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Abstract
ECOLOGY OF A SOUTHWEST NEW ENGLAND FOREST AND ITS INVASIOBY A

NON NATIVE TREE SPECIES

by

Eric Carl Morgan

Advisor: Dr. Dwight Kincaid

With the regeneration of vast forested areas in northeastern NorthcAneserenewed
interest in studying these recovering areas has arisen in reeaest Yhe process of accurately
inventorying existing forested areas and applying statistical metbaodsdgnize forest types
and plant associations has become an important aspect of modern ecological biledfprégt
change is a natural process and each forest has its own individual mogaicied she
documentation of species within these areas will allow changes to be mszbgrore

accurately, and earlier than in years past.



Using a 31 hectare forest located in southwest Connecticut as aliestgran
annotated flora of all non vascular and vascular plant species was conducted.if#gdéd 71
non vascular and 357 vascular species being recorded and vouchered.

Vegetation analyses of the site were performed through the use of 10 x 10m quadrats
This analysis showed a forest dominated~agus grandifoligollowed byAcer rubrumand
Betula lenta Four distinct forest types exist with a mixed hardwoods forest type dominating

A non native specie®hellodendron amurenseas recognized as being the 14th most
dominant in importance value ranking. Sites were then identified within the follestte areas
of high concentration of the species, and within the largest of these areagraleamive
examination of the invasion was performed. An analysis of the age structpaetsmpon the
understory, and pattern of the invasion were investigated by creating allairgacompassing
all theP. amurensand gathering cartesian coordinates, diameter at breast height, armhage f
tree ring analysis.

The results of this thesis provide an accurate and thorough inventory of all non vascular
and vascular plants on the site. Furthermore, an examination of the forest types atahoapor
values of the area provide an even better baseline from which future anay$ie tmased. This
thesis also provides significant information regarding a non native invasivespeai is

currently not recognized as such in much of the pertinent literature.
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Chapter 1
Introduction

The forests of the northeastern United States can be characterized ihvgaysra
dependent upon the level of precision and the size of the region being examitaa th&it
Holarctic kingdom of Takhtajan (1986), the region known as the northeastern UnitesliSta
further classified as falling within the eastern deciduous forest provincedi@aand
Christensen 1993, Braun 1950, Greller 2000). The main site of this study takes place in
southwestern Fairfield County, Connecticut, upon the 91 acre grounds of the Babibe&tdm
in the city of Stamford. This site specifically falls along the bordidiathtajan's Appalachian
province and Atlantic and Gulf Coastal Plain Province within his North Ameritdanti
Region (Takhtajan 1986). On a smaller scale the location is within the glacietied &¢ the
Oak-Chestnut forest region, in what is specifically referred to as pineutshardwoods" region
of New England (Braun 1950).

Documentation of the flora and vegetation types of this region, and particakarly t
surrounding regions of New York City has been published on a regular basis for well over
century. Early examples of this include #lera of the Vicinity of New Yor{aylor 1915),
which encompasses the region of Fairfield County, Connecticut and includes 2631 vascular
species in total and thdora of Long Islandby Jelliffe (1899), which includes 1383 species of
vascular plants. More recent studies of the flora of the surrounding regions inelundg m
floristic inventories of the woodlands of New York City such as Greller (197 PeeCandido
and Lamont (2004). Vegetation and forest compositional studies have also been performed in the

past few decades and include Stalter and Kincaid (2008), Glaeser (2006), Stalteatio82)



Greller et al. (1979). These studies, while concentrating on regions outsiddiefdc@ounty,
are all still located within the "sprout hardwoods" region.

As a method of providing an accurate inventory of the flora of this reseagch sibn
vascular and vascular flora was compiled over the years of 2006 - 2010. Survegsneere
throughout the property and resulted in over 1,200 voucher specimens placed in the herbarium of
the Bartlett Arboretum (BART). An accurate floristic inventory isaessary to proceed with
more in depth examinations of the vegetation of the site and the ecology of the florar Ghapt
and Chapter three provides a complete list of all plants recorded on the site.

Throughout the region, humans have played a central role in shaping the species
composition of the forest from colonial times to the present (Borgi et al. 2000 fdnests
have undergone many changes over the nearly 400 years since European colortizatigh al
documentation is often scarce and based upon evidence such as witness treeng:¢tands a
deeds. Within the primary research site of this study, the land has tramsftimmea cleared pig
farm in the late 19th century to the forested habitat it is today; recordst afSessare cursory
through word of mouth accounts of family descendents of the former property owners.

To provide baseline data from which future changes can be measured, transects wer
created throughout the forest, along which 10m x 10m quadrats were placed in random fashion.
By recording all woody species greater than 2 cm diameter breast, ngigbttance values
(Curtis and Mcintosh, 1951) were calculated to provide an analysis of ecological doenofa
the vegetation on site. By analysis of quadrats, more specific forestchpée determined
through cluster analysis and ordination. These processes were performed apdréed n

Chapter three.



At this research site and throughout forested ecosystems across théagestehange is
an unavoidable process which takes place naturally as succession progressesudloatural
disturbances also create forest changes in forested areas. Succesamgal cdused by a
variety of factors including natural processes such as drought, windstorms akd #re li
demonstrated in local comparative studies over time including Stalter aoditK(2008) and
Stalter (1982). In addition to these natural processes, there are numeralscwelented events
throughout the region which have changed the structure of this forest over thenpast ce

A most profound impact upon the forest has been the drastic population increase in white
tailed deer throughout the region (Shono 2003). The impacts upon the forest are numerous with
documented losses in herb diversity (Rooney and Waller 2003) and disproportionattlosses
native spring wildflowers (Webster et al. 2005). Within this study site, the papuftwhite
tailed deer is approximately 21-26 based upon personal observations of the authootisimg m
detecting cameras.

While deer are a natural, native component of the local forests, other factode itichse
species that have been introduced to the region from elsewhere, eitherliptentia
unintentionally. Only a century agdJmus americand.., the American elm would likely have
been a conspicuous part of the regional flora. Floristic work within the regiorsah#sis
includedUImus americanas "commonly found" in Tolland and Windham Counties,
Connecticut (Meyer and Plusnin 1945) and Taylor (1915) determines the species to be "in
various situations" throughout the vicinity of (city of) New York. Thischanggimdance from
a common species to a rare species was within only a few decades ofotthgcimn of an
ascomycete fungus commonly known as Dutch elm disease. This disease, spneael fyyecies

of bark beetle, had reduced the elm populations of the eastern United States by the bfindreds



thousands by the mid 1940s in spite of the fungus reaching North America as rasdrf&8
(Elton 1950).

An even more devastating impact was caused by the introduction of another fungus in
1904.Cryphonectria parasiticgMurrill) Barr., the causal agent of chestnut blight, essentially
eliminated mature trees Glastanea dentatdhroughout the region within several decades. While
Taylor (1915) listCastanea dentatas "throughout the range" and Jelliffe (1899) lists the
species as "throughout the island” for Long Island, Meyer and Plussin d€=t5)be the forest
as having the most valuable chestnut trees killed by the blight although thes spatieues to
be listed as common in their work. Further comments by the authors which allbddutute of
Castanea dentatare their claims that chestnut "salvage" operations still exist in th& fore
interior, hinting that many areas were already salvaged of the dyingspEa this day mature
chestnut trees are non existent, as the remaining sprouts from affiegedontinue to grow
from previously stricken trees, only to be reafflicted, usually prior to the beatarity of the
individual sprout.

The impact of dutch elm disease and chestnut blight are only two widespread, and
devastating examples of the changes brought upon the forest since 1900. Numerous other
pathogens have also taken a toll on the region although some are less apparent du¢hte either
lesser importance of the species, the slower spread of the problem or the aokrehtime for
the organism to spread. More recent examples include the hemlock wooly adelgid which has
caused the die off of Hemlocksuga canadensi&..) Carriere, throughout the southern portion
of the region. Throughout the New England region, hemlock wooly adelgid hagdasult
drastic changes in the stand dynamic$siiga canadensisausing potential widespread

ecosystem impacts (Stadler et al. 2005). Within this researci sitga canadensisvhile



present, is often heavily infected by the insect and suffers needle drop (pelsmmaation).
While each of the preceding examples has been the result of introduced pspasigs, another
major influence has been the introduction of non native - invasive vascular plants.

In recent decades, beginning with the publication of Charles Efba'scology of
invasions by animals and plants 1950, more research and attention has been paid to the
importance of these organisms, not only as economic problems, but as potentialigtueyas
ecological problems. Within the region of this study, numerous species have beeemtecuim
invade native habitats includifgcer platanoides. (Fang 2005)Ailanthus altissimgMill.)
Swingle (Lawrence et al 199 elastrus orbiculatughunb. (Steward et al. 2003) abgthrum
salicaria L. (Blossey et al 2001) to name only a few. New invaders across the glebdalite a
lag phase of proliferation and spread (Mack et al. 2000). Prior to a noticealifiergtion of an
introduced species, many of these will be recognized only as a naturalizess speoember of
the flora that has little noticeable impact, slow to moderate growthlagks the ability to
displace native species. Within this research site, one particulaespdwliodendron
amurensefits that exact profile. A native of AsiR, amurenseecieves very little recognition as
an invasive species in the scientific literature with a few exceptiohsasuGlaeser (2006) and
Glaeser and Kincaid (2005). Many horticultural publications such as Dirr (1990 wehd
promote the species as a desireable plant for use in public and private gardetsintaace,
and noticeable impact &. amurensavithin areas of the forest in which it has proloferated,
quickly caused the species to become a major focus of this work.

The first question to be asked regarding this species was where could it begnvadi
outside of its native range. Is there a preferred habitat for invasidhsamurenser isP.

amurensenore general in its requirements. An important factor in determining the pbtenti



spread of any invasive is analysing its habitat preference. To accompgissitds where the
species occurs were located throughout the region of Boston to Philadelphia. Thegersites
then compared using several methods to look for similarities, and to deterrhmén¥asion by
P. amurensevould be restricted to particular habitats. The results of this work, which are
reported within Chapter 4, are tiatamurensés capable of invading a number of different
forest types and forest densities.

Secondly, the impact of the species upon the surrounding flora was examinedh¥sing t
primary research site and an additional site in Queens County, New York, datzollented to
compare the understory flora of both theamurensénvaded areas and the adjacent areas not
yet invaded by the species. Data showed that across nearly all factonsezk®namurense
significantly affected the understory composition, mainly to the detrimentio€rspecies.
Questions often arise as to the mechanism by which these impacts ocouattBngt to rule
out shading by the invader as is often suspected with other invasive species (Fangr2005
analysis of light penetration at both sites comparing the canopy oPbathurensand the
adjacent native canopy through the use of a leaf area index analysisdaweaignificant
differences between them. These results are reported in Chapter 5.

Chapter 6 of this thesis begins examining the process of invasi®ndmyurensénto the
site over a 46 year period. This time frame represents the time of fitsence in the forest by
P. amurenseintil 2008, when all trees were cut down for the tree ring analysis that provided the
data for this chapter. In total, 2P8 amurensérees were cut and analyzed for age data to
provide an approximate history of the invasion. By comparing tree ring data totdbh da
approximations for the composition of the forest over the 46 year period werel copatey a

model of the impact that the tree has had upon the forest over that period. This work slabwed t



P. amurensdas increased in both relative density and dominance, to the point where it was a
major species within the site at the time of its removal. These findingsparaed fully in
Chapter 6.

As a way of further analyzing the invasion, significance in the patterns ofonvasre
were examined using the cartesian data. By applying both Mantel testRgdya'K-function
analysis to this data, it was shown that there is indeed a non random pattermi@thosi
within the greater surrounding forest. Furthermore, by using these aartesirdinates and dbh
data, descriptive models can be created that will further the understandingsofesva the
general public as well as the scientific community. These resultsaarmgesbubble charts are
reported in Chapter 7.

Due to the well documented threats to ecosystems throughout the globe caused by
invasive species, this work, which focuses upon a forested area in the NortheagtsStates
and a recent invader in that forest, will provide a framework for the long tady af a
potentially important new invader. This work also highlights the importance rigraegection
of new invasive species, and the impact that a single species may pgtéatrallupon the
surrounding ecosystem. Perhaps most importantly, it will serve as@natatl to eradicate yet
another invader before the lag period of its expansion ends, and eradication as an option is

replaced by the option of control.



Chapter 2

The Bryophytes of Bartlett Arboretum Forest, Stamford, Connecticut vidibnaparison to

Local Floras

[this chapter is modified from this reference:]
Morgan, E. C.; J.A. Sperling & J. Borysiewicz. 2008. The Bryophytes of Bartldibréium

Forest, Stamford, Connecticut with a Comparison to Local Floras. Evansia. 25: 8-11.



Abstract

The Bartlett Arboretum Forest in Stamford, Connecticut, is an approxinsatenty-six
acre deciduous woodland. The bryophyte flora consists of fifty-two speciesssf(@lass
Musci), eighteen species of liverwort (Class Hepaticae) and one spétiernwort (Class
Anthocerotae). As a multiple use forest (hiking, botanical education, andclgstbes list

provides baseline data from which to measure future changes in the flora.



Introduction

The Bartlett arboretum is a ninety-one acre public garden owned by the Sitynofiord
and managed by the Bartlett Arboretum Foundation. The former home and reseastbriglod
F.A. Bartlett, founder of the Bartlett Tree Expert Company, the siteasddadn the city of
Stamford, Connecticut, in the southwestern portion of the state less than thistyramehe
limits of the greater New York City region. Of the ninety one acre site, ajppeitely seventy-
six are left in a semi natural state with only trail maintenance, résdakag and limited
removal of invasive species occurring within its limits. Dog walkingl@ad and has had a
detrimental impact on bryophytes growing on tree trunks along pathways.

The forest falls within the mixed mesophytic forest zone of the Appala¢rovince as
described by Greller (2000). Communities within the forest include a seveAcer rubrumL.
swamp, &agus grandifoliaEhrh. community,Liriodendron tulipiferaL.— Carpinus
carolinianaWalt. community, &@uercus rubra.. —Carya ovata(P.Mill) K. Koch. community
and several disturbed areas dominated by non native fragtss grandifoliais the dominant

tree species in the forest.

Materials and Methods

The site was sampled on a regular basis from Spring 2006 thFalgB010. More than 130
specimens were collected and identified at the Bartlett Anboretaboratory and the
Department of Biology, Queens College. Voucher specimens faspalties were deposited

within the Bartlett Arboretum Herbarium. Identifications in fledd and lab were done using the
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keys of Andrus (1980) for Sphagnaceae, Schuster (1949) for Hepaticaeutand X283) for
Musci. Nomenclature was updated using the Plants National Database at glargews
Results of this study were compared with the results of Geo(®0i07) and Morgan and

Sperling (2006) for an analysis of similarity between the Bartletiasitl other local floras.

Results and Discussion

Sixty-seven species of bryophytes were identified including fiifty-moss species (Class
Musci), eighteen species of liverworts (Class Hepaticae) and onespébornwort (Class
Anthocerotae). The families with the highest number of species were thg#iegiiceae,
Brachytheciaceae, Dicranaceae, Hypnaceae, Mniaceae and Polyaehaitefour species in
each family. All species recorded for the site are reported in Appendix 2.1.

In comparison the 1122 acre Burnham Brook Preserve in East Haddam Connecticut, has
a total of forty-one moss and six liverwort species. While the 1013 acre Alley Pdndrela
Cunningham Park sites in New York City, have a total of thirty-eight mossés|iegyworts,
and one hornwort. Burnham Brook is approximately eighty miles east of BArthettetum
while Alley Pond and Cunningham Parks are approximately forty miles soutbe Témults
document that the Bartlett Arboretum has the greatest overall speciessichne

To compare the bryophyte floras of these three sites both Sgrensen’s ardl Jaccar
Similarity Indices were calculated (Pielou 1984). The flora of Baddioretum was most
similar to the Alley Pond and Cunningham Parks sites, however the differencesév two

are still substantial. Similarity data are summarized in Table 2.1.

11



The authors plan to continue monitoring bryophyte populations at all three study sites
With different patterns of land use, forest age and history, as well asdimghtic differences,
these results may be useful in measuring changes in both the local and regaptaytery

communities.

12



Table 2.1.

Comparison of the three sites using two similarity indices

Site Distance Musci Hepaticae Anthocerotae  Total S J
BA 0 52 18 1 71 ---

APP / CP 40 38 8 1 47 51.5 .345
BB 80 41 6 0 47 48.6 .305

S = Sgrensens Index
J = Jaccard Index

BA = Bartlett Arboretum
APP = Alley Pond Park
CP = Cummingham Park

BB = Brunham Brook

13



Appendix 2.1

BRYIDAE
Amblystegiaceae
Calliergon cordifolium(Hedw.) Kindb.
Leptodictyum humiléP. Beauv.) Ochyra.
Leptodictyum ripariunfHedw.) Warnst.
Warnstorfia exannulatéSchimp in B.S.G.) Loeske.
Anomodontaceae
Anomodon attenuatygiedw.) Hub.
Aulacomniaceae
Aulacomnium palustréHedw.) Schwaegr.
Bartramiaceae
Philonotis fontangHedw.) Brid.
Brachytheciaceae
Brachythecium rutabulurtHedw.) Schinp in B.S.G.
Brachythecium salesbrosufweb & Mohr.) Schinp in B.S.G.
Bryoandersonia illecebr@Hedw.) Robins.
Eurhynchium hiangHedw.) Sande Lac.
Bryaceae
Bryum argenteuniedw.
Pohlia nutangHedw.) Lindb.

Climaciaceae



Climacium americanurBrid.
Dicranaceae

Dicranella heteromallgHedw.) Schimp.

Dicranum flagellareHedw.

Dicranum scopariuntdedw.

Dicranum undulatuniBrid.
Ditrichaceae

Ceratodon purpureugHedw.) Brid.

Ditrichum pallidum(Hedw.) Hampe.
Fissidentaceae

Fissidens adiantoideldedw.

Fissidens bushifCard. & Ther.) Card. & Ther.

Fissidens fontanu@. Pyl.) Steud.
Funariaceae

Funaria hygrometricaHedw.

Physcomitrium pyriforméHedw.) Hampe.

Grimmiaceae

Schistidium apocarpurfHedw.) Bruch. & Schimp in B.S.G.

Hypnaceae
Callicladium haldanianum
Hypnum curvifoliunHedw.
Hypnum imponensledw.

Platygyrium repen¢Brid.) Schimp in B.S.G.

15



Mniaceae

Mnium hornumHedw.

Plagiomnium cuspidaturidedw.

Plagiomnium ellipticun{Brid.) T.Kop.

Rhizomnium punctatu@iedw.) T. Kop.
Leucobryaceae

Leucobryum glaucurAngstr.exFr.
Orthotrichaceae

Orthotrichum strangulatun®.-Beauv.
Polytrichaceae

Atrichum crispunm(James.) Sull.

Atrichum undulatunfHedw.) P.-Beauv.

Polytrichum communkledw.

Polytrichum juniperinunHedw.
Pottiaceae

Barbula convulutaHedw.

Weissia controversiledw.
Sphagnaceae

Sphagnum girgensohriiuss.

Sphagnum lescurbull in Gray.

Sphagnum palustre.

Sphagnum torreyanuull.

Tetraphidaceae



Tetraphis pelluciddHedw.

Theliaceae
Thelia asperelléSull. In Sull & Lesq.
Thelia hirtella(Hedw.) Sull. in Sull & Lesq.

Thuidiaceae

Thuidium delicatulunfHedw.) Schinm in BSG.

HEPATICAE

Calypogeiaceae
Calypogeia fissdL.) Raddi.
Cephaloziaceae
Cephalozia bicuspidaté._.) Dumort.
Cephalozia conniven®icks.) Lindb.
Odontoschisma prostratu(®w.) Trev.
Conocephalaceae
Conocephalum coniculi.) Dumort.

Fossombroniaceae

Fossombronia wondrazecKiCorda) Dumort.

Geocalycaceae
Geocalyx graveolan&Schrad.) Nees.
Lophocolea heterophyllégSchrad.) Dumort.

Jubulaceae

17



Bazzania trilobatgL.) Gray.

Frullania eboracensigsott.,
Pallaviciniaceae

Pallavicinia lyellii (Hook.) Carruth.
Pelliaceae

Pellia epiphylla(L.) Corda.
Plagiochilaceae

Plagiochila asplenoidef_.) Dumort.
Porellaceae

Porella platyphylla(L.) Pfeiff.

Ptilidiaceae

Ptilidium pulcherrimumWeber) Vainio.

Ricciaceae

Riccia fluitansL.

Ricciocarpos natané_..) Corda.
Scapaniaceae

Scapania nemoreg..) Grolle.

ANTHOCEROTAE
Anthocerotaceae

Phaeoceros laevis (L.) Prosk.
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Chapter 3

The vegetation and vascular flora of the Bartlett Arboretum Forest

[this chapter modified from this reference:]

Morgan, E. C. 2009. The vegetation and vascular flora of the Bartlett Arboretum Fadoeshal

of the Torrey Botanical Society. 136: 532-540.
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Abstract

The vegetation and vascular flora of the Bartlett Arboretum Forest, @thmf
Connecticut is described. Based upon abundance, frequency, and diameter atigregsbhé
data from sixty-one, 100hmandom quadrats collected in summer 2007, calculations of a species
area curve, clustering of quadrat data and Importance Values (IVpeadogmed. Analysis
shows a forest dominated Bagus grandifolia(lV, 64.17), followed byAcer rubrum(lV
37.41), andBetula lenta(lV 33.84). The vascular flora is documented from collections made
from fall 2006 through fall 2010 as well as herbarium records. A total of 357 vascuitr pla
species from 95 families are recorded. The most represented familias 8e@aceae (31
species), Asteraceae (31 species), Rosaceae (16 species), anddagpdidspecies). These
four families comprise 94 species and 26.4 percent of the flora. Exotic speciessed6ps
percent of the flora with 94 species. Two spediesybia radulaandSibbaldiopsis tridentata

are listed as endangered in the state of Connecticut.
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Introduction

The Bartlett Arboretum Forest, located in Stamford, Connecticut (41.08N 73.33W),
consists of 31 hectares of predominately mixed deciduous forest within the sprout hardwood
forest region of the oak-chestnut region as described by Braun (1950), or the de@destusf f
the Appalachian province as described by Greller (2000). Separating much of th&dardbe
horticultural collections on the south end of the property is Poorhouse Brook, which djtimate
runs into the Long Island Sound to the south. The northeastern corner of the propestg ocbnsi
a wetland which was created approximately forty years ago when #reaieso the north
altered its overflow pattern, flooding what once was a stafR@iaxinus sp based upon the few
dead trunks still standing. This wetland is essentially devoid of living trees andngloded in
the forest analysis. From the wetland, water drains via a small stre@im leads into Poorhouse
Brook at the property edge.

The forest is part of the Bartlett Arboretum, a publicly accessible adnonghich is the
former home of the Bartlett Tree Care Company founder Francis Banthettpurchased this
site in the late nineteenth century. The site served as Bartlett Tree@porate headquarters as
well as its training facilities for company arborists. The faesitincluded what are now the
horticultural and botanical living collections and the former research labgratoigh is now
the education building and houses the arboretum herbarium. After the death of Baathett
the property was sold to the state of Connecticut for preservation as an arboretorthdue
large collection of horticultural specimen trees including many of the largestof particular
species in the state. The state later transferred control of the arbaveherUniversity of

Connecticut which managed the property until 2001, when the private not-for-praigtBar
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Arboretum Association assumed responsibility and manages the site to td.pras
association manages the site to this day. This study describes the natoathing vegetation
which is present outside the area of horticultural collections and within the arbdoeéstn
There is no evidence in Bartlett Arboretum archives or elsewhere thhbdicultural planting
has been done in the forested area covered by this study. It is likely howevenge gpdies
richness of the site has in fact been influenced by the horticultural colle@everal species
including Aegopodium podograri@achysandra terminaljsandViburnum sieboldiare likely
the result of these collections since they are documented species in thidthoaticollections
for much of the arboretums history.

The forest is open to the public for hiking, dog walking, and educational activities
however exact information on its previous uses are unavailable. With the exception of the
removal of hazardous trees near hiking trails, trail maintenance and the adrttuiened
activities the forested area has been left undisturbed since the purchaseropéng by
Frances Bartlett in the late nineteenth century. An invasive plant removedprbggan after
the conclusion of this study and represents the first known significant impact ificoetsiein
over 100 years. White-tailed de@docoileus virginianuZimmerman, are abundant with
populations reaching sixty deer per square mile in nearby Greenwich, Coanésiiono,
2003). As a result understory vegetation is lacking throughout most of the forest and many
wildflower species found on the site are rare. The general impact of aihe-deer in
northeastern North America has been reported in numerous studies (Hoatl29@8, DeGraaf
et al 1991). In fall 2009, a controlled hunt was initiated to lower the population of deer on the

property however results of this effort may not be determined for several year
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The bryophyte flora of the forest has been recently documented and consisysteofift
species of moss, eighteen species of liverwort and one hornwort species haee fepthe site
(Morgan et al. 2008).

The soils are formed from glacial tills and are classified as Chatliodiis soils which
are generally sloping to steep and well to excessively drained (Gonick 19€®leSation
ranges from 83m to 103m. Mean annual temperature for Stamford is 10°C (50.8°F) with an

average annual precipitation of 155cm (weatherbase.com 2009).

Materials and Methods

To assess the vegetation of the forest, seven transects were drawn thrdwepooperty
in an east west direction on an existing trail map. Individual quadrats measuririgy II@m
were placed upon these transects by using random numbers between zero and one hundred from
a handheld calculator to determine quadrat spacing, then placing quadratsnatirajtsrdes of
the transect. To ensure enough quadrats were performed, a species area appveximate
randomization (1000 randomizations) using JMP 7 (SAS Institute) was performgdaukSL
program (Kincaid 2007). The curve showed leveling off after approximately 4 lagsiadr
however 61 total were performed ensuring a thorough sampling (Figure 3.1). Shasheoard
Simpsons Index were calculated for the site as described by Browerl&od).

Within quadrats all woody species measuring 2 centimeters (cm) or raaretdr at
breast height (dbh), were recorded by both species and dbh. For individuals having multiple

stems the dbh of each stem was measured and overall dbh recorded as the diamwetddtha
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account for the summed basal area of the multiple stems. Importancewaiaesalculated
from all quadrat data as described by Curtis and Mclintosh (1951).

Cluster analysis was performed by analyzing the data from the tenthighlesd tree
species in importance value. Four clusters were created from the siyilotsasing average
centroid clustering method in JMP 7.0 software as described by Pielou (1984 )clusaehwas
then named based upon its main species and these clusters included as a variant in
correspondence analysis.

To determine the vascular flora of the site, surveys of the forest were donaifrones
2006 through fall 2008. Surveys were done at least once weekly from late Februarly dadyg
November. Species identification was done using Gleason and Cronquist (1991). Voucher
specimens for all species recorded on site were taken and deposited in thieiHeybthe
Bartlett Arboretum (BART) with certain exceptions. If a species eamsidered rare on site,
common but difficult to preserve, or if herbarium material was alreadjyepmd voucher was
taken. In total, over 1,000 specimens were taken and deposited in the Bartlett Arboretum
Herbarium. A search of the University of Connecticut Herbarium (UCONNbadséafor
specimens collected at the Bartlett Arboretum Forest resulted in the additvem gfecies to

the flora.

Results and Discussion
Within the sixty one, 100fmuadrats a total of 667 stems were identified and measured
and included 24 genera and 28 species. The mean number of species per quadrat was 5.23 an

the mean number of individuals per quadrat was 10.93. Shannon Index for the site was 2.64 and
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Simpsons Index was 0.115 and gave a numeric value for species diversity which cahdseause
benchmark from which to measure change.

Importance values for all sixty one quadrats were calculated and shosstdominated
by Fagus grandifolialAmerican beech)Acer rubrum(red maple) an8etula lenta(birch), are
second and third in ecological importance. Beech is the highest ranked specegs/m rel
density, relative frequency, and relative dominance with red maple secoihatirerdensity and
relative dominance, and sweet birch second in relative frequency. The resultsxfenty eight
woody species are reported in Table 3.1.

Four clusters were created using the data from sixty one quadrats F@ur€lusters
are named according to their species composition. The Beech-mixed hardwoad<ohssted
of approximately fifty percerftagus grandifoliaand fifty percent mixed hardwoods. This
cluster, the mixed hardwoods cluster was made up of fourteen quadrats, or 22.9 peheent of
total quadrats sampled. The mixed hardwoods cluster had no dominant species with no single
species reaching more than fifty percent of the total in a quadrat and noneg@acterthan
twenty-five percent of the total for all quadrats in the cluster combined. Thesl mardwoods
cluster was the most common and was comprised of 37 plots, or 60.6 percent of all pled. The
maple cluster consisted of over fifty perceer rubrumand comprised only 4 plots, or 6.5
percent of the total. The final cluster is the Beech cluster which consigtéxtsocontaining at
least sixty-five percerffagus grandifolia This cluster consisted of 6 plots, 9.8 percent of the
total.

Correspondence analysis for the four clusters is shown in Figure 2. Reaserd the
four clusters and show a similarity between the Beech — mixed hardwoods @hgstbe Beech

dominated cluster. The mixed hardwoods cluster and the red maple clusteraatefidist each
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other as well as the beech — mixed hardwoods and beech dominated clusters. Two species,
Fagus grandifolisandAmelanchier canadensiwere found in close association with the beech -
hardwood and beech dominated clusters whder rubrumandTilia americanawere most

closely affiliated with the red maple cluster. Plants with the distribugiast laffiliated with any
one cluster arBetula alleghaniensjB. lentaandPhellodendron amurensB. alleghaniensis
andB. lentarepresent early successional speciesRaraimurensés a non native shade intolerant
invader perhaps implying the shorter distance from the center representecenity/rdisturbed
areas of the forest.

The vascular flora of the forest consisted of 95 families and 357 species. thien na
species comprised 26.7 percent of the flora (94 species). The largestfdmihd in the forest
are the Poaceae (31species), Asteraceae (30 species), RosaceaeqdpaspukCyperaceae (16
species). These four families comprised 26.4 percent of the total flora. Lycepoelsented
less than 1 percent of the flora (3 species), Pteridophytes represented hB(fi6rspecies),
Pinopsida represented 1.1 percent (4 species), Magnoliopsida represented éatqp€rc
species) and Liliopsida represented 23.2 percent (81 species). Theseaksultsrfi the range
of species richness documented by ten other recent floras of the region asl t@padeb
(2006).

Voucher specimens were designated for all species with few exceptidrexeareported
in Appendix 1. The earliest collected material of a species deposited in tlett Baboretum
Herbarium is designated as the voucher for this study. Vouchers for two spdoyesim felix-
feminaandGoodyera pubescermse deposited in the University of Connecticut Herbarium,

UCONN. Athyrium felix-feminas currently present on the property but individuals are of poor
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guality for a voucher so no additional sample was takewdyera pubescemns apparently
extirpated on the site.

Two specieskEurybia radulaandSibbaldiopsis tridentatare listed as endangered in the
state of Connecticut (USDA, NRCS 200Burybia radulaoccurs within the wetland while
Sibbaldiopsis tridentataccurs on the property edge bordering an adjacent athletic field. Three
speciesPhellodendron amurens8ymplocos paniculatandViburnum dilatatuntepresent new
records for the state of Connecticut in the USDA plants national databaBé (NRCS 2009).
All three species are planted as ornamentals in the region and have becoestabkdhed and
widespread within the forest.

These results show the forest as a whole can be separated distinctly irdb seve
ecological communities; the beech-hardwoods forest, red maple forest, besthrhixed
hardwoods forest and the wetland and stream. With the permanent preservation ofsthéstbre
the initiation of new projects on site such as the removal of deer and invasive plauiatathis

provides a baseline from which future changes can be measured against.
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Appendix 3.1.

Vascular plants of the Bartlett Arboretum Forest, Stamford, Connecticut

Families and lower taxa are arranged alphabetically within divisionssi@i¢ation is
based upon the plants national database (USDA, NRCS 2009). Taxa considered non native to
Connecticut are denoted with an asterisk (*) and species presumed extirpdtectay site
are denoted with a cross (T). Species with a frequency of less than five indiacrial

designated as rare. Collections with no collector name are by the author.

LYCOPODIOPHYTA
Lycopodiaceae
Lycopodium digitatunill. ex A. Braun.0070172

Lycopodium obscurumn. 0070173 rare

Selaginellaceae

Selaginella apoddlL.) Spring.0080170rare

PTERIDOPHYTA

Dennstaedtiaceae
Dennstaedtia punctilobul@Michx.) T. Moore.Levine 9820001

tPteridium aquilinum(L.) Kuhn.Levine 9820002
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Dryopteridaceae
Deparia acrostichoideéSw.) M. Kato.0060142
Dryopteris carthusian&/ill. H. P Fuchs 0060136
Dryopteris intermedigMuhl. ex WIlld.) A. Gray.Zlotsky 9790001
Onoclea sensibilis. 0060149

Polystichum acrostichoidddichx. Schott0060135

Ophioglossaceae

Botrychium virginianuni.. Sw.0060098rare

Osmundaceae
Osmunda cinnamomea 0060157
Osmunda claytonianh. Levine 9810001

Osmunda regalit. 0060147

Polypodiaceae
Athyrium filix-femingL.) Roth.Levine 692, UCONN

Polypodium virginianuni.. 0060122

Pteridaceae

Adiantum pedaturh. 0080117rare
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Thelypteridaceae

Thelypteris noveboracendis.) Nieuwl. Levine 9820003

PINOPHYTA

Cupressaceae

Juniperus virginiand.. Morgan & Borysiewic©070164- rare

Pinaceae
*Picea abieqL.) Karst.0070780- rare
Pinus strobugd.. Morgan & Borysiewicz 0070163

Tsuga canadensit.) Carr.0070288

MAGNOLIOPHYTA

MAGNOLIOPSIDA

Aceraceae
*Acer platanoided.. 0060030
Acer rubrumL. 0060128

Acer saccharunMarsh.Morgan & Borysiewicz 0070155

Amaranthaceae

*Amaranthus blitoide$S. Wats0070262
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Anacardiaceae
Rhus copallinunt.. 0070209
Rhus glabra_. 0080119

Toxicodendron radicand..) Kuntze.Not Sampled

Apiaceae
*Aegopodium podagrarid. 0070183
*Aethusa cynapiurh. Levine 9810705
Cicuta maculatd_. 0070219
Cryptotaenia canadens(t.) DC. Levine 9820778 rare
*Daucus carotal. Zlotsky 9790281

Sium suav&Valter.0070218

Apocynaceae
Apocynum cannabinuin 0070210
Asclepias incarnat&. 0060152

Asclepias syriaca. 0070207

Araliaceae
*Aralia elata (Migq.) Seem0070358
Aralia nudicaulisL. 0060159

Panax trifoliusL. 0070120
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Asteraceae

*Achillea millefoliumL. 0070200

Ageratina altisimgL.) King & H. Rob.0060125
Ambrosia artemesiifolid. 0070245

*Arctium lappal. 0080120

*Artemisia vulgarisL. 0070201

Bidens connatdiuhl. ex Willd 0060132

Conyza canadens(t.) Crong.0070272
Erechtites hieraciifoligL.) Raf. ex D.C0070755
Erigeron annuugL.) Pers 0070235

Eurybia divaricata(L.) G. L. Nesom0060130
Eurybia radula(Aiton.) G. L. Nesom0060124- rare
Euthamia graminifoligL.) Nutt. Levine 9790313
*Galinsoga quadriradiataCav.0070247
Helianthus decapetalus 0060153

*Hieracium caespitosurbumort.0070142
Hieracium groniviiL. 0100113

Lactuca canadensis. 0070270

*Lapsana communik. 0070293
*Leucanthemum vulgaream.0070189

Mikania scandeng..) Willd. 0060158
Prenanthes trifoliatgCass.) FerrLevine 9810705

*Senecio vulgarid.. 0070252
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Solidago altissimé.. Levine 9810752

Solidago caesi&. 0060127

Solidago flexicaulid.. 0070751

Solidago juncedit. 0070269

Solidago puberuldutt. 0070750

*Sonchus aspg(L.) Hill. 0070271

Symphyotrichum ericoid€k.) Nesom Levine 9810753
Symphyotrichum racemosylliot) G. L. Nesom0060161

*Taraxacum officinald=. H. Wigg.0070132

Balsaminaceae

Impatiens capensigleerb.0060146

Berberidaceae
*Berberis thunbergiDC. Morgan & Borysiewicz 0070181

Podophyllum peltaturh. 0070131

Betulaceae
Alnus incangL.) Moench.0060140
Betula alleghaniensiBritton. Morgan & Borysiewicz 0070175
Betual lental. 0070789
Carpinus carolinianaNalter.0060078

Corylus americand@Valter.080401
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Ostrya virginiana(P. Mill.) K. Koch.0070301

Boraginaceae
Hackelia virginiana(L.) I.M. Johnst0100114
Myosotis laxd_.ehm.0070190

*Myosotis scorpioides. Levine 9810640

Brassicaceae
*Alliaria petiolata (M. Bieb.) Cavara & Grand®©070149
Capsella bursa-pastorid..) Medik. 9810007
Cardamine bulboséSchreb. ex Muhl.) Britton, Sterns & Pogge@Bb80105
Cardamine diphylldMichx.) Alph. Wood.0070125
*Cardamine hirsutaL. 0070118
Cardamine pensylvanidduhl. ex Wild.0080103
Cardamine pratensis. 0070128
*Draba vernalL. 0070117
*Hesperis matronalid.. 98106®

Lepidium virginicunL. Levine 9860005

Buxaceae

*Pachysandra terminaliSiebold & Zucc0060032

Callitrichaceae
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Callitriche heterophyllaPursh.0060126

Campanulaceae
Lobelia cardinalisL. 0060148
Lobelia inflataL. 0070303

Triodanus perfoliatgL.) Neiuwl. 0080533

Caprifoliaceae
*Lonicera japonicalhunb.0070220
*Lonicera maackii(Rupr.) Herder0070127
Sambucus nigré. 0060104
Viburnum acerifoliuni. 0060011
*Viburnum dilatatumThunb.Lockwood9680191
Viburnum dentaturh. 0070147
Viburnum nudunt.. 0070267
Viburnum recognitunkernald Morgan & Domina0070146

*Viburnum sieboldiMig. 0060381

Caryophyllaceae
*Cerastium fontanunBaumg.0070143
*Dianthus armerialL. 0070202
*Sagina procumbent. 0070238

*Scleranthus annuuks. 0070240
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*Stellaria media(L.) Ville. 0070249

Celastraceae
*Celastrus orbiculatughunb.0070159
*Euonymus alatugThunb.) Siebold0060079

*Euonymus fortungiTurcz.) Hand-Mas0060089)

Ceratophyllaceae

Ceratophyllum demersum 0070261

Chenopodiaceae

Chenopodium alburh. 0070246

Clethraceae

Clethra alnifoliaL. 0060150

Clusiaceae

*Hypericum perforatuni. Zlotsky 9790034

Cornaceae
Cornus amomurivill. 0060155
Cornus floridaL. 0070165

Cornus racemosham.0080118- rare
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Nyssa sylvaticéarsh.0060134

Crassulaceae

Penthorum sedoidds 0060095

Cuscutaceae

Cuscuta gronoviwilld. ex J.A. Schulte0070393

Elaeagnaceae

*Elaeagnus angustifolia. 0070193

Ericaceae
Gaultheria procumbent. 0070753
Gaylussacia baccaté&/angenh. K. Koch0070225
Rhododendron periclymenoidischx. Shinners0070126
Rhododendron viscosufh.) Torr. 0060106
Vaccinium angustifoliumiton. 0070224

Vaccinium corymbosuin 0060077

Euphorbiaceae
Acalypha virginicaL. 0070254

Chamaesyce maculath.) Small.0070253
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Fabaceae
Amphicarpaea bracteatd..) Fern.0070497
Apios americandledik. 0060144
tDesmodium paniculatuifL.) DC. Levine 9810422
*Medicago lupulinal. Morgan & Domina 0070182
Strophostyles helvol@..) Elliott. 0080402 rare
*Trifolium campestre&schreb0070228
*Trifolium pratensd.. 0070186

*Trifolium repensL. 0070154

Fagaceae
Castanea dentat@Marsh.) Borkh0060076
Fagus grandifoliaEhrh.0060019
Quercus albd.. Morgan & Borysiewicz 0070153
Quercus bicolowvilld. 0070150 rare
Quercus coccineiunchh. 0080379
Quercus palustrisMuenchh. 0070337
Quercus prinud.. 0080391 rare
Quercus rubrda.. 0070134

Quercus velutindam.0070231

Geraniaceae

Geranium maculaturh. 0070124



Hamamelidaceae

Hamamelis virginiand.. 0060021

Hippocastanaceae
*Aesculus hippocastanurh. 0070265
Hydrocharitaceae

Elodea canadensiglichx. 0080126

Juglandaceae
Carya cordiformigWangenh.) K. Koch0060410
Carya glabra(Mill.) Sweet.0070223

Carya ovataMill.) K. Koch. 0070192

Lamiaceae
*Ajuga reptand.. Levine 9810664
Clinopodium vulgard.. 0080121
Collinsonia canadensis. 0060084
*Glechoma hederacela 0070419
*Lamium amplexicaulé. Zlotsky 9790140
Lycopus americanuduhl. ex W. Bartram. 0070549
Lycopus rubelludtoench.0070227

Prunella vulgarisL. 0070341

39



Scutellaria laterifloraL. 0070217

Lauraceae
Lindera benzoirfL.) Blume.0060018

Sassafras albidurfNutt.) NeesD060080

Lythraceae

*Lythrum salicariaL. 0060151

Magnoliaceae
Liriodendron tulipiferaL. 0060074

*Magnolia tripetala(L.) L. 0070184

Malvaceae

*Abutilon theophrastMedik. Sadlon 9800010

Molluginaceae

*Mollugo verticillata (L.) Pers 0070250

Monotropaceae
Monotropa hypopithyk. 0070512

Monotropa unifloralL. 0060109
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Nymphaeaceae

Nymphaea odoratait. 0070266

Oleaceae
Fraxinus americand. 0070167

Fraxinus pensylvaniciarsh.0060430

Onagraceae
Circaea lutetiand.. 0060154
Ludwigia palustrigL.) Elliott. 0060133

Oenothera biennik. Levine 8600011

Orobanchaceae

Epifagus virginiangL.) W. Bartram.0060075

Oxalidaceae

*Oxalis strictaL. 0070191

Papaveraceae

*Chelidonium majud.. Levine 9810661

Sanguinaria canadensis Levine 0810040 rare

Phytolaccaceae
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Phytolacca americank. 0070242

Polygalaceae

Polygala ambigudNutt. 0070760

Polygonaceae
Polygonum arifoliuni. 0070216
*Polygonum aviculard.. 0070243
*Polygonum cuspidatur8iebold & Zucc0070212
Polygonum hydropiperoidddichx. 0070264
Polygonum pensylvanicuim Zlotsky 9810369
*Polygonum persicarid.. 0070213
Polygonum virginianunh. 0060097
Polygonum sagittaturh. Zlotsky 9790033
*Rumex acetosella. 0070188

*Rumex crispus. Morgan & Domina 0070148

Plantaginaceae
*Plantago lanceolatd.. 0070248
*Plantago majorL. 0070316

Plantago rugeliiDcne.0070230
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Portulacaceae
Claytonia virginicaL. 0070115

*Portulaca oleraced.. 0070242

Primulaceae
Lysimachia ciliataL. 0070215
Lysimachia quadrifolid_. Levine 981716

Lysimachia terrestrigL.) Britton, Sterns & Poggenb070158

Pyrolaceae
Chimaphila maculatdL.) Pursh0060020

Pyrola ellipticaNutt. 0070263

Ranunculaceae
Actaea pachypodgll. Morgan & Borysiewicz 0070338
Anemone quinquefolia. 0070129
Caltha palustris.. 0070011
*Ranunculus acri&. 0070168
Ranunculus abortivuls. 0070140
*Ranunculus bulbosus 0070781
Ranunculus hispidusglichx. 0070141
Ranunculus recurvatuoir.0070782

*Ranunculus repens. 0080099
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Thalictrum pubescerBursh0060105

Thalictrum thalictroidegL.) Eames & B. BoivirD070113

Rosaceae
Amelanchier canadensfk.) Medik. 0070123
Geum canadenskcg 0070229 rare
Potentilla canadensik. Levine 9810054
*Potentilla intermedie.. 0070182
*Potentilla rectal. Levine 9810055
Potentilla simplexMichx. Sadlon 9800034
Prunus serotin&hrh.0070166
*Rhodotypos scandefifhunb.) Makino0070498
*Rosa multifloraThunb.0070187
Rosa palustrisviarsh.0060110
Rubus alleghaniensBorter.0070308
Rubus flagelarigVilld. 0070232
Rubus hispiduk. 0070195
*Rubus phoenicolasiudaxim. 0070236
Sibbaldiopsis tridentatéAiton) Rydb.0080932- rare

Spiraea tomentosia. 0060160

Rubiaceae

Cephalanthus occidentalls 0060102



*Galium mollugoL. 0070208
Galium obtusunBigelow 0070199

Mitchella repend.. 0060111

Rutaceae

*Phellodendron amurendeupr.0070257

Salicaceae
Populus grandidentat®&ichx. 0080871
Populus tremuloideMlichx. 0070185

Salix discoloMuhl. Hessell 9810601 rare

Scrophulariaceae
Chelone glabrd.. 0060129
*Digitalis purpurealL. 0070205
*Linaria vulgarisMill. Morgan & Domina 0070204
Melampyrum linear®esr.Levine 9080100
Mimulus ringend.. 0070301
Nuttallanthus canadens(t.) D.A. Sutton0070260
*Verbascum thapsus. Morgan & Domina 0070203

Veronica serpyllifoliaL. 0070251

Simaroubaceae
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*Ailanthus altissimgMill.) Swingle 0070211

Solanaceae
Physalis longifoliaNutt. 0060532- rare
Solanum carolinenske. 0070423
*Solanum dulcamara. 0060159

Solanum ptycanthumunal0070244

Symplocaceae

*Symplocos paniculat@hunb.)Mig.0060317

Tiliaceae

Tilia americanalL. 0070133

Ulmaceae
Ulmus americand. 0080300 rare

Ulmus rubraMuhl. 0070170

Urticaceae
Boehmeria cylindricgL.) Sw.0060127
Pilea pumila(L.) A. Gray0070222

Urtica dioicalL. 0070221

46



Violaceae
Viola labradoricaSchrankd070169
Viola macloskeyiloyd. Levine 9810631
Viola sororiaWilld. Levine 9810614

Viola striataAit. 0070237

Vitaceae

* Ampelopsis brevipedunculaf&laxim.) Trautv.0070206

Parthenocissus quinquefol{a.) Planch.0060081

Vitis labruscal. 0070171

LILIOPSIDA

Alismataceae

Alisma trivialePursh0060029

Araceae
Arisaema triphyllun{L.) Schott0060031
Peltandra virginica(L.) Schott0060101

Symplocarpus foetidyg.) Salisb. ex Nutt0090301

Commelinaceae

*Commelina communis. 0070178
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Cyperaceae
Bulbostylis capillarigL.) Kunth ex C.B. Clark@080122- rare
Carex crinitaLam.0070234
Carex intumescerRudge0060141
Carex laxifloraLam.0070137
Carex lupulinaMuhl. ex Willd.0070268
Carex luridaWahlenb.0070157- rare
Carex pensylvanicham.0060108
Carex rosegchkuhr ex Willd0070233
Carex scoparigschkuhr ex Willd0070156
Carex strictaLam.0060103
Carex swani(Fern.) Mackenzi®070239 rare
Carex vulpinoideaichx.0060114
*Cyperus esculentus 0060116
Cyperus lupulinugSpreng.) Marck070226
Eleocharis parvuldRoem. & Schult.) Link ex Bluff, Nees & Schaw@70179
rare

Scirpus atrovirendVilld. Morgan & Domina 0070136

Dioscoreaceae

Dioscorea villosa.. 0060088



Iridaceae
*Iris pseudacorus.. Morgan & Domina 0070145

Iris versicolorM. Bieb.Morgan & Domina 0070152

Juncaceae
Juncus bufoniuk. 0070334
Juncus effusuk. 0060118

Luzula multiflora(Ehrh.) Lej.0070121

Lemnaceae
Lemna minolL. (Not Sampled)
Spirodela polyrrhizgL.) Schleid.Not Sampled
Wolffia brasiliensisNeddellNot Sampled rare

Wolffia columbian&arstNot Sampled rare

Liliaceae
Allium tricoccumAiton Morgan 0070258
*Allium vinealeL. Morgan & Borysiewicz 0070180
Erythronium americanurier Gawl.0070114
Hypoxis hirsutgL.) Coville 0100377
Maianthemum canaden&®sf.0070135
Maianthemum racemosugh.) Link 0070162

Medeola virginical. Levine 9810008 rare
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Polygonatum biflorunfWalter) Elliot0070161
Trillium cernuumL. 0080102- rare

Trillium erectumL. Not Sampled rare
Uvularia sessilifoliaL. 0070176

Veratrum virideAiton Morgan & Domina 0070144

Orchidaceae
Cypripedium acaul@it. Not Sampled rare
*Epipactis helleboringL.) Crantz.0070283

tGoodyera pubescerf®Villd.) R. Br.Levine 744, UCONN

Poaceae
*Agrostis giganted&oth0070325
*Agrostis stoloniferd.. 0070138
*Anthoxanthum odoraturin 0070255
*Arrhenatherum elatiugL.) P. Beauv. ex. J. Presl. & C. Prdstvine 9820007
Brachyelytrum erectur{Schreb. ex. Spreng.) P. Bea0060094
Calamagrostis canadengislichx.) P. Beauv0070555
*Dactylis glomeratd.. Levine 9810614
Dichanthelium acuminaturgdw.) Gould & CA Clark0070322
Dichanthelium boscifPoir.) Gould & C. A. Clarld070177- rare
Dicanthelium clandestinurfi..) Gould0070311

Dichanthelium dichotomurfi.) Gould.0070214
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*Digitaria ischaemun{Schreb.) Schreb. ex MuiD70326
*Echinochloa crus-gall(L.) P. Beauv0060113
Elymus canadensis 0060119

Elymus hystrixt. 0060117

Elymus virginicut.. 0060120

Eragrostis pectinace@Michx.) Nees ex Steu@070139
Festuca rubrd.. Levine 9820005

Hierochloe odoratgL.) Beauv.0070321

*Holcus lanatud.. 0070424

Leersia oryzoidef..) Sw.0060131

Leersia virginicawilld. 0070511

*Lolium perennd.. 0070314

Muhlenbergia schreberd.F. Gmel0070519

Panicum capillare_. 0070310

Panicum virgatuni.. 0060112

*Phleum pratensk. 0070198

Poa annud.. 0070256

Poa pratensid.. Levine 9820006

Schizachyrium scopariu@lichx.) Nash0060115

Setaria viridis(L.) Beauv.Levine 9810008

Potamogetonaceae

*Potamogeton crispuls. 0060138
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Potamogeton gramineus 0060083- rare

Potamogeton zosteriformiernaldBorysiewicz & Morgar9090258

Smilacaceae
Smilax glaucaValter0070196

Smilax rotundifoliaL. 0070197

Sparganiaceae

*Sparganium emersuRehmanrMorgan & Borysiewicz 0070174
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Table 3.1.

Importance Values of all woody species over 2cm dbh from sixty-one quadrats

Rank

10

11

12

13

14

15

16

17

18

19

Species
Fagus grandiflolia
Acer rubrum
Betula lenta
Quercus alba
Euonymus alata
Carpinus caroliniana
Acer saccharum
Carya ovata
Betula alleghaniensis
Quercus rubra
Fraxinus pennsylvanica
Acer platanoides
Nyssa sylvatica
Phellodendron amurense
Hamamelis virginiana
Lindera benzoin
Tsuga canadensis
Liriodendron tulipifera

Ostrya virginica

Rel. Dens.

27.28

11.24

8.54

3.59

9.15

4.94

4.19

3.15

3.74

2.39

1.95

2.69

2.39

2.85

1.79

2.55

2.09

0.74

0.75

Rel Freq.
14.95
10.59
10.9
5.29
4.67
6.85
5.61
4.98
5.6
4.36
3.73
3.11
2.49
1.87
3.11
1.87
0.93
0.93

1.24

Rel. Dom.

21.94

15.58

14.4

10.45

1.78

131

3.19

4.79

3.25

5.67

4.61

2.47

1.49

1.14

0.68

0.45

1.84

1.79

1.23

IvV/1

64.17

37.41

33.84

19.33

15.6

13.1

12.99

12.92

12.59

12.42

10.29

8.27

6.37

5.86

5.58

4.87

4.86

3.46

3.22
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20

21

22

23

24

25

26

27

28

Cornus florida

Ulmus rubra

Tilia americana

Castanea dentata

Prunus serotina

llex verticillata

Celastrus orbiculatus

Amelanchier canadensis

Viburnum dentatum

0.89

0.59

0.45

0.59

0.59

0.29

0.15

0.15

0.15

1.55

1.24

0.93

0.93

0.62

0.62

0.31

0.31

0.31

0.5

0.63

0.34

0.09

0.15

0.04

0.07

0.06

0.02

2.94

2.46

1.72

1.61

1.36

0.95

0.53

0.52

0.48
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Figure 3.1

Species area curve of quadrats using approximate randomization (NS = 1000).
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Figure 3.2.

Cluster Diagram of sixty one quadrats in the Bartlett Arboretum Fores} the ten most
important woody species in importance value based upon average centroid clustesing. Thi
pattern shows the red maple cluster and beech dominated cluster to be the st tamest

types while beech - mixed hardwoods and mixed hardwood types dominate much of the forest.

Figure 1 Legend

m - Beech - Mixed hardwoods Cluster
0 - Mixed Hardwoods Cluster

X - Red Maple Cluster

+ - Beech Dominated Cluster
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Figure 3.3.

Correspondence Analysis ordinating the forest clusters with all arborepeants based upon

cluster type and species present. Quantity of each species per quadratdsaspplieequency

value. Species are as followsagus grandifolia Acer rubrum Betula lenta Quercus alba
Euonymus alataCarpinus carolinianaAcer saccharumCarya ovataBetula alleghaniensjs

Quercus rubraFraxinus pennsylvanigacer platanoidesNyssa sylvaticaPhellodendron

amurensgHamamelis virginiangLindera benzoinTsuga canadensikiriodendron tulipifera

Ostrya virginica Cornus floridg Ulmus rubra Tilia americana Castanea dentat@Prunus

seroting llex verticillata; Celastrus orbiculatusAmelanchier canadensi¥iburnum dentatum
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Chapter 4

The Invasion oPhellodendron amurendeupr. into the Urban and Suburban Woodlands of the

New York City Region

[this chapter modified from this reference:]
Morgan, E. C. and J.A. Borysiewicz. 2011. The InvasioRt#llodendron amurense Rupr.
into the Urban and Suburban Woodlands of the New York City Region.  Urban Hdhitats.

Press
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Abstract

Phellodendron amurendeupr. is an introduced, exotic tree species from eastern Asia
that has been used in ornamental horticulture throughout urban and suburban areas of the
northeast. In recent years, even as more focus has been placed upon the impact®f invasi
speciesPhellodendron amurensend other non native species have continued to be planted even
though little or no examination of their potential impact and spread has been undertaken. In 2008
and 2009, surveys were performed at sites wRaedlodendron amurensa non native tree
species was reported to have been found growing adventively. From thesevsitesaiions
consisting of reproducing populations were identified and investigated further. Neeskefs,
located in Bronx County, NY; Fairfield County, CT; Philadelphia County, PA; QueensyZount
NY and Tolland County CT, were then investigated to look for similarities in theistfor
composition which may help to explain forest susceptibility to invasidp. lynurenseThis
work reports thaP. amurensés a much more widespread invader than previous literature
reports suggest, and that the invasion is not limited to any particulartigresOf the five main
invasion sites examined here, none share the same top species in Imporlaacalalations
with correspondence analysis showing little similarity between foureofive sites. Tree
density, which ranges from 55 to 643 trees per hectare is also shown not to atéditiht
invade a particular site. These data provides strong evidence of the needeiomdogoring
and potentially removal d?. amurenséefore populations in the region reach a point at which

removal will no longer be an option.
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Introduction

Since publication of the landmark worke Ecology of Invasions by Animals and Plants
by Charles Elton (1958), increased attention has been paid towards the prasieceted with
non-native invasive species. More recently, the monetary costs of these invasioagumak
be examined with some estimates as high as $137 billion per year (Pimeht2060% In spite
of the more than fifty years of research and potentially staggering costspeei@s continue to
be introduced into the United States either intentionally or accidentallyegutar basis. While
the pace of research has increased in the past decade with entire journals nawedixdibe
topic of studying invasions, relatively little is known about the vast majorityvaisive
organisms, including invasive vascular plants.

In the surrounding regions of New York City, from Boston to Philadelphia, there are
numerous invasive plants which have been well documented and researched idateding
platanoided.. (Fang 2005)Ailanthus altissimgMill.) Swingle (Knapp and Canham 2000),
Lythrum salicarialL. (Blossey et al 2001) arigerberis thunbergiDC. (Ehrenfeld 1997).
Numerous other species includiburnum lantand.. andSpiraea japonicd.. f. show
invasive potential in the region (Martine et al 2008) and will likely receive rctasaitoring for
invasion in the coming years. One species of particular interest li#hellsdendron amurense
Rupr., commonly known as the Chinese or Amur cork tree. A dioecious member of the
RutaceaeP. amurensés proving to be a relatively widespread invasive plant throughout this
region. In New York City, Glaeser and Kincaid (2005), repoRedmurens@s ranking third in
overall dominance based upon importance value within a woodland showing the need for further
examination of the species. In spite of this there is still very littiegraton in the literature of

the invasive potential, spread and ecological impact of this species.
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Phellodendron amurenss currently grown throughout the northeastern United States
for its ornamental value. Dirr (1990) descrilfesamurensas an excellent tree for parks and
other large areas. A native of Asia which is very cold toldP&ellodendron amurendeas
apparently never established itself as a major horticultural speciess aurrently only available
through specialty nurseries and mail order. This is possibly due to its largsiadwf ten to
fifteen meters in height and potentially greater spread as describdd §%990). The lack of
horticultural availability makes the appearance of reproducing populationis plant even
more important to monitor since they can easily be overlooked until long after éheyadie to
be removed.

The early identification, monitoring, and removal of potentially invasive plaragopic
which is often difficult to convey. In a recent study of nursery professiamé&lsnnecticut,
forty-nine percent of those surveyed still worked witter platanoidesind sixty-six percent
with Berberis thunbergji(Gagliardi and Brand 2007), both of which are well documented and
notoriously invasive plant species with major environmental impacts (Wycoff abt Y896,
Ehrenfeld 1997). The early recognition of invasive tendencies in a particularsspaciprevent
problems which may arise later when trying to control it. When invasive sgeeiedready well
established in both the natural landscape as well as in the nursery trade, contiikig. This
paper presents evidence tRatamurensés established over a large range in the New York City
region, is capable of establishing in a wide variety of habitats, and should warrant more

aggressive removal policies before the tree becomes a major problem in our region.
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Methods

In the summer of 2008 and 2009, field surveys were performed throughout the state of
Connecticut, the New York City region, Long Island, New Jersey and the Philadedgion to
locate spontaneous, non horticultural populatiorB.@murenseThese sites were selected
based upon author observations, herbarium records, literature reviews and the raseitgiest
for sighting information which was distributed in early 2008 to botanical orgamizadind
universities. Over twenty sites were documented, fourteen of which were foundamcont
reproducing populations &f. amurensevith both male and female trees, and were analyzed
further to determine the extent of the invasion. Five of these fourteen reprodtesnigesi at
least five mature trees and were then analyzed to determine the surrotegBtagion types in
which P. amurensdad established itself. These five sites, the Bartlett Arboretum,di@irfi
County, CT (41.07N 73.33W); Forest Park, Queens County, NY (40.42N 73.50W); Goodwin
State Forest, Tolland County, Ct (41.46N 72.05W); Morris Arboretum, Philadelphia County, PA
(40.05N 75.13W); The New York Botanical Garden, Bronx County, NY (40.51N 73.52W), were
all surveyed further in 2009.
Each site was analyzed to calculate Importance Values (Curtis ancbtgla®51) for the
surrounding vegetation. To perform this analysis, a variation of the Point-Caumaeier (PCQ)
method was used as follows. Transects were placed through the area invRdadlyense
creating the longest route through the invaded area at each location. An addaimsedttwas
placed at both the Bartlett Arboretum and New York Botanic Garden to suffycsample the
larger invasion sites. Points were then chosen by using the dlosesurensdree within 10
meters to the transect and over 5cm diameter at breast height (dbh) as point one. Tihe dbh fo

each tree closest to tRe amurens@oint in each quarter was then recorded as well as its species
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identification and radius to the center point. If the closest tree in the qwagemnotheP.
amurensethe second closest tree was sampled and so forth. If no tree othBr #marense
was found within 20m of the center point, the species determination was listed as open, to
represent an opening in the forest. The radius for that value was recorded abviP@tavd?

along each transect was chosen by selecting thePnaxhurensgreater than 5cm dbh within
10 m of the transect which did not have any tree in a quarter overlapping a tree in thasprevi
PCQ data set. This process was repeated until no more data sets could be edtleots
overlap. A total of twenty-seven different tree species were recordediae aites combined.
Importance values were calculated as described by Curtiss and Mcintosh (¥85D.
amurensendividuals acting as the centroid points, they were not included in calculations of
Importance Values. A bootstrap method in JMP 7.0 created by Kincaid (2008), was used t
create an upper boundary importance value and a lower boundary importance value irggpresent
95 percent confidence intervals. To determine the density of woody plants within the
surrounding area, a bootstrap method by Kincaid (2008) was performed in JMP 7.0.
Correspondence analysis was done using JMP 8.0 by analyzing the spetiebgurrence

matrix.

Results and Discussion

Site visits revealed that there are at least fourteen sites in tbe vdgereP. amurense
has successfully invaded. An additional eight sites were found by searchin¢gtbesda of
several herbaria and a review of the literature. These results are szedhraTable 1. Sites of

invasion range from several individuals to over 350 individuals. All sites had more than one
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individual, although in several cases only one tree greater than 5 cm was found and the
confirmation of a female plant to ensure continued reproduction was not possible.

Importance values calculated for the five main sites of invasion revealiffastnces
between the sites. With open space being calculated as a taxon value as is doneehefr¢h@on
five sites share a similarity among their highest ranked taxa. TlweYNek Botanical Garden
and Forest Park, which are also the two closest sites geographically,csliarethe top five
taxa in importance, howev@&uercus rubra.. ranks first at Forest Park with an IV=130.6 while
at The New York Botanical Gardé€h rubraranks third, IV=38.6, whil€runus seroting&hrh.
ranks first (IV = 75.3). The additional three sites are all led in importance \ahubferent
species, with the Bartlett Arboretum led Ager rubrum(lvV= 93.1), Morris Arboretum bycer
negundd.. (IV=141.4), and Goodwin State Forest by open space (IV= 143.8). These results are
summarized in Table 2.

Calculations of absolute density of forest trees also show a vast didfenethe
surrounding vegetation of the invaded sites. The radius of measurements taken betwee
centroidP. amurensat each point on the transect and the nearesPnamurensgerevealed that
the radius ranged from 3.9 m at the Bartlett Arboretum to 7.8 m at Goodwin State Forest. A
bootstrap resampling of these data revealed that the average densityPbeliodendrortrees
at each site ranged from a low of 55 trees per hectare at Goodwin Stdet&@43 trees per
hectare at the Bartlett Arboretum Forest. Bootstrapping to obtain minimum 9%tperce
confidence interval and maximum 95 percent confidence interval density valueshsie
revealed variation in these values however only the New York Botanical Garden estiFaok

consisted of values which would potentially overlap. These results are reportduer3Ta
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Correspondence analysis confirms the data from importance value taf@igith more
insight onto the site differences. The New York Botanical Garden and Forkstr@@he most
similar sites to each other, and along with the Bartlett Arboretum Forestl| anost closely
aligned with the centroid. Morris Arboretum and Goodwin State Forest show thelenasion
from the centroid.

The extent to whicP. amurensdas invaded the region is much more extensive than
previously reported. Gleason and Cronquist (1991) réha@amurens@s occasionally escaped
and Lamont and Young (2002), repBrtamurens@s occurring at only two sites within the
approximate range of this work. This work documents numerous sites, including séveral
which are comprised of hundreds of trees. This work also showB.thaturensés invading a
range of forests throughout the region studied, and has invaded both open areassas well a
established woodlands. Yoshida and Kamitani (1999), dederiamurensas a shade intolerant
species in the forests of central Japan, however the evidence presented heatetsahiea
observations made within the plant's native range. These discrepanciesicartdwe number of
factors. The surrounding species composition in the plants native range mayRmgactrense
in ways that the regional flora in its invaded area cannot, including leaf emnerged leaf drop
times being longer or shorter for species surrounBirgmurensén either site. An additional
possibility may be due to the apparent variability within the species, and timgddte hybrid
vigor between varieties of this species. Williams et al. (2005) showed tBahinmus
terebinthifoliusRaddi, an exotic invasive species in Florida, intraspecific hybridizatiovebat
two distinct introductions of the plant resulted in an intraspecific hybridtyandich is the
genotype of the plant spreading across the state of Florida. As in the &gerebinthifolius

P. amurensdas well documented previously recognized varieties of the species. Ma et al.
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(2006) later revised the genBkellodendrorto contain only two specieB, amurensandP.
chinenseC.K. Schneid. Prior to this revision, the genus contained over ten species and numerous
other varieties based upon collections within their native range. SeverakstGdeller 1977,
Bertin 2005) within the geographic range of this paper have reported former mames f
amurensgpossibly due to the apparent variation within the species leading to the original
splitting of the genus. In an earlier studyRbfellodendrorwithin the New York Botanical
Garden, de la Cruz and Nee (2003), specimens collected among horticultural aed escap
individuals showed variation in both leaf base shape and hairiness of leaf undersid€sude la
and Nee also document three separate plantings at the New York Botand=t Giaginally
determined as three separate spe€leamurenseP. japonicumandP. sakhalienseAll three of
which are nowP. amurensesensu J. Ma, increasing the chances that intraspecific hybridization
between subspecies may indeed play a role in the species' invasion.

The calculation of importance values for the five sites revealed a difeenerthe
surrounding forest types for each invaded site. The results reported here dhansaks as
having different dominant species, with Goodwin State forest being chazadtbsi open land.
The Goodwin State forest location is in the process of removing. tamurensérom the main
invasion site, allowing access to tree rings of many trees. AR thenurensapecimens with
rings available for counting were aged 27-29 years of age. These datédecwitic a
documented late spring storm which destroyed a large stand of pines (species unk&own)
years before the survey of the site (Goodwin State Forest interpretmags)g This would show
thatP. amurensalmost immediately colonized this open space after the disturbance. The
invasion history at other locations is less clear. Morris Arboretum, which is deahibg large

individuals ofLonicera tatarical. andAcer negundda.., also has a significant amount of open
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space, and with the lower growing species heights oflbatitaricaandA. negundpcould
potentially be seen as a relatively open space as well.

The remaining three sites yield more intriguing results. At thedaAtboretum Forest,
Acer rubrumdominates the area of forest with the heaestmurensénvasion and has a mean
density of 643 no®. amurenserees per hectare. This density, along with a mean dbh of 21.8
indicates an established, mature forest which has been invaded. The forestseof therkl
Botanical Garden with a density of 367 mean trees per hectare and a mean dbh of 20.4, and
Forest Park with a mean density of 307 trees per hectare and a mean dbh of 28.9 also provide
evidence thalP. amurenseés invading not only open habitats, but well established forests of
different densities as well. Unlike the Bartlett Arboretum site, the suthogriorest of the New
York Botanical Garden is dominated Byunus serotinaand Forest Park is dominated @y
rubra. The dominance by three different species at these three sites provides awiddhce
amurensas capable of invading a variety of ecological niches in addition to differeels| of
forest establishment.

The correspondence analysis performed for the five sites provides furithemasy/of the
differences between sites. Only the New York Botanical Garden and Fark$alPwithin the
same quadrant, which would correspond with the importance value data which shows four of the
top five species are the same for both sites, although in different orders of mopoAd# three
additional sites are found in separate quadrants with the Morris Arboretum and G &abdi@i
Forest showing the greatest deviation from the centroid.

This study shows that the invasionRofamurensen the region of New York City is
much more widespread than earlier works have reported aré. thaturenses capable of

establishing itself within a large range of the forests of the eddteted States. While
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additional data is needed for the exact current distribution, it is likely itfabetter field
recognition of the species it may be found throughout many additional parcels ofrfdhest i
region. As is the case in many invasives, early detection and eradicatigorsant, andP.
amurenseresents itself as a candidate for invasive removal programs as wedlgsaten by

both government and nongovernmental organizations as an invasive and or noxious weed.
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Table 4.1.

Confirmed sites of invasion hellodendron amurense the New York City region.

State

CT

CT

CT

CT

CT

MA

NJ

NJ

NY

NY

NY

NY

NY

NY

NY

NY

NY

NY

County
Fairfield
Tolland
Tolland

Fairfield

New Haven

Worcester
Bergen
Mercer
Bronx
Bronx

Nassau
Nassau
Orange
Queens
Queens
Queens
Richmond

Suffolk

Approximate Minimum
Population Size

350

1

50

20

1

3

Unknown

8

300

1

10

v

25

1

100

Unknown

1

1

Source
Site visit
Site visit
Site visit
Site visit
Orsen et. al
Bertin et al. 2005
BKL
Site visit; BART
Site visit, NY
Site visit,NY
Site Visit
Site visit
BKL
Site visit
Site visit; Glaeser 2005
Greller (1977)
BKL

Site visit
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NY

PA

PA

PA

Westchester
Philadelphia
Philadelphia

Montgomery

Unknown

5

30

Unknown

BKL

Site visit

Site visit

GH
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Table 4.2.

Importance values for areas of invasionAhellodendron amurens&pper Bound (UB and

Lower Bound (LB) bootstrap 95% confidence intervals are provided for Importangesval

Bartlett Arboretum, Fairfield, CT

LB IV UB IV
Acer rubrum 71.43 120.41
Betula lenta 39.92 78.46
Quercus alba 9.91 41.98
Carya ovata 4.60 29.67
Acer saccharum 5.53 27.44

New York Botanic Garden, Bronx, NY

LB IV UB IV
Prunus serotina 60.15 114.53
Liriodendron tulipifera 7.07 68.19
Quercus rubra 16.31 62.67
Fagus grandifolia 9.06 41.24
Carya glabra 4.12 42.44
Forest Park, Queens, NY

LB IV UB IV
Quercus rubra 99.35 158.71

91.14

56.83

22.78

17.99

17.55

75.36

44.91

38.59

26.11

21.74

130.59
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Betula lenta 21.44

Prunus serotina 13.59
Liriodendron tulipifera 15.49
Carya glabra 5.24

Goodwin State Forest, Tolland, CT

LB IV
Open 119.22
Acer rubrum 49.23
Hamamelis virginiana 3.52
Prunus serotina 0
Liriodendron tulipifera 0

Morris Arboretum, Philadelphia, PA

LB IV
Acer negundo 70.26
Lonicera tatarica 34.51
Open 21.83

48.41

41.59

41.65

30.92

uB IV

181.29

101.69

48.39

32.65

29.75

uB IV

200.66

156.32

118.89

36.15

26.28

25.72

19.14

143.83

72.36

23.84

19.84

11.90

141.41

86.90

71.69
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Table 4.3.

Radius values (r), average dbh (dbh), and bootstrap 95% confidence intervals of non
Phellodendron amurenderest tree minimum (min), mean (m), and maximum (max) density per

hectare at invaded sites, as based on point center quarter method.

Site r dbh 95% min mean 95% max
Bartlett Arboretum 39 218 526 643 792
Forest Park 5.7 28.9 239 307 396
Goodwin State Forest 7.8 220 42 55 78
Morris Arboretum 4.5 6.2 79 179 661
New York Botanical Garden 5.2  20.4 302 367 454
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Figure 4.1.

Correspondence analysis of invasion site locations. Sites included. Hampton, CT (GCStatei
Forest), Philadelphia, PA (Morris Arboretum), Queens, NY (Forest Park), BrohgNawv

York Botanical Garden), Stamford, CT (Bartlett Arboretum). Plant sppogsent clockwise
from top; Acer negundgpLonicera tatarica Cornus floridg Juglans cinereal' suga canadensis
Quercus rubraCarya glabra Acer pseudoplatany3ilia cordata Quercus velutingAcer
platanoides Sassafras albiduntraxinus americanaliriodendron tulipiferg Prunus serotina
Fagus grandifoliaBetula lentaQuercus albaNyssa sylvaticaCarpinus carolinianaCarya
ovata Acer saccharugMagnolia tripetalg Ostrya virginica Populus tremuloided .

americanaHamamelis virginiana
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Chapter 5

Understory comparison of native canopy species and the &tatllodendron amurendgupr.

(RUTACEAE)
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Abstract

The understory impacts of the invasive tree spdeiedlodendron amurengeupr. upon
invaded sites at two locations in the greater New York metropolitan regioraamened. The
understory of canopies consistinglRafamurensevas compared with adjacent canopies
consisting of native tree species. To determine if differences carctended for by shade cast
by the canopy, leaf area indices were compared between the two canopy typesaaiations.

At both locations there was a significantly lower number of individual plants per m
guadrat undelP. amurenséhan under native canopy. When looking at only native understory
species, there was also a highly significant difference Rvitimurenseanopies having lower
numbers of native individuals present per quadrat. There was no difference betweeadée inv
versus native site in the mean number of total species‘pguadrat at one location while the
second location showed significance.

Canopy Analysis revealed no significant differences in leaf area inderdretanopy types at
either site although leaf area index was higher under native species at hotntomdicating
that shading does not play a role in the lower density of understory individualdfunder

amurense.
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Introduction

Human introductions of new species to ecosystems, both accidental and intentional, can
have numerous unintended consequences (Webb & Kauzinger 1993, Chornesky & Randall
2003). Since the publication of Charles Elton's (195&) ecology of invasions by animals and
plants much more attention has been paid to the problem of non native introduced species, as
well as their ecological and economical costs. However, as species@dedetd to new regions
of the globe each year, research into the impact and spread of each of theseadersg is often
lacking and lags behind any potential point at which a problematic invader can beewdntrol
effectively.

In the northeastern United States, the non n&hedlodendron amurendRupr.
(Rutaceae), known commonly as Chinese or Amur cork tree, has invaded a numbereaf forest
sites in both urban and suburban woodlands (Morgan & Borysiewicz 2010, Glaeser & Kincaid
2005). Introduced to North America in 18%6,amurensés a dioecious tree growing to 38m in
height, is free of pests and withstands a variety of conditions making the ¢edlermdfor parks
and large landscapes (Dirr 1998). These characteristics make the txeellmechoice for
many horticultural situations and has resulteB.immurenséeing cultivated throughout the
United States, particularly in public gardens and arboreta as sumanayikéa and Branch
(2007). Numerous horticultural collections and introductions such as this have resulted in the
spread of many invasive plant species in the United States (Reichard an@¥0kitencluding
Schinus terebinthifoliuRaddi. (Brazilian peppertree) in Florida ahcer platanoides..
(Norway maple) throughout the northeastern United States. CurRerdipurenseppears to be
spreading throughout the lower northeastern region (Morgan & Borysiewicz 201@)|dkadlyi

to join this growing list of aggressive invaders.
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Prior to a revision of the genthellodendronMa et al. 2006), the species may have been
overlooked as an introduced member of the local flora due to confusion in the nomenclature.
Greller (1977) and Bertin et al. (2005) both repoRegaponicuma species now included

within the variabld®. amurensgas a part of their floristic works in the northeastern region. de la
Cruz and Nee (2003) report the geRIrellodendroras aggressively invading the hemlock
forest of the New York Botanical Garden, Bronx County, New York. Their work refats t
cultivated collections at the New York Botanical Garden contdhemurensgP. chinensgP.
japonicum P. lavalleiandP. sachalinenséWith the exception dP. chinensgthe additional four
species have all now been designated.aanurenséMa et al 2006). At the site of a large
invasion within the hemlock forest of the New York Botanical GarderR tla@nurense

population has shown wide diversity in its morphology in both the leaflet base shape and the
leaflet tomentum, (de la Cruz and Nee 2003) possible character differences \@gichntinue

to lead to confusion in correctly identifying this species. With the recentlyaasen to this
genera's taxonomy, it is very likely that the species will be recajaz@ more common
component of the regional flora.

In recent years, studies have begun to address the impacts of establistigd plaat
species through comparative analyses of invaded and non invaded habitats by ampspecigds
(Gould and Gorchov 2000, Collier and Vankat 2002). However, this type of assessment has only
been done for a small percentage of the many plant species which have now beerethtriduc
new regions, and even fewer studies have been done upon the impact of species hot yet ful
recognized as widespread invasive species.

As a result of working witl®. amurensénvasions over the past several seasons, we

hypothesized that the understory flora of these areas had lower speciesstittwer overall
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individual abundances and contained a lower percentage of native species than adjaseait
the same forest which did not cont&inamurensérees. We also attempted to gain insight of
reasons for a difference in understory by measuring the leaf area index dfdfétlamurense

and adjacent noR. amurense&anopy, enabling us to determine if a difference in shading could
lead to differences in the understory composition. To assess the impactotirenseipon the
understory flora of areas which have been invaded, a quadrat based analysisigamgated
versus adjacent uninvaded areas in two separate forests was performed. #ia ahtig

canopy was then performed by using hemispherical canopy photographs in the samagsled ar

Materials and Methods

This study was conducted in the summer of 2009 at two sites where invastons of
amurensdotaling more than 100 mature trees were present. Site 1 is located within thelfores
portion of the Bartlett Arboretum, Fairfield County, Connecticut (41.07N 73.33W) and consists
of 31 hectares of forested lands within a public arboretum managed by a priviatepnofit
corporation. Site 2 is located at Forest Park, Queens County, New York (40.42N 73.50W) and is
220 hectares of predominantly forested lands and is owned and operated by the Gity of Ne
York Department of Parks. Both the Bartlett Arboretum (Morgan 2009) and FarkstGteller
et al. 1979, Glaeser 2006) have floras and vegetation which have been documented prior to this
analysis. As measured in importance values Morgan (2009) describes the surrconegingf f
the Bartlett Arboretum in its entirety to be dominatedragus grandifoliaEhrh.,Acer rubrum
L. andBetula lentaL. Greller et al 1979, describes the forest of Forest Park in its entirety as

dominated byQuercus rubraL., Q. velutinaLam., andQ. albal..
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To assess the understory vegetation at each site, a transect was draginttieu
amurensanvaded sections of the forest. Along this transect individua’s amurensevithin 5
m on either side of the transect, measuring at least 5 cm diameter ahbrglhis(DBH) were
selected, and four plots measuring’Mmere placed directly north, south, east and west of the
tree with the center of the sample plot being 1.5m from the trunk Bdgenurensérees were
chosen by their proximity to the transect, and those which resulted in overlappsg@tet
eliminated. This resulted in 72 plots being analyzed at the Bartlett Arboretum famiesit Park
96 plots were analyzed for a total of 168 plots ufleamurenseanopy. To select plots in non
invaded areas for comparison, a similar transect was drawn in an area italpedigcent to
each invaded site. At both locations, the non invaded sections were intermittent witratheli
sections of each site. No visible difference in elevation or soil moisturs lsees apparent
through visual observation. Along this line a similar procedure was used, hd3etutx lenta
was substituted fdP. amurenseAt both sitesB. lentahad been documented as a major
component of the forest in importance value. At the Bartlett Arboretum, 84 plotsRirdata
were analyzed and 52 at Forest Park for a total of 136 plots under native canopysultad e
a total of 304 1rhplots being measured at both sites and under all conditions.

Within each plot all vascular plants were identified to species and the number of
individuals recorded. An inventory of species occurence data in relation to indipidtsais
presented as a supplemental data set to this thesis. To ensure adequatg, gdatplwere
created in late May 2009 when the original surveys were conducted and weredigpeat
examined at least once per month over the summer season to account for newlg pfastge
Plot borders were marked with nylon flags to ensure the exact sited wergedeaach survey.

For several prostrate species where individual species counts were diffieuln? plot was
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further divided into one hundred 10 cm by 10 cm subplots and an individual was tallied for each
of these subplots the plant occurred within.

To analyze the canopy a CI-110 digital plant canopy imager, (CID Inca&aiA) was
used. Data was collected in July 2009 through the creation of hemispherical pantpyraphs
which were analyzed for calculations of leaf area index. To obtain this datmaheriwas used
by collecting images along the same transects as used for the creatios.of@kadsure
canopies were not duplicated in the analysis, images were taken at least 20imleghaP.
amurensenvaded and non invaded areas. This resulted in 12 photographs of the native Canopy
at the Bartlett Arboretum and 8 of tReamurenseanopy. After the original LAl analysis was
performed, a second set of data was taken at the Bartlett Arboretum kslatee to look for
changes in significance of the results over a season. At Forest Park, 14gpictogere taken
under native canopy and 12 unékeramurense

All data was analyzed using JMP 8.0.1 (SAS Institute 2008).

Results and Discussion

Understory Individual Density. At both the Bartlett Arboretum and Forektdftas,
understory individual density differed significantly with the understory ofe&ti lentahaving
more individuals than the. amurensainderstory. At the Bartlett Arboretum mean understory
individuals per imeasured 19.29 under the native canopy and 8.95 BndenurenséF; 154=
17.8, P <.0001). Forest Park, mean understory individuals measured 6.92 under the native
canopy and 3.23 under. amurensé F; 146= 19.5, P <.0001). These results are demonstrated in

Figure 1.
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The appearance of a lower density of individuals in areas invadedamurensevas
the initial visual clue leading to this study although only the visual assessmemsprestcal
evidence was present prior to this work. This statistically lower density Endenurenset
both sites reported here confirms our hypothesis of lower density, and showeddssbatin
sites (Bartlett 19.28 native canopy, 89amurenseanopy and Forest Park 6.92 native canopy,
3.22P. amurenseanopy), the trend of lower individuals unéRramurenseemains consistent
even though the level of individual density varied between the two.

Total Species Richness. At the Bartlett Arboretum site, speciess&pee quadrat was
higher under the native canopy (3.39 species) than #hdenurenseanopy (3.03 species),
however these results were not significanti= 1.77, P = .1855). At the Forest Park site a
significant difference existed with mean species richness under natigpyctrees measuring
3.11 species and mean species richness lhdenurenseneasuring 1.56 species, (fzs=
47.32, P <.0001). These results are demonstrated in Figure 2. In total, 43 specidsntiéesl
underP. amurensat the Bartlett Arboretum and 44 under native canopies. At Forest Park a total
of 27 species were identified underamurensand 32 under native species.

Total Native Individuals. At both sites, a significant difference edibstween the
number of native individuals per quadrat under native canopy eramurenseanopy with
more native individuals being present under native canopy. At the Bartlett Arbpraan
native individuals measured 19.00 under the native canopy while measuring 6.75 individuals
underP. amurenséF; 154= 25.77, P < .0001). Forest Park mean native individuals measured
6.11 under native canopy and 2.08 urldeamurenseanopy (fr 146= 43.49, P<.0001). These

results are demonstrated in Figure 3.
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Canopy Analysis. Comparisons of the canopl .chmurensénvaded versus non
invaded areas showed no significant difference in leaf area index for thettBeatboretum site
or Forest Park. Leaf Area Index (LAI) at the Bartlett Arboretum nmeas2.839 undep?.
amurensecanopy and 4.020 under native canopy {sE 2.961, P = .1024) at the time of the first
measurements. At Forest Park, LAl measured 3.642 #hdenurenseanopy and 3.727 under
native canopy (Fx4= 0.0516, P =.8222). These results are demonstrated in Figure 4. The
second set of measurements resulted in a LAl of 2.433 iha@nurenseanopy of and 2.348
under native canopy {ks=.313, P = .5830). These later results reaffirm the non significant
differences in the early canopy photographs and are not included in Figure 4.

These results support the hypothesis Fhatmurenseinderstory composition will have
lower overall individual abundances, lower species richness and contain a lowergueraént
native species than adjacent areas of the same forest not confPaiamgrenseHowever, these
results do not provide insight into the mechanism by which this process occurs.calhgcifie
find no significant differences in the level of leaf area index betweerenaivopy and that &f.
amurense

Invasive plant species are well documented to have negative effects uponvihe nat
plants of the area into which they invade (Gould and Gorchov 2000, Hobbs and Mooney 1986,
Martin 1999) as well as impacts upon the entire community (Wycoff and Webb 1996, Webb and
Kauzinger 1993). Many invasive species go unnoticed as members of the communitiesynti
have reached levels which are no longer easily controlled.

The spread dPhellodendron amurenseto the forests of the northeastern United States
has the potential to affect both the richness and abundance of the surrounding flora. With the

pronounced effects reported here upon the number of native individuals between canopy types,
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this invasion is likely to impact native populations of plants more than other individuals whic
are naturalized from outside the region. While this work shows a significanediétebetween
the understory density of native plants between the two canopies, therehg sjukestion of
whether thé®. amurenserees caused this difference, or if they invaded upon degraded sites with
a prior difference in understory composition due to factors such as soil qualisgubdnce.
These results provide the first step in identifying a problem and show the stranigpnkether
assessment of this invasive tree species.

Shading is often reported in secondary publications to be the cause in the case of other
invasive tree species and their impact upon the understory (Spongberg 1990), howeer we
no evidence of a significant difference in shade cast between the surroundingaadpyg and
that created by mature treesfofamurensevhen measured using leaf area index. Visual
observations also indicate that the leaveB.aimurensat both locations fully emerge eight or
more days after all the species in the adjacent native canopies. This wouldteliam earlier
leaf emergence, and consequentially an earlier shadiRg &ayurenseas a factor in the
understory differences that are reported.

Most importantly, these results indicate that there is a strong need fossddrine
invasion ofP. amurensén the forested areas of the northeastern United States. While the exact
causes of the decreased number of native individuals and lower species richneBs unde
amurenses undetermined, these results highlight the importance for more aggressivermgni
of this and other invasive species not yet targeted by government and privatesageneell as
the importance of control and removal programs in affected areas.

Further study oP. amurensés needed to establish the mechanisms by which the lower

understory native individuals and species richness occurs. Additionally, an investige the
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biological attributes oP. amurensasuch as seed production, dispersal, seedling survival,
allelopathic potential, and growth rates etc. all need to be further examiinesi potentially

high impact invader.
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Figure 5.1.

Mean number of total individuals pefmuadrat of all species under each canopy type at each

site. Error Bars represent 95% confidence intervals.
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Figure 5.2.
Mean number of total species pef quadrat under each canopy type at each site. Error bars

represent 95% confidence intervals.
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Figure 5.3.
Mean number of total native individuals pef quadrat under each canopy type at each site.

Error bars represent 95% confidence intervals.
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Figure 5.4.
Mean leaf area index under each canopy type at each site. Error Bareneps8é confidence

intervals.
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Chapter 6

Stand dynamics of a forty-six year invasionRhellodendron amurendupr. in an eastern
North American forest

[this chapter is modified from this reference:]
Morgan, E. C. 2011Stand dynamics of a forty-six year invasionRhellodendron

amurense&rupr. in an eastern North American forest. Castanea. In press
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Abstract

An invasion byPhellodendron amurendeupr. provided an opportunity to examine the
subsequent changes in the forest composition which took place since the invasion began.
Through the removal of 278 individual treedfofamurensgtree ring analysis allowed a re-
creation of the forest over the forty-six years since the speciesrfivgédat the site. This
analysis shows th&. amurenselemonstrates the ability to invade additional areas and, over
time increase both its relative density and relative dominance. Throughlgsisaofboth living
and standing dead individual tre€s,amurens@ppears to be poised to continue its gradual
increased influence over the forest. This highlights the need for better temoghithe species

as an invasive plant, and a more vigorous effort to control existing invasions.
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Introduction

Invasive species have been shown to have negative consequences in many areas
including ecological impacts (Gould and Gorchov 2000, Catliert 2002) and economical costs
which have been estimated to nearly 120 billion (Pimesttal 2005). In spite of this
importance, it wasn't until the 1958 publication of Charles Eltons’ the ecology ofongdsy
animals and plants (Elton 1958) that the problems brought about by invasive species began t
recognized and examined.

In recent years, an emphasis has been placed upon the early recognition ahdfcontr
invasive plant species, and in the case of horticultural and agricultural importspoame
attempts have been made to set up a framework for examining the early introdudteseof t
species (Molest al2008) as well as analyses of traits which may lead to invasiveness in a
particular species (Rejmanek and Richardson 1996, Muth and Pigliucci 2006). Yet recent
evidence has shown that while many species have particular invasiz€Araitson et al 2007),
a variety of factors such as hybridization may cause others to takeyewnsyto achieve their
potential as invasive species (Williams et al. 2005). In the eastern United,Bkeellodendron
amurenseéRupr. may be achieving its invasive potential throughout a significant portion of the
region from Philadelphia to Boston (Morgan and Borysiewicz 2010), and possibly munar furt
over a century after its original introduction.

Growing to fifteen meters high with compound leaWsellodendron amurense
Rutaceae, is a dioecious species native to eastern Asia including nerthn&sha, Taiwan,
Japan, Korean peninsula and the Russian far east. It's cold tolerance and otiaéie@admi
horticultural qualities (Dirr 1998) has maBeamurens@ common tree at public gardens

throughout the United States, and an occasionally available species in thdthoatitrade. A

94



survey of the cultivateBhellodendrorin North America revealed a long history of introductions
of the species of various provenance, as well as extensive confusion and overlap in the
nomenclature (Ma and Branch 2007). Recently, the gehalodendrorhas been revised
resulting in the inclusion d®?. japonicumP. lavalleiandP. sachaliensewithin P. amurense

(Ma 2006). Previous separation of these species may have been a fRctamurensdeing
overlooked as an invasive species (Morgan & Borysiewicz 2010), although wnex&rtias

begun to examine the specsEsu latdor both its invasion (Glaeser and Kincaid 2005) and its
potential impacts (Morgan and Borysiewicz 2011).

Although numerous studies upon the biology, impact and economic importance of
invasive species exists, chronological data for the invasion of individual speofésn lacking
and concise analysis of the small scale invasion of invaders is nearly nontexitidew
exceptions such as Fang (2005). An analysis of the effect of a particudeassyeon the forest
composition can have wider implications for both its long term potential to invade easvaard
can stress the importance of early recognition of invasive tendencies shelpasgressive
displacement of native species in the habitat. This work aims to address shesdag°.
amurensen an eastern North American forest through an analysis of changes in an Haste

American forest over forty-six years.

Materials and Methods

The Bartlett Arboretum Forest, located in southwestern Fairfield County, Gaute
(43°33N 73°33W), is a 31 hectare mixed-deciduous forest with four main vegetatisn typ
including aFagus grandifoliaEhrh. dominated area, a beech-mixed hardwoods Acea,

rubrumL. wetland, and a mixed hardwoods area (Morgan 2009). In the summer of 2008 a
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research plot was established within this forest which included all the indsiofl2 amurense
found in an area of the forest that had a visibly high concentratiBnashurensdrees. As an
arboretum, significant land use records exist for the forested areas, howealisturbance to the
forest has been recorded for this area. Using surveying flags a traasemarked through the
longest point of the invasion marking each meter upon the flags. Perpendicular teethis li
additional transects were marked throughout the area of invasion in an eastdoemsstion
creating a grid pattern for the collection of cartesian coordinate data.reachithin the grid
pattern was marked with flagging tape and its cartesian coordinategssiecitification and
diameter breast height (dbh) were recorded. In total, 755 individuals were markedaaed
including 278 individuals oP. amurense

In the Winter of 2009 - 2010, all individuals Bf amurensevere cut down at 10 cm
above ground and from the upper portion of the cut stump a 3-4 cm thick disk was cut level and
labeled to create slices of the trees for tree ring analysis. panatéeon for tree ring analysis,
slices were sanded with progressively finer sandpaper allowing forrcteackeng of ring
numbers and then treated with beeswax to prevent checking of the slices. To aealgge tthe
rings were counted first with the naked eye and then confirmed by recounting wheleoa
microscope. Data from this analysis is provided as Data Set 1.

With the creation of a single plot designed to includ® aimurensérees, the relative
frequency aspect of a traditional importance value as described by Curtim&dic(1951) was
not applicable. Therefore the measurements of relative abundance and refeityevdere used
as standalone measurements. To model the previous forest comp®siionyrensspecimens
were compared with their age data and were given average growth ratdsedeety two years

and modeled backwards using the average growth per year. This growth peayegqplied to
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bothP. amurensand norP. amurensequally giving a generalized model of the stand. All

calculations and corresponding figures were created using Sigma Plot 10.0.

Results and Discussion

A total of 755 individuals consisting of thirty species of woody plant with dbh of 2.0 cm
or greater were recorded and measured to calculate their relative desigtative dominance.
The 278 individuals oP. amurenseanged from a dbh of 2.0 cm, which was the smallest size
recorded here, up to 29.4 cm dbh. The adge. @murenséor these individuals ranged from 4
years old to 46 years at the time of removal. The size distribution histogoavs a typical
Type Il survivorship curve (Figure 6.1), however, the age distribution histogram ddedowt
this pattern (Figure 6.2). Plotting the age of individuals by their dbh shows a gesredabit
increasing dbh with age (Figure 3), however this relationship is statistiezdk with a linear
regression Rof 0.5086.

The 278 individuals d®?. amurensexamined included 9 individuals or 3.23% ofRll
amurensendividuals which were dead at the time this study was performed. Of the 477
individuals of norP. amurensérees in the study area, 46 or 9.64% were dead at the time of this
study.

At the time of the removal ¢&?. amurensén 2009-2010, the top five species in both
relative density and relative dominance included seven total species and aletalplg Acer
rubrumL., Betula alleghaniensiBritton, B. lentaL., Fagus grandifoliaEhrh.,P. amurensge
Quercus albd.. andQ. rubralL.. Between 1962 and 2008, amurensandF. grandifolia
replacedQ. albaandQ. rubrain the top five in relative density afd amurenseeplaced).

albain the top five in relative dominance between 1962 and 2008. Over the course of the
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invasion byP. amurenséts relative density increased from 0 in 1962 to 14.5 in 1985 and 36.8 in
2008 (Figure 4. Over the same time period, the relative density of the five anusibn species

in 1962 all declined through 2008. By 1985,amurensdad the third highest relative density

and by 2008 was the highest in relative density at 36.8Avithbrumsecond with a relative
density of 10.4. The relative dominancePofamurenselso increased from 0 in 1962 to 6.7 in
1985 and 15.8 in 2008. The relative dominance of the five most common species in 1962 all
decreased as well over the same period of time (Figure 5). In 2008.anilyrum(19.9) andB.
lenta(18.0) had higher relative dominance values fheamurensé15.8).

The use of dbh as an indicator of plant age has been used in previous studies as a method
of analyzing plant population structure, including in the study of invasive plants. Within th
study, results show only a moderate correlation between the age andRll@nafrense
throughout the study area (Fig. 3). This does not negate results of this or prior studjesatsi
method as it underemphasizes the drastic incred®eamurensever the time frame of the
study. It does however, highlight the need for verification efforts such smeat coring and
tree ring analysis to verify results whenever possible such as thosereetfoere.

The histogram of dbh versus numbePoémurenseéndividuals (Fig. 1) shows a
population with a tendency towards a large number of individuals establishing, byt a stee
dropoff in the number of those individuals surviving to adulthood which is the general Type Il
survivorship curve found in many species. In comparing this to the histogram of age versus
number ofP. amurensénvividuals (Fig. 2), the data for the latter resemble more of a gaussian
distribution, and do not reflect the trend found in Figure 1. Since there is no record of
disturbance on site throughout the area of the invasion, the most likely cause fatrithetidiss

in Figure 1 and 2 are the resultfxffamurenséeing able to maintain a long period in the

98



understory until gaps occur which will result in the production of substantially mongigr
when these opportunities are present. The gaussian distribution of Figure 2 suggests tha
fluctuations in rates of seedling establishment may be the result of othes fatbras weather.
This data showing the potential ability to survive long periods of shading is cotatitiue/
findings of Yoshida and Kamitani (1999) who rep@ramurens@as shade intolerant.

Gaps in the canopy, which may be created by a number of events including reemal t
mortality, are a likely cause of the increased growth found in lBaaynurensérees in spite of
their young age. An analysis of standing dead trees shows a mortaligaalgthree times as
high for nonP. amurens€9.64%) compared tB. amurensé3.23%) showing that there will be
ample gap opportunity fd?. amurensaseedlings to survive. This data would also predict that at
current ratesl?. amurenseavould continue to increase its relative density in the study area, a
prediction that has proven true from the period of 1962-2008.

The relative density and relative dominancP.ocimurensdérom the years 1962-2008,
both show increases from being absent, to becoming a dominant species in each. ddtegor
relative dominance results are results are reported in Figure 4 aneerditisity results are
results are reported in Figure 5. In both categories, the values of all othes shesied
declines with the exception hgus grandifoliaindicating that the expansion of the species is
at the expense of other, mainly native, species within the flora. Additional fatagrsome into
play when considering the subsequent increase gfandifoliaalong withP. amurenseWhile
F. grandifoliais a native member of the flora which was present in 1962, the increase in
ungulate herbivores in the region may be playing a role in the plants succeskasstihat of.

amurenseln the region, browsing upon native species sudB.adba Q. rubraandA. rubrum
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is common (Healy 1997), while throughout this study no browsing upon Eitigeandifolia or
P. amurensevas observed (Morgan pers. obs.).

While a number of interrelated factors may be responsible for the initiagissumad
continued expansion &f. amurensgthe species has demonstrated the need for control measures
even though it is not as widespread as other woody invaders sAchrgdatanoides. in the
northeastTriadica sebifergL.)Small. in the southeast aidmarix ramosissimaedeb. in the
southwestP. amurens@rovides not only an opportunity to control an apparent invasive species,
but to gather important data about the early stages of invasion by a woody tres. dp@aiever,
based upon the continued increase in density and dominance reported here, coupled with the
ability to rapidly take advantage of light gaps as demonstrated by theddés in the age and
dnh histograms. amurensenay be approaching a critical mass. Presently, invasions occur
throughout the region from Phiadelphia to Boston althought these are often isaatezhth
other by many miles. As populations grow, and new sightings occur this window of opgortunit

for study and control will quickly close.
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Figure 6.1

Age classes dPhellodendron amurense
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Figure 6.2

Diameter breat height classesRt#fellodendron amurense
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Figure 6.3

Relationship between age and diameter breat heigtti@fodendron amurense
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Figure 6.4
Approximate changes in relative density of the top species over 46 years
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Figure 6.5
Approximate changes in relative dominance of the top species over 46 years
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Chapter 7

Spatial Analysis of an Invasion Bhellodendron amurenseithin a southwestern New England
Forest
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Abstract

The invasion of a southwestern New England forest by a non native tree species i
examined through an analysis of spatial dateellodendron amurendRupr., trees were mapped
out and cut down to allow for an examination of the relationships between their agéedatme
breast height, and spatial distribution to look for patterns which could help understaray time w
which the species is spreading. Through these analyses and a comparison obtldaspafP.
amurensdrees with the surrounding forest, it can be clearly showrPthaturenséas the
ability to spread throughout a forest, regardless of proximity to older lréealso shown that
these trees succeed within the clearings created within the surroundisigafiolooth small and

large scales.
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Introduction

With the increase of species introduced to habitats outside their native range, and the
subsequent homogenization of the worlds flora and fauna, the impacts of these introduced
species provide opportunities to examine a species invasion from the onset afritsrmecas it
succeeds or fails in its new environs. While most introduced species falil, teatpgecof these
species that ultimately take hold in the new habitat, reproduce and spread can haug abieea
impact upon the surrounding native flora and fauna. With vascular plant speciesp#uscan
range from the simple occupying of space no longer available to native spascsasy the slow
replacement of natives in the flora, to the more aggressive species which chake diveetly
impact the native surrounding vegetation. Recently, additional mechanisms such as the
interruption of insect pollination due to the presence of an invader has also been shown to be of
significant impact (Baskett et al., 2011). Those species having a measunadote imtheir
foreign habitat are generally referred to as invasive species, anthrtpaat can be
extraordinary in both ecological (Simberloff et al., 1997) and economic termsr(teinet al.,
2005).

In the northeastern United States, the AsianRieslodendron amurendgupr., is
becoming a common invasive species throughout the region from Boston, Massactbusett
Philadelphia, Pennsylvania (Morgan and Borysiewicz 2010). This species, whgbnieas
unrecognized as a serious invader in the primary literature until recenddgs@® 2006, Morgan
& Borysiewicz 2010) has been shown to be aggressively invading both urban and rurs| forest
often having hundreds of adult size trees which displace native tree speciearn(20id). A
member of the Rutaceaehellodendron amurenss a large tree growing ten to fifteen meters in

height with a potentially greater spread. Native to much of northeast AsidimgIChina,
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Japan, Korea and Russia,amurensés considered a common broad leaved species within the
coniferous Picea-Abies forests along their more southern borders (Wang, 196ije @st

native range,P. amurensés a desirable tree in cultivated areas where ample space is available
due to its ornamental characteristics (Dirr 1990) and is often promoted as suchcuntboamti
publications.

While P. amurensés recorded as being introduced horticulturally as early as 1856 (Dirr
1990) and early reports by Sargent (1894) stateRthamurenseés found in most large botanical
collections in the United States at the time of his writing, as of the eatlg@itsiry there were
few published reports of the species becoming problematic. This may be due toduptime lin
the expansion of the species, as well as a la€k amurensdeing listed in the taxonomic keys
often used throughout the northeastern United States including Gleason and Cronquist (1991)
and Petrides (1988). A more comprehensive examination of the misidentification and
overlooking ofP. amurensén the northeast can be found within Morgan and Borysiewicz
(2010).

Through an analysis of cultivated specimenB.cimurensén North America, including
their range and proper identification, Ma and Branch (2007) repo®ttzahurenséas rarely
escaped and become naturalized in only a few places in northeastern NortteAaraund the
vicinity of Botanic Gardens and Parks. This statement has increasingly bpatedias
numerous additional sites have been documented in recent years, over twenty ofaevhich ar
reported by Morgan and Borysiewicz (2010). Furthermore, Ma and Branch report thatthere
been no damage to the native flora although the potential exisBs darturenséo become an
invasive in the future. There is now evidence showing a relationship beRveemurensand

the understory flora of invaded areas, vitithamurensdeing significantly related to a
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diminished native species richness (Morgan 2011). Additionally, the importance v&ue of
amurensean several studies throughout the northeastern United States (Glaeser 2006, and
Morgan, 2010) shows that it is having an influence on forest composition worth recognizing.
Spatial analysis of invasive species can often provide valuable data intoidetgithe
pattern, if any, that an invasive species will present. This data can therdlie deéermine a
variety of factors such as invasion speed, pattern and even habitat preferdaataibsis
available. This work examines the null hypothesis that there is no relationshgehetve
pattern ofP. amurenseestablishment and growth in relation to existh@murensérees in the

surrounding area or the surrounding arborescent trees of additional species.

Methods

Within the 31 hectare mixed-deciduous forested portion of the Bartlett Arboretum,
(43°33N 73°33W), a plot was established by creating a grid layout encompassingasiqoofil
278P. amurensdrees. Using surveying flags a transect was marked through the longest point of
the invasion marking each meter upon the flags. Perpendicular to this line addiinsatts
were marked throughout the area of invasion in an east to west orientatiorgcaegioh pattern
for the collection of cartesian coordinate data. Each tree greater thana2eetet breast height
(dbh) within the grid pattern was marked with flagging tape and its cartesianraiesjispecies
identification and dbh were recorded. In total, 755 individuals were marked and recorded
including all 278 individuals dP. amurenseThis data is reported in Final Appendix 1.

In the Winter of 2009 - 2010, all the individualsfofamurensevere cut down at 10 cm
above ground and from the upper portion of the cut stump a 3-4 cm thick disk was cut level and

labeled to create slices of the trees for tree ring analysis. panateon for tree ring analysis,
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slices were sanded with progressively finer sandpaper allowing forrcteadkeng of ring
numbers and then treated with beeswax to prevent checking of the slices. To aealgge tthe
rings were counted first with the naked eye and then confirmed by recounting wheieoa
microscope.

To determine if correlations existed between the numerical differerti#h between
individuals and the geographic euclidian distance between cartesian coordirhtese of
individuals, or if patterns existed between the numerical age differences ayabtiraphic
euclidian distances between pairs of trees, Mantel tests were peatfosing the software
PASSaGe 2.0.1. To perform these tests, a 278 x 278 distance matrix was firdtforegtehree
parameters using PASSaGE 2.0.1. The Mantel test was the checked for significaunueing
100,000 permutations.

To analyze the cartesian points and determine if they are random oredu&pleyK
function analyses were performed using PASSaGE 2.0.1. To perform these, ratidonésts

were performed with 100,000 permutations.

Results and Discussion
The null hypotheses that there is no relationship between geographic distdmacge dor
P. amurenseor between geographic distance and dbh, were tested by using the Mantel test
(Mantel 1967), which works by randomization of two distance matrices and compathre
calculated observed statistic. With this data set, the 278 x 278 matrices aiergiyffiarge
enough to then further the data by performing a permutation test to obtain a p velaehftest.
Mantel tests reveal no correlation (-0.008), and no significance (p= .63)enetines

geographic distance and age distande.@murensérees. Mantel tests also revealed a low
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correlation (0.07), of significant value (p = 0.02) between the geographic distance amedbh s

distance oP. amurensérees. These results indicate that the initial establishméhtarhurense

is not strongly correlated to distance from otReamurensérees nor is the growth of these trees
after establishment correlated to that distance. These results canrfreiateas evidence that

P. amurensés reproducing consistently throughout the area of an existing invasion, and@rowi
regardless of proximity to oth&. amurensérees.

Currently, there is conflicting evidence as to the requiremeris ahurenséo succeed.
Yoshida and Kamitani (1998) report it as a shade intolerant species within a dopgste
however Yoshida et al (2005) report a negative impact of light upon the survRahofurense
seedlings in recently cleared bamboo stands. Examining these past works, ibie piueisP.
amurensewill colonize and succeed in neither large clearings or shaded environmemisybut
thrive in the semi openness of gaps within an otherwise intact forest. This possilsiipported
by Sakai et al (1999) who demonstrated thaamurens@ccurs only in small patches among
established trees on terraces, where light can penetrate through thdffoeestpy gaps are
responsible for any correlation between distance and grovRhahurensge the population
would show a clustered distribution, presumably due to the more rapid growth in such gaps.

The Ripley's L statistic, is a standardized representation of the Rigléynction
(Ripley 1976) which measures the average density of individuals from a point withimegbgla
analyzing the cartesian coordinate data and euclidian distance data of als®rved points.
Through approximate randomization, confidence intervals can be created to shioasice of
the observed versus expected values of the data. Values of Ripleys L belopetiedxalue
would represent significant clustering while values above the expected distréowbuld

represent significant overdispersion.
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Using Ripley's L function to determine any clustering or overdispersiBnahurense
trees in relation to each other revealed clustering that was highlficagh(Figure 7.1). This
pattern was highly significant throughout all distances in the Ripley's ksasal' hese results
show that while no significant pattern between age and geographic distanceeengoezed,
the trees are growing in a highly clustered pattern amongst other individéalamurense

To better analyze this process, a second Ripley's L analysis was geriasmg all
individuals within the plot consisting of 28 amurens@and 477 noi?. amurensérees. To
specifically examine the pattern Bf amurensén relation to the surrounding trees, a third data
set was added to include species identificatioR.amurens®r nonP. amurenseAn analysis
was then performed allowirfg. amurensérees to be analyzed only in relation to the Ron
amurensdrees in the matrix, whose coordinates remain fixed and are not included in the
randomization tests. This Ripleys' L analysis shows a significant patteuefispersion b#.
amurensen relation to norP. amurensérees (Figure 7.2).

These results show a clear pattern of distributio®famurenséhroughout the study
area. The lack of relationship between age and distance of the trees shows thatebeape
spread throughout an area regardless of proximity to the original point of invasioesiilg of
the subsequent Ripley's L analysis show thaimurense&an colonize clearings throughout a
forest, whether near or far to the seed source. The combined results of both theddenaeld
Ripley's L analysis show that the species can colonize an arearuy diélps within the canopy,
regardless of the position of the original seed source. The non significant Mamits| res
combined with the highly significant Ripley's L analyses show that thesergagsrest do not
have to be large, but can be in a patchy distribution created by single dead trees, and not

necessarily the wide clearings such as those seen in windthrows and othleanigt@vents.

113



With the high number of in invasive species spreading throughout the globe eaeh year
thorough analyses of each new invasion is not always possiblePWathurensgthere is now
strong evidence of the species spreading throughout a large geograph(iglargan and
Borysiewicz 2011), and this work demonstrates its ability to colonize clearitiys wiforested
area and spread in a pattern regardless of proximity to an immediate seed Boigranalysis of
P. amurensés one additional species for which there is an in depth examination of its invasion
and will provide more evidence of the impact these species can have upon the native
environment. This data further supports the need for measures to prevent the introduction of

invasive species as opposed to controlling already established species.
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Figure 7.1

Ripley's L analysis oPhellodendron amurengeses in relation to oth&. amurensérees

showing significant clustering.
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Figure 7.2
Ripley's L analysis dPhellodendron amurengeees in relation to the surrounding tree species,

with P. amurensshowing significant overdispersion in relation to the surrounding tree species.
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Chapter 8

The Creation of Bubble plots as a visualization tool to examine invasive species
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Abstract

Using an invasion by the non native invadireellodendron amurendgupr., the creation
of bubble plots showing the pattern of invasion over its history allows for a simpl®way
recreate and visualize the invasion and spread of a particular species wteravzitenment.
While the ability to collect data for tree rings is not always availaxXamples such as this can
be used as a general model to demonstrate the rapid colonization and increase in mfhe@nce
introduction can have and can provide researchers with an additional tool to expose both the

scientific and non scientific public to the importance of invasive species.
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Materials and Methods

Within the 31 hectare mixed-deciduous forested portion of the Bartlett Arboretum,
(43°33N 73°33W), a plot was established by creating a grid layout encompassingasiqoofil
278P. amurensdrees. Using surveying flags a transect was marked through the longest point of
the invasion marking each meter upon the flags. Perpendicular to this line addiinsatts
were marked throughout the area of invasion in an east to west orientatiorgcaegioh pattern
for the collection of cartesian coordinate data. Each tree within the gridpatie marked with
flagging tape and its cartesian coordinates, species identification andedibneast height
(dbh) were recorded. In total, 755 individuals were marked and recorded including 278
individuals ofP. amurense

In the Winter of 2009 - 2010, all individuals Bf amurensevere cut down at 10 cm
above ground and from the upper portion of the cut stump a 3-4 cm thick disk was cut level and
labeled to create slices of the trees for tree ring analysis. panateon for tree ring analysis,
slices were sanded with progressively finer sandpaper allowing forrcteateng of ring
numbers and then treated with beeswax to prevent checking of the slices. To mealgge, the
rings were counted first with the naked eye and then confirmed by recounting sheieoa
microscope.

To visialize the data, bubble plots were created showing the progregstoamurense
within the plot from 1962 through 2008 using JMP 8.0.1, with dbh as the determining factor for
bubble size. The dbh of eaPhamurensén a given year was approximated by dividing the dbh
at the time of removal by the final age of the tree multiplied by the agprhtyear examined as

previously described in Chapter 6 of this work.
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Results and Discussion

With invasive species costing the United States over 100 billion dollars per year
(Pimental et al, 2005), the need to explain the importance of such invasions to both tHe scient
and non scientific public is of paramount importance. Visual representations ofdahd spr
particular invasive can be a simple way to express the speed with which a néev,ieven a
long lived tree species, can invade new areas. This method of using bubble plots, several
screenshots of whicy are included in Figure 8.1, can be easily transferred indbi@miin
numerous media formats for use in public presentations, replacing or complementorgitre

methods of using descriptive statistics to a mixed audience which.
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Figure 8.1

Screenshots of the video of an invasiorPoyamurensérom the period between 1962 and 2008.
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Data Set 1.
All arborescent tree species recorded within the highly invaded plot, includiogtrasian

coordinates, diameter breast height and status as alive (A) or dead
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26.4
25.9
28.3
28.4
6.5
5.8
8.6
14.4
12.8
16.2
15.7
12.9
19.2
19.1
19.8
20.2
22.9
20.0
20.4
21.8
32.2
38.6
44.0
38.4
19.8
-6.5

6.6
1.0
10.4
7.3
8.0
9.9
4.0
6.3
7.7
6.3
9.5
6.5
9.5
5.8
4.5
10.3
12.6
1.2
55
7.1
3.2
15
1.4
2.2
8.5
1.4
4.7
1.0
55
5.5
2.4
9.9
1.0
5.7
4.7
3.0
7.7
4.9
1.6
4.3
4.1
3.2
1.6
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124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
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..amurense
.amurense
.amurense
.amurense
.amurense
..amurense
..amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense
..amurense
..amurense
.amurense
.amurense
.amurense
.amurense
..amurense
..amurense
.amurense
.amurense
.amurense
.amurense
..amurense
.amurense
..amurense
.amurense
..amurense
.amurense
.amurense
.amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense

19.1
21.3
-5.4
-4.4
-3.2
-1.6
0.2
14
4.3
6.5
7.4
7.6
6.2
9.7
9.7
6.0
6.1
10.9
14.6
14.6
111
19.2
27.6
214
21.4
2.7
1.6
0.4
0.7
-0.6
-0.3
2.3
3.9
4.0
21
25
3.5
3.4
5.4
6.9
9.1
8.9
-13.7

-6.5
-5.6
-10.7
-11.3
-5.1
-11.4
-13.2
-11.9
-9.1
-9.4
-4.7
-5.0
-2.2
-4.1
-4.8
-6.0
-5.7
-1.9
-7.9
-5.9
-9.6
-13.9
-17.9
-20.4
-20.8
-17.4
-17.6
-18.3
-16.1
-17.6
-19.3
-22.3
-19.9
-20.4
-23.9
-25.0
-24.5
-23.5
-17.6
-16.1
-17.8
-12.9
-1.9

1.0
4.0
2.0
2.6
3.6
4.3
3.6
4.0
5.7
3.2
1.0
8.2
1.1
3.0
4.4
4.6
2.1
2.1
3.1
4.3
1.8
2.0
2.2
3.1
3.3
4.7
3.3
3.2
3.9
5.0
5.3
2.0
5.7
1.8
4.6
3.1
3.2
2.2
12.6
4.1
5.0
6.4
5.7
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167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
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..amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
..amurense
.amurense
..amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense
.amurense

-13.3
-12.1
-14.7
-16.0
-16.1
-9.2
-8.5
-8.3
-6.7
-4.0
-10.4
-2.0
-7.3
-7.9
-9.5
-12.3
-20.5
-23.0
-20.5
-19.0
-25.8
-25.2
-28.4
-26.0
-25.8
-25.4
-24.9
-28.5
-29.4
-33.9
-23.0
-20.1
-20.2
-16.4
-14.9
-13.6
-7.8
-9.1
-5.0
-11.8
-12.4
8.8
9.6

-2.7
-5.5
-3.6
-2.5
-4.6
-7.8
-7.9
-5.6
-5.8
-9.1
-10.1
-21.9
-19.0
-14.1
-15.5
-13.8
-13.0
-14.0
-13.5
-5.4
-14.8
-15.3
-16.5
-20.1
-18.3
-19.8
-20.6
-21.1
-24.0
-18.2
-18.2
-22.4
-25.8
-21.1
-25.7
-18.0
-21.5
-22.4
-25.3
-30.1
-27.3
-21.9
-23.1

2.1
5.0
4.3
6.7
4.7
6.3
3.4
15
3.0
2.9
6.3
3.3
3.4
3.0
3.2
3.6
211
2.5
5.7
5.8
51
6.4
29.4
16.0
2.5
10.6
4.9
3.6
2.0
6.4
5.2
7.5
6.9
6.0
4.6
6.8
4.1
1.6
2.9
3.5
4.1
2.0
1.6
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210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
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..amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
.amurense
..amurense
.amurense
..amurense
.amurense
..amurense
.amurense
.amurense
.amurense
..amurense
..amurense
. amurense
.amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense
..amurense
.amurense
.amurense
.amurense
.amurense
.amurense

7.9
6.7
7.5
6.0
4.9
4.0
5.4
5.6
6.6
4.5
10.4
12.1
18.6
18.7
191
20.4
20.8
211
135
9.4
10.7
11.2
10.8
9.9
9.4
111
16.1
154
19.1
21.0
6.0
6.2
6.4
6.0
6.1
11.0
17.1
18.0
15.8
14.2
13.9
12.7
14.4

-24.5
-25.7
-26.9
-26.5
-25.0
-26.8
-24.6
-23.4
-24.0
-22.0
-19.9
-22.3
-21.9
-20.7
-23.1
-24.1
-23.5
-26.8
-25.4
-24.1
-26.1
-28.0
-29.0
-29.3
-29.4
-31.1
-29.5
-29.3
-29.1
-30.3
-52.2
-53.1
-52.8
-55.1
-51.1
-50.1
-47.4
-49.1
-41.3
-35.8
-36.3
-32.4
-30.8

3.3
5.5
6.7
2.0
7.1
2.2
1.1
1.2
7.0
2.5
5.3
2.8
2.6
15
4.8
4.6
3.2
2.4
3.0
0.7
5.6
1.4
2.6
1.6
3.2
2.4
0.9
2.8
15
6.3
9.5
13.1
7.4
9.1
3.6
9.0
8.1
4.2
3.6
6.1
4.4
3.6
0.6
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253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
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. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. amurense
. grandifolia

. canadensis
. lenta

. lenta

. serotina
. serotina
. serotina
. serotina
. alata

. lenta

. sylvatica
. ovata

. Ovata
rubrum

. florida

. lenta

. ovata

-1.5
3.4
2.6
27.8
29.7
29.9
2.8
3.6
3.3
7.6
115
111
13.6
13.8
6.1
-18.8
-15.2
-13.6
-12.0
-115
-14.2
-8.0
-6.5
-6.9
-5.0
17.1
22.8
23.6
23.9
21.0
22.2
18.9
20.4
16.6
16.3
15.6
135
9.2
9.7
3.5
1.0
-0.5
-1.5

-60.0
-61.3
-61.4
-49.6
-49.9
-50.6
-70.0
-70.3
-65.0
-58.6
-59.6
-62.0
-52.6
-54.6
-43.8
37.9
40.9
38.0
22.9
22.7
30.1
20.0
17.0
16.0
18.0
-48.4
-0.7
1.0
2.2
13
2.5
0.8
-1.4
-0.5
-3.1
-2.5
-0.3
-0.3
-1.1
-2.0
-3.1
-4.8
-4.5

0.9
12.7
4.5
6.9
1.6
2.3
14.5
4.0
3.5
2.9
5.5
4.3
3.4
4.3
2.6
5.0
4.6
9.1
9.1
1.8
1.6
10.5
14.0
10.0
4.7
4.5
4.5
15
21.0
25.0
2.6
1.9
3.0
3.0
4.3
447
7.5
13.5
135
51.0
8.0
36.0
10.0
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18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
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tulipifera

. alba

. platanoides
americana

. rubrum
benzoin

. rubra

. rubrum

. alleghaniensis
. labrusca

. virginica

. alba

. Ovata

. alleghaniensis
. lenta

. alba

. rubrum

. rubra

. lenta

. platanoides

. rubrum

. lenta

. alleghaniensis
. caroliniana

. rubrum

. lenta

. lenta

. caroliniana

. lenta

. caroliniana

. grandifolia

. alleghaniensis
. lenta

. lenta

. lenta

. serotina

. lenta

. lenta

. caroliniana
. sylvatica

. lenta

. sylvatica

. lenta

-3.1
-11.2
-15.5
-18.3
-18.5
-19.4
-25.9
-29.2
-30.8
-31.0
-29.2
-28.9
-26.6
-25.9
-26.4
-18.5
-13.7
-13.5
-19.2
-22.3
-21.4
-17.8
-19.5
-19.0
-16.9
-17.9
-21.2
-20.3
-19.6
-17.7
-19.4
-19.7
-17.3
-21.3
-24.5
-24.8
-26.2
-20.4
-18.7
-14.0
-13.2

-6.0

-1.6

15
-1.2
-1.0
-0.9
-2.1
-0.6
-1.0
0.3
0.4

1.0
-1.9
7.2
11.4
14.3
17.1
4.7
3.3
5.5
6.3
5.0
7.4
11.8
13.7
15.0
15.7
21.6
20.7
19.6
23.0
25.7
26.1
27.2
27.3
23.9
24.0
23.0
23.1
29.4
33.8
30.9
31.0
11.0
8.0

86.0
25.0
4.5
40.5
9.0
1.0
39.5
34.0
27.5
5.5
12.0
37.3
19.0
9.3
36.6
23.2
135
27.3
55
9.9
34.1
26.8
25.1
4.0
18.7
34.6
18.3
6.7
255
3.4
13.2
25.8
1.3
255
40.1
4.3
16.7
22.5
5.0
7.1
33.3
6.6
33.9
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61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
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. lenta

. lenta

. saccharum

. alleghaniensis
. rubrum

. paniculata

. rubrum

. saccharum

. rubrum

. sylvatica

rubrum

. rubrum

. paniculata
. rubra

. sylvatica

. sylvatica

. sylvatica

. sylvatica

. florida

. rubrum

. albidum

. paniculata

rubrum

. caroliniana
. caroliniana
. rubrum

alba

. platanoides
. saccharum
. serotina

. grandifolia
. virginica

. rubrum

. rubrum

. caroliniana

lenta

. saccharum
. caroliniana
. caroliniana

rubrum
alba

. rubrum
. saccharum

0.6
-0.6
-0.9
0.6
0.0
-15
-6.0
-6.3
-10.4
-12.1
-11.8
-14.6
-12.3
-10.9
-12.7
-12.9
-13.5
-15.2
-14.8
-10.3
-15
-11
-2.5
-1.0
-1.6
-2.8
0.6
-0.9
-15
-0.1
8.2
7.1
10.4
8.8
10.6
5.2
5.9
6.4
9.6
10.1
4.0
6.1
8.9

6.5
4.9
5.3
115
16.2
19.1
15.2
14.2
111
9.4
16.1
134
16.1
19.1
19.8
21.0
23.5
251
25.4
27.2
23.8
26.7
26.8
32.3
32.6
31.8
40.4
38.2
36.5
35.7
2.3
2.6
7.0
11.6
55
7.5
8.1
7.0
135
15.9
16.3
155
20.4

26.8
16.6
2.0
24.4
46.4
4.3
33.1
1.1
28.4
8.9
42.3
14.6
2.1
26.6
14.0
12.7
15.8
18.2
6.2
22.2
17.7
2.7
60.8
1.7
1.7
21.1
38.5
1.1
3.5
1.8
17.3
7.1
79.6
22.8
8.1
21.9
4.0
1.0
2.3
38.5
33.9
10.0
6.8

Dead
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104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

A
A
C
C
C
A
A
A
C
C
C
A
Q. rubra
A
A
A
A
A
A
A
N
F
A
Q

F
F
C
C
C
C
p
A
C
C.
N
C
C
A
C
A
N
N
F

. rubrum

. rubrum

. caroliniana
. ovata

. florida

. rubrum

. rubrum

. rubrum

. caroliniana
. caroliniana
. caroliniana
. platanoides

. rubrum

. rubrum

. rubrum

. rubrum

. rubrum

. rubrum

. rubrum

. sylvatica

. grandifolia
. rubrum

. rubra

. grandifolia
. grandifolia
. caroliniana
. caroliniana
. caroliniana
. caroliniana
. occidentalis
. platanoides
. caroliniana
caroliniana
. sylvatica

. caroliniana
. caroliniana
. rubrum

. Ovata

. rubrum

. sylvatica

. sylvatica

. grandifolia

10.6
10.5
10.2
11
0.2
3.4
3.4
5.0
-0.2
1.2
2.3
0.1
-5.4
-3.8
-5.8
-3.0
-8.1
-7.4
-6.1
-7.3
-8.2
2.9
13.3
14.9
13.1
13.1
13.9
11.0
11.3
12.0
12.0
11.0
12.4
13.5
11.2
8.5
8.2
154
154
15.2
13.8
16.0
20.8

24.1
27.1
28.7
32.0
37.2
33.1
30.7
39.0
39.3
38.5
37.4
39.9
39.9
41.0
40.3
39.2
39.1
32.0
33.9
34.1
32.4
11.3
12.9
15.0
12.7
12.4
13.0
18.3
19.6
19.4
215
21.9
22.0
22.2
26.0
23.6
24.1
20.6
211
215
14.6
16.1
12.0

24.6
75.7
1.6
22.3
8.6
5.5
2.4
35.6
1.4
1.4
2.4
2.8
35.9
2.0
3.2
2.5
30.4
47.1
29.6
16.3
5.5
10.7
33.1
32.8
4.3
4.2
3.5
3.2
2.5
1.9
18.5
3.2
2.1
2.6
9.6
2.2
2.4
37.1
4.0
6.0
5.2
2.7
7.0
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147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

=

C

F
F
A
C
C
B
F
F
F
F
N
N
F
F
A
C
B
Q
C
C
Q. rubra
C
B
A
Q
C
C
Q
A
N
S
A
S
F
(0]
F
B
B
F
F
F

. grandifolia
. grandifolia
. grandifolia
. rubrum

. caroliniana
. caroliniana
. lenta

. grandifolia
. grandifolia
. grandifolia
. grandifolia
. sylvatica

. sylvatica

. grandifolia
. americana
. rubrum

. caroliniana
. lenta

. rubra

. caroliniana
. caroliniana

. caroliniana
. lenta

. rubrum

. rubra

. ovata

. caroliniana
. rubra

. rubrum

. sylvatica

. paniculata
. rubrum

. paniculata
. grandifolia
. virginica

. grandifolia
. lenta

. lenta

. grandifolia
. grandifolia
. grandifolia
. florida

21.8
22.2
16.9
19.9
17.9
19.3
17.1
17.4
18.4
22.4
215
21.0
21.3
211
3.2
2.1
-0.8
-1.3
-3.3
-15
-5.6
-3.0
7.0
134
11.2
10.6
11.4
16.7
14.9
15.6
18.2
17.0
21.6
24.0
26.3
28.0
28.6
28.9
28.0
29.2
28.9
24.9
25.0

12.7
9.6
6.0
4.5
3.2
3.4

10.1
9.6
9.5
8.4
-2.7
-7.3
-5.0
-5.2
-9.0

-10.4

-9.1

-6.7
-10.1
-11.3
-10.5
-14.0

-8.9
-7.3
-7.3
-7.6

-10.2
-17.8
-15.0
-18.7
-14.5
-13.9
-15.0
-18.0
-18.3
-17.0
-17.0
-16.7
-14.9
-19.5
-19.7
-20.4
-21.6

1.6
4.6
9.8
42.3
4.7
3.2
4.4
13
2.2
4.2
5.6
111
7.5
1.9
21.6
4.2
5.6
30.6
12.6
25
3.9
40.0
3.5
46.3
46.3
18.0
2.6
4.6
34.6
36.9
8.7
2.7
41.0
3.6
2.0
10.0
1.3
13.6
39.2
3.1
2.0
3.3
6.8
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190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
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. Ovata

. lenta

. prinus

. rubrum

. lenta

. sylvatica
. caroliniana
. lenta

. rubra
rubrum
ovata

. grandifolia

lenta
. serotina

. grandifolia
. grandifolia

. sylvatica

. grandifolia

. sylvatica

. sylvatica

. serotina
lenta
rubrum

. saccharum
. rubrum
alba

alba

. caroliniana
lenta
rubrum

. caroliniana
. caroliniana
. caroliniana
alba

. caroliniana
. lenta

. caroliniana
lenta

. grandifolia
rubrum
alba

. lenta

. saccharum

20.2
0.5
4.0
4.0
8.4
9.5

10.9

12.4

13.8

15.0

16.0

16.5

16.8

17.3

17.6

18.9

19.9

23.1

22.2

23.9

24.5

21.8

19.7
-5.0

-12.1

-16.1

-13.9

-10.8

-10.4
-9.8
-8.4
-8.5
-7.0
-9.5

-12.0

-12.0
-4.2
-3.5
-5.1
-5.9
-7.2
20
0.5

-18.3
-18.0
-20.1
-24.2
-15.7
-16.1
-15.2
-13.2
-11.5
-1.7
-7.4
-7.8
-9.0
-10.3
-10.2
-9.1
-8.7
-9.0
-7.6
-8.1
-7.9
-12.0
-10.9
0.8
-3.9
-4.2
-7.8
-6.3
-7.0
-4.7
-5.2
-6.2
-12.1
-10.4
-11.7
-11.0
-14.0
-17.3
-16.5
-16.5
-18.4
-28.0
-29.2

7.8
30.2
21.7

7.7
27.8

8.6

4.8
44.4
155

2.6
10.4

21
33.3

15

15

1.2

8.3

5.0
15.3
10.5

2.5
32.2
28.8

13

6.5
151
27.0

1.6
32.9
28.1

4.3

4.1

4.3
18.7

6.2
37.4

3.5
30.3
14.7

8.6
16.3
32.0

2.7
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233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
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. alleghaniensis
. lenta

. rubrum

. caroliniana

. velutina

lenta

. serotina

. caroliniana
. caroliniana
. saccharum

rubrum

. paniculata

lenta

. alleghaniensis

ovata
rubrum

. paniculata

rubrum

. grandifolia

. alleghaniensis
. platanoides

. grandifolia

. alleghaniensis
. platanoides

. saccharum

. alleghaniensis
. alba

. platanoides

. grandifolia

. grandifolia

. grandifolia

. grandifolia

. grandifolia

rubrum

. grandifolia
. virginica

rubrum

. americana
. grandifolia
. alleghaniensis

lenta

. platanoides
. rubrum

-0.5

-15

0.4
-10.8
-13.9
-15.1
-15.9
-16.7
-19.6
-20.8
-20.8
-22.5
-22.9
-23.7
-25.3
-29.6
-27.4
-24.9
-27.9
-32.3
-33.0
-32.0
-30.3
-32.0
-23.0
-26.7
-32.3
-29.4
-36.5
-34.2
-33.5
-39.2
-40.0
-39.4
-38.4
-32.5
-32.3
-37.2
-36.6
-33.5
-24.9
-21.9
-37.0

-28.7
-27.4
-27.5
-14.5
-14.1
-12.4
-15.1
-14.4
-12.2
-13.3
-8.9
-3.7
-4.7
-5.7
-5.7
-6.3
-9.7
-11.6
-13.8
-10.9
-13.2
-13.6
-15.7
-15.1
-7.6
-22.4
-27.0
-24.0
-19.5
-21.2
-18.3
-9.9
-16.8
-19.8
-20.0
6.8
14.9
12.7
10.0
11.3
21.6
15.0
4.7

26.5
16.1
1.3
7.7
38.9
26.7
3.7
6.5
8.4
2.8
22.0
3.8
18.2
9.5
18.4
12.9
3.7
26.7
1.2
26.1
6.6
1.8
31.1
6.0
4.0
29.7
80.5
4.6
41.1
5.2
1.0
10.4
115
31.2
6.2
11.9
6.5
40.8
18.5
32.0
23.1
7.7
24.2

Dead
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276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
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. saccharum

. platanoides

. grandifolia

. alleghaniensis
. grandifolia

. rubrum

. alleghaniensis
. alleghaniensis
. alleghaniensis
. caroliniana

. alleghaniensis
. alba

. caroliniana

ovata
lenta

. alleghaniensis
. alleghaniensis
. serotina

. saccharum

. lenta

. alleghaniensis
. grandifolia

. grandifolia

. alleghaniensis
. alleghaniensis
. canadensis

. alleghaniensis
. alleghaniensis

lenta

. caroliniana
. grandifolia
. grandifolia
. grandifolia

lenta

. caroliniana

. alleghaniensis
. alleghaniensis
. platanoides

. grandifolia

. lenta

A.
F.
C.

rubrum
grandifolia
caroliniana

-36.1
-33.3
-33.4
-21.6
-21.1
-22.1
-22.3
-20.0
-11.9
-12.4
-14.0
-8.0
-9.3
-4.7
-8.2
-7.2
-6.9
-6.7
-7.4
-9.9
-11.6
-10.9
-11.2
-8.2
-3.7
-4.5
-1.2
-0.4
-3.6
-4.2
-3.6
-4.1
-5.3
-4.1
-2.9
3.9
6.0
4.1
2.6
2.9
3.3
7.7
1.7

-2.9

-2.8

-4.1
-17.1
-16.7
-19.3
-22.8
-18.7
-17.2
-18.9
-23.8
-22.4
-21.7
-21.8
-26.3
-25.8
-24.6
-26.1
-27.3
-25.8
-26.4
-28.5
-28.8
-30.6
-31.0
-31.0
-34.9
-31.9
-33.4
-32.3
-28.5
-28.6
-28.4
-27.2
-25.0
-32.3
-32.4
-31.1
-33.4
-33.9
-33.8
-30.5
-36.4

28.2
3.2
6.4

26.4

111
3.0
4.1

10.5
7.7
3.6

22.1

19.4
6.7

25.0

22.6
5.0
9.0
2.3
2.8
5.0
7.9
15
2.9

12.7

39.0
1.0
8.1
2.2

27.5
2.0
3.0
3.7
5.0

32.5
1.8

141

18.3
7.5
5.6

24.5
4.3
2.0
4.1
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319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361

)>TlUJZOUJOU)>_)>O)>)>)>UJUJUJUJ'U'U)>'U'U'UOOT|UJ§U)O>OO>UJ>>U)'UUJ>@

=8
o
)

. platanoides
. alleghaniensis
. serotina

. albidum

. platanoides
. rubrum

. lenta

. platanoides
. caroliniana
. glabra

. rubrum

. glabra

. paniculata
. tripetala

. alleghaniensis
. grandifolia

. caroliniana
. Ovata

. serotina

. serotina

. serotina

. rubrum

. serotina

. serotina

. lenta

. lenta

. lenta

. lenta

. rubrum

. rubrum

. rubrum

. florida

rubrum

. canadensis

. paniculata

. rubra

. alleghaniensis
. alba

. sylvatica

. lenta

. grandifolia

. rubrum

8.1
5.1
14.8
111
19.1
22.0
21.8
19.5
17.1
15.2
12.1
11.6
13.4
18.6
19.4
18.7
17.6
17.4
19.8
19.1
19.7
21.6
21.7
20.2
20.1
20.3
17.6
18.8
14.4
14.6
16.0
16.6
14.2
11.8
14.9
16.1
7.1
4.0
2.0
10.9
19.6
141
22.9

-19.7
-25.2
-21.2
-21.6
-22.2
-24.4
-26.8
-26.8
-25.4
-24.6
-28.7
-29.7
-29.9
31.4
-32.0
-33.2
-32.9
-32.5
-31.9
-30.5
-30.7
-31.3
-34.0
-33.9
-34.7
-35.4
-36.2
-36.9
-34.0
-33.3
-55.5
-54.8
-53.2
-55.0
-52.6
-52.1
-55.3
-52.3
-51.6
-47.7
-47.8
-46.8
-48.5

19.4
2.1
13.8
1.8
9.1
25.6
9.8
22.3
7.2
7.2
35.4
15.0
33.8
2.2
4.9
24.6
1.0
7.0
1.1
2.0
1.6
2.2
22.5
2.0
15
36.7
19.6
25.7
37.0
3.7
43.7
8.3
6.1
42.7
1.3
11
44.4
3.3
64.3
22.1
44.8
9.4
18.8
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>
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362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

. rubrum

. glabra

. grandifolia

. grandifolia

. rubrum

. grandifolia

. lenta

. rubrum

. alleghaniensis
. grandifolia

. platanoides
. rubrum

. rubrum

. alleghaniensis
. rubrum

Q. rubra

A. rubrum

A. saccharum
A. rubrum

C. caroliniana
Q. alba

. tulipifera

F. grandifolia
Q. alba

F. grandifolia
F. grandifolia
F. grandifolia

. grandifolia

. rubra

> W > > > T 0PI >T IO P

—

F

Q

B. lenta

A. rubrum

P. grandidentata
B. lenta

F. grandifolia

F. grandifolia

Q. palustris

F. grandifolia

F. grandifolia

F. grandifolia

F. grandifolia

B. alleghaniensis
F. grandifolia

B. alleghaniensis

15.3
19.9
20.5
20.3
14.8
5.3
5.4
7.2
7.2
7.3
7.4
8.4
14.0
15.6
135
10.1
12.0
9.4
10.3
8.1
2.8
1.2
34.3
33.3
31.6
30.7
34.8
33.2
33.0
29.6
28.7
26.7
25.7
27.6
33.4
32.8
41.8
33.8
34.0
31.7
31.6
34.4
29.5

-42.0
-42.3
-40.2
-39.4
-37.0
-35.1
-36.0
-35.1
-35.7
-36.3
-36.9
-36.3
-34.8
-35.1
-37.8
-42.9
-41.4
-45.8
-45.1
-54.3
-61.9
-58.0
-40.3
-40.5
-41.1
-38.9
-38.1
-38.3
-37.0
-37.1
-36.7
-36.7
-38.8
-36.4
-41.9
-46.5
-45.3
-45.7
-46.9
-42.4
-48.2
-48.7
-45.9

16.0
16.6
12.2
2.2
5.8
1.8
20.8
2.0
20.3
0.8
3.5
21
1.0
2.2
8.2
58.3
7.4
20.3
4.0
5.6
33.5
19.9
15
23.5
3.0
2.7
2.0
2.8
28.1
24.4
21.2
29.2
3.0
34.2
2.8
31.8
12.4
4.9
1.0
0.9
18.2
1.0
25,5

> > >

>

Dead
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>

Dead

>
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405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
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. grandifolia

. grandifolia

. grandifolia

. grandifolia

. sylvatica

. lenta

. lenta

. grandifolia

. caroliniana

. sylvatica

. alleghaniensis
. alleghaniensis
. rubrum

. rubrum

. alleghaniensis
. rubrum

lenta

. rubra

. alleghaniensis
. rubrum

. Ovata

. rubrum

. grandifolia

. grandifolia

. americana

. alba

. americana

Q.
Q.
. sylvatica
. rubra

alba
alba

U
U. rubra

B. alleghaniensis
N. sylvatica

B. lenta

N. sylvatica

A.
N
P
B
A
A
L

saccharum

. sylvatica

. serotina

. lenta

. rubrum

. platanoides
. tulipifera

28.5
28.2
27.3
27.0
26.3
26.4
25.6
24.6
23.3
24.6
24.0
25.2
25.8
29.6
29.7
29.5
27.8
2.0
2.5
3.3
-1.7
-2.1
-3.0
-3.6
-2.7
-3.9
-1.7
4.9
7.9
10.3
14.2
13.1
17.2
155
7.1
-13.5
-14.0
-14.2
-14.3
-19.9
-18.3
-19.0
-19.3

-46.7
-41.7
-43.7
-42.3
-42.0
-43.7
-42.3
-40.7
-41.0
-43.7
-46.2
-46.5
-46.5
-50.8
-52.8
-54.3
-53.6
-68.0
-66.9
-59.8
-56.0
-56.4
-56.3
-57.8
-63.4
-64.0
-70.4
-71.6
-71.4
-69.0
-63.0
-62.1
-62.0
60.3
41.8
35.9
35.6
33.8
32.0
40.6
40.4
39.2
38.8

2.0
3.6
1.6
1.3
8.7
3.2
0.9
0.8
2.8
4.3

10.9

21.1

28.9

17.7
2.0
3.2

27.3
4.3

18.6

28.0
1.5
1.8
45

12.0

11.6

62.0

41.4

46.4

42.1

34.5

30.2

22.0

14.4

12.9

14.5
6.5
3.2
9.6
2.0

11.6

19.0
4.6

80.1
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448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477

B
Q

A.
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. lenta

. alba
rubrum

. sylvatica

. sylvatica

. rubrum

. sylvatica

. alba

. caroliniana

. serotina

. alba

. serotina

. serotina

. grandifolia

. lenta
. rubra

. grandifolia

. ovata

. grandifolia
. grandifolia
. grandifolia

. rubrum

. alba

. rubra

. platanoides
. lenta

. caroliniana
. lenta

. serotina

. lenta

-18.6
-13.0
-10.5
-9.8
-9.8
-12.6
-10.8
-9.6
-9.2
-10.1
-11.0
-12.5
-11.9
1.6
3.8
4.7
4.5
27.0
32.0
0.4
0.4
-15
-1.5
-7.2
-6.2
24.3
25,5
25.7
24.9
25.0

40.8
43.2
44.9
40.6
38.7
3.4
30.3
30.1
30.4
28.4
23.1
30.3
30.5
43.3
43.3
43.2
43.0
42.0
43.0
45.2
44.2
46.9
47.9
48.3
49.0
-31.0
-31.1
-31.0
-29.6
-34.2

18.4
29.2
26.5
7.5
7.4
34.5
4.2
27.4
6.5
2.9
40.7
2.2
2.4
5.0
42.4
27.0
15
3.0
2.6
12.0
5.2
3.2
59.5
13.1
5.7
26.5
26.5
21.6
2.4
6.0

> > > > > >

>

Dead
Dead
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>
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