeled. PAR and T were taken frongtrden environment dataset. Photosynthesis for

each 10-minute interval was added up across eacfoddaily integrals (Aea mmol m?d?).

Data Analysis

Prior to hypothesis testing, a regression analyais conducted to examine the influence of initial
plant mass on RG and its determinants (McConnaug§h@gleman 1999; Voliret al. 2002; Kruger &
Volin 2006; Sotiet al. 2015). Regression analysis indicated a negatlatigrship between RG and the
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natural log of initial plant mass (RG = -0.58*Irifial mass) — 0.64, P < 0.001 for data pooled acadis
species and sites). Moreover, there was no sigmificariation in the slope of this relationshiposs
species and sites (P = 0.32). Additionally, LMR s@gificantly related to plant mass at harvest (P
0.001). Given these relationships, predicted wbfedRG and LMR and associated residuals (obsefrved
predicted) were calculated for each seedling. RGLAMR were then adjusted based on the average
initial mass of all seedlings and residuals of vidlial seedlings. Relationships between RG and LMR
and other variables were analyzed using adjustea@id_MR values, respectively.

Statistical analyses were performed using JMPOraBd SAS v. 9.3 (The SAS Institute). Dates
of observed understory and overstory phenophaseswsed to calculate, for each seedling, leafgdes
and extension of temporal niche (in days) into pred post-canopy periods - calculated as canogt flu
date minus seedling flush date and seedling alisgidate minus canopy abscission date, respectively
Estimates of mass-based photosynthesigssfammol CQ g*d?] were calculated as the product of SLA
and the daily integral for leaf net photosynthé8ise, mmol CQ m? d*). Estimates of net
photosynthesis per unit plant mass{A mmol CQ (g plant)*d?] were calculated as the product of
seasonal average LAR andA Average AanWas determined for the growing season by combithbig
d means for Aeawith corresponding harvest data. These componegrts compared with a daily rate of
growth (RGR mg g d?), which was calculated as the average amountafthreach day given the RG
and the photosynthetic seasom.(leaf lifespan) of each seedling. Relationshipsveeh RGR and
growth determinants were analyzed for the entitas#d as well as by pooled IES and NS groups and by
seedlings grown under each canopy type.

To determine differences in foliar phenophasespant growth traits among species (n = 24),
IES and NS groups (n = 6), and functional groups 9), foliar phenophases were compared across
canopy types and years using mixed-effects, twoAHPVAs. Statistically, values across years did not
differ significantly and therefore an average asrosth years is reported in the results. Acrossispge
treatment main effects and interactions were tessety analysis of variance techniques appropftate
3x8 factorial split-plot completely randomized dgsiWithin species and functional groups, treatment
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were tested using a randomized complete-block deSignilarly, to test for differences in growth
response, RG on a seasonal basis and RGRs ory &asit were compared between species, IES and NS
groups, and functional groups using ANOVAs. Relatitips between plant growth and intrinsic
determinants were also examined with Spearmanlsaamelation coefficients.

After accounting for phenology, RGRs on a dailyibagere used to describe growth variation.
Relationships among RGR and its determinants wemimed with linear regression. To further explore
differences in growth response of IES and NS gr@mgsgrowth across canopy types, differences in
slopes between RGR and growth determinants wetedtesing Student’s t-test. The importance of
particular growth determinants as explanatory \wemfor IES and NS within and across canopy types
was also examined with growth response coefficiBRCs,sensu Poorter & van der Werf 1998; Kruger
& Volin 2006). To ensure that a given set of compatary GRCs summed to unity, | used [GAR, (g
biomass gain) md?] to represent A., Which was calculated as the quotient gtAconverted from
(mmol C) m? d?! to (mg C) n¥ d!] and plant carbon concentration ([C], fractiordiy tissue). A tissue
[C] of 50% dry mass was assumed (Penuelas & Esti®&97; Thomas & Martin 2012). Carbon-use
efficiency (CUE) was calculated as the quotienrRGR and the product of GAR and LARe(, the
potential rate of plant biomass gain). Using linemression, the natural logs of LAR, GAR, and CUE
were each regressed against the natural log of RGdRthe respective GRCs were taken to be theslope
of these relationships. GRCs were calculated foh species grown under each canopy type as

represented by their respective understory phoiogh@verage (photosynthetic flux density, PFD).

RESULTS

Garden Measurements

In both years, the period of favorable conditiomsghotosynthesid.€., air temperatures &)
was approximately March 28 — November 15. During fieriod, understory vegetation had more access

to light beneath white ash (2,22%7 mol n¥) than it did beneath red oak (1,9264 mol n¥) or sugar
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maple (1,593 61 mol n¥) (F,s= 30.6, P < 0.001; see Chapter 1 Fig. 2). Thisavasult of greater light
transmitted during canopy-on periods for white esmpared to those of the other canopy specigs{F
25.8, P = 0.001) as well as larger opportunitiegpfe-canopy light compared to sugar maples €9.8,

P < 0.01) and post-canopy light compared to red(Bak= 19.2, P = 0.002). Understory air temperature

did not differ significantly across canopy typesg<hapter 1 Fig. S1).

In general, leaf flush occurred earlier and absmmssignificantly later in IES than in NS (see
Chapter 1 Fig. 2). The earlier leaf flush and latescission of IES resulted in significantly longer

presence of leaves during canopy-off periods th8r(tNs = 8.67, P < 0.001).

Relative Growth and its Determinants

Annual RG (g ¢ yr?) of IES pooled was significantly greater than jgooNS (435 = 5.48, P
<0.001; Table 1). Significant differences betwees hnd NS were manifested in under all canopy types
(ts1=4.31, .= 2.79, andet = 2.18, P < 0.001, P = 0.007, and P = 0.006, fdtenash, red oak, and
sugar maple, respectively; Fig. 1). And betweeséhéhe differences in RG between IES and NS were

greatest under white ash canopies (Fig. 1).

When plotted against phenological differences, ahgtowth was positively related to
phenological extension R 0.18, P < 0.001, Fig. 2A, Table 2). IES and N&uckd significantly in the
relationship between RG and phenological extensuith, IES exhibiting significantly greater
phenological extensionyt= 8.67, P < 0.001) and RG#= 5.48, P < 0.001), and a more pronounced
response of the latter to variation in the fornt@g(2B, Table 3). A similar response was found whe
examined by canopy types, but in this case, poageesenting plants under white ash canopies were
shifted toward greater growth and phenological msittn as compared to the situation under sugaremapl
and red oak canopies (Fig. 2C, Table 4). HoweWerstopes of the three relationships were not

significantly different. Phenological extension wasitively correlated with several growth
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determinants, including area-based, mass-basedylawld-plant photosynthesis as well as SLA (Table

2).

After accounting for differences in phenology, RGRy g* d) was significantly and positively
related to the daily integral of photosynthesisrezped per unit leaf areaL{# R*> = 0.30), leaf mass
(Amass R2 = 0.53) and plant mass & R? = 0. 08) (P < 0.001 in all cases, Fig. 3A-C). $amiesponses
were found when RGR was analyzed by graup, (ES vs. NS) (Fig. 3D-F) as well as by canopy types
(Fig. 3G-I). In all cases, #n;, Which incorporates physiological {84), morphological (SLA) and
allocational (LMR) determinants of growth, explairnte most variation in growth for all seedlinggg(F

3G), for IES and NS groups (Fig. 3F), and for gtownder different canopy types (Fig. 3lI).

Like their physiological counterparts, examinatadrmorphologicali(e., SLA) and allocational
(i.e., LMR) determinants of growth revealed a significeotrelation with RGR (Table 2). However,
variation in growth was only significantly explathby SLA, but not by LMR when analyzed across
seedlings (Table 1, Fig. 4A&B), groups (Fig. 4C&Rhd canopies (Fig. 4E&F). Similarly, SLA, but not

LMR differed significantly between IES and NS greuwith IES exhibiting greater SLA (Table 3).

Growth response coefficients (GRCs) were calculaiembmpare the relative influences of the
principal growth determinants on RGR. Among the GRAAR was greater than GAR, which, in turn,
was greater than CUE for both IES and NS (FigLBR GRCs were mostly influenced by SLA as the
role of LMR was negligible. LAR and CUE GRCs did wiiffer significantly between groups or across
light environments. In IES, GAR GRCs increased wittreasing light and were significantly greatearth

NS under the white ash canopies, which had theesigbverall understory light levels.
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DISCUSSION

| explored the mechanistic basis for RGR differenoetween IES and NS seedlings grown in
low-light deciduous forest understories over twovgng seasons. In general, RGR and leaf trait
relationships represent a set of economic tradeaffong resource capture by fast-growing, light-
demanding species and resource conservation (Beith1997; Westobyt al. 2002; Wrightet al. 2004,
2005). While IES are often considered the fornfesre is evidence that they are more successfulNigan
in both high- and low-resource environments (Funii®usek 2007; Volin, Parent & Dreiss 2013;
Heberling & Fridley 2013, 2016). This has led toaet interest in growth strategies of IES and Nfhas
extent to which the relationships for IES and N&wgh determinants align may help to identify diéfiet
mechanisms for IES success in different plant conitims. My findings support my first hypothesisttha
extension of leaf lifespan into canopy-off periodsults in greater overall photosynthetic actiaityd,
thus, seasonal growth for IES compared to NS, afatmer generally exhibited greater leaf lifespans
that allowed them a greater advantage in carbandjaing canopy leaf-off periods. The greater RG of

IES compared to NS is most closely and positivelgted to differences in phenology.

In deciduous forest understories, extended leedpién may contribute to understory growth
advantage, especially if it results in photosyntheden the canopy is leafless (lwasa & Cohen 1989;
Kikuzawa & Kikuzawat 2003; Xu, Griyn & Schuster 200During the height of the growing season,
understories are heavily shaded (< 5% of full gim)i by fully flushed overstory canopy trees, whoem
restrain carbon gain and subsequent growth (Patalal994). However, as a result of the deciduous
nature of many canopy species, light availabiktgéasonally and spatially dynamic (Kato & Komiyama
2002; Perkingt al. 2011). This was evident in the differential phegyl and light transmission observed
among the three canopy types that | studied. Wasiteunderstories received the greatest amourgtdf li
due to higher light transmission when canopy leave® present and relatively short canopy leaf

lifespans. Although the positive effects of highght transmission on understory growth rates agé w
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documented (Baruch & Goldstein 1999; Barethl. 2000; Meekins & McCarthy 2000; Athanasieu

al. 2010), the seasonal dynamics of understory ligte sesult of phenological variation is not ofteken
into account. Here, later spring phenophases amitiesHeaf lifespans, as exhibited by white ash
canopies, may make it easier for understory planéxtend their photosynthetic activity into pesod
prior to canopy leaf flush or after canopy leafafsion as understory lifespans would not neeceto b
long to extend past the lifespan of the white asfopy. Greater phenological extension into pre- and
post-canopy periods would afford understory plamse time (or days) to assimilate resources during
periods of high light availability and low compéiit (Daviset al. 2000; Wolkovich & Cleland 2011).
The ability to take advantage of “extra” days beytme lifespan of canopy foliage is fairly comman i
vegetation growing in temperate forest understanelsiding seedlings (Seiwa 1998), saplings (Gill,
Amthor & Bormann 1998; Seiwa 1999), understorygsr@i@ePhamphillis & Neufeld 1989), and shrubs
(Gill, Amthor & Bormann 1998), but my study showst the cumulative number of “extra” spring and
fall days is positively related to greater seasgnaivth. Differences among canopy types manifest as
shifts along the common slope describing relatigossim understory leaf lifespans and phenological
extension into canopy-off periods. Additionallyetmost seasonal growth occurred under white ash
canopies with greater spring and autumn windowsgif light and the least under sugar maple canopies
which allowed the shortest spring windows. Altholatger windows of high light in both spring and
autumn contributed to greater seasonal light abitithaand growth under white ash canopies,
phenological extension was also a function of usttbey leaf lifespans, which differed significantly

between IES and NS.

IES exhibited greater seasonal growth than NS, lnmvias in part due to greater phenological
extension and was most pronounced under whiteasbpges. As in previous studies, IES leaf lifespans
were extended through both earlier spring phenashgs., budbreak; Xu, Griyn & Schuster 2007,
Mcewanet al. 2009, and leaf flush; Harrington, Brown & Reic88) and delayed autumnal abscission

(Harrington, Brown & Reich 1989; Zott al. 2000; Fridley 2012), resulting in a broader tenapaiche
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for carbon gain (Uemura 1994). As a result, IESaf was photosynthetically active for more canopy-
off days compared the situation for NS, which wasitvely related to greater seasonal growth. Altjiio
this relationship was positive for both groups, shape was steeper for IES suggests that IES ded@b
take better advantage of each day of extendeaizdty in terms of biomass gain. This supports
previous research suggesting that IES persist&an low-resource understories due to greater
resource-use efficiencies (see Funk 2013 reviewthErmore, seasonal growth advantages of IES were
significant under canopies allowing more understigiyt (i.e., red oak and white ash). These findings are
supported by previous literature which suggesttB8tmay exhibit greater RGR than NS regardless of
irradiance levels (Pattisat al. 1998; Zhengt al. 2009, 2012), with differences between IES and NS
intensifying with increases in resource availapi{Daehler 2003). By extending leaf lifespans farth

into pre- and post-canopy periods than NS, IESablke to benefit by gaining access to vacant nighes
spring and autumn (Elton 1958, Magtkal. 2000) and by occupying a greater niche space éricht al.
2006; Wolkovich & Cleland 2011), which ultimatellfaavs for greater access to resources and seasonal

assimilation of those resources, respectively.

After accounting for phenology, seedling RGR wamsicantly and positively related to
photosynthesis on a leaf area-, leaf mass-, amd plass-basis, but IES growth advantage over NS was
most attributed to differences in whole plant plgtdhesis. Relationships were strongest on a whole-
plant basis regardless of species groug (ES or NS) or canopy type. Previous literaturepsufs
stronger correlations between RGR and photosyrtleagiressed in mass (Poorter & Remkes 1990;
Garnier 1991; Reichkt al. 1992; Walterst al. 1993). Kruger and Volin (2006) also found that RB&S
most highly correlated with photosynthesis exprésmr unit plant mass because estimates of whole-
plant photosynthesis incorporate multiple determis@f growth (.e., Aaes SLA, and LMR), making it a
more holistic representation of plant growth. Vo in RGR was therefore a result of variation in
assimilation rates (49 and variation in leaf area produced per unitl foi@nt mass (LAR). IES

generally exhibited greatenAss Aplan, and SLA than did NS. However, fom&sand SLA, slopes of
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relationships between RGR and its determinantadigignificantly differ between IES and NS groups.
This is similar to previous findings which suggsit there is no difference between IES and N&en t
functional relationships underpinning their carlmapture strategies: that they fall along the saanban
economic spectrum, but IES leaf traits are at at@dong the spectrum favoring faster growth (Leiah

et al. 2010; Shermt al. 2011; Ordonez & OIff 2013; Hoet al. 2015). However, in the case of&Aand
Apiany IES and NS both scale positively with RGR, bt sfopes of those relationships differ: slopes are
steeper for IES than for NS. These differences esigpat IES are more efficient in carbon assimoitat
(Funk & Vitousek 2007; Sheet al. 2011). Thus, my findings support my second hypsiththat overall
growth and growth differences between IES and Nfew&plained by a number of intrinsic growth

determinants after accounting for phenology, suchiaole-plant photosynthesis and SLA.

Similar to many other studies, SLA was significamgteater in IES than NS (Smith & Knapp
2001; Denggt al. 2004; Burns 2006; Grotkopp & Rejmanek 2007; Leiahet al. 2007; Schumachet
al. 2009). On the other hand, it appears that SLAwveashe primary determinant explaining differences
in growth between IES and NS in my study. All ofsk studies that report SLA as an indicator of IES
success were conducted under irradiances greareB8% full sunlight. Far fewer studies focus ochsu
comparisons at low light levels. McDowell (2002)died IES and NS species of the Rosaceae family
grown in forest sites dominated by Douglas-fir &mahd IES had lower SLA than did NS. At 10%
irradiance, Zheng et al. (2009) found no differenioetween IES and NS in LAR, LMR or SLA, but IES
did have a higher fx In my study, understory light levels averaged libsn 5% of full sunlight, and |
found that, while SLA was an important explanateayiable in growth, different assimilation efficrdas
appeared to be a main determinant explaining tifiereinces in RGR variation between IES and NS.
Similar to this study, Baruch & Goldstein (1999afound higher SLA and net photosynthesis in IES
over NS, finding greater resource-use efficienay l@wer leaf construction costs were the key to IES
advantage. Hosat al. (2015) also found no differences in SLA betweegcigs groups grown at 5-10%

sunlight, but found that SLA differed with irrad@treatment possibly suggesting that trait difiees
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between IES and NS species may actually refleddiffierent environmental conditions of the sitesangh
they occur rather than invasiveness. In resource-poavironments, longer leaf lifespans, greater
plasticity, and more efficient resource use maynoee successful strategies compared to fast growth
(Funk & Vitousek 2007; Costt al. 2011; Matzek 2011; Heberling & Fridley 2013, 2Q18)nk and
Vitousek (2007) found evidence of greater light efeiency in IES, suggesting that IES outperfdi@
in shaded environments. The significance of resmuoonservation to IES success may be magnified
when integrating instantaneous measures of resageefficiency over the longer leaf lifespans and
phenological extension exhibited by IES (HeberBngridley 2013). As such, the findings of this syud
suggest that IES may benefit from traits attributeduccessful competitors in both high- and low-

resource environments as they overall had gred@& Bnd longer leaf lifespans.

Although SLA was only a secondary determinant ipl@xing IES growth advantage, growth
response coefficients (GRCs) indicate that LAR thedhighest relative influence on RGR across canopy
types and groups. LAR had the highest GRCs, th@iGéiR, while the role of CUE was negligible,
which was consistent with results of Kruger & Vo[R006) in lower light environments: LAR was more
important in explaining growth variation, while GARRcame more important with increasing light
intensity (also see Shipley 2002, 2006). Similathie study, Kruger and Volin (2006) found that SLA
was more influential than LMR. Along with Kruger\8olin (2006), this study is contrary to others
examining RGR variation among plants grown in diffg light environments. These previous studies
often suggest that RGR is influenced more by LA&thy NAR or photosynthetic rates in low light
(Poorter & Remkes 1990; Waltestsal. 1993). However, discrepancies in such patternsheaglated to
the degree of correlation between NAR and LAR obagurelationships between RGR and NAR
(Poorter & van der Werf 1998; Kruger & Volin 20QBmes & Drenovsky 2007), which did not occur in

my study.

The relative influence of LAR, GAR, and CUE wermgar in IES and NS groups. However,

across canopy types, IES GAR GRCs suggested aasiog trend, and became significantly greater
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than NS GAR GRCs under white ash understory lightitions. More responsive IES GAR GRCs may
reflect the importance of differences in photosetithrates in IES growth advantage over NS. Thig ma
also suggest greater photosynthetic plasticitffd éven with small changes in seasonal light abititha
(Pattisoret al. 1998; Durand & Goldstein 2001; Wang, Feng & Li 20Benget al. 2007; Houet al.

2015).

My study illuminates the importance of extended léaspans and multiple growth determinants
in enhancing the relative growth success of IES di&in low-light deciduous forest understoriesSIE
exhibited greater phenological extension than N®&elkas greater seasonal growth for each dayadf le
photosynthetic activity, suggesting IES were mdfieient in biomass gain over the growing season.
Furthermore, growth advantages of IES were mostqumoced under canopies with shorter leaf lifespans,
as this contributed to the potential for undersmmgnological extension. My results also demorestitas
importance of SLA and whole-plant photosynthesiggfowth in low-light environments, and for IES in
particular. Though SLA was not the most influentiatiable in explaining growth in low-light
environments, relationships between growth apgh#vere steeper in IES than NS, suggesting greater
assimilation efficiencies at the whole-plant leviedgether, the potential for greater resource-use
efficiency and longer periods of resource assimitatontributed to IES seasonal growth advantage ov
NS. Such leaf traits would be most advantageouswésource availabilities are low, but seasonally
variable, as they promote both greater resourceigapnd resource conservation. Further study ghoul
focus on seasonal variability in determinants coitfg IES advantage over NS as IES may also benefit
from greater plasticity in traits that would alldlhem to change from “sun” individuals prior to cago
leaf flush to “shade” individuals during the re$tlte growing season. Such information would also
contribute to a more advanced understanding of IESvgrowth advantage will adapt with global

warming and climate-driven shifts in phenology.
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TABLES

Table 1. Average annual relative growth (RG), asddieterminants: area-based photosynthesig)(Anass-based photosynthesis
(Amasy, whole-plant photosynthesis (&), leaf area ratio (LAR), specific leaf area (SLA9af mass ratio (LMR), root mass ratio
(RMR), and stem mass ratio (SMRYSE) for four invasive exotic species (IES) and foative species (NS) grown for two years
under three different canopy types: sugar mafdlegccharum), red oak Q. rubra), and white ashH, americana). Mixed model, two-
way ANOVAs compare variables across species (n #3 and NS groups (n = 6) and interactions, wk#eewas a random effect. P
— values are reported, with significant effectsated with an asterisk: *, P < 0.05; **, P < 0.0%*,*P < 0.001.

Species Canopy Type (N€] Aarea Amass Aplant LAR SLA LMR RMR SMR
(@glyr) (mmolm?d?) (mmolg*d?) (mmolg*d?) (m’kg?) (m?kg?) (kgkg?!) (kgkg?) (kg kg

IES

B. thunbergii Sugar Maple 0.35+0.13 338+ 24 11.3+14 7.081.1 24125 29435 0.61+x0.04 0.140.03 0.2#0.03
Red Oak 0.69+0.15 280+ 34 7.88+2.0 452+1.3 15521 27540 056004 0.250.05 0.2#0.04
White Ash 1.23+0.14 299+ 27 9.64+ 1.6 6.75: 1.0 21.1+25 32.2:3.8 0.65:0.03 0.16:0.04 0.24:£0.03

E. alatus Sugar Maple 0.58 £ 0.06 217+ 17 5.67£ 1.0 4,62+ 0.8 142+16 22927 056:£003 0.180.02 0.25 0.02
Red Oak 0.80+0.08 298+ 24 142+ 1.4 799 1.0 29727 44547 0.640.03 0.10:60.03 0.2#0.03
White Ash 1.11+£0.06 290+ 23 12814 7.630.9 25521 35734 0.61+0.03 0.15%0.04 0.30:£0.03

C. orbiculatus Sugar Maple 0.74 £0.06 251+ 23 9.43t1.4 6.75t 1.1 21.2+23 33234 0.61x0.04 0.180.03 0.206:0.03
Red Oak 1.39+0.09 364+ 29 15.8+ 1.7 10.4£1.3 25831 37.7+53 0.61+x0.04 0.160.04 0.24£0.03
White Ash 1.41+£0.07 488+ 28 16.5+ 1.6 10.2£1.0 20.9£2.2 28939 0570.04 0.12£0.04 0.330.03

R. multiflora Sugar Maple 0.94 +£0.26 267+ 32 9.59+ 1.8 6.21+ 1.7 18.6£2.6 31.7+4.7 0.53:0.05 0.14-0.06 0.31%0.07
Red Oak 1.08 £0.14 283+ 34 13.8+ 2.0 75715 22428 446:t48 055005 0.180.05 0.2#0.06
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NS

L. benzoin

K. latifolia

P. quinquefolia

R. allegheniensis

ANOVA
Canopy
Group

Canopy*Group

White Ash

Sugar Maple
Red Oak

White Ash

Sugar Maple
Red Oak

White Ash

Sugar Maple
Red Oak

White Ash

Sugar Maple
Red Oak

White Ash

1.94+0.18

0.36 £0.10
0.47 £0.13

0.79 £0.09

0.58 +0.07
0.61+0.08

0.71£0.07

0.21 +0.07
0.27 £0.05

0.43 £0.05

0.71+0.22
0.89 £0.26

1.66 +0.22

#(< 0.001)
**+(< 0.001)

(0.34)

298+ 39

335+ 30

259+ 32

534+ 37

240+ 52

172+ 37

193+ 63

324+ 30

224+ 35

451+ 49

303+ 45

217+ 45

272+ 49

**x(< 0.001)

(0.37)

*(0,001)

14.9+ 2.3

931+ 1.7
752+ 1.9

13.2+2.1

4.25¢1.0
558+ 1.7

6.96+ 3.7

10.7+1.7
6.45+ 2.1

10.4+ 2.9

8.97+ 2.1

11.1+ 25

6.68+ 2.8

*(0.03)

*+(0.004)

*(0.03)

8.1+ 1.4

543t 1.3
553t 1.2

8.1+ 1.3

3.28 1.7
3.90t1.1

44915

53318
451+ 2.0

496+ 1.4

6.31+ 1.4
7.58:1.9

4.40+ 1.3

*+(0.005)
*(0.002)

(0.19)

23.5:3.4

14321
15.52.0

17.1+21

8.61+ 2.7
8.2t 3.1

19.6: 3.1

17.8£2.2
202+ 2.4

10.8- 2.6

19.9+3.2
33.7+6.3

15.1+2.1

*(0.05)
*#*(0008)

@p

38.8: 5.0

23.9+4.2
25.0+ 4.6

22.4+ 3.8

14.6£5.5
17.1£ 7.2

19.9+ 8.5

255 4.2
28.3:4.8

18.7+ 6.0

30.2:4.8
49.2+ 7.1

25.26.0

(0.11)
*+(0.004)

(0.34)

0.47£ 0.05

0.48+ 0.05
0.54+ 0.04

0.60+ 0.05

0.61+ 0.08
0.54+ 0.09

0.57+ 0.07

0.53+ 0.05
0.67+ 0.05

0.51+ 0.06

0.65+ 0.07
0.68+ 0.06

0.57+ 0.06

(0.19)
(0.31)

(0.61)

0.23:0.07

0.19+0.03
0.14+0.03

0.12+ 0.04

0.15+ 0.05
0.2+ 0.07

0.12+ 0.07

0.20+ 0.03
0.23: 0.04

0.30t 0.06

0.15+ 0.05
0.12+ 0.07

0.14+0.07

(0.17)
(0.78)

(0.47)

0.33:0.06

0.36+ 0.03
0.34+0.03

0.25: 0.04

0.28 0.05
0.25 0.06

0.36+ 0.07

0.22+ 0.03
0.1 0.03

0.15: 0.05

0.20 0.05
0.24+ 0.06

0.24+ 0.06

*(0.05)
(0.34)

(0.45)
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Table 2. Correlation matrix for relative growthe@gdRGR), and its determinants: area-based photossist (Ave),
mass-based photosynthesis\{Q, whole-plant photosynthesis (&), leaf area ratio (LAR), specific leaf area (SLA),
leaf mass ratio (LMR), root mass ratio (RMR), atehs mass ratio (SMR) as well as leaf lifespan amehplogical
extension (defined as number of days understomebteaxisted prior to and after canopy leaves) f@speecies grown
under three canopy types. Correlations signifieduft < 0.05 are shown in bold.

Variable  RGR Aarea Amass Aplant SLA LMR RMR SMR LL
(mgg'd?) (mmolm?d?) (mmolg*d?) (mmolg*d?) (m*kg") (kgkg?) (kgkg') (kgkg?) (days)

RGR

Aarea 0.55

Arass 0.73 0.61

Aplant 0.89 0.58 0.80

SLA 0.40 0.08 0.55 0.47

LMR 0.20 0.06 0.02 0.29 0.12

RMR -0.09 -0.04 -0.08 -0.10 0.03 0.09

SMR -0.02 0.06 0.08 0.01 004 -012  -0.55

LL 0.19 0.13 0.09 0.07 0.22 0.01 -0.10 0.08

Extension 0.50 0.22 0.35 0.40 0.23 0.06 -0.06 0.06 0.60
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Table 3. Summary of relationships between leafcttral, physiological, and phenological charactegsfor invasive
(IES) and native (NS) seedlings. Relationshipsuidel relative growth rate (RGR) in mg' @i versus: area-based
photosynthesis (#Ae9, mass-based photosynthesisn{d, whole-plant photosynthesis {4), leaf area ratio (LAR),
specific leaf area (SLA), and leaf mass ratio (LM&)all seedlings grown under three canopy tygesdccharum, Q.
rubra andF. americana). Relationships are also given for annual relagjx@vth (RG) in g g yr? versus phenological
extension (PE; defined as number of days underdeayes existed prior to and after canopy leavi@sgression
equations and coefficients of determinations avergi Contrasts of regressions lines are also itetica

Relationship IES NS ANOVA (IES vs NS) Slopes
RGRvs

Aarea =-0.25 + 0.02(Aeg, 0.37***  =0.81 + 0.01(Aweg, 0.22*** F=0.59, P=044 % |[ES>NS
Armass =0.89 + 0.23(Aasd, 0.52°*  =0.45+0.22(Aas), 0.46**  F=8.41,P=0.004  (0.76)
Aplant = 0.43 + 0.40(fan), 0.79%** = 0.42 + 0.35(Aan), 0.78**  F=9.92, P=0.002  * IES>NS
SLAT =-0.12 + 0.50(InSLA), 0.31*** = -0.22 + 0.53(InSLA), 0.37*** F =9.23, P=0.002 (0.75)
LMRTt =1.51 + 0.06(InLMR), (0.66)  =1.53 + 0.32(I6R), (0.36) F=1.04,P=0.31 (0.52)

RG vs

Extension =0.22 + 0.007(PE), 0.11*** =0.14 + BQRE), 0.16*** F=752,P<0.001 * IES>NS

tRelationships were analyzed between the natuyadfloariables
* P <0.05; **, P <0.01; **, P <0.001
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Table 4. Summary of relationships between leatttral, physiological, and phenological charactessfor seedlings grown under
three canopy types. Parameters are as definecble BaRegression equations and coefficients adrdghations are given. Contrasts of
regressions lines are also indicated.

Relationship Sugar Maple Red Oak White Ash

(Acer saccharum) (Quercusrubra) (Fraxinus americana)
RGRvs
Aarea =-0.31 + 0.01(Aveg, 0.32%** =0.54 + 0.01(Areqg, 0.24*+* =1.48 + 0.007(Aveg, 0.23*** F=12.8,P<0.001 (0.41)
Anmass =0.29 + 0.23(Masy, 0.59***  =0.93 + 0.21(hhasy, 0.47*** = 1.31 + 0.22(Avasy, 0.46*** F=7.06,P=0.002 (0.61)
Aplant = 0.37 + 0.38(fany), 0.78*** = 0.56 + 0.36(Aiany, 0.69*** = 0.51 +0.42(Ajany), 0.84*** F=9.75,P<0.001 (0.17)
SLAT =-0.12 + 0.49(InSLA), 0.31** =-0.30 + 0.9BSLA), 0.38*** =-0.02 + 0.51(InSLA), 0.31*** F %6.52, P =0.002 (0.72)
LMRt =1.44 + 0.21(InLMR), (0.31) =1.45 - 0.69(IMR), 0.08* =2.04 + 0.73(InLMR), (0.09)* F=1.36,=0.32 * A>M>O
RG vs
Extension =0.19 + 0.006(PE), 0.06* =0.13 + 0.@B3( 0.15*** =0.18 + 0.007(PE), 0.10*** F=70.B,<0.001 (0.33)

T Relationships were analyzed between the natgadf variables
* P <0.05; **, P <0.01; **, P <0.001




FIGURE LEGENDS

Figure 1. Boxplots showing annual relative growghifivasive (IES; dark) and native (NS; light) sipsc
grown under each of three different canopy typegas mapleA. saccharum; blue), red oak@. rubra;
green), and white ask(americana; red). Boxes represent 25-75% of the data withwthiskers
extending from minimum to maximum values. Withirkbs, solid lines indicate medians. The asterisks

identify significant differences between IES and Wigin a canopy type at P < 0.01 (**) levels.

Figure 2. Relative growth (mg'g/r?) over two growing seasons in relation to extengladt lifespan
beyond canopy-on periods (in days) for A) all s, B) invasive (IES; black circles and line) and
native (NS; grey circles and line) species groaps, C) seedlings grown under three different canopy
types; white ashH. americana, black circles, solid line), sugar mapke gaccharum, white circles, dotted

line), and red oakd. rubra, grey circles, solid line). Regression equatiamsgiven in Tables 3 & 4.

Figure 3. General relationships between RGR anchatd daily integrals of photosynthesis per ufjt (
leaf area (Aej, (B) leaf mass (Aas9, and (C) plant mass (A, where n = 256. P < 0.0001 for all
regressions. Relationships are given for all sagdliinvasive (IES; black) and native (NS; greydces
groups (D-F), and seedlings grown under three mdiffecanopy types (G-I): white adh. @mericana)
(black points, solid line), sugar mapk éaccharum) (white points, dotted line), and red o&k (ubra)

(grey points, solid line). Regression equationsgiwven in Tables 3&4.

Figure 4. General relationships of In relative gitovates (RGR) versus its morphological (specdaf|
area, SLA) and allocational (leaf mass ratio, LMIR)erminants. Where (A) is the average In SLA fbr a
seedlings, (B) In LMR for all seedlings, P < 0.G01d 0.36, respectively. Relationships are giveralior
seedlings, invasive (IES; black) and native (N®yYspecies groups (C&D), and seedlings grown under
three different canopy types (E&F); white ash (klpoints, solid line), sugar maple (white pointsttdd
line), and red oak (grey points, solid line). Rasgien equations are given in Tables 3&4. Trends|eed

R?s are only shown for significant (at P < 0.05) tielaships.
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Figure 5. Variation in average$E) growth response coefficients (GRCs) of LAR ¢ésgs), GAR
(diamonds), and CUE (triangles) along a gradiemphiotoperiod average photon flux density (PFD) for
invasive exotic species (IES) (black) and nativecggs (NS) (white). Note that the lowest light leve
corresponds to seedlings grown under sugar mapkag¢charum), followed by red oakQ. rubra)
followed by white ashK. americana) canopies. * identifies significant differencesween IES and NS

within a treatment at P < 0.05. Full species naanesn Table 1.
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Figure 4
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Figure 5
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CHAPTER THREE

CLARIFYING THE IMPLICATIONS OF OVERSTORY PHENOLOGY FOR LEAF-
LEVEL CARBON GAIN BY NATIVE AND INVASIVE EXOTIC SPE CIES IN
DECIDUOUS FOREST UNDERSTORIES
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ABSTRACT

Invasive exotic plant species (IES) may gain araathge over native species (NS) in temperate
forest understories by extending annual photosyicthetivity into pre- and post-canopy periods igfth
resource availability and low competition. Howewbe potential advantage of extended leaf actigity
mediated by seasonal climate dynamics and overptwgology. | developed a stochastic model of leaf
photosynthesis based on its responses to seasamad in air temperature and light availability to
examine leaf-level carbon gain under canopy spevitbsdifferent phenologies. Results supported my
hypotheses in that IES gained more carbon thah8idespecially under canopies that provided greater
understory light availabilityi (e., later spring phenophases, shorter leaf lifespams higher
transmittance). Also supported was my hypothesstipg that pre-canopy photosynthetic activity wbul
be more significant than post-canopy activity imtcibuting to annual carbon gain. Advantage of IES
may be attributed to greater temporal niche breagtater temperature response, and enhanced
photosynthetic capacity during spring and summgis Tighlights the importance of community-level
phenological interactions and seasonal physiolbgasponses that affect growth of IES in temperate

forest understories.

ABBREVIATIONS

A — Photosynthetic Rate;

Amax— Maximum Photosynthetic Rate;
AQY - Apparent Quantum Yield,;

E,— Activation Energy

IES — Invasive Exotic Species;

LCP — Light Compensation Point;

NA — Net Assimilation;

NS — Native Species;

PAR — Photosynthetically Active Radiation;
Rq — Dark Respiration Rate
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INTRODUCTION

The ability of invasive exotic plant species (IE&Yyapidly colonize and dominate deciduous
forest understories in eastern North America has lad¢tributed to myriad factore.g., Martin et al.

2009). One of the more recently investigated cbaotars is an extended duration of annual
photosynthetic activity in IES foliage, often aseault of different and more plastic phenologies
compared to those of native species (NS) (Daviddamions & Nicotra 2011; Wolkovich & Cleland
2011). Leaf lifespan may be extended via earliengudbreak (Xu, Griyn & Schuster 2007; McEwan
et al. 2009) and leaf flush (Harrington, Brown & Reich8®89 or delayed autumnal abscission
(Harrington, Brown & Reich 1989; Zott al. 2000; Fridley 2012), resulting in a broader tenapaiche
and enhanced carbon gain (Uemura 1994). Extendédflsspan commonly occurs in temperate forest
seedlings (Seiwa 1998), saplings (Gill, Amthor &Bann 1998; Seiwa 1999), understory trees
(DePhamphillis & Neufeld 1989), and shrubs (Gilimthor & Bormann 1998), and is particularly
beneficial if it results in photosynthetic activishen the canopy is leafless. Given favorable damrdi

for photosynthesid €., air and soil temperatures 2@), pre- and post-canopy periods of high light
exposure and low competition may result in a sigaift amount of carbon gain for growth and survival
in otherwise heavily shaded understories (Gill, Aont& Bormann 1998; Daviat al. 2000; Augspurger
2008). Nonetheless, the benefits of extended temhpazhe breadth and, thus, the potential competiti
advantage of IES over NS, are mediated by two enmental factors, overstory canopies that drive
understory light availability via transmittance gptienology, and air temperature.

Light is a limiting resource for understory grow#imd is a function of transmission (quantity and
quality) and seasonality (timing of availabilit3lthough light transmission accounts for a sigrafic
amount of the variation in understory growth (Paehhl. 1994; Kobeet al. 1995; Finzi & Canham
2000), few recognize the role of phenology in saakbght capture and availability (Harrington, Bno
& Reich 1989; Gill, Amthor & Bormann 1998; Kawamuataal. 2001; Routhier & Lapointe 2002; Joky

al. 2005; Richardson & O 'Keefe 2009). Both light tsarission and phenology can differ considerably
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among deciduous tree species. Consequéntitu availability of understory light is regulated by
overstory species composition and varies in spaddime (Kato & Komiyama 2002). For example, in
the northeastern United States, spring leaf flastugar mapleAcer saccharum) typically occurs 1-3
weeks earlier than in red oaRyercus rubra) and white ashHraxinus americana) (Salisbury 1916;
Lechowicz 1984; Dreiss & Volin 2013). In the autumarhite ash canopies abscise with sugar maple, and
up to four weeks before red oak. All else beingadga species with extended temporal niche breadlth
acquire a greater annual carbon subsidy if locatetbr white ash due to a short canopy leaf lifespah
large windows of high light exposure in spring audumn. Furthermore, if IES exhibit longer leaf
lifespans, IES advantage may also be greater wvitiez ash canopies compared to canopies with earlie
spring phenophases and longer leaf lifespans. £&Molin (2013) found higher IES presence in
temperate deciduous forests dominated by whiteashresult of both later spring phenophases and
higher light transmission through the canopy. Hosverelatively little is known regarding overstory
phenological influences on understory carbon gaahits potential role in IES growth success.

An important step toward understanding responsés®find NS to canopy phenology lies in
investigation of critical periods for carbon acqios. Daily carbon gain in the understory is ctated
with total daily light availability, which is greest during pre-and post-canopy periods (Kupperg;198
Ellsworth & Reich 1993). Mathematical models prédiat alteration of phenology to match these
periods of high light availability results in maximm carbon gain (lwasa & Cohen 1989; Kikuzawa 1991).
Although pre- and post-canopy conditions providekenunderstory light, these periods may not be lequa
in their contributions to annual carbon gain. Théeptial for phenological adjustment by understory
plants to enhance carbon gain depends on the arabitradiance and plant physiological capacity
during these periods. Irradiance in spring andraatis not equivalent (Hutchison & Matt 1977; Gill,
Amthor & Bormann 1998) because higher solar elevagingles in the spring result in greater light
transmission through the overstory (Baldocsthal. 1984; Constabel & Lieffers 1996). Higher light
environments are matched by greater leaf areastdacbphyll activities in the spring, but these may
differ among understory species (Harrington, Bré&vwReich 1989; Seiwa 1998; Konigetrral. 2000;
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Morecroftet al. 2003). Later autumnal abscission may result i $&ason respiratory losses that exceed
carbon gains (Piaet al. 2008) or negative effects on nutrient retransioca&nd storage (Killingbeogt

al. 1990; Niinemets & Tamm 2005; Weih 2009). Eithemdifich might explain why some studies report
little-to-no extension of temporal niche breadthumglerstory species after canopy abscission
(DePhamphillis & Neufeld 1989; Gill, Amthor & Borma 1998; Augspurger & Bartlett 2003;
Augspurgeret al. 2005). Conversely, recent work suggests that witk-canopy activity may not be the
greatest contributor to annual carbon gain, it Imaynore common in IES, potentially providing an
advantage over NS in the understory (Fridley 202¢ither case, the role of phenology in providing
growth advantage to IES in temperate forest undeestis two-fold; extended understory leaf lifespa
may allow IES to take advantage of a vacant nigtielkovich & Cleland 2011) and canopy phenology
may control the amount and fluctuation of unusesueces during that niche (Dawsal. 2000). As

such, a community-level assessment of phenologytamdle on physiological responses of IES and NS
may help elucidate the apparent success of IESeitemperate forest understory.

Temperature is another important determinant ofvgrg season length and plant photosynthetic
activity. Growth initiation of understory plantsirgluenced by snowmelt and temperature of air soid
(Fitteret al. 1995), while the timing of canopy closure is rethto the air temperature of the previous
month (Menzel 2003; Gordo & Sanz 2005). In autudetiduous plants shed their leaves to avoid colder
temperatures that are unfavorable for photosyrgh&sitrella & Menzel 2006). Based on ecological
attributes €.9., greater plasticity, rapid evolutionary change dol@r environmental tolerances, greater
phenological tracking), IES may disproportionateénefit from an increase in temperature. Nonetkeles
comparative temperature tolerances and respon$ES @&nd NS are not well documented (Dudteal .
2009). Temperature responses of understory spda@bsvary because the temperature response of
photosynthesis itself varies with genotype, envinental conditions, and growth temperature (Sla§ter
Morrow 1977; Berry & Bjorkman 1980; Lewis, Olszyk Bingey 1999). For example, the relationship
between photosynthesis and leaf temperature diffgrslight intensity, leading to seasonal variatia
physiological activity (Ludlow & Wilson 1971). Meover, photosynthesis can be more sensitive to leaf
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temperature in certain times of the season (Schwatrey & Dawson 1997; Bassow & Bazzaz 1998);
understory individuals may act as "sun" plantm$pring prior to moving into summer shade
(Augspurger 2008). As such, understanding the resgoof leaf photosynthesis to variation in leaf
temperature is fundamental for predicting seaseaahtions in plant carbon gain. A more comprehansi
understanding of the effects of temperature respohis situ productivity requires information about
light responses at multiple temperatures (Berryj&lBnan 1980). Consequently, models predicting
carbon gain, growth, or survival may need to beiffemtito include seasonal variations in light and
temperature.

The influence of different overstory phenologiesumaerstory growth, the growth sensitivities of
IES and NS to pre- and post-canopy periods, andghsonal variation in photosynthetic temperature
response is not well understood. The objectivénisfdtudy was to examine growth responses of
understory IES and NS to differences in seasorah@logy and temperature under different overstory
species. | developed a stochastic model of phothegis to predict effective carbon gain as a famctf
understory photosynthetically active radiation &émperature. | hypothesized that carbon gain of IES
would exceed that of NS under all environmentaldittons due to extended temporal niche breadth and
that this advantage would be most pronounced waterpies that have higher transmittance, latengpri
phenophases, and shorter leaf lifespans. | alsothgpized that the growth advantage of IES over NS
would be influenced most by pre-canopy periodstdugreater plant photosynthetic capacities in the

spring versus autumn.

METHODS

Common Gardens

The hypotheses were tested using a set of comanaieigs located at the University of

Connecticut (41.8WN, 72.28W). Study sites were selected based on the domivanstory canopy
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speciesi(e., sugar maple, white ash or red oak), which areological importance to the region and
represent a range of phenological traits and utatgrBght transmittance (Dreiss & Volin 2013; see
Chapter 1 Fig. 1). Gardens were constructed umdee tstands of each canopy type resulting in nine
planted gardens. Gardens consisted of 4 x 4 m desioelosures in which at least the enclosures intwh
0.33 m of topsoil was excavated and replaced wdbramon experimental soil (5:1 volume mixture of
sand and soil extracted and mixed from all foriées¥ Slow release fertilizer was added to altigas
every other month (Osmocote 15:9:12, The Scottsgaoy, Marysville, OH, USA). Eight species, four
IES and four NS, representing three functional geo{ghrub, subshrub, and vine), were used. The four
IES included two shrubg&uonymous alatus (burning bush) anBerberis thunbergii (Japanese barberry),
a subshrubRosa multiflora (multiflora rose), and a vin€elastrus orbiculatus (oriental bittersweet).
Similarly, four commonly co-occurring NS includesla shrubsKalmia latifolia (mountain laurel) and
Lindera benzoin (spicebush), a subshruRybus allegheniensis (blackberry), and a vin€&athenocissus
guinquefolia (Virginia creeper). Between twenty and thirty-fivelividuals of each species were
transplanted into each site. Individuals were ctéld from the field during the summer of 2013,
transplanted in a stratified random manner witlardg to canopy type and site and labeled in each
garden matrix (1,665 plants total). Initial plaites ranged from 0.02 — 0.48 g. Plants were watered
weekly to maintain field capacity and were allowedcclimate for a full growing seasare(, 2014)

before diagnostic gas exchange measurements wedeaed.

Field Measurements

Critical phenophases in overstory and understegetation were tracked for all species in all
gardens every other day during February — May amglat — January (see Dreiss & Volin 2013). Julian
dates of initial and full leaf flush in spring aleaf color and leaf abscission in the fall (KomiyariKato

& Teranishi 2001). Garden environments were charaed by understory PAR and temperature in 10-
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minute intervals using fixed-positidtobo H21-002 sensors and dataloggers (Onset, Inc, Cape Cod, MA,

USA) at understory plant height.

Diagnostic gas exchange was measimesitu using a LI-6400 portable photosynthesis system
(Li-Cor Biosciences) for 4-5 days per week from MayNovember 2015 on fully expanded leaves (30-50
gas exchange curves per species and canopyiigpe1,030 photosynthetic temperature light response
curves were conducted over the course of the spasdetermine species-specific photosynthetic
responses to seasonal variation (Man & Lieffers719Qu, Griyn & Schuster 2007). Photosynthetic light
responses were assessed during morning hours 1&:80AM), across a range of leaf temperatures,
throughout the growing season using five light (plgnthetically active radiation; PAR) levels ramgi
from 25 to 150Qumol n1? s. Temperatures included ambient and + 5° C to deter photosynthetic

responses to warming and cooling.

The photosynthetic light response model of Haret@h. (1987) was used in a nonlinear least
squares analysis to compute maximum photosynthec(Anay), dark respiration (8, light

compensation point (LCP), and apparent quantund YyEQY):
A= Anax(1 - [1 — R/Amay 1_PAR/LC5 (eqn 1)

Comparisons of annual net assimilation (NA) betw#S and NS in the various canopy types
were based on a combination of destructive measugsiondestructive, allometric estimates of plant
biomass gensu Kaelkeet al. 2001). At the beginning of the growing season0a®, two leafless
individuals per species were harvested in eachegahd all harvested as well as non-harvestedsplan
were measured for stem basal diameier(cm above the soil surface) and total heightfifom ground
line to the base of the terminal bud). Diameter lagidght were measured again for all seedlingsly Ju
and November. Species-specific linear regressiares weveloped, in which the total dry mass of
harvested plants is regressed against a stem vohdear O?H, cn?) sensu Kaelkeet al. (2001) (see

Chapter 1 Table S1). In July of 2014 and 2015, @lividuals per species were harvested from each

103



garden. Roots, stems and leaves of harvested pl@nésseparated and leaf area was measured. ImageJ
software was used to calculate leaf area for eaiidual and species-specific regressions betiesgn
area and seedling mass were used to estimaterésabtithe start of the growing season in Aprit Ne
assimilation in g i yr! was calculated based on two growth phases: amexggial phase from April to

July harvest and a linear phase from July hareeliovember.

NA (g) = {[(M 2— Ml)] * [(InL 2— |n|_1)/(|_2-|_1)] * L 1} + {[(M 3-M2)]/L2 *LL, (eqn 2)

where, M is mass in grams and L is leaf area irilApy, July (2), and November (3), respectivelgan
LL is the leaf lifespan in days from leaf flushitarvest (1) and harvest to leaf abscission (2)s Thi
approach is predicated on the assumption that ptiothuof new leaf area was negligible after harvest
(Xu, Griyn & Schuster 2007), which was true forgecies except the subshrubs. As such, the NA
calculation was modified as a single exponentialgn phase from leaf flush to abscission for these

species.

Model

A mechanistic temperature-dependent carbon balaoce! was created to facilitate evaluation
of the role of variation in temporal niche breafiolkovich & Cleland 2011) in the performances B8l
and NS under sugar maple, white ash, and red gadpis. The model projected carbon gain for each of
the eight understory species given empirical pHggioal attributes, phenological observations, kaa

estimates, and garden environment (PAR and temyejat

For each species, the average date of full flmshadoscission defined the bounds of the simulated
growing season. The model stochastically estimdéglgt whole-plant carbon gain per unit plant area f
the growing season by treating photosynthetic patars as random variables sampled from empirical
Gaussian distributions. Temperature dependenckatbpynthetic parameters.4, Ry, and LCP, along

with AQY and stomatal conductance)(gvere modeled using the Arrhenius function:
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P = R * exp(EV/0.008314%(1/293-1/(273+T))) (eqn 3)

where P is the parameteyr,iB the parameter normalized at leaf temperatuEe is the activation energy,
and T is the air temperature of the garden, whiab assumed equal to leaf temperature. Activation
energies, the minimum energy necessary for paaticelctions to take place, provide a quantitative
description of plant processes based on thermodgnaonsiderations and are often used to charaeteriz
changes in plant photosynthetic characteristich teinperature variation (Hikosakigal. 2006). For

each parameter, temperature-normalized valuesd@amnvaton energies were calculated at the leafleve
given data for each combination of species, catgpy, and month. The temperature at which
parameters were normalized was determined by thage mid-day temperature of that month. Average
and standard error were determined for temperatoreralized values and activation energies across

leaves of a species given the canopy type and nudnmtieasurement.

Photosynthesis (A) was calculated for each 10-teimterval by substituting the Arrhenius
equation (eqgn 3) into the Hansetral. (1987) model of light response (eqn 1) for eaainesponding
photosynthetic parameter. Each temperature-norethiialue and activation energy was sampled from
empirical Gaussian distributions for leaves withispecies, given the canopy type, and month being

modeled. PAR and T were taken from the garden enrient dataset.

For each day a plant had leaves, it assimilatdaboaaccording to the function:
C gain (g) =2[A x 600 x (12 x 16)] (eqn 4)
where A is stochastic photosynthesis as describedesand the constants convert seconds to 10-minute
intervals andumol to grams. Carbon gain per unit leaf area adeslfor responses to fluctuating light
and air temperature and was calculated for eaahifhQte interval that garden conditions were recdrde

Carbon gain at 10-minute intervals was added updch day across the entire growing season. The

simulation included 1,000 permutations of annugkttories of carbon gain per unit leaf area over a
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growing season (approximately late March througléyaber). The model was run for each understory

species (8) under each canopy type (3), resultiragtotal of 24 models.

Satistical Analyses

Statistical analyses were performed using JIMPOraBd SAS v. 9.3 (The SAS Institute). Model
inputs (.e, activation energies and temperature-normalizedeglfor all photosynthetic parameters
were compared across species, canopy types, artthsnasing mixed-effects, two-way ANOVAs and
validated with observed leaf-level field measuretseDue to lower sample size compared to other
months, July measurements were grouped with Auguses for model parameterization. To ensure that
input parameters were valid representations otatpeaf behavior, leaf-level observations were
compared to predicted values, estimated via a nzatmn of sums of squares for error (SSE) resgiltin
from the comparison of observed and predicted pat@nvalues (Excel Solver, Microsoft Corp.,

Redmond, WA, USA).

Validation graphs and regressions were used tsaghe performance of the model comparing
observed NA with predicted values of biomass gainuymit leaf area estimated from model outputs. For
this comparison, a tissue [C] concentration of 50%omass was assumed (Penuelas & Estiarte 1997;
Thomas & Martin 2012). Model outputs were compagwng understory species and across canopy
type using two-way ANOVAs. Simulated carbon gairsva#so pooled to test general differences between
IES and NS (n = 6). Carbon gain during pre-, dutingd post-canopy periods was calculated as a raw
total and percent of the entire growing seasonstawdardized by day for each species. Significasm

differences among species and canopy type wereatd at P < 0.05.
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RESULTS

Garden Measurements

The period of favorable conditions for photosynibésg., when air temperatures 36) was
March 28 — November 15. During this period, undegstegetation had more access to light beneath
white ash (2,222 57 mol m?) understories received more total seasonal llugn tid canopies of red
oak (1,926t 54 mol n¥) or sugar maple (1,59861 mo n¥l) (F.,s = 30.6, P < 0.001; see Chapter 1 Fig.
2). This was due to greater light transmitted dyigianopy-on periods for white ash compared to each
the other canopy species ¢= 25.8, P = 0.001) as well as greater opportunfte pre-canopy light than
sugar maple (Fs = 9.8, P < 0.01) and post-canopy light than rdd(fas = 19.2, P = 0.002). Understory

air temperature did not differ significantly amocenopy types (see Chapter 1, Fig. S1).

In the understory, leaf flush occurred significgrgthrlier and abscission significantly later in IES
than in NS (t140= 4.59 and 3.66, respectively, P < 0.001 for e&aip; 1). Temporal niche breadths were
significantly different between IES and NS withisch functional group, except for subshrubs

(subshrubs, P = 0.2; shrubs and vines, P < 0.004afkch, see Chapter 1).

Gas Exchange Parameters

In a comparison of model inputs, activation enexgvere significantly lower for fux than for
other gas exchange parametéss,(Rs, LCP, AQY and g, while others varied significantly across the
growing season, quickly declining in the autumni(€al & S1). IES exhibited significantly greater
activation energies than in NS fog, RCP, and g(P < 0.001, P = 0.007, and P = 0.002, respeclively
though this varied by month and canopy type (Tablén particular, temperature response was gréater
IES than NS for LCP in May, June, and August (cé®pooled, P = 0.05, P < 0.001, and P < 0.001,
respectively), for Rin June and August (P < 0.01 and P = 0.01, reisqabgt and for gin May,

September and October (P = 0.03, P = 0.04 and.P2; @spectively).
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Like activation energies, all temperature-normaligas exchange parameters exhibited similar
seasonal variation to temperature response, vgthfgiantly lower values in the fall (Table 1). \ais of
Anmax Were significantly higher in IES than NS in Jursetbwhen analyzed by canopy (P < 0.01 for each)
as well as when canopies were pooled (P < 0.088) also exhibited greater photosynthetic capacity
than did NS under sugar maple canopies with highier May, June, and August (P = 0.04, P = 0.002,
and P = 0.03, respectively) and lower LCP in Magt dnne (P = 0.03 and P = 0.001, respectively) @rabl

1).

Modd Validation

Simulations of plant carbon gain were conducteceight understory species (four IES and four
NS) and three canopy types (sugar maple, whiteadhred oak) with corresponding environmental
conditions (PAR and temperature). Comparison betvpeedicted and observed values for stochastic
parameters (M Rs, and LCP), stomatal conductance),(gnd apparent quantum yield (AQY) were
assessed for model validation. Simulation erronewenerally small as indicated by the linearitg an
slopes near unity for the comparison of simulaied @served values (Fig. 1). Model predictions of

seasonal carbon gain slightly overestimated obdame¢ assimilation (R= 0.73, Fig. 2).

Smulated Growth

Overall, simulated carbon gain was significantlgager under white ash than under red oak or
sugar maple canopies (F = 3.93, P = 0.02) (Fig. BA) each understory species, carbon gain was
significantly greater under white ash and red daktsugar maple with the exception of the natine vi
Virginia creeper . quinquefolia) (Table 2). IES gained significantly more carbbart did NS across all
canopy types (t = 8.46,40.001; Fig. 2, Table 2) and IES advantages wigreficantly greater under

white ash and red oak than under sugar maple cas@pi= 4.23, P = 0.017). On average, IES gained
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17.3+ 2.1 % of their annual carbon prior to co-occuriif§ becoming photosynthetically active, and 3.0
+ 1.0 % of carbon after NS abscission. The amoustrofilated carbon gain was significantly different
among species (F = 6.91, P < 0.001; Table 2) asaltgr for subshrubs than shrubs or vines (F =77:9,
0.001). Within functional groups, there was no gigant difference between IES and NS in subshi&bs

= 0.39; Table 2, Fig. 3B).

For all species and canopy types, canopy-on pedondsibuted significantly more to annual
carbon gain (P <0.001; Table 2). When standardired daily basis, however, pre-canopy days
contributed significantly more carbon than did otbeasons (1.9, 0.4, and 0.4 % per day for preHgh
and post-canopy, respectively; P < 0.001, Table 82}hin each canopy type, pre-canopy carbon gain
was significantly greater in IES compared to NSilevbarbon gain during canopy-on periods was
significantly less in IES than NS (Table 2). Pastvapy carbon gain was not significantly different
between IES and NS. When pooled across canopiegveo, significant differences in carbon gain

existed between IES and NS during pre-canopy andpsaon periods, but not post-canopy.

DISCUSSION

| usedin situ leaf-level, diagnostic, photosynthetic temperatigiet response measurements
throughout the growing season to model the compligsiological responses of IES and NS to
environmental variation under different deciduoasapy species. The output was a prediction of carbo
gain based on the species-specific sensitivitpteractions of light and temperature. Temperature-
normalized physiological measurements and simulatisults supported my hypothesis that IES,
occupying a broader temporal niche gain an advardagr NS under canopies with shorter leaf lifespan
This suggests that interactions between canopyiaddrstory phenologies influence annual carbon gain
in the understory. In addition, IES exhibited gezaemperature response and photosynthetic cagmciti
than did NS in spring and summer, potentially afgplg the contributions of pre-canopy photosyntbeti

activity to annual carbon gain and IES advantagesny knowledge, no other study has 1) sampled this

109



extensively across a growing season, 2) incorporatommunity-level approach to temporal
phenological niche breadth, and 3) modeled temperatependence from light response curves to
investigate IES growth success over NS. This amproas effective in incorporating the variability o
environmental conditions for an situ growth analysis of different co-occurring undergtepecies. As
such, it allowed me to elucidate the importanceasfopy phenology on understory resource availgbilit
and differentiate the contributions of temporahabreadth to annual carbon gain.

Overstory species had a significant influence ghtlavailability and effective annual carbon
gain in the understory. Among those studied, wéilie understories experienced the greatest amount of
light over the growing season, due to both higlgt transmission when canopy leaves were preseht a
shorter leaf lifespans.€., later spring and earlier fall phenophases). Trsitipe effects of higher light
transmission on plant growth and development atedeeumented, with plants often exhibiting greater
photosynthetic capacity, relative growth rate, himiass production with increasing light availaili
(Pattisoret al. 1998; Baructet al. 2000; Meekins & McCarthy 2000; Athanasietwal. 2010). In my
study, maximum photosynthetic rates were higheeumdite ash canopies in June, but only signifigant
so for IES species. However, greater seasonaldigdatability in white ash understories was also
attributed to relatively later spring flush andliesiieaf abscission, which provided greater windaf/
high light to the understory and higher carbon gaispring and autumn compared to those growing
under other canopies. Consequently, carbon gairgvesder for almost all understory species growing
under white ash. The exception was the native {fnguinguefolia), which had the shortest temporal
niche breadth of the studied understory species.Was a result of being the latest to flush its/és in
the spring and the earliest to abscise in theslatemer, failing to take full advantage of eithez-por
post-canopy high light conditions. Data from Frid(€012) also suggest that autumn is a criticaloger
for carbon assimilation in IES vines of thenicera genus, which gained more carbon during post-canopy
conditions than related NS.

Under all canopy types, IES were able to achieeatgr annual carbon gain than did NS (see
Fig. 3). IES may compete more successfully fodiaace through several mechanisms including greater
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photosynthetic capacity. Greater photosyntheti@aciyp can be achieved through many physiological
traits including higher Asx, AQY, and stomatal conductance or lowgroRLCP (Pattisormt al. 1998;
Kruger & Volin 2006). In particular, stomatal coradance can impose a large resistance to diffusion o
CO; and rates of leaf gas exchange (Wong, Cowan &UFegl979; Farquhar & Sharkey 1982). Like
previous studies, my results suggest higher coadaetfor IES in pre-canopy periods (Carter &
Teramura 1988; McDowell 2002; Deng et al. 2004; Kchuster & Griffin 2007). However, contrary to
Xu, Griyn & Schuster (2007), my study did not findher photosynthetic rates in IES than NS prior to
canopy closure. This suggests greater importanpese¢anopy extension of temporal niche breadth in
IES advantage; the relative advantage increasddesdia day IES were photosynthetically active prio
to NS leaf flush. As such, when species exhibitetdlar phenologies€g., subshrubs) there were no
significant differences in annual carbon gaigaAhowever, was significantly greater in all IES
compared to NS when overstory canopies flushecekavJune. Notably this response was even found
under sugar maple canopies, which had the lowgtst iiansmittance. This is consistent with stuthes
found greater ability of IES to photosyntheticalgclimate to changes from high light conditions in
spring to deep summer shade (Taylor & Pearcy 19@fashitaet al. 2000; Yamashita, Koike & Ishida
2002; Rothstein & Zak 2001; Tani & Kudo 2006; Fengl. 2007). In the summer, IES also exhibited
higher g and lower LCP than did NS, contributing to gregteotosynthetic efficiency in low-light
environments (Bjorkman 1981; Walters & Reich 2088;nishet al. 2004; Wykaet al. 2008; Funk
2013) and potentially explaining greater carbomg@gailES during canopy-on periods and under heavily
shaded sugar maple understories. In autumn, lcates of decline in photosynthetic capacity may aid
IES, as this is characteristic of species with el leaf lifespans (Field & Mooney 1983; Kitajima,
Mulkey & Wright 1997). However, in this study, gaschange parameters dropped significantly in the
fall for both IES and NS, suggesting decreasedgsyothetic capacity and IES advantage late in the
growing season (Gill, Amthor & Bormann 1998).

IES advantages may also be due to a faster andptastic response to changes in temperature.
Plasticities in photosynthetic characteristics aisged with variation in leaf temperature are often
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characterized in terms of activation energies (Bidk@et al. 2006) and can vary across climatic gradients
and among species (Berry & Bjorkman 1980; Badgémflrews 1982; Ferrar, Slatyer & Vranjic 1989;
Hikosaka, Murakami & Hirose 1999; Hikosaka, Nabeshi& Hiura 2007). However, modeling studies
often ignore intra- and inter-specific differenéephotosynthetic responses to temperature dymrit)
to the insufficient information on temperature i@sge parameterization (Bernacehal. 2001; Leuning
2002; Medlynet al. 2002). My results indicate significant temperattggponses for all gas exchange
parameters except:A, an exception which has been reported in prestudies (Oechel & Collins
1976b; Mooney, Bjorkman & Collatz 1978; Gaval. 2008). Previous studies also note seasonal changes
in gas exchange temperature dependence (Neilsoipw & Jarvis 1972; DePuit & Caldwell 1973,;
Langeet al. 1974; Oechel & Collins 1976a; Slayter & Morrow I9,/which in my study resulted in
significant declines in autumn. Growth responsesewgeeater in IES than NS, particularly in sprimgl a
summer. This may suggest greater capacities fotdfBysiologically track climate earlier in the
growing season, giving them an advantage over N8 for and during canopy leaf flush. In particular,
greater temperature response of IES LCP matchdédaviter normalized LCP values in May and June,
suggest greater acclimation to changes in lighttangberature by IES during this period (Setgl.
2010). Seasonal differences in temperature respanag relate to differences in phenological serisiti
to temperature variation across the growing sed@vious studies report strong relations between
temperature and timing of events in spring, butkeeaelationships with autumn events (Waltbieal.
2002; Menzekt al. 2006; Vitasset al. 2009). Fridley (2012) reported sensitivities @fl@ush with
variation in spring temperatures, but no signifiadifferences between IES and NS in phenological
tracking. In contrast, my findings based on spesjcific physiological temperature responses, sstyg
IES advantage may arise from a combination of syatie differences in phenology (Wolkovich &
Cleland 2011) and being more responsive to tempergWVillis et al. 2010), both of which were apparent
in spring and summer.

Due to a combination of differential phenology asésonal variation in temperature response
and photosynthetic capacity, daily physiologicdhdty during pre-canopy periods contributed mast t
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annual carbon gain in all species under all cargpgs (see Fig. 3A). Lower photosynthetic capacity
among understory species may occur when canopgdeae present and light quantity and quality are
diminished (Shirley 1929; Bjorkman 1981; Kwesigdz®ace 1986). This may also occur post-canopy
leaf abscission as a result of lower sun anglesléfgon 1964; Baldoccht al. 1984) or leaf ontogeny
(Juriket al. 1979). Pre-canopy activity contributed to 16-37Rtotal annual carbon gain in NS and 23-
44% in IES which falls within the range of previatadies. For example, two invasive shrubs with
extended temporal niche bread®mamnus cathartica andLonicera X bella, gained 29% and 35% of their
annual carbon, respectively, prior to leaf flustihef indigenous shrulfornus racemosa (Harrington,
Brown & Reich 1989). SimilarlyAlliaria petiolata is active during the spring window of opportunity,
with little or no competition from developing natiplants (Myers & Anderson 2003). In this studychea
day of pre-canopy photosynthetic activity contréalifi.0-2.2% of annual carbon relative to 0-0.9% for
each post-canopy day across all understory spgssesTable S2). While IES were still able to gain a
relatively large amount of carbon after canopy Bagcission under white ash and sugar maple canopie
differences between IES and NS carbon gain wersignificant when measurements from all canopy
types were combined. These results are in corivakbse of Fridley (2012), who found that most IES
capture a significant proportion of their annuabcm after canopy leaf fall. My study did not hdke
large number of species studied by Fridley, bt asnsequence | was able to robustly capture the
physiological status of fewer IES and NS under ipldtnatural understory environments. My
comparison of growth under different canopy spesiesgnificant in understanding IES success in
temperate forest understories as | found that vendES gained significantly more post-canopy carbon
than did NS depended on overstory species whileanepy advantages for IES were consistent
regardless of overstory species.

My study stresses the importance of community-lawelractions mediated by the phenological
structure of overstory and understory vegetatiahthe seasonal variation of environmental condgion
for IES growth in temperate forest understoriessuRe were consistent with previous studies of
understory phenology and gas exchange demonstiaibgn gain during pre-and post-canopy periods of
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the growing season. However, carbon gain in spgvafgre canopy closure was more important to
acquiring an annual carbon subsidy, suggestingeedehf flush is an important mechanism of IES
establishment and growth. This was consistent kigher photosynthetic capacity and temperatutd lig
responses in spring and early summer, supportigypothesis that IES have an advantage during thes
periods, especially under canopies with late sppimgnophases (see Dreiss & Volin 2013). Growing
evidence suggests that future climate trends ®altiito changes in temperature and phenology, the
incorporation of key seasonal and physiologicaidieecdetermining invasive growth advantage will be
fundamental to understanding the ecology of a cimgngorld. This model elucidates the role of
community-level predictors such as canopy spe@agposition, plant phenology, and environmental site
characteristics under different growing conditicansg emphasizes their importance in understanding
understory growth and development. Further exglomedind development of this model should focus on

IES and NS growth response to warming trends piegiegnder future climate scenarios.
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TABLES
Table 1. AverageHSE) activation energies and temperature-normalzddes for physiological parameters representingigub
invasive exotic species (IES) and native speci€3) (d&r canopy type and growing season month. Nwrielow the month name
refer to the temperaturéQ®) to which parameters for that month were norredliZDue to a lower sample size, July measurements
were grouped with August values for model paranmtdon. Two-way ANOVAs compare variables acrossopgy types (n = 3),
IES and NS groups (n = 6) and interactions, whieevgas a random effect and month was a fixed effdonths followed by the
same lowercase letter within a variable are natiagantly different at P < 0.05. P values are mdpa, with significant effects
denoted with an asterisk: *, P < 0.05; **, P < Q.0%, P < 0.001. Additionally, bolded values indite significant differences (P <
0.05) between IES and NS within canopy type andtmon

Activation Energy (KJ mol-?) Temperature-Normalized Value
Parameter May June August  September October June August September |  October
(23) (25) (25) (20)
Amax
IES
White Ash 6.88+1.3a 5.87+1.5a 6.84+1.2a  6.49+1.3a 569+ 1.4a 5.4+ 0.4b 6.9+0.2a 5.0+ 0.3bc 4.1+0.2cd 3.2+ 0.4d
Sugar Maple 7.63% 1.4a 7.23t 1.1a 7.47+ 1.3a 6.48+ 1.1a 547+ 1.2a 5.4+0.2a 5.9+ 0.3a 4.9+ 0.3a 3.8+ 0.2b 3.2+ 0.2b
Red Oak 71+15a 7.59+12a 7.2+1.la 6.09+1.2a  5.73%1.3a 5.2+ 0.3ab 6.2+0.2a 5.2+ 0.4ab 4.1+0.3b 3.4+ 0.2b
NS
White Ash 11.9+1.4a 7.75+12ab 6.08+1.1ab  6.82+1.3b  4.67+1.1b 5.5+ 0.3a 45+0.3a 4.8+0.3a 4.2+0.3a 2.7+ 0.5b
Sugar Maple 7.73+13a 7.75+1.1a 6.02+1.3a  6.32+1.2a 4.2+ 1.0a 4.7+0.2a 4.6+0.3a 5.3+ 0.2a 3.3+0.3b 2.7+0.4b
Red Oak 6.77+12a 7.87+15a 6.47+1.2a 6.3+ 1.1a 4.55+ 1.4a 4.9+ 0.4a 4.8+ 0.4a 4.7+0.2a 3.4+ 0.2ab 2.8+ 0.6b
Summary of ANOVA
Canopy (0.18) (0.27) (0.75) (0.64) (0.96) (0.72) (0.80) (0.97) (0.76) (0.98)
Group (0.15) (0.07) (0.04)* (0.74) (0.25) (0.52) (0.02)* (0.91) (0.42) (0.46)
Canopy*Group (0.10) (0.34) (0.75) (0.86) (0.98) (0.79) (0.83) (0.79) (0.47) (0.98)
Direction of Difference IES>NS IES>NS
Rd
IES
White Ash 84.8+32a  86.527a 84.8+3.1a 72.6+2.6ab  65.9%6.5b 0.92+ 0.14a 0.69+ 0.12a 0.60+0.11a 0.77+0.13a 0.56+ 0.13a
Sugar Maple 83.0+3.4ab 86.9%3.4a  70.6+3.5b 56.2+ 3.1b 64.2+ 5.4b 0.77+0.16a 0.91+ 0.14a 0.82+0.10a 0.62+ 0.12a 0.52+ 0.15a
Red Oak 83.7+2.1a  82528a 85.6+3.3a  72.53.4ab  63.8:4.9b 0.93+0.13a 0.74+0.11a 0.85+ 0.13a 0.64+ 0.11a 0.56+ 0.14a
NS
White Ash 80.2+4.1a  78.8:3.3a  68.53.0a 68.% 3.7a 40.4f 9.5b 1.19+0.11a 0.97+0.1ab 0.76+0.12ab  0.53+0.14bc  0.45+ 0.11c
Sugar Maple 72.8+3.6a 67.33.2a 67.%2.4a 53.2: 3.2b 38.9-13.1b| 1.01+0.13a 1.00+ 0.14a 0.98+0.14a  0.70+0.10ab  0.48+0.13b
Red Oak 79.8+4.4a  73.140a  67.%3.5a 61.4-2.4a  30.9-11.6b| 1.04+0.12a 0.91+0.13ab  0.96+0.12ab  0.77+0.11ab  0.51*0.14b
Summary of ANOVA
Canopy (0.64) (0.54) (0.30) (0.25) (0.88) (0.45) (0.29) .09 0.77) (0.97)
Group (0.16) (<0.01)** (0.01)* (0.39) (<0.01)* (0.05)* 0(02)* (0.11) (0.88) (0.56)
Canopy*Group (0.79) (0.49) (0.33) (0.89) (0.94) (0.78) (0.59) .90 (0.05)* (0.95)
Direction of Difference IES>NS IES>NS IES>NS IES<NS IES<NS
LCP
IES
White Ash 96.6+3.4a 98.2+3.2a 96.8+3.6a  63.5+4.2b 37.7+4.1c 64.5+ 3.2a 64.1+ 2.7a 67.6% 2.4a 52.7+2.1b 33.3+ 3.6
Sugar Maple 81.4+27a 90.7+#3.0a 90.2+#2.6a  58.1+3.3b 43.1+5.2c 58.7+ 2.1a 62.1+ 2.4a 62.5+ 3.1a 51.8+ 2.6a 39.5+3.3b
Red Oak 96.0+3.3a 93.9+29ab 92.2+3.4ab  80.9%3.8b 60.7% 4.3 52.4+ 2.2a 57.5+ 3.3a 54.4+ 2.6a 60.5+ 3.1a 32.9+ 4.1b
NS
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White Ash
Sugar Maple
Red Oak
Summary of ANOVA
Canopy
Group
Canopy*Group
Direction of Difference
AQY
IES
White Ash
Sugar Maple
Red Oak
NS
White Ash
Sugar Maple
Red Oak
Summary of ANOVA
Canopy
Group
Canopy*Group
Direction of Difference
gs
IES
White Ash
Sugar Maple
Red Oak
NS
White Ash
Sugar Maple
Red Oak
Summary of ANOVA
Canopy
Group
Canopy*Group
Direction of Difference

70.7+ 3.1a
69.7+ 2.8a
89.5+ 4.0a

(0.16)

IES>NS

42.6+ 3.2ab
35.4+ 3.4a
41.1+4.1a

39.8+ 3.3a
28.9+ 3.0a
30.4+ 3.4b

(0.35)
(0.17)
(0.42

74.4%4.2a
63.5+ 2.5ab
69.4+ 3.3a

61.9+ 3.5a
59.0+ 3.2a
62.3+ 3.8ab

(0.25)
(0.03)*
(0.62)

IES>NS

81.2+ 3.5a
74.3% 3.3a
77.4+ 3.7ab

(0.38)
(<0.001)***
(0.98)
IES>NS

50.% 3.0ab
43.4% 2.6a
48.7% 3.2a

46.2+ 2.7a
34.4 3.1a
42.1+ 3.2ab

(0.28)
(0.17)
(0.67)

75.9% 3.0a
66.6+ 3.4a
72.5+2.4a

66.5+ 3.2a
66.1+ 2.7a
68.7+ 3.1a

(0.36)
(0.13)
(0.48)

76.8+ 4.1a
72.2+3.2a
80.7+ 3.5ab

(0.30)
(<0.001)***
(0.52)
IES>NS

53.3 3.3a
42.7+ 2.8a
50.1 3.0a

47.3 3.0a
35.2 2.6a
46.% 3.1a

(0.14)
(0.31)
(0.48)

71.0+ 3.3ab
58.8+ 2.9ab
61.1+ 3.6ab

63.3+ 2.3a
56.4+ 3.0a
55.5+ 2.8ab

(0.05)
(0.14)
(0.82)

54.7+ 3.0b
66.7+ 3.2a
73.9+ 3.7b

(0.04)*
(0.70)
(0.42)

39.8 2.9bc
34.4 2.4a
41.2+ 3.1a

41.4 2.8a
31.33.3a
42.2- 2.9b

(0.02)*
(0.96)
(0.69)

60.7+ 2.7bc
55.0+ 2.5b
55.8+ 3.4bc

55.1+ 3.2a
51.0+ 2.6a
48.4+3.3b

(0.19)
(0.04)*

(0.86)
IES>NS

32.9+5.1c
45.7+ 4.4b
46.1+ 4.7¢

(0.32)
(0.56)
(0.76)

28.% 3.5¢
21.33.2b
24.4 3.3b

21.6-4.1b
24.8 4.9a
22.4+ 4.6¢

(0.80)
(0.47)
(0.88)

50.6+ 3.4c
58.4+ 2.2ab
47.7+2.9c

32.6+6.1b
32.9+8.4b
30.7+ 7.6¢

(0.95)
(0.02)*

(0.98)
IES>NS

63.9+ 2.7bc
66.4% 2.4a
52.4+ 3.1a

(0.64)
(0.63)
(0.92)

0.040+ 0.003ab
0.033+ 0.002ab
0.037+ 0.004a

0.031+ 0.004b
0.026+ 0.004ab
0.032+ 0.004ab

(0.52)
(0.05)*

(0.43)
IES>NS

0.31+ 0.02ab
0.30+ 0.01ab
0.32+ 0.02ab

0.31+ 0.02ab
0.25+ 0.02ab
0.27+ 0.03ab

(0.49)
(0.16)
(0.56)

81.9+3.2a
76.1+ 3.0a
57.5+2.2a

(0.35)
(0.02)*

(0.88)
IES<NS

0.048+ 0.004ab
0.040+ 0.001a
0.043+ 0.002a

0.039+ 0.003ab
0.035+ 0.002a
0.038+ 0.003a

(0.52)
(0.05)*

(0.46)
IES>NS

0.37+ 0.03a
0.34% 0.02ab
0.37+ 0.02a

0.36+ 0.02a
0.27+ 0.01a
0.33+ 0.02a

(0.27)
(0.22)
(0.82)

69.7+ 3.2c
62.9+ 2.6a
54.3+ 3.3a

(0.28)
(0.43)
(0.74)

0.052+ 0.002a
0.041+ 0.003a
0.046+ 0.002a

0.046+ 0.002a
0.037+ 0.002a
0.042+ 0.003a

(0.12)
(0.32)
(0.55)

0.29+ 0.02ab
0.36+ 0.03a
0.32+ 0.03ab

0.33+ 0.02ab
0.29+ 0.01a
0.27+ 0.01ab

(0.52)
(0.28)
(0.15)

63.0+ 2.5¢
63.1+ 3.2a
60.5+ 2.8a

(0.97)
(0.23)
(0.45)

0.044+ 0.003ab
0.034+ 0.003ab
0.038+ 0.002a

0.036+ 0.003ab
0.032+ 0.002ab
0.034+ 0.002ab

(0.31)
(0.21)
(0.76)

0.28+ 0.02b
0.28+ 0.03ab
0.35+ 0.02a

0.27+ 0.01bc
0.25+ 0.02ab
0.21+ 0.02bc

(0.31)
(0.41)
(0.90)

24.9+5.2d
25.4+ 5.5b
32.9+4.8b

(0.84)
(0.10)
(0.93)

0.037+ 0.003b
0.026+ 0.004b
0.032+ 0.004a

0.029+ 0.005b
0.021+ 0.005b
0.022+ 0.006b

(0.36)
(0.13)
(0.69)

0.24+ 0.02b
0.25+ 0.03b
0.23+ 0.03b

0.19+ 0.03c
0.17+ 0.04b
0.16+ 0.04c

(0.90)
(0.11)
(0.92)

Abbreviations and units: A« = area-based maximum photosynthetic rataq] 2 s?); Ry = dark respirationymol m? st); LCP = light
compensation poinfimol N2 s1); AQY = apparent quantum yielgrfiol mol?l); gs = stomatal conductancgrfiol n? s?)
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Table 2. Simulated annual carbon gain per unit &af (g C M yr') and the percentage (%) of that gain occurringray, during-, and post-
canopy periods to annual carbon for four invasixetie species (IES)Berberis thunbergii, Euonymus alatus, Celastrus orbiculatus, andRosa
multiflora) and four native species (NS)ifdera benzoin, Kalmia latifolia, Parthenocissus quinquefolia, andRubus allegheniensis) grown under
three different overstory canopy types. Canopy isgeinicluded sugar mapléder saccharum), white ash Fraxinus americana), andred oak
(Quercus rubra). Values are also pooled by invasive (IES) andveagroups (NS) as well as functional groups. Inesexotic species are
highlighted in gray cells and NS in white. Two-wANOVAs compare variables across species (n = 3}, #d NS groups (n = 6) and
interactions, where site was a random effect andtimavas a fixed effect. Canopy types followed by $ame lowercase letter within a variable
are not significantly different at P < 0.05. P \edare reported, with significant effects denoté@t an asterisk: *, P < 0.05; **, P < 0.01; ***, P
< 0.001. Additionally, bolded values indicate sfg@nt differences (p < 0.05) between IES and N@iwia column.

SUGAR MAPLE WHITE ASH RED OAK
%Pre %During %Post %Pre %During %Post Total %Pre %During %Post
(g m-2 yr')
B. thunber gii 194+13b  23.0+1.7b 55.1+1.4a 21.9+0.3a| 256+1la 34.2+0.7a 53.8+£0.8a 11.2+0.3b| 204+10b 35.0+0.5a 52.8+1.6b 8.1+0.2c
L. benzoin 116+ 17b 16.0+ 1.1bc  68.6: 1.5a  15.41.4a| 208 15a 20.%-1.2ab 71.20.9a 8.2+1.2b 189% 16a 245 13a 71.21.2a 4.3 1.1b
E. alatus 219+ 14b  30.5+1.3b 48.3+1.3a 20.2+x1.2a| 272+1la 39.5+1.3a 50.3x1.4a 12.2+1.4b| 242+12ab 44.3t1.4a 48.6x0.7a 7.1+x1.1b
K. latifolia 195+ 6.9b 20.0:1.8b 62.A*1.4ab 17.31.3a| 22% 10a 27.81.4a 59.680.7b 11.6-15a| 20*1lab 31.%1.2a 651 0.9a 4.8 1.3b
C. orbiculatus 208+ 11b  26.1+1.5b 62.3t1.5a 11.6+1.2a| 244+7.9a 33.4+1.0b 58.2+1.6b 7.4+13a | 213+12ab 39.0+1.0a 58.3+1.6ab 2.7+1.2b
P. quinquefolia 139+ 11a 19.5+1.3b 72.80.7a 7.740.03a| 1529.2a 28.51.1a 71.410b 1.1+0.2b 136+ 10a  26.6:0.8a 74.41.2a 0.0+ 0.1b
R. multiflora 231+19b 28.8+1.3b 54.2+1.3a 17.0+1.4a| 389+37a 359+1.2a 435+1.4c 20.6+1.2a| 275+26b 39.4+1.4a 48.9+0.6b 11.7+1.1b

R. allegheniensis 206+ 19b 32.1+ 0.8b 52.9-1.3a 145 15a| 29% 16a 32.40.7b  46.8:05b 20.81.2a| 25%1la 37.508a 53.30.7a 10.31.1b

IES 211+17b 284+ 14b 51.3+4.0a 20.6+1.2a| 292+18a 354+23a 49.1+x21a 16.5+1.2b| 231+*16ab 37.3t1.8a 54.0£2.8a 8.7+x0.4c
NS 168+ 19a 200%19b 62.3+3.1a 18.1+x0.9a| 225 16a 27.%#1.8a 57.843.5b 13.9+14a 199 18a  29.5-1.5a 63.3x34a 7.7+x0.5b
Summary of ANOVA

Canopy

Group (0.11) (<0.01)** (0.03)* (0.09) (0.01)* (<0.01)** (0.02)* (0.13) (0.18) (<0.01)** (0.04)* (0.12)
Canopy*Group

Direction IES>NS IES<NS IES>NS IES>NS IES<NS IES>NS IES<NS

Shrub 181+15b  22.8+0.6b  60.7+1.4a 16.4+1.3a| 232+13a 31.2+0.6a 58.6+0.6b 14.2+1.3a| 202+ 14ab 33.2+x1.6a 60.2+£0.8a 6.5+1.1b
Subshrub 226+ 25b 29.0£1.5c 53.7+1.3a 23.3+1.4a| 331+22a 34.2+14b 452+14b 20.6+1.5a| 253+19ab 37.6+1.5a 51.3+1.6a 11.1+1.1b

Vine 173+ 16a 23.4+1.2b 66.0+£0.5a 10.6+1.2a| 207+12a 29.2+0.9a 65.4+0.7a 4.3%+3.2b 206+ 15a 32.0£0.9a 66.3+0.8a 1.7+1.1c
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Table 2 continued.

ALL

%Pre

%During

%Post

2174¢10  354+20 54.7+06 9.9+04
179+14  20.1+0.5  70.8:0.6 9.1+ 0.2
239+13  408+13 494+03 9.8+06
208+ 11 251+05 62703 12.3:0.3
220£10  33.6+0.3 59704 6.7+02
143+ 11 244+01  736:03 20£1.1
290+ 22 328+15 501+10 17.2+1.0
246+ 18 33.7+15 50.0:0.8 16.3:0.9
238+ 12 326+15 514+34 161+15
196+ 15 241+13 63.3+23 126+1.4
(0.04)* (0.01)* (0.49)  (<0.01)**
(0.01)*  (<0.001)**  (0.01)* (0.09)
(0.72) (0.90) (0.89) (0.79)
IES>NS IES>NS IES<NS
206+ 12 30.1£1.0 585+0.2 11.4+0.2
268+ 15 32.4+0.6 50.6+0.2 17.0£0.2
190+ 13 279+15 654+06 5.7+06




FIGURE LEGENDS
Figure 1. Validation plots and coefficients of dataation for model parameters, including maximum

photosynthetic rate (&), dark respiration (g, light compensation point (LCP), apparent quanyietd
(AQY), and stomatal conductance)(gised in simulating annual carbon gain for fowasive exotic
species and four native understory species groweruihree canopy types. Solid lines represent 1:1

relationships.

Figure 2. Validation plot and coefficient of detémation for predicted carbon gain per unit leafaare
across the model-simulated growing season andaatseet assimilation calculated from empirical
seedling mass (M) and leaf area (L) measured frestrdctive harvests and allometric estimates. The
solid line represents a 1:1 relationship and trsihed line represents linear regression betweencpeed

and observed values, where Observed NA = -25.93(Bredicted NA)

Figure 3. (A) Simulated daily carbon gain per Uedf area pooled for invasive exotic (IES) (blaakyl
native (NS) (light gray) species, and (B) by IES &8 functional groups (shrubs, vines, and subshrub
all grown in understory conditions with differertignological and light transmittance resulting from
different overstory canopies of either sugar mgfber saccharum), white ash raxinus americana), or
red oak Quercusrubra) (n=3 for all canopies) Annual carbon gain is esgnted by the total area under

each curve. Dotted lines represent average daféssbfand abcission for each canopy species.
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Figure 1
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SUPPORTING INFORMATION
Table S1. AveragetSE) activation energies and temperature normakaéaes for model input parameters representingt eigtierstory
species per canopy type and growing season mouinbBrs below the month name refer to the temper£tG) to which parameters for
that month were normalized. Due to a lower samigks dJuly measurements were grouped with Augustegalor model parameterization.
Months followed by the same lowercase letter withim variable are not significantly different at P €.05.
Abbreviations and units: Amax = area-based maxirphotosynthetic ratqumol m? s*); Rd = dark respiratiorpmol m? st); LCP = light
compensation poinfimol n? s?).

Activation Energy (KJ mol™) Temperature-Normalized
Parameter/Species May June August September October June August September October
(23) (25) ) (20)
Amax
White Ash
BETH 7.75x 2.1a 6.81+ 1.8a 7.54+ 1.3a 7.15+2.3a 6.45+2.7a | 5.27+0.5ab 7.53%= 0.9a 3.16+ 0.7b 2.97+0.5b 2.76+ 0.8b
EUAL 8.3x1.1a 4.9+ 1.5a 7.2x1.4a 7.7x1.3a 7.3%1.6a 4.4+ 0.3a 5.56% 0.5a 5.65+ 0.6a 3.88+ 0.4a 3.87x£0.5a
CEOR 6.3+ 1.4a 6.4+ 1.7a 6.81+ 1.5a 5.2+ 1.6a 41+1.1a 6.2+ 0.5a 4.77+0.4b 4.46+ 0.3b 4.21+0.3b 3.95+ 0.2b
ROMU 5.2+x1.7a 5.4+ 1.3a 5.8+ 1.2a 59+ 1.1a 4.9+ 1.5a 5.74% 0.4a 5.82+ 0.4a 6.76x 0.5a 5.23+ 0.3a 2.09+ 0.6b
LIBE 10.9+ 2.3a 10.0+ 2.1a 5.1+ 1.9a 6.2+ 1.7a 6.6% 1.4a 413+ 0.4a 4.02+0.3a 4.62+ 0.4a 2.63+ 0.2bc 2.28+0.4c
KALA 5.8+ 1.5a 7.1%1.4a 8.6+ 2.3a 9.2+ 2.5a 7.3x2.1a 5.77+0.3a 5.23+0.4a 5.7+ 0.5a 4.39+ 0.3a 4.47+0.3a
PAQU 18.5+ 1.2a 7.4+ 1.8b 5.0+ 1.1b 6.6+ 2.2b 5.84% 0.6a 3.59+ 0.3b 4.53+ 0.3ab 2.45+ 0.3b
RUID 12.4+ 1.3a 6.5+ 1.2b 5.6+ 1.4b 5.3+ 1.6b 4.8+ 1.3b 6.13+ 0.3a 5.25+0.3ab 4.57+ 0.5ab 3.52+ 0.4b 4.25+ 0.5b
Sugar Maple
BETH 5.03+x1.7a 6.12+ 1.4a 6.98+ 1.5a 6.54+1.9a 5.99+1.7a | 5.04+0.3ab 5.99+ 0.7a 3.29+ 0.8bc 2.81+0.2c 1.98+ 0.4c
EUAL 9.3+ 2.3a 8.3x1.7a 8.6x1.7a 6.2+ 1.4a 5.6%2.3a 4.6+0.2b 9.54% 0.6a 5.04+ 0.3b 4.48+0.3b 3.04+ 0.5b
CEOR 9.7+ 2.6a 7.2+ 1.8a 6.7+ 1.3a 6.9+ 1.6a 4.7+1.2a 4.7+ 0.4a 3.08+ 0.2b 3.82+£ 0.3ab 4.1+ 0.2ab 3.08+ 0.4b
ROMU 6.5+ 1.5a 7.3x1.3a 76+x14a 6.3 2.1a 5.6+ 1.5a 7.08+ 0.5a 9.07% 0.6a 7.28+ 0.4a 3.99+ 0.5b 4.71+ 0.6b
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White Ash
BETH
EUAL
CEOR
ROMU
LIBE
KALA
PAQU
RUID

Sugar Maple

BETH

89.7+ 3.2a

69.6+ 5.4a

95.6+ 6.1a

84.3+ 4.8a

77.6x4.7a

89.2+ 5.3ab

83.6+7.1a

70.4+ 4.4a

81.8+ 7.5a

97.4% 3.5a
80.3+4.1a
81.5+2.7a
86.7+ 3.2a
61.4+ 3.5b
96.8+4.1a
77.7+2.8a

79.3% 3.6a

89.7+ 4.6a

84.7+5.3a
85.8+ 2.6a
81.2+3.1a
87.5x4.7a
63.5+ 2.9ab
65.4+% 3.6C
61.2+ 3.3b

83.7+4.1a

75.5+ 5.6ab

79.4% 6.6ab
40.1+2.7b
31.1+4.2b
79.7+ 3.8a
20.9+ 3.3d
81.3£2.5b
77.4+2.1a

36.1+5.3b

70.4+5.9ab

62.1+7.2b
83.1+ 3.6a
40.1+2.5b
78.2t4.1a
44.4+ 3.4¢

24,5+ 2.9d

92.6+6.7a

56.8+ 6.4b

1.12+0.18a
0.48+0.11a
1.27+0.09a
0.79+£0.12a
1.35+0.20a
1.05+0.17a
1.17+0.13a

1.19+0.15a

0.51+0.14a

0.49+0.17ab
0.63+0.14a
0.82+ 0.12ab
0.82+ 0.16a
0.86+ 0.13ab
0.99+0.12a
1.09+0.11a

0.94+ 0.11ab

0.73+£ 0.25a

0.55+ 0.14ab
0.46+ 0.09a
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Table S2. AveragetSE) percent annual carbon gained for each dayafitfrduring pre-, during-, and post-canopy peritmsfour invasive
species (IES)Rerberis thunbergii, Euonymus alatus, Celastrus orbiculatus, andRosa multiflora) and four native species (NS)i(dera benzoin,
Kalmia latifolia, Parthenocissus quinquefolia, and Rubus allegheniensis) grown under three different overstory canopy $yp&anopy species
included sugar maplé¢er saccharum), white ash Fraxinus americana), andred oak Quercusrubra). Values are also pooled by invasive (IES)
and native groups (NS) as well as functional grolpgasive exotic species are highlighted in gralyjscand NS in white. Two-way ANOVAs
compare variables across species (n = 3), IES &@ridups (n = 6) and interactions, where site weandom effect and month was a fixed
effect. Variables followed by the same lowercastetavithin a canopy type are not significantlyfdient at P < 0.05. P values are reported, with
significant effects denoted with an asterisk: % B.05; **, P < 0.01; ***, P < 0.001. Additionallypolded values indicate significant differences
(p < 0.05) between IES and NS within a column.

Acer saccharum ‘ Fraxinus americana ‘ Quercusrubra

%Pre %During %Post |  %Pre %During | %Post |  %Pre %During | %Post | %Pre %During %Post
B. thunbergii 1.35+0.5a 0.40+0.1b 0.91+0.4b| 1.61+£0.2a 0.41+0.1b 0.42+0.3b| 1.79+0.2a 0.48+0.1b 0.22+0.1b| 1.67+0.2 0.41+£0.01 0.47+0.1
L. benzoin 0.95+0.1a 05%#0.2b 0580.2b| 1.3#0.2a 0540.1b 050:0.2b| 1.040.2a 05%0.2b 05¢0.1b| 0.8% 0.1 0.52:0.03 0.46:0.2
E. alatus 1.75+0.3b 0.38x0.1a 0.75+0.3b | 1.67+0.3a 0.38+0.1b 0.62+0.4b| 1.85+£0.2a 0.35+0.1b 0.29+0.1b| 1.77+0.1 0.35+0.03 0.36x0.1
K. latifolia 1.07x0.2a 04#0.1b 0.70:0.3b| 156:0.4a 0.480.1b 0.7¢:05b| 1.8%03a 04#0.1b 03x0.1b| 11404 047£0.03 0530.1
C. orbiculatus 1.72+0.5a 0.47+0.1b 0.40+0.2b| 2.22+£0.3a 0.43+x0.1b 0.37£0.3b| 2.16x0.4a 0.43+0.1b 0.35+0.2b| 2.28+0.2 0.43£0.02 0.31+0.1
P. quinquefolia 151+0.3a 05#0.1b 0.61*+03b| 1.00:05a 0580.2b 0.120.1b| 1.7%#03a 05%02b 0.0+0.0b | 09304 0550.01 0.230.2
R. multiflora 1.92+0.3a 0.46x0.1b 0.41+0.4b| 1.89+£0.2a 0.39+0.1b 0.36+0.1b | 2.01+0.4a 0.40+0.1b 0.29+0.1b| 1.97+0.1 0.37£0.01 0.32+0.1
R. allegheniensis 1.71+03a 04k0.1b 0.340.2b| 1.66:0.7a 04E0.1b 0.35%0.1b| 1.9405a 04G02b 023%0.1b| 1.7220.2 0.380.03 0.3%0.1
IES 1.78+£0.1a 0.43+0.1b 0.62+0.2b | 1.85+£0.1a 0.41+0.1b 0.45+0.1b | 1.98+0.1a 0.42+0.1b 0.29+0.1b | 1.92+0.1 0.41+0.02 0.37+£0.03
NS 1.32+0.2a 0.5&0.1b 054:0.1b| 1.40t0.1a 0.48&0.1b 0420.1b| 1.6202a 04#0.1b 0.26:0.1b| 1.47#0.1 0.48:0.04 0.380.07
Summary of
ANOVA
Canopy (0.05)* (0.81) (<0.01)**
Group (0.05)* (0.08) (0.55) (0.01)* (0.17) (0.83) (0.02)* (0.43) (0.75) (0.001)** (0.07) (0.72)
Canopy*Group (0.88) (0.88) (0.64)
Direction IES>NS IES>NS IES>NS IES>NS
Shrub 1.30£0.2a 0.45+0.1b 0.74x0.1b| 1.52+0.1a 0.45+0.1b 0.57+0.1b| 1.65+0.2a 0.45+0.1b 0.33+0.1b| 1.36x0.2 0.44+x0.1 0.46%0.1
Vine 1.69+0.4a 0.52+0.1b 0.50+0.1b| 1.62+0.6a 0.51+0.1b 0.23+0.1b| 1.83+0.2a 0.47+0.1b 0.18+0.2b| 1.60+0.7 0.49+x0.1 0.27£0.2

Subshrub 1.81+0.1a 0.43+0.1b 0.38+0.1b| 1.77+x0.1a 0.39+0.1b 0.35+0.1b| 1.97+0.1a 0.40+0.1b 0.26x0.1b| 1.84+0.1 0.36x0.1 0.32+x0.1




SYNTHESIS

Community-level phenology influences IES understorguccess in temperate deciduous forests

Phenological observations have provided informatégarding the natural calendar and plant
communities since ancient agricultural times, bithwtrong evidence of warming shifts in climateg t
study of phenology has gained renewed interestguittstions emerging regarding species, community,
and ecosystem performance under changing condif\dost studies of invasive exotic species (IES)
suggest that phenology may be one such mechanjgoosing their success in introduced environments.
Phenology may be used to exploit ecosystem resstinceugh several means including extended
temporal niche breadth in which IES benefit by mdsiting more energy (Richara@sal. 2006;

Wolkovich & Cleland 2011) and occupying a vacautei to utilize resources not being used by resident
species (Elton 1958; Mack al. 2000). These hypotheses present the potentiaidasidual plant
photosynthetic activity and carbon gain based enroonity-level processes, which may be more
appropriate for investigating communities with cdaxpcompositions and high seasonal variability such
as temperate deciduous forests. The deciduousenaftwegetation along with phenological asynchrony
across strata results in seasonal variability ofeustory resource availability. Windows of oppoityifior
resources also vary spatially across the foresisleaipe, as species-specific traits lead to diffexen
phenology and light availability across forest siarGiven this complexity, few studies have taken a
community-level, mechanistic approach to understanthe role of phenology in IES success. Due ¢o th
apparent influence of overstory phenology on urtdeygrowth success and the incomplete knowledge
regarding IES and NS growth sensitivities to seaklight availability, the objectives of my dissatibn
were to evaluate the role of community-level phegglin IES success and the underlying mechanistic

basis for IES and NS growth differences in tempedaiciduous forest understories.

To address this issue, | conducted a replicatedremmgarden experiment with four IES and four

NS grown under three canopy types differing in hegy and light transmittance. Understory species
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were chosen because they commonly co-occur in fooaéts and they allow testing of the following
hypotheses within and across multiple functionaugs: 1) annual growth of IES exceeds that of NS, 2
IES growth advantage is most pronounced under desitipat allow greater understory light availailit
(i.e., later spring phenophases, higher transmittanaksharter leaf lifespans), 3) growth variation
among IES and NS is related to differences in sgweirinsic growth determinants, and 4) IES adsaget

is more greatly influenced by spring than autumerathogical variation. Critical phenophases in
overstory and understory vegetation were monitoredl gardens as were understory PAR and
temperature. Diagnostic gas exchange was meaBusid using photosynthetic light responses assessed
across a range of leaf temperatures throughowgrtheing season. Comparisons of seasonal growth rate
among IES and NS grown under the various canomstyyere based on a combination of destructive
measures and nondestructive, allometric estimdtpkot biomass.

As hypothesized, annual growth was greater forta® NS under all canopy types and was
highly and positively related to total seasonatiigccessible to understory seedlings. As IES wene
likely to exhibit longer leaf lifespans, they alschieved greater seasonal growth. This trend was
supported within and across all functional groupseet subshrubs for which IES and NS did not diffier
either leaf lifespan or growth. However, becausaviin was related to seasonal light availabilityyits
also explained by dates of canopy flush and abeaissid differed with canopy type. In support of my
second hypothesis, greater growth was achievediteash understories which received the greatest
amount of light, due to both higher light transroasnvhen canopy leaves were present and relatively
shorter leaf lifespans.€., later spring and earlier fall phenophases). IE®Svgn advantage was evident
under all canopy types, but significantly greateder canopies with greater seasonal light avaitgbil
Although IES exhibited greater seasonal growthsratdnich is often characteristic of fast-growing,
resource-demanding species, they also exhibitegkloeaf lifespans, suggesting that IES may benefit
from traits attributed to successful competitorbath high- and low-resource environments

Beyond extended leaf lifespans, growth in tempetatgduous forest understories was also
explained by a number of intrinsic growth determisaOverall, growth was explained by the daily
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integral of photosynthesis expressed per unitdead (Arg, leaf mass (Aasy, and plant mass (Any,
with whole-plant photosynthesis explaining the gggamount of variation as it represents physiokdg
(Aared, morphological (specific leaf area, SLA), andaditional (leaf mass ratio, LMR) determinants of
growth. In general, leaf area ratio (LAR) and, artjrular, SLA had the highest relative influence o
growth under all canopy types which is often theeckmr growth in low-light environments. In a
comparison of IES and NS species groups, SLA, rhased, and whole-plant photosynthesis were
significantly greater in IES. However, steepertiefeships between relative growth rates (RGR) and
assimilation rates (feaand Avan) Suggested more efficient resource use and cariyoture in IES
compared to NS. My findings indicate that growthiaion cannot generally be ascribed to a sole
determinant (Kruger & Volin 2006) as slightly larggl A, greater assimilation efficiency, greater
phenological extension were all factors in IES dioadvantage. However, greater assimilation
efficiency together with greater leaf lifespansIdaamplify IES success in deciduous forest undeeso
Field measurements of diagnostic gas exchangeraridbemental conditions were used to build
a stochastic model of photosynthesis and furthgrhasized the significance of phenology and seasonal
variability in IES success. Model predictions suped empirical observations that IES achieve greate
carbon gain and growth than NS, especially undeomias that provided slightly greater seasonal
understory light conditions, albeit low light, suat the white ash canopies used in my study. Wha#e
advantages were in part due to longer leaf lifesptmey were also due to a faster and more plastic
response to seasonal changes in temperature nmgsprd summer months. Photosynthetic capacities als
significantly declined in autumn, resulting in gieracontributions of pre-canopy physiological aityivo
annual carbon gain in all species under all cargpgs. The carbon gain in spring before canopyuctos
was more important to acquiring an annual carbdasigy, suggesting earlier leaf flush is an impartan
mechanism of IES establishment and growth. Thisaeasistent with higher photosynthetic capacity and
temperature light responses in spring and earlyrgmsupporting the hypothesis that IES have an
advantage during these periods, especially undempias with late spring phenophases. Given the
apparent influence of phenology and seasonal teatyrersensitivities of growth, climate warming and
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associated phenological shifts will likely have mngant implications for the susceptibility of tenngte
forest understories to IES.

Overall, this dissertation elucidates the rolea@hmunity-level predictors such as canopy species
composition, plant phenology, and environmenta sitaracteristics in understory growth and IES
success. This dissertation is the first to incoapeoid) community-level phenological interactions, 2
direct measures of carbon gaire( destructive harvests), 3) extensively sampledegabange
measurements, and 4) temperature-dependence mddeteghotosynthetic temperature light response
curves to investigate extended leaf lifespan agehamism for IES advantage over NS. Furthermore, by
focusing on community-level phenology and assodiatasonal variations in environmental conditions,
this dissertation addressed prominent questions/asive plant ecology regarding niche partitioning
traits conferring invasive success, and growthaaeses to resource availability and temperature
variation. Answers to these questions advance denstanding of the ecological and physiologicai®a
for IES success. For IES in temperate deciduowstamderstories, occupying a greater temporaknich
breadth and a vacant niche for light integratigmsicantly contributed to their seasonal growth
advantage over NS. More efficient light integrafialong with greater SLA, also provided a plausible
mechanism for IES growth advantage in these lottlanvironments. Finally, seasonal physiological
responses to temperature contributed to suppearicatical period for carbon acquisition in theisgr
and suggest that such information will be essemtiblilding a greater understanding of plant
communities and invasions given future climate waghprojections and associated climate-driven shift

in phenology.
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