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Abstract

| identified the strongest variables influencingsies composition in the
understory of four regions of New England. Vegetasampling took place in Martha’s
Vineyard, MA (n=20), Petersham, MA (n=9), the Bld#ls region of NH (n=70), and
the region of Levi Pond, VT (n=18). Although thdsar regions occupy the same
general area of New England, the species assenstd@gerated by two-way cluster
analysis indicate that there is considerable vanah the understory species
composition among regions. Using non-metric muttieinsional scaling | found that soil
organic matter (%), nitrogen (%), C/N ratio, extedide calcium, sulfur, potassium,
magnesium, iron, manganese, aluminum, zinc andisodould all explain species
composition in the understory, however, region th@sunderlying and most powerful of
these variables. The influence that regional diffiees exert on the understory species
composition is a result of the combined effectslwhate, forest structure, overstory
composition, soils, and disturbance history in e&ghion.



1. Introduction
The New England forest represents a beautiful amc@ously intricate network

of flora and fauna. Understory vegetation compraesmportant part of this network and
is too often overlooked by both those who appredia¢ forest for its aesthetic value and
by the ecologist and researchers who study thesstfecosystems. Understanding the
species and patterns that occur in the underséguyires more than mere identification
and classification and begs the larger questioly, avh these species here? What
underlying variables in the forest allow speciepaosist where they do? And why are we
able to observe the same types of species in diftegeographic regions? In short, what
are the driving forces behind understory speciespasition in the New England forest?
These questions resounded with me as | collectdd diata through the Wildland
and Woodland long term research project at the &fdrforest. Because vegetation
sampling took place in four different regions o tiew England forest | was able to
observe compositional shifts in species moving fregion to region. My curiosity was
also piqued when my field partner and stumbled wgpEties that were characteristic of
one region showing up unexpectedly in another regdased on our field observations
we hypothesized that some of the environmentabfaghfluencing species composition
in each region could be attributed to the distuceamstory, the microtopography, soil
variables, slope and aspect, and overstory com@osit each plot and in each region.
Many of the factors mentioned above have in faenldeund to influence the
understory species composition in studies condweateass eastern North America and
extending into some of the mid-western states. iBpaity some of these studies have
found that human influences, both historic and gmgsnay determine both the species

richness and the composition in the understory (P&to et al. 2008; Bellemare et al.,



2002; Whitney and Foster, 1988; Ford et al. 200@nket al., 2010; Holle and Motzkin,
2007). Stand age can influence understory compaosftord et al., 2000; Davison and
Forman, 1982) in addition to microtopography (Bgat984; Beatty, 2003), soils
(Gerhardt and Foster, 2002; Hutchinson, 1999; Magamd Forman, 1983; Brakenhielm
and Quinghong, 1995; Tilman, 1987, D’Amato et 2008; Holle and Motzkin, 2007,
Small and McCarthy, 2005), landform (Gerhardt avstdr, 2002), slope-aspect (Siccama
et al., 1970; Small and McCarthy, 2005; Huebnex et1995), tree basal area
(Hutchinson et al., 1999; Ford et al., 2000; Foumtd980) and overstory composition
(Beatty, 1984; Ellum, 2010; Berger and Puettma®002 Rogers, 1981).

Unfortunately, many of these studies have configtr inconsistent results from
one another. While some of these contradictionsbeaexplained by the use of different
experimental designs and geographic locations,skeeof different data analysis methods
may also be responsible for inconsistencies. Mosliss utilize ordination or another
form of multi-variable analysis. These analysesoemgassed a broad spectrum of
methods and techniques most of which may resuwtsinghtly different outcome for the
same dataset (McCune and Medford, 1999).

In an attempt to answer my initial question; wéua the driving forces behind
understory species composition in the New Englanelst? | applied the Wildland and
Woodlands dataset to the some of the environmeatables that were found to be
significant in the previously mentioned studiesthis analysis | hoped to determine not
only the most influential factors on understory @msition in the Wildands and
Woodlands dataset, but also see how my own resoliédd compare with some of the

results that are contradictory within the literatur



Before it was possible to explore the datasetrimseof understory species and
the influences of the environmental variables,asirst necessary to understand
ordination and classification techniques utilizacdommunity ecology. Since these
techniques are widely used in community ecologydmly limitedly understood, an
outline and explanation of the most common ordaratind classification techniques can
be found in section 2.1 of the background secfltnms section is followed by an
exploration of the many factors that have beerbatied with understory species

composition and richness by other studies and arsrgnof their results.

2. Background

2.1 Ordination and Classification Techniques
Multivariate methods have been used by communibjoggsts as early as 1950,

however the methodology and programming behindetbashniques has undergone a
drastic evolution since the time when they wergt iimtroduced (Gauch, 1982).
Ordination and classification are presently two am@nt multivariate methods used in
community ecology. These two methods allow ecotsdis identify species assemblages
and identify the environmental and anthropogentois that influence these
assemblages. Although ordination and classificagi@ deeply intertwined,
classification will be explained first and ordiratioutlined in the section to follow.
Classification

Classification, also referred to as clusteringsmamples into classes and is most
useful when assigning names, mapping, or definatgral community types (Palmer,
2009). Classification begins with the entire pofiolaand then divides groups into
progressively smaller and smaller groups. Thisnegke may be hierarchal or

nonhierarchical, but of the two, hierarchical cifasation is more commonly used in
8



community ecology because this technique portragslts as a dendrogram or linkage
diagram for easy interpretation (Kent and Cokef2)9

TWINSPAN, a two-way indicator species analysisgnsong the most widely
used classification technique. In TWINSPAN all #zemples in the dataset are
characterized initially via reciprocal averaging (a@dination technique that will be
discussed in the sections to follow)(Gauch, 1988g results of this ordination are then
divided into two clusters and this step is repeatetil each cluster has a chosen
minimum number of members (Gauch, 1982). Clusterslafined based on species
“preference” for a community type through the usgpseudospecies” (Dufrene and
Legendre, 1997). The pseudospeices concept edbetati@s one species and then
creates several “versions” of this species depegnaimthe percent cover (Kent and
Coker, 1997) . An example given in Kent and Col®9() using the speciégyrostis
capillaris. This single species is converted into five pseymkres using TWINSPAN by
incorporating the percent coverA&f capillariesas part of the species identification. For
example the specigs capillariess may be represented in TWINSPAN as:
apillaries 1: percent cover up to 2%
apillaries 2: percent cover 3-5%
apillaries 3: percent cover 6-10%

apillaries 4: percent cover 11-20%
apillaries 5: percent cover over 20%

>>>>>

(Kent and Coker, 1997)
Depending on the relative abundance of this spe€M8NSPAN will identify the

presence or absence of the species for the fiva@espelasses listed. For exampléAif
capillarisis present in the dataset with a percent cover @#2INSPAN will record a
presence foA. capillaris1 and absence in the remaining four classes becalga.

capillaris 1 describes the species in the dataset (Kent akdrCt097). An important



aspect of the pseudospecies concept is that itusraulative technique, soA. capillaris
was identified in the dataset with 60% cover, thkifive pseudospecies classes would be
counted because theoretically,capillarisis present at 2% cover, 3-5% cover, 6-10%
cover etc. (Kent and Coker, 1997). In this way, itltkcator power of a species for a
certain community or vegetation assemblage is digrdron the pseudospecies relative
abundance (Palmer, 2009).

While TWINSPAN has been widely used since its debdi979, this program
has recently been subject to criticism from comruecologists. One source of criticism
is the use of “pseudospecies” and the dependentbesd pseudospecies on their relative
abundance in the dataset. Because the relativalaboa of a species is dependent on the
absolute abundance of other species in the qualdatitspecies are not sampled in the
same way, the sampling method can introduce bifisgdency values for species
(Dufrene and Legendre, 1997). More importantly, NSPAN is dependent on a strong
gradient in the natural community and as a resulhable to identify an underlying
secondary gradient (Dufrene and Legendre, 19979tk flaw in this method is that the
points of division between clusters may be arbjtiraeparating samples that actually
have very similar species composition (Dufrene lamgendre, 1997). Finally,
TWINSPAN depends on CA or DCA ordination for thédial separation of samples,
however there is a certain degree of error assatiaith these two ordination methods
(Dufrene and Legendre, 1997). Both of these orthindgechniques and their sources of
error will be described later in this section.

A two-way cluster may be used as an alternativBABNSPAN with ecological

community datasets. This method is preferred byeseoologists who believe that two-
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way cluster analysis produces a “better representaf species assemblages” (McCune
and Medford, 1999). This method can also be tailléoeany dataset or desired outcome
by adjusting the distance measures and linkageadstihe distance method determines
how “cases” or species are plotted (McCune and MedfLl999). Two of the most
common methods are the Euclidean distance and SoréBray-Curtis) distance.

The Euclidean distance is a relatively simple ngetrnich works by plotting the
cases or species in the dataset based on themilisgy. The distance value us then
derived by calculating the distance between thpseiss (Garson, 2010). This method is
one of the most popular and common distance mesdusavever it has been criticized
for its tendency to overemphasize outliers anthitk of sensitivity in heterogeneous
datasets (McCune and Medford, 1999). Heterogendatasets have a high level of
variability within data and many underlying gradieor variables at work (Otypkova and
Chytry, 2006). Instead, McCune and Medford (19@@pmmend using the Sorenson
(Bray-Curtis) distance measure for ecological comityudata. Sorenson distance is a
result of percent dissimilarity between cases proportional coefficient (McCune and
Medford, 1999). This method is preferred especiallgeterogeneous datasets where the
Euclidean distance may be unreliable. A third distameasure that bay be utilized is the
Jaccard distance measure, however this methodssapplicable in binary datasets
(Garson, 2010).

In addition to selecting a distance measure, anogpiate linkage method is also
necessitated for reliable cluster results. Thestildad most conventional linkage method
is the nearest-neighbor method (Lance and Willig6,7). Although this method is

considered by some to be obsolete, it is a relgtsienple method in which the distance
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between two groups or clusters is the distancedwtvtheir closest elements (Lance and
Williams, 1967). Furthest-neighbor linkage utilizbe same methodology as the nearest-
neighbor only instead of measuring the distancevdent the two closest elements, this
method measures between the two most remote elsimmesdch group (Lance and
Williams, 1967). The centroid method representsagmg of the two prior methods; in
centroid linkage the distance is measured betwsemeans or centroids of variables
(Garson, 2010). Median clustering is another metlsst; this method is similar to the
centroid method but it does not weight distancegedding on the size of the cluster and
as a result small clusters may be lost in datagle¢se the cluster sizes range markedly
(Garson, 2010).

Group average calculates distance based on thagevdistance between all
inter-cluster pairs (Garson, 2010). This is a useiethod because it generates distance
not just from the nearest or farthest clustersn aéise nearest-neighbor and furthest-
neighbor methods, but for all clusters in the datté&arson, 2010). Ward’s method is the
most unique of all linkage methods because it ase8NOVA-type approach to
maximize the distance between groups and mininmeealifferences within groups
generating tighter clusters (Garson, 2010). Wamshod is recommended by McCune
and Medford (1999) as a general-purpose linkagdodebecause compared with other
methods, Ward’s method “minimizes distortions” ne tdataset (McCune and Medford,
1999).

At the same time that it is important to selectstashce and linkage method that
best caters to the dataset and question being aslezd are constraints on these choices.

Some distance measures are incompatible with nditédage methods. While it is

12



possible to combine two incompatible methods, dsailts of this cluster analysis may be
difficult to interpret and therefore careful coresidtion should be taken to ensure that the
most appropriate and compatible methods are sdlénteluster analysis.
Ordination

Ordination, like classification, can be used taiifg natural communities,
however, rather than just clustering similar sarmplleis technique arranges classes along
a continuous gradient. In most cases, arranginglesnalong a gradient is more
representative of the “continuous nature of natcoahmunities” (Palmer, 2009).
Ordination can be categorized into two basic typ&ssical (unconstrained/indirect) and
canonical (constrained/direct) ordination (Rob&0(89). The difference between these
two types is that classical ordination is based tim variability in species data;
environmental factors at play may be extrapolatethb user after the ordination, but
these factors are not included with species daalysis. Canonical ordination on the
other hand analyzes environmental data alongselsphcies data (Roberts 2009). Some
of the most common classical ordination technicaresoutlined in the table below
(Table 1). While the ordination technique employedach study will ultimately rely on
the data set and desired outcome, some of theseatoth techniques are more powerful

and effective than others.
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Table 1: A brief comparison of classical or unceaisied ordination techniques ( Kent and Coker,2)99

Classical Method Author; Distance Relationship of Criterion for
Date measured ordination axes  drawing
preserved with original ordination axes
variables
Bray and Curtis Bray and
(Polar ordination; Curtis; 1957
PO)
Principal Gittins Euclidean Linear Find axis that
Component Analysis Orldci; 1966 distance maximizes the
(PCA) total variance
Correspondence Benzércri Chi-square Unimodal Find axis that
Analysis (CA) Hill; 1969, distance (Gaussian) maximizes
1973 dispersion of
species scores
Nonmetric Fasham, Any chose Depends on The number of
Multidimensional Prentice; distance measure chosen dimensions for
Scaling (NMDS) 1977 dissimilarity the new space is
matrix chosen a priori.
Detrended Hill and
correspondence Gauch; 1979
analysis (DCA)

The Bray Curtis (PO) method was one of the filassical ordination methods
created, however, this “crude” approach is rarslgdutoday (Anderson, 1971). One of
the main reasons that PO has become less wideSprdeeecological arena is its
inherent tendency to over emphasize outliers (Asmler1971). Outliers, samples with a
low similarity to other samples, are often preserdommunity data as a result of,
disturbed, heterogeneous, or atypical sites (G4Q8R). While outliers are inherent to
most ecological data sets, these samples may resefts “satisfactory” results since
they can skew results and make other compositess#mblages less apparent in the
final result.

One reason that PO ordination is so susceptibd@@oemphasis of outliers is
because this technique arranges samples betweesntipwints or “poles” (Palmer,
2009). These endpoints are assumed to be at tlosibgpends of ecological gradients,

14



meaning that endpoints have the greatest ecolodisi@nce between them (Palmer,
2009). Since outlier data represents dissimilavith the other data, these samples are
more likely to be identified as endpoints even tjfilothey may not represent the two
ecological “poles” of the area sampled.

PCA is an ordination technique devised in 196&void the inherent flaws
associated with PO. Distinct from PO, PCA reliess@enanalysis-based methods rather
than a distance-based approach to distinguishimgples (Palmer, 2009). While the math
behind this method goes beyond the scope of teEghthe eignenvalues essentially
portray samples on many axes so that variatioanmpées is expressed as distance
between axes (Plamer 2009). While PCA was widedglus community ecology from
1966 through the early 1990's, this technique hegely been replaced as a result of
distortion or “horseshoe” effect (Gauch 1982). \iéhgeta diversity is moderate to high
in the dataset, PCA will produce a distorted hdiseshape where the extremes are
incurved at the ends making interpretation diffi¢falmer, 2009).

CA and DCA are two additional classical ordinatieachniques that also use
eigenanalysis-based approaches to ordinate ddtagR2009). These two techniques
are distinct from PCA in that they rely on a unirabchodel whereas PCA depends on a
linear model (Palmer, 2009). While CA ordinatidimgnates the “horseshoe effect” that
is inherent to PCA, this technique is still flaw&h may still distort datasets with higher
beta diversity through the “arch” effect, a lesgese version of the “horseshoe effect”
(Palmer, 2009). Additionally, this technique maynpress the axis extremes so that the
distance between samples on the axis may not §cteplesent the difference in species

composition (Palmer, 2009).
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DCA corrects the “arch effect” in CA by detrendithg data either by
polynomials or by segments. This technique alsagesl compression that can occur at
the axes extremes using nonlinear scaling (Pali®@®)2 Since its creation, DCA has
become more widely used than CA and the othericklssethods described earlier
(Kent and Coker, 1992). However, like all ordinattechnique, DCA is not flawless;
some ecologists have argued that detrending of eetgnm DCA can affect the outcome
of the ordination. Because the number of segmerdsfined by the user, the results of a
DCA ordination may differ substantially dependingtbe number of segments used
(Dufrene and Legendre 1997).

Nonmetric multidimensional scaling is another sleal ordination technique that
may be utilized. Like PO, NMDS depends on distanased approaches for ordination;
however, in NMDS samples are spaced accordingttes's’ or the difference in rank
order between ordination difference and ecologidérence (Urban et al., 2002). One
reason that this technique has become more pojpulecent years is because NMDS
does not make any assumptions about underlyingegrisdand is not as susceptible to
“noise” (Urban et al., 2002). Noise describes w@rain species composition that cannot
be explained by environmental variation (Gauch,2)9Bor example, two
environmentally identical samples will probably ihatve identical species composition;
in this case, the species variation is consideneise” since it has no obvious ecological
explanation. Another interesting feature of NMDS8ipation is that although this method
is considered “classical” environmental data caafedyzed in this ordination. However,

distinct from canonical ordination, environmenteddjents are added after species have
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already been ordinated; this means that enviroreth&tttors may reflect species
composition but these variables are not ordinakelggide the species data.

At present, NMDS and DCA are the two most populassical ordination
techniques (Palmer 2009). While both techniquee lz@wvantages and disadvantages, the
decision to use one technique over the other ridrgely on the dataset and area
sampled. DCA is more reflective of vegetation clemglong a gradient whereas NMDS
is more a type of “species composition represestatbecause gradients are not as
apparent (De’ath, 1999). Finally users should beywéutilizing either of these
techniques without a solid understanding of thehmds$ behind each technique since the
results are sensitive to the number of dimensipesied by the user in NMDS or the
number of segments selected in DCA (Palmer, 2009).

The previously mentioned ordination techniquesadireelevant in the
identification of species clusters and natural camity types; however when species are
assumed to be directly related to environmentdbfacdirect gradient analysis or
canonical ordination must be employed. There acepsmary canonical ordination
techniques that are used; canonical corresponderadgsis and redundancy analysis
(Tables 2). While there are other several otheogeal ordination methods that may be
used in community ecology currently, most are reead not yet widespread enough to

be discussed in this thesis.

Table 2: A brief comparison of canonical ordinatienhniquegAnderson and Willis, 2003).

Canonical Method Distance measured preserved
Canonical Correspondence Analysis Chi-Squared
Redundancy Analysis Euclidean distance

17



CCA is essentially a combination of CA with muléipegression; CA ordinates
samples according to species and sample scoranw@tigle regression the limits the
sample scores to a linear combination of the envm@ntal variables (Palmer 2009).
Depending on the strength of the relationship betwe environmental variable and the
species composition, CCA will create an environrakaxis with the species oriented
according to their response to that variable (Pgl2@09). The influence of an
environmental variable on species composition iasueed by inertia (Palmer, 2009). In
CCA, inertia is simply a quantitative means of iiging the dispersion of species along
the environmental axis (Palmer, 2009). CCA is autiyeone of the most useful and
widely used ordination techniques, but like all éndination methods described, this
technique is not flawless.

Fortunately, the issues that arise in CCA have rnwo® with the environmental
variables selected than the actual ordination nusthiéor example, CCA can attempt to
relate the environmental variables with samplestlzannot account for underlying
gradients (which may be immeasurable or unquabtd)ahat may really be affecting
species composition. Users should also be wamgabfiding too many variables in
analysis; the number of variables should not reeemumber of samples (Palmer, 2009).
In the same way that any multiple regression amatysmodel can result in a deceivingly
high “variance explained value” when too many Malea are included in analysis, CCA
may result in a deceivingly high inertia valuedbtmany variables are included in
analysis (Palmer, 2009).

RDA is a more recent canonical ordination techeithat is very similar to CCA.

The differences between the two techniques aresudstte and user preference will

18



depend largely on the user’s dataset and desisedtseSince RDA is linear (whereas
CCA is multiple regression), RDA focuses less oecggs composition than CCA and
therefore, RDA is more apt to distinguish gradiemiteere all species are positively
correlated than CCA (Palmer, 2009).

The advantages and applicability of these two nexabtechniques in different
datasets is explored in Roberts, 2009. This studyigles an excellent comparison
between CCA and RDA when applied four differentetagjon studies in community
ecology. Roberts (2009) identifies the advantagelslianitations of each technique

depending on the dataset to which it is applied.

2.2 Environmental and Anthropogenic Factors Infleiag Understory Species Richness
and Composition

As mentioned in the introduction, there are seveaahbles that have been
measured in terms of how they factor into the uaigpecies assemblages and species
richness in the understory. These factors incladejan influences, both historic and
present, stand age, microtopography, soils, landfstope-aspect, tree basal area and
density, and overstory composition.

Disturbance History

Human influences on the landscape are an impaatpeEct of any ecological
study since humans have had a profound impactehltinth American forest structure
and composition since the early"€entury up to present day. The disturbance history
and forest age is often related to both speciegosition and species richness in the

understory. D’Amato et al. (2008) found that old:ngth forests support a significantly
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greater herbaceous and shrub species richnesvandamce than disturbed sites in
Tsuga canadens&ands investern Massachusetts.

Old-growth and secondary-growth forests may algpstt different understory
species compositions. D’Amato et al. (2008) foumat tertain understory species such as
Aralia nudicaulis, Dryopteris intermediandViburnum alnifoliumcan be used as
significant indicators of old-growtlisuga canadensgands. Whitney and Foster (1988)
also found that certain understory species wenrg fonind in undisturbed, intact forests.
Aralia nudicaulis, Chimaphila umbellata, Epigaegpesns,andMedeola virginiana
showed a strong affinity for primary growth for€¢éthitney and Foster, 1988). Other
species includingycopodium clavatum, Lycopodium obscurum, Polytnalcommune,
Pteridium aquilinumandRubus flagellaridave a stronger affinity for secondary growth
forest (Whitney and Foster, 1988).

Gerhardt and Foster (2002) found similar resultslbgsifying land use as either
undisturbed woods or historic pasturelands and eommg land use with species
composition in CCA. They found that undisturbed d®bad a higher occurrence of
shade tolerant species suclCiistonia borealis, Trillium undulaturandCoptis trifolia,
while historic pasturelands supported more shattdeirant species. Looking strictly at
rich mesic forest species, Bellemare et al. (20085 able to distinguish which forest
species are restricted to primary growth standsndmdh are able to establish in both
primary and secondary growth stands using DCA attthn. Cardamine diphylla,
Cardamine x diphylla, Tiarella cordifolia, Asarurartadense@ndClaytonia caroliniana

occur almost exclusively in primary forest. Howewaher rich mesic forest species such

20



asArisaema triphyllum, Caulophyllum thalictroides, lfstichum acrostichoidegnd
Aster divaricatusare able to colonize secondary forest as well.

Ellum et al. (2010) also found that anthropogerstuibances can dictate
understory species composition. Recently distudrempen-sites had a high occurrence
of shade intolerant species including the weedgispParthenocissus quinquefolitn
contrast, undisturbed forest had higher relativiedrtance values for shade tolerant
species such asisaema triphyllunand the endanger&blygonatum biflorunEllum et
al., 2010).

The association of weedy species with disturbecleared forests may be related
to their life cycle pattern. Weedy species typigalblonize rapidly post-disturbance by
immediately increasing seed and ramet productiarder to take advantage of newly
formed light gaps and open substrate by (Ellum9200his life cycle pattern puts native
plant species at a disadvantage because unliksivevar weedy species, native herbs
invest more energy in vegetative growth than repetide structures and dispersal; as a
result these species are not as competitive fastgatle and light in recently disturbed
regions as their weedy counterparts (Ellum, 2009).

Non-native invasive species share many of the ggmneral dispersal methods as
weedy species and as a result, are often assowidtetieavily disturbed sites. Holle and
Motzkin (2007) were able to directly link the prase of non-native species with the
presence of historic disturbance by humans. Prelyawultivated sites and those with a
history of soil disturbance have a higher occureemitnon-native plant species than

undisturbed sites (Holle and Motzkin, 2007).
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Stand Age

The age of a forest can also be broken down intllemage classes than just old-
growth vs. secondary-growth. Ford et al. (2000)@achvegetation in hardwood stands
in Northern Georgia aged at 15, 25, 50 ar&@b>years. They were able to determine that
while species richness and diversity did not hasgaificant dependence on stand age,
there is a slightly non-significant trend of incsed species of richness and diversity with
stand age (Ford et al., 2000). Alternately, Daviand Forman (1982) found that herb
diversity in a mature oak forest was negativelated with stand age.

Composition may also shift with the stand age (Fadrdl., 2000). Certain species
were more abundant in older age classes inclubliaugella cordifoliaandDisporum
lanuginosunwhile other species were more common in youngestarypes including
Lysimachia quadrifoliaandPotentilla canadensis
Microtopography

Microtopography, or heterogeneity of terrain,yigitally the result pits and
mounds that form when forest trees are uprootedefhtb decay (Beatty, 1984). As a
result, microtopography is lacking from previouslgared or historic agricultural lands
where trees have been cut and removed. The miagtaphy of a site is also dependant
on the degree of historic land use. Historic playvm tilling overturns the soil destroying
any microtopography and exposing fresh substrawsekier old pastures may still retain
some degree of microtopographic heterogeneity (Be2003).

The importance of pit-and-mound topography in thdarstory is related to the
microsites and microhabitats that result from unetegrain. These microsites and

microhabitats have unique chemical and physicaladharistics in pits versus on
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mounds. Through niche differentiation, certain usttgy species may be more able to
colonize and establish on pit-and-mound topographg tracts of land where this feature
is absent (Beatty, 2003).

Pit-and-mound topography is also associated wijhdr species diversity
because dominant species are able to establidiednghly competitive mounds while
other more tolerant species are able to persisieimore deleterious pit conditions
without the risk of being out-competed by domingpecies (Beatty, 2003).

Soil

Soil is one of the most important factors driviqgsies richness and composition
in the understory. The effects of soils on undeystegetation may be the result of soll
texture, nutrient content, moisture and pH.

Soil texture can be described in terms of its c&ilyand sand content. These
three groups reflect particle size; sands aredtgekt with particles 0.50-0.25mm in
diameter, silts are smaller at 0.05-0.002mm ang rdpresents the smallest particle size
at less than 0.002mm (Oostings, 1956). The largecfeasize of sandy soils facilitates
the flow of fluids and a result, soil nutrients azations move through sandy soils quickly
(Singer and Munns, 1987). In contrast, clay sa#sraore likely to retain water and
nutrients (Singer and Munns, 1987). As a resujpedding on the ratio of these three
textures in the soll different species may be &blkestablish and persist in the understory.
Gerhardt and Foster (2002) used the proportiomd $y volume in canonical
correspondence analysis to confirm that soil textuas related to the understory

composition.
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Soil moisture may also have pronounced effectherspecies composition in the
understory however the results are conflicting.dutson (1999) used canonical
correspondence analysis to conclude that underspmgies composition is strongly
correlated to soil moisture. Shrubs and saplingevieund at more than 25% frequency
on xeric or dry plots (Hutchinson, 1999). Howe\as the soil moisture content increases,
forbs are the species with the highest frequenaydiinson, 1999). As expected, the
most common species were strongly associated nténmediate soil moisture levels
(Hutchinson, 1999). In contrast, Maguire and Forfi®83) found that soil moisture was
not related to species composition in the undeysiidrese conflicting results reflect the
sample sizes and range of soil moisture levels kaip these two studies. Whereas
Hutchinson (1999) observed 315 species on sitggnmgiirom xeric to mesic, Maguire
and Forman (1983) recorded only 22 herbaceousespand 11 shrub and seedling
species. McGuire and Forman (1983) also observeazh@ss variation in soil moisture
with percentages ranging only from 43.6-54.1. Tomlgination of lower species
richness, in addition to less variation in soil store could explain why Maguire and
Forman (1983) did not find that moisture had arida¢fon understory vegetation
whereas Hutchinson (1999) did.

The amount of nitrogen, an important soil macradeat, in the soil is yet
another factor that contributes to species richaaglscomposition in the understory. This
macronutrient is vital to plant growth and devel@min(Table 3). Nitrogen can be
measured in terms of the nitrogen deposition, ggromineralization, combustible

nitrogen and nitrogen release.
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Table 3: Summary of soil macronutrients and the tbey play in plant growth and development (Abe
and Melillo, 2001).

Element (Macronutrient) Uses Taken Up As

Carbon (C) Carbohydrates and (6{0)

Hydrogen (H) derivatives basic building H,O

Oxygen (O) blocks for nearly all plant
products

Nitrogen (N) Amino acids, proteins, NOs
enzymes, nucleic acids, NH",
chlorophyll

Phosphorus (P) Sugar phosphates (ATP, H,PO,

ADP), nucleic acids,
phospholipids

Potassium (K) Not structural, enzyme co- K*
factor catalyzes protein
formation; stomata, charge
balance across membranes

Sulfur (S) Amino acids, proteins, SOy,
enzymes

Magnesium (Mg) Chlorophyll, enzyme Mg**
cofactor

Calcium (Ca) Crucial to membrane ca*

function; binds wood fibers
together; stabilizes waste
products in vacuoles

Brakenhielm and Qinghong (1995) examined specodsess and diversity in
response to the rate of nitrogen deposition irsthe They found that nitrogen deposition
in a spruce-mixed conifer stand was weakly neghtieerrelated with species richness
and positively correlated with species diversitjymBn (1987) also found that by
increasing nitrogen levels in the soil along a grat] species richness significantly
decreased in response. While both these studiesagahe same conclusion, they took
place in drastically different settings; Tilman 8 sampled in abandoned agricultural
fields where as Brakenhielm and Quinhong (1995)mathin a more natural forested
setting. Their conclusion can be explained by #ut that nitrogen poor sites support a

lower plant biomass, and consequently lower caléowing a greater number of species
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to establish; in contrast, nitrogen rich sites supp higher plant cover and as a result
have lower species richness but a higher divevsilye (Aber and Mellillo, 2001).

The soil nitrogen level is also related to undassspecies composition. Tilman
(1987) found that different understory plants resjed to changes in soil nitrogen
deposition differently. Early successional annaald short-lived perennials had a greater
abundance in low nitrogen plots compared with |bwgd herbaceous and woody species
whose abundance was greater in high nitrogen fldtean, 1987). Hutchinson et al.
(1999) measured nitrogen mineralization rate insttieand found that of all the
understory species surveyed, forbs increased quémrcy the most with increasing
nitrogen mineralization rate.

Some of the other important macronutrients in thikase outlined in Table 3.
These nutrients provide important products for ptaowth via base exchange and have
the potential to influence understory richness @mmposition (Oostings, 1956).
Macronutrients are relevant to the study of nonveahvasive flora. Holle and Motzkin
(2007) found that non-native species richness tsiager positive relation to soil
calcium levels than their native counterparts (Blalhd Motzkin, 2007).

More generally, the overall soil fertility has beested for its relation to species
richness in the understory. Hutchinson et al. ()28@d extractable NAP and NQ as
measures of soil fertility and found a positiveretation between understory richness
and soil fertility. In a more controlled experimgimtiman (1987) added nitrogen along a
gradient to test for an association with specigsnmess. In contrast to the results from

Hutchinson et al. (1999), Tilman (1987) found aateg correlation between the amount
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of nitrogen added and the species richness. Tlwdboting results are likely due to
differences in the ecosystems sampled and the dbmrirogen being tested.

Tilman (1987) takes place in abandoned fields endhk savannah whereas
Hutchinson et al (1999) sampled in second-growthfoeest in eastern North America.
Additionally, Hutchinson et al (1999) measured ¢bacentration of N in the soil and
nitrogen mineralization rate, whereas, Tilman ()98@asured commercial nitrogen
fertilizer (NHsNOs3).

The ratio of carbon to nitrogen is another aspéth@soil that can influence the
species composition and richness in the understorgierstory species that are
associated with nutrient-rich, mesic soils typigatcur in sites with low C/N ratio
(Bellemare et al., 2002) Small and McCarthy, 2085 &ound that the understory species
composition in the eastern oak forest where thaypéed was strongly related to the ratio
of C/N ratio in the soil. C/N ratio can also preadinderstory species richness; higher
herb richness may be found at lower C/N soil péotd lower herb richness may be found
at sites with high C/N ratio in the soil (Small addCarthy, 2005).

Soil pH has been found in some studies to affedetstory composition,
however there is some debate over the relativaentie of this variable on understory
species. Hutchinson et al. (1999) used CCA to deter that the soil pH did have an
effect on species composition in the understorlyis Dbservation can be explained by
the fact that increased acidity, or a lower pH rakgr the chemical processes in the soil
(Oostings, 1956). Typically, acidic soils also héwvgher aluminum and iron content and
lower calcium levels; thus by altering the concatitn of soil cations, pH may indiretly

dictate which species are able to persist in tltergtory (Oostings, 1956). In contrast to
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the results determined by Hutchinson et al. (1989&)guire and Forman (1983) did not
find that soil pH was related to the understorycggecomposition in the mature
Hemlock-hardwood forest they tested. This conttastd be the result of the different
forest types sampled or the different analysis wathHutchinson et al. (1999) analyzed
the species distribution with respect to pH usi@AChowever Maguire and Forman
(1983) used multivariate analysis to test the i@hadf soil pH to already established herb
patches. The use of multivariate analysis is ngoagerful as CCA and may limit the
ability of Maguire and Foreman (1983) to find aatenship between pH and species
composition. Another important distinction betwekese two studies is that Maguire and
Forman (1983) used soil cut-off points in theirlgsis eliminating soil pH values lower
than 3.95 or higher than 4.05. By limiting the rard pH values they may have limited
their ability to detect the response of understmgcies to pH.
Landform

Just as soils can influence understory speciesess) landform as well can affect
the understory vegetation. Gerhardt and Foster2P@8scribe landform as the
combination of geomorphology, landscape positioil,dgainage, topography and soil
profiles. Based on these variables, six landforteg@ies were created for plots in a
transition Hardwood-White Pine-Eastern Hemlock &tia central New England. These
categories include: well-drained glacial outwashrgmal moraine, bedrock ridge,
stream drainage, basin, and poorly drained glacibash. They found that understory
the most species-rich communities are more commoalyd on poorly drained basins

and species-poor communities often occur on wealingdd glacial outwash.

28



Slope and aspect

Both slope and aspect may influence species rishingte understory. Siccama
et al. (1970) found that there is a negative mailfimon-significant relationship
between species diversity and aspect moving fromaaterly aspect to westerly aspect.
Small and McCarthy (2005) found that NE (345.5-50yand INT (105-165°) had
higher mean species richness per plot than SW%18854.5°) plots. While the aspect
categories used in these two are not the same shadies suggest a general trend of
higher species richness or diversity at easteracs@and lower richness/diversity at
western aspects. Position on the forest slope Ilsaraffect the species richness of the
understory. Plots identified as “low slope” suppdrgreater herb richness than “upper
slope” plots (Small and McCarthy, 2005).

Slope and aspect can also be classified togetlueteated for their combined
effect on understory richness and composition. ¢aimumeric categorical scheme
Huebner et al. (1995) created groups by combirhiegstope (gentle, moderate or steep)
with a range of aspects representing either a eortbr southern aspect. Using these
categories Huebner et al. (1995) was able to cdedinat slope-aspect is correlated with
the species richness; bottomland sites (flat, pe&3 were the richest sites; steep north
facing slopes were the next most rich and soutindeslopes (both moderate and steep)
supported the lowest species richness of all skgpect categories (Huebner et al.,
1995). This shadows the results of Gerhardt arstieF¢2002) that flat or bottomland

sites support the greatest understory speciesasshn
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Tree Basal Area

Basal area as well may influence species richmegei understory though the
effects of this variable on the understory speg@mess are conflicting. Hutchinson et al
(1999) found that species richness is negativelsetated with tree basal area. Ford et
al., (2000) found the same trend of decreasing nsholy richness with increased basal
area. However, he did find that species evenneseased with increased basal area. In
contrast, Fountain (1980) did not find that treeddarea was significantly related to the
diversity of herbaceous species.
Overstory Composition

Just as the basal area may dictate species cdiopaaid richness in the
understory, the tree species that comprise thial la@sa can also have important
influences on the understory species richness amgbasition.Fagus grandifoliais one
canopy species that is associated with decreaseiksprichness in the herb layer
(Rogers, 1981; Kooijman and Cammeraat, 2010). ffbrgl can be attributed to the
inhospitable environment that may be found bentek. grandifoliaoverstory F.
grandifolia has a very low transmittance percentage and trer&ght is limited in the
understory (Barbier et al. 2008). This species ptsoluces one of the most acidic
topsoils of all hardwood species (Barbier et a0&Xooijman and Cammeraat, 2010).

Berger and Puettmann (2000) found that aspepylus spp,)hardwood and
conifer dominated overstories all illustrated diffiet trends in the relationship between
the basal area and the understory species diver$igy found that the proportion of

aspen basal area was positively correlated withdosous diversity; hardwood basal
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area was negatively related and conifer basalaesanot significantly related (Berger
and Puettmann, 2000).

Ellum et al. (2010) found that as the basal arebsafja fiemlock) increases, the
species richness significantly declines. Specw@wsgss also follows a decreasing trend
among forest types from hardwoadgenerating forest, hardwood-pine and pimeixed
> hardwood- hemlock> hemlock-hemlock (Ellum et 2010).

The species that comprise the forest overstoryfaapr into the understory
composition as well. Generally, broad-leafed anmuifeoous dominated canopies support
different understory species and species assentb(dgieitney and Foster, 1988).
Vaccinium angustifoliurhas a stronger affinity for coniferous forest typédsle Aster
acuminatudas a stronger association with broad-leafed faypsts (Whitney and
Foster, 1988).

The presence and abundancdsifiga canadenssan also have a strong effect on
understory composition (Beatty, 1984). Using DCAionation, Beatty (1984) found a
clear separation between different species basdldeimlocation in either “hemlock
frequent”, “hemlock occasional”, or “hemlock absqribts. Based on this separation,
Beatty (1984) found that certain understory spegiet® more apt to grow undefauga

canopy while other species were only found in @Wwaod dominated overstory.

3. Materials and Methods

3.1. Study Area
Over the course of two summers, 118 permanens plete established and

sampled in Martha’s Vineyard, MA, Petersham, MAg Biue Hills region of NH, and

the Levi Pond region of VT (Fig. 1). The four regs surveyed occupy the broader
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region of New England and have similar climaticditions in terms of average monthly

temperatures and annual precipitation (Table 4).

| Levi Pond, VT

Blue Hills, NH

Martha's Vineyard, MA

Figure 1: Regions surveyed; plots in Levi PondePstam and Martha'’s Vineyard were sampled
during the summer of 2009. Blue Hill plots were séad during the summer of 2008.
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Martha'’s Vineyard

One of the four regions where vegetation samphiag conducted is Martha’s
Vineyard, an island off the coast of Massachusétiss region experiences weather
patterns typical of New England but with notablgtrer average temperatures than the
other three regions sampled; for a full regionaladigtion refer to Table 1. The plots
were located mostly on Haven very fine sandy loafaastchop loamy sand; however a
few plots fell on Chilmark sandy loam soil type (8B, 2010; Fig. 2).

Nearly the entire island of Martha’s Vineyard wasme point cleared for
agriculture or development and as a result, thestagurveyed in this region is best
described as secondary growth. In addition to hudistarbance, Martha’s Vineyard is
also subject to intense natural disturbances imetuthe decline o@. velutina black
oak) andQ. alba (vhite oak), two important tree species on the l&ince 2004 the
island has been plagued by the presence of thediakerworm, a native insect pest that
is largely responsible for the oak deaths on tlamds(Polly Hill Arboretum, 2009).
South Petersham

Field sampling in southern Petersham was condwmrtegites within the township
of Petersham and owned by the Harvard Forest, tesbdthusetts Audubon Society or
the Trustees of Reservations. The Harvard Forags@n especially important role in
this study because it is through this researclost#at the Wildland and Woodland
project was originally designed and carried outc8i1907 the Harvard Forest has been
conducting both short and long term ecologicalaede projects on the 3000 acres of

land it owns in Petersham, MA. (http://harvardfosfes.harvard.edu/index.html).
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This region can be described as having a cool,traoi$ temperate climate;
precipitation is distributed evenly throughout $f&ar but annual precipitation is notably
higher than the other three regions sampled (T&bléhe acidic soils that characterize
this region are moderately well-drained sandy lggawial till with some alluvial and
colluvial deposits (Zen et al., 1983; Scanu, 1988 plots in Petersham were
distributed on Charlton-Chatfield-Hollis associati@€harlton-Paxton association,
Hinckley loamy sand, Lyman-Tunbridge-Berkshire asston, Peru-Marlow
association, and Woodbridge-Paxton associatios RCS, 2010; Fig. 3).

The dominant tree species in this region encomalassiccessional stages from
early sucessional species suclirasis strobusdastern white pine) tmid and late
sucessional species (Thompson and Sorenson).Z® high abundance of early
sucessional trees in this region can be attribigehis area’s long history of human
disturbance. Cultivation in this region has beawced back as early as 1160 AD and
humans continue to develop and harvest the fordstels of Petersham today (Tritsch,
2005). Although all plots were located on conseovaland, trails run throughout the
area surveyed and nearly all sites exhibited safisstoric human disturbance including
nearby stone walls and multi-stemmed hardwoods $&les1997).

Blue Hills

Vegetation sampling also took place in Straffétdy Hampshire. Like
Petersham, precipitation in this region is evengyributed throughout the year (see
Table 4 for a full regional description). The majpof plots in Blue Hills were located
on Gloucester sandy loam, Hollis-Charlton sandyn@ed Hollis-Gloucester sandy loam

(extremely-very rocky). However, some plots wenmgked in Acton sandy loam,
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Champlain loamy sand, Deerfield loamy sand, Hingkahmy sand, loamy sand, Hollis-
Charlton sandy loams, Leicester sandy loam, Medamadky silt loam, Paxton sandy
loam, Ridgebury sandy loam, Rumney sandy loam Vdimdisor loamy sand (NRCS,
2010; Fig. 4).

The area surveyed is protected from developmetiidBlue Hills Foundation &
George Lovejoy Jr. However, this area is still sgbfo some small scale timber
harvesting from the New England Forestry Foundatoaugh their forestry easement
(New England Forestry Foundation, 2010).

Levi Pond

Sampling was also conducted with the Levi PondiNd Management Area,
located in the town of Groton, VT. This region espaces weather patterns typical of
New England and like Petersham and Blue Hills, ipr&tion in this region is evenly
distributed throughout the year (see Table 4 flulaegional description). Nearly all the
plots in Groton occurred on Tunbridge-Monadnochkssdiowever some plots were
located on Tunbridge-Dixfield, Dixfield sandy loaamd Colonel-Cabot association soils
(NRCS, 2010; Fig. 5). While the Vermont Fish anddiife does manage this region for
small-scale timber harvesting, hunting and walkiiighg trails, the areas sampled

showed little evidence of recent human disturbgheemont Fish and Wildlife, 2008).
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Table 4: Comparison of the physical and environ@dtatures in Martha’s Vineyard, MA; Petershain,
MA,; Blue Hills NH; and Levi Pond, VT

Martha’'s Petersham Blue Hills Levi Pond
Vineyard MA NH VT
MA
County Dukes Worcester Strafford Caledonia
Number of Plots 20 9 70 18
Geographic Location 41.4°N; 70.6°W 42.5°N; 72.0°W 43.2°N; 71.1°W  44.2°N; 72.3°W\
Land Polly Hill Harvard Forest, Blue Hills State of
Ownership/ Arboretum and the Massachusetts Foundation & Vermont;
Management Nature Conservancy Audubon George M. managed by the
Society, Lovejoy, Jr. Vermont Fish
Trustees of and Wildlife
Reservations Department
Microtopography Even/mostly flat Pit-and-mound  Pit-and-mound  -ditl-mound
Slope 0%- 29% 3% -25% 0%-57% 0%-30%
Elevation 60-190 m 220-410 m 600-1000 m 450-600 m
Average 23.4°C-1.1°C 22.6°C-2.3°C  28.2°C-11.1°C 26.8°C-11.1°C
Temperature (NCDC/NOAA, (NCDC/NOAA, (NCDC/NOAA, (NCDC/NOAA,
2008) 2008) 2008) 2008)
Annual Precipitation  115.7 cm 160.6 cm 147.2 cm 103.1 cm
(NCDC/NOAA, (NCDC/NOAA, (NCDC/NOAA, (NCDC/NOAA,
2008) 2008) 2008) 2008)
Soils well-drained loamy sandy loam well-drained well-drained
sand (Zenetal., 1983; sandy loam loam
(http://nesoil.com/ima Scanu, 1988) (NRCS, 2010) (NRCS, 2010)
ges/eldridge.htm)
Surficial Geology Silty laustrine Granite, gneiss Basal till, Limestone and
deposits; clay or and schist quartzite, pelitic  phyllite
mud/silt (Zen et al., 1983; schist, (NRCS, 2010)
(http://nesoil.comfima Scanu, 1988) metasediment-
ges/eldridge.htm) ary rock and
granite
(NRCS, 2010)
Dominant Tree - Fagus grandifolia - Pinus strobus - Acer rubrum - Acer
Species - Quercus alba - Acer rubrum - Pinus strobus  saccharum
- Quercus velutina - Quercus rubra - Pinus resinosa - Acer rubrum
- Betulalenta - Quercusrubra - Fagus
- Tsuga - Fagus grandifolia
canadensis grandifolia
- Tsuga
canadensis
Dominant Forest Oak-Woodland Hardwood- Beech-Oak and Mixed
Type (The Nature White Pine- Mixed Pine Hardwood
Conservancy, 2010) Hemlock (The Nature Coniferous
(Braun, 1950) Conservancy, Forest
2010) (Vermont Fish
and Wildlife,
2008)
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3.2 Plot set-up and location
During the summers of 2008 and 2009 plots weragbéished and sampled in the

Martha’s Vineyard, MA (n=20), Petersham, MA (n=%) Blue Hills region of NH
(n=70) and the Levi Pond region of VT (n=18). Platre randomly generated using
ArcGIS with the exception of two plots in the Lé¥dnd region which were deliberately
placed in hemlock stands. Plots that fell withirtleeds or rocky summits were
excluded. Any plots that intersected with trailgers or streams or were less than 20
meters from a road were relocated to 20 meters &waythe obstruction and remarked.

Plots were located using a hand held Garmin E-Haxd a compass. The GIS-
generated points were marked with a steel postadreded. The plot boundaries were
measured out 20 meters to west and 20 meters &othth from the initial GIS-generated
point and connected to form a 400méfgot. Three more posts were hammered into the
ground to mark the north, east and west pointe®@ptot. At each corner a photograph
was taken from the post looking into the plot.

Eight soil samples were collected from randomlg&ed locations around the
plot to account for heterogeneity in the soil; seapvere collected with a 10 cm soill
core. Large decaying leaves, twigs and stones weneved from each sample and the
eight samples were combined in one bag. From djigelst point of the plot the landscape
position was classified as either basin, low-slapel-slope, upper-slope, hilltop or flat
upland. Slope in degrees and aspect were bothifadntsing a compass. For all four

regions, compasses were set at 17° west of noctimagon.
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3.3 Disturbance history
Visible cultural features were noted both withie plot and the area

approximately 50 meters around the plot. Thesaifeatincluded proximity to roads,
trails, cemeteries, foundations and stone walls.

Any evidence of disturbance or disease withinglo¢ or the 10-20 meters around
the plot was recorded. Disturbances included teegnce of many dead trees, woody
debris, pits and mounds, fire scars, tree wounelfivory, multi-stemmed hardwoods or
tree stumps. Diseases such as beech bark diseasech woolly adelgid, ash decline
and the fall cankerworm were also noted.

3.4 Vegetation sampling

A census was taken for all vascular herbs, fethfam allies, shrubs (shorter than
1.4m), and seedlings found within each 20 x 20 nydtd. Species were identified in the
field using Cobb et al. (2005), Petrides (1972) Besvcomb (1989). Species not
identified in the field were collected and broubhatk to the lab. Grass, sedge and rush
species were identified only to genus. Cover oless estimated using a six point Braun-
Blanquet cover scale for all understory speciess(tban 1.4 meters tall) and rocks (P
<1%, 1= 1-5%, 2=5-25%, 3=25-50%, 4=50-75% and 5=0G%4)(Braun-Blanquet,
1965). All woody species (including shrubs andgjdaller than 1.4 meters were
identified and measured for the diameter at briegigiht (DBH). Multiple stemmed trees
were measured by individual stems but grouped hegeStanding deadwood was
identified to species when possible and measuretistOmps were identified by species

or as either hardwood or softwood and their diam&ss measured.
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3.5 Soil Analysis
Soil samples were sent to Brookside Laboratoriesy Knoxville, OH, USA for

all analyses. Samples were air-dried and groumdss through a 2-mm sieve;
combustible organic matter (%) was determined Yalhg the methods in Schulte and
Hopkins (1996). The total exchange capacity (meggl®as determined using
summation methods follow Ross, 1995. pH was medsasdhe 1:1 ratio in water
(McLean, 1982). Solil texture or the percentageaofds silt and clay in the soil was
determined using the hydrometer method. Bray |laB measured following Bray and
Kurtz, 1945. The Mehlick Ill methods was used ttedaine extractable S, Ca, Mg, Na,
B, Fe, Mn, Cu, Zn, Al, and P (Melich,1984). Extade Zn, Mn, Fe, and Cu were
determined using methods the DTPA method from lyrasad Norvell (1978). Total
combustible carbon and nitrogen were calculatedgusiethods from Nelson and
Sommers (1996). Electrical conductivity-solublegsatations and minor nutrients were
determined according to Soil, Plant, and Water Refee Methods for the Western
Regions (2003).
3.6 Data Analysis

Data was entered and organized in Microsoft exédllwoody stems (31.4m
tall) were distinguished as either trees (DBH.8 cm) or saplings (DBH < 5.0 cm).
Density was calculated for saplings and trees @astimber of stems per hectare. Tree
and sapling relative abundance is determined asuimeof stems per species divided by
the total number of stems for all species in a.pM¢ determined the basal area for each
tree and sapling using the following equation:

(3.1415*(DBHcm/2)j
1000
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Relative basal area quantifies the contribution ¢aah species makes to the stand
structure relative to other species in each plbe basal area for each individual tree or
sapling was converted to relative basal area bynrsnmthe total basal area of each
species per plot and multiplying this value by:

10000ha
400nf

Relative importance values for canopy trees areldeplings were calculated by
averaging relative basal area and the relative ddmuoe for each species by plot.
Frequency for trees, saplings and understory speside percentage of the total number
of plots in which that species was sighted; fre@qyamas calculated individually for
Martha’s Vineyard, Petersham, Blue Hills, and LBend; and for all four regions
combined.

Forest type categories were created based onldiveebasal area of each tree
species taller than 1.4 meters in each plot. Byaetijlly adding the basal area of the
tree species with the highest relative basal areach plot until | reached a sum of 0.80
for the cumulative basal area per plot | gener&iegst type designations. These specific
categories were broadened into more general natonamunities that could be used to
describe several plots. The “northern hardwoodigiegion may include the following
hardwood speciegcer rubrum, Quercus rubra, Betula alleghanienBistula
papyrifera,or Betula lenta The “rich northern hardwood” forest type is distighed
from “northern hardwoods” by the presencedoér saccharumand/orFraxinus
americanaForest types with “pine” in the designation mayluge bothPinus resinous
andPinus strobusThe 12 forest type categories created includenlblek-Beech,

Hemlock-Northern Hardwoods, Hemlock-Pine, Northdardwoods, Oak, Oak-Beech,
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Pine, Pine-Fir, Red Spruce, Rich Northern Hardwo8gsuce-Fir, and White Pine-
Northern Hardwoods.

Linear regression was used to identify predictdnsnalerstory species richness
(Minitab solutions 15, 2006). Potential predicttasted included C/N ratio in the soil,
total tree basal ared, canadensibasal aree?. strobusbasal aree?. resinosabasal
area, andr. grandifoliabasal area. Because the distribution of theseblasavas
differed by region, all regressions were run facteeegion independently. Soil variables
were compared between regions using the Kruskalis\takt. A non-parametric
approach was used to account for the violationotifi Imormality (Kolmogorov-Smirnov
statistic) and homogeneity of variance (Bartleti'st or Levene’s test).

Species area curves were generated in PC-ORD ayg towauge the adequacy
of the sample size in each region in its represiemtaf the regional species richness
(McCune and Medford, 1999). This measure was acpéat importance in our study
because the number of plots surveyed in each regiayed considerably from 70 plots in
the Blue Hills region to 9 plots in Petersham.

Two-way cluster analysis was used to produce atubical classification of the
data set by row (plot) and by column (species). -ivay cluster analysis was used over
TWINSPAN to account for more than one underlyingdyent in species composition
and to avoid issues that may arise through thetipseudospecies (McCune and
Medford, 1999). This was done in PC-ORD using Sswan(Bray and Curtis) distance.
This distance measure was selected over otheramstich as Euclidean distance
because Sorenson distance retains sensitivityteardgeneous data sets and gives less

weight to outliers. This feature is important te fhresent dataset because as a result of
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the small sample size in Martha’s Vineyard, Petamsland Levi Pond, a majority of
species were recorded in fewer than five plotsad result would be analyzed as outlier
data. Additionally, McCune and Medford recommenel tise of Sorenson distance over
Euclidean distance because they believe it hag#€i application to ecological
community data (McCune and Medford, 1999). Grougrage was the linkage method
used; this method was selected based on its cdnigtivith the Sorenson distance and
because unlike other linkage methods, this metrizased on information about all inter-
cluster pairs (not just the nearest or furthesstelts as in nearest and furthest neighbor
methods) (Garson, 2010). As recommended by McCaodévedford, the matrix was
revitalized by columns so that associations am@egiss rather than among plots were
emphasized in the final dendrogram (McCune and brefL999).

Non-metric multidimensional scaling (NMDS; McCunedaviedford, 1999) was
used to identify environmental variables influemcthe species composition in all four
regions. NMDS was chosen because this ordinatidmtque has fewer assumptions and
can accommodate “non-normal, discontinuous” dateGivhe and Medford, 1999).
Additionally, NMDS is known to be one of the mosbust ordination methods and given
that data came from four different regions a rolmsthod was necessary to account for
this important underlying gradient. The “slow-amtough” autopilot mode was used;
this mode runs the ordination 250 times with reaadind 250 times with randomized
data in order to determine the “optimal ordinatsmution” (McCune and Medford,
1999). The environmental variables entered intanateébn included, sand%, silt%,
clay%, TEC, pH, organic matter, S (mg/kg), P (mg/Bray Il P (mg/kg), Ca (mg/kg), K

(mg/kg), Na (mg/kg), Ca (%), Mg (%), K(%), Na (%}her bases (%), H (%), Fe
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(mg/kg), Mn (mg/kg), Cu (mg/kg), Zn (mg/kg), Al (itkg), Carbon (%), Nitrogen (%),
C:N ratio, Forest type, slope and aspect. Aspeatdch plot was categorized
numerically as, 1)North (338°-23°), 2)Northeast°(B8°), 3)East (69°-113°),
4)Southeast (114°-158°), 5)South (159°-203°), 6)Boast (204°-248°), 7)West (249°-
293°) or 8)Northwest (294°-338°). The Pearson aaddéll correlations fy were used

to score the relationship between each factor laa@dxes.

4. Results

4.1 Vegetation Characteristics
A total of 177 understory species were identitiaedoss the 117 plots in the four

regions sampled. This value includes seedlingasfand fern allies, herbs, grammoids,
vines, and shrubs/saplingsldm tall. The four regions possessed a totaldfde
species (DBH 5.0cm). Herbs constituted the highest portion afarstory species
richness with 71 species. Shrubs were the nex¢staroup with 46 species; ferns also
contributed to understory richness with a total @fdifferent ferns identified. Only three
different vine species were recorded and six diffetycopods. This data set also
includes seven grammoid classifications howeveg,tduime and identification
constraints most of the grass and sedge speciesvalswere not identified to species
but grouped generally by genus (For a full lisspécies presence of absence by region
refer to Appendix 11.)
4.2. Natural Community Types

Based on two-way cluster analysis for each redienet are several unique
species assemblages or associations that cantlydished within each of the four

regions. Species lists for each assemblage weerated based on the results of two-way
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dendrograms (Table 5). These assemblages arectlifstireach region but some

assemblages closely resemble to the species typiealother region or another

assemblage in a different region. The assemblage=ath region are outlined in the

table below (Table 5) and the corresponding derrdrog (Fig. 6,7,8,9).

Table 5: Species assemblages in Martha’s Vineyretersham, Blue Hills, and Levi Pond. Assemblages

were created based on the results of Two-way Gléstalysis.

Martha'’s Vineyard

Petersham

Levi Pond

MV1
S. albidum,
F. grandifolia
I. opaca
V. angustifolium
A. rubrum
A. nudicaulis
T. borealis

MV2
R viscosum
V. corybosum
V. dentatum
Poa spp.

MV3
S. rugoso
T. radicans
R. alleghensis

MV4

M. canadense

D. punctilobula
T. noveboracensis

G. procumbens

M. virginiana

Lactuca sp.

C. cornuta

C. umbellata

SP1

SP2

SP3

SP4

Blue Hills
BHF1 LP1
A. rubrum P. rubens
Q. rubrum A. rubrum
T. canadense Q. rubra
Aster sp. T. borealis
P. virginianum M. canadense
L. obscurum
P. strobus
F. grandifolia
T. canadensis
B. alleghensis
V. angustifolium
A. nudicaulis
M. repens
P. aquilinum
P. biflorum
BHF2 LP2
F. grandifolia J. communis
V. acerfolia L. tristachyum
P. aquilinum R. hispidus
G. procumbens E. repens
H. virginiana A. arborea
BHF3 LP3
Q. alba A. pensylvanicum
V. corybosum V. lantoides
O. virginiana L. lucidium
Crataegus sp. T. undulatum
M. uniflora D. carthusiana
C. acaule C. borealis
BHF4 LP4
A. saccharum B. lenta
A. triphyllum P. virginianum
A. filix-femina G. procumbens
P. biflorum B. papyrifera
P. quinquefolia Goodyera spp.
T. americana
D. marginalis
Viola spp.
Sorbus spp.
Rubus spp.
T. erectum
A. spicatum
H. americana

A. filix-femina

P. rubens

P. serotina

F. americanus
A. nudicaulis
Dryopteris spp.
M. canadensHq

A. rubrum

F. grandifolia
T. borealis
M. uniflora
L. obscurum
C. trifolia

A. balsameg

V. lantoides

C. borealis

L. clavatum

L. contemplatunm
R. occidentalis
A. Arborea

E. caroliniana

Q. rubrum

T. cordifolia

O. sensibilis

T. canadensis

T. noveboracensi
O. claytonia
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MV5 SP5 BHF5 LP5
E. hieracifolia A. pensylvanica B. populifolia G. procumbens
M. pensylvanica P. serotina P. resinosa Habernia spp.
E. angustifolium M. canadenese A. acuminatus V. lantoides
H. radicata A. nudicaulis C. umbellata Oxalis sp.
G. septenrionale M. virginiana P. rugelli G. dryopteris
C. glabra P. asarfolia
MV6 SP6 BHF6 LP6
Q. velutina P. strobus Viola spp. B. alleghaniensis
B. lenta T. borealis C. trifolia D. punctilobula
Q. alba B. lenta O. sensibilis Aster spp.
G. baccatta V. angustifolia Lycopus spp.
A. arborea M. lineare
G. frondosa
BHF7 LP7
P. serotina P. strobus
V. cassenoides P. biflorum
M. virginiana C. thalictroides
Carex spp. B. virginianum
L. clavatum A. rubra
C. acaule G. robertianum
P. acrostichoided
S. amplexifolius
BHF8 LP8
C. canadensis A. pensylvanicon
C. trifolia T. undulatum|
O. claytonia M. virginiana
M. uniflora Viola spp.
H. virginiana A. triphyllum
Plantago spp. Poa spp
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4.3 Regional and Environmental Influences on UndeysComposition
In the NMDS ordination for all species and envirental variables, most of the

variation is explained by Axis 1 which accounts $8:6% of the variability in understory
vegetation. This axis represents a gradient fragh bktractable iron and low extractable
sulfur, potassium, aluminum and organic matteoto iron and high extractable sulfur,
potassium aluminum and organic matter (Fig. 10)s/A&xexplains 24.1% of the

variation. This axis ranges from high carbon-toagen ratio and extractable magnesium
and low extractable manganese and zinc to low carbmitrogen ratio and extractable
magnesium and high extractable manganese andmclQ). Combustible nitrogen,
extractable calcium, and extractable sodium alstofanto understory species
composition (Fig. 10). The explanative power ofreatthe soil and environmental
variables depicted in Figure 10 is indicated bydbeelation coefficient listed in Table

6.
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Table 6: Pearson and Kendall Correlations withration axes for factors influencing species
composition in the understory. Variables in baddvén significant correlation with either Axis 1 ar 2

Variable Correlation Coefficient Correlation Coefficient
Axis 1 Axis 2
Sand (%) .015 .103
Silt (%) .017 .064
Clay (%) .000 .154
Total Exchange .007 .130
Capacity
pH 141 .046
Organic Matter (%) .226 .014
Sulfur (mg/kg) .192 .085
Phosphorous (mg/kg) 129 .068
Bray Il P (mg/kg) .063 .071
Magnesium (mg/kg) .055 213
Potassium (mg/kg) 179 .092
Sodium (mg/kg) .230 .302
Ca (%) 117 .182
Boron (mg/kg) .000 .000
Iron (mg/kg) .207 .001
Manganese (mg/kg) .034 .342
Copper (mg/kg) .099 .009
Zinc (mg/kg) .045 .318
Aluminum (mg/kg) .394 .002
Carbon (%) 130 .024
Nitrogen (%) .156 .145
C:N ratio .030 .301
Slope .052 .017

The four regions are also distinguished by the girmyiof plots from each region
in NMDS; Martha’s Vineyard plots are all clustettedhe far right-hand side of the
graph and Petersham, Blue Hills and Martha’s Vingydustered into overlapping
groups to the left (Fig. 11). The overlapping @sindicate Petersham plots with

understory vegetation that resembles either the Blills region or Levi Pond region.
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4.4 Forest Structure
The density and size distribution of trees varimssaderably by region. Martha’s

Vineyard had a visibly lower tree density and baseah than the other three regions on
average (Table 7). Although the number and sid&efiree stems in Martha’s Vineyard
is lower than in Petersham, Blue Hills and Levi @ahis region also has the highest
sapling density; only Levi Pond approaches theisgpulensity recorded at Martha’s

Vineyard.

Table 7: Average density and basal area for catregg (DBH5.0cm) and saplings (DBH<5.0cm) in
Martha’s Vineyard, Petersham, Blue Hills and LegnB. Density is the number of stems per hectare.

Region Tree Density Tree Basal Sapling Density  Sapling Basal

(Individuals/ha)  Area (Individuals/ha)  Area (m%ha)
(m?/ha)

Martha’'s 318.75 9.9 920.0 0.4

Vineyard

Petersham 856.3 46.9 602.5 0.2

Blue Hills 1085.1 33.3 465.2 0.5

Levi Pond 1011.1 40.5 905.3 0.4

This trade-off between canopy and sapling treesfiscted in the size
distribution of woody species (taller than 1.4 raweell (Fig. 12). The tapering curve
illustrates a frequency to size trade off wherehighest frequency is found in the
smaller size classes and the lowest frequencyisdan the largest size classes. In
Petersham, Blue Hills and Levi Pond this tapersttparound 60 cm DBH, however the
Martha’s Vineyard curve trails off at about 40cm BT his region has a clear absence
of trees in the larger size classes; the largestitr Martha’s Vineyard approaches a mere
48 cm DBH compared with 60 cm trees found in tlggares of Levi Pond and

Petersham.
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Figure 12: Diameter distribution of all woody steftadler than 1.4m) in Martha’'s Vineyard,
Petersham, Blue Hills and Levi Pond. The smallizst class has the highest frequency and frequen
decreases as diameter increases.

LY

The overall basal area of trees negatively infleeinthe understory species

richness in the understory in the Blue Hills reg{big. 13c). Basal area did not have a

significant effect on the species richness in theeustory in Martha’s Vineyard,

Petersham, Levi Pond (Fig. 13a,b,d).
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Figure 13 a-d: Correlation of basal area and undgrsichness in (a) Martha’s Vineyard, (b)
Petersham, (c) Blue Hills, and (d) Levi Pond. OfalyBlue Hills has a significant negative relatibips
between tree basal area and the species richnges imderstory (Linear regression;0p85). However,
the trendline in (a) Martha’s Vineyard and (d) L&dnd does indicate a slightly non-significant
negative correlation between these two variabMate that the scale of the Y axis varies by region

4.5 Overstory Composition by Region
The composition of tree species in each regiommixeof generalist species that

are found in all four regions and several spediasdre unique to one or two regions.
Generalist species includre grandifolia A. rubrum Q. rubra Prunus seroting P.
strobus andT. CanadensigFigure 14). While these species are able to astainl three

or four of the regions surveyed their frequencyasable within each region.
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Figure 14: Frequency of most common canopy treesadh of the four regioné..
rubrumis very frequent in all regions with the exceptafrMartha’s Vineyard.
Refer to Appendix Il for a full list of species namand abbreviations.

The four regions can also be distinguished fromamaher by comparing the
relative importance values for individual tree specMartha’s Vineyard represents the
most distinct of the four regions wit. alba, F. grandifoliaZandQ. velutinacomprising
the top three most important trees (Fig. 15). [Bwnd also possesses a unique canopy
composition withA. saccharumandA. rubrumfilling in as the most important trees in
this region. Like Levi Pond, Petersham and BludsHibth have a high relative
importance value foA. rubrum However, in these two regioRs strobusandT.
canadensiseplaceA. saccharunas the most important trees. While Petersham éunel B
Hills closely resemble reach other in terms of ganwee relative importance; the high

relative importance dB. lentain Petersham distinguishes between the two regions
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Figure 15: Relative importance of canopy treedtierfour regions surveyed. Only species
whose cumulative RIV for all four region exceedetl @ere listed. Refer to Appendix Il for a
full list of species names and abbreviati




In addition to sharing many of the same importeg species, Petersham and
Blue Hills also have the most overlap of the fagions in terms of forest type (Fig. 16).
For both of these regions, Northern Hardwoods (n=Fetersham; n=17 in Blue Hills) is
the dominant forest type with Hemlock-Northern-Haodds and White Pine-Northern
Hardwood falling closely in second. In contrastyilleond is dominated by the Rich
Northern Hardwoods forest type (n=12). Martha’sa¥iard stands out as unique since

the only forest types present here are Oak (n=9)2ak-Beech (n=11).
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Figure 16: Forest type frequency in Martha's VinelyaPetersham
Blue Hills, and Levi Pond.

The overstory composition was also a determinannderstory species richness.
Blue Hills plots with highefTsuga Canadensisasal area values supported significantly
lower species richness than those with loWectanadensibasal area (Fig. 17 b). This

trend was not found to be significant in Petersloarbevi Pond (Fig. 17a, c).
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Figure 17a-c: Correlation betwe&ncanadensibasal area and understory richness in (a)
Petersham, (b) Blue Hills, and (c) Levi Pond. OflyBlue Hills has a significant negative
relationship betweem. canadensibasal area and the species richness in the uade(stnear
regression; p&.05). The trendline in (d) Levi Pond does indicatightly non-significant negative
correlation between these two variables. Marthareyard was not included in this analysis
becausd. canadensisvas not present in any of the sampled plots & rigion. Note that the scals
of the Y axis varies by region.

1%

Neither the basal area of pirfe. strobusandP. resinosanor the basal area of
beech F. grandifolia) had any influence on species richness. Regress$ipime to
species richness was not applied to Martha’s Virtepacause there is no pine basal area
in this region and Petersham did not have suffidieech basal area to test for a
regression between beech basal area and spetiessic
4.6 Soils Variables by Region

The soil conditions within Martha’s Vineyard, Petiesim, Blue Hills and Levi

Pond are variable among the four regions. In mast¢s, there was a substantial amount
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of variation in soil conditions within the same iagon a plot by plot basis; however the
variation among regions was even greater. Orgaaitemwas significantly higher in
Petersham, Blue Hills and Levi Pond compared wighlow organic matter values

recorded on Martha’s Vineyard (Fig. 18).
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Figure 18: The distribution of percentage of organatter is different within the four
regions sampled. (Kruskal —Wallis;_@95). Numbers inside boxes represent the
median value for each reaion: bis represent the median confidence inte

The C/N ratio in the soil was also significantlyfeient regions. Martha ’s

Vineyard had higher C/N ratio values than Levi Pand Petersham (Fig. 19).
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Figure 19: Distribution of the C/N ratio was difé&t among the four regions (Kruskal
Wallis; p<0.05). Numbers inside boxes represent the mediae Yar each region;
boxes represent the median confidencerval.. * marks outlier dat
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The C/N ratio is also a predictor of understorycsgerichness. In Blue Hills C/N

ratio had a significant negative relationship vagiecies richness in the understory (Fig.

20c). Regression analysis for the C/N ratio andleustory species richness in Martha’s

Vineyard, Petersham or Levi Pond was not signiti¢gig. 20 a, b, d).
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Figure 20 a-d: Correalation between C/N ratio andeustory richness in (a) Martha’s Vineyard, (b)
Petersham, (c) Blue Hills, and (d) Levi Pond. OfalyBlue Hills has a significant negative relatibips
between C/N ratio and the species richness inntdenstory (Linear regression; @£€5). The trendline in
(a) Martha’s Vineyard and (d) Levi Pond does inthca slightly non-significant negative correlation
between these two variables. Note that the scaleeoY axis varies by region.

The four regions were variable in the extractabéemnutrients sulfur (mg/kg),

potassium (mg/kg), magnesium (mg/kg), nitrogen @ayl calcium (%). Sulfur

concentration was highest in the Blue Hills ancePsttam region and lowest in Levi

Pond and Martha'’s Vineyard (Fig. 21a). The peroémixtractable nitrogen and calcium
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were both higher in Levi Pond and Petersham anérawBlue Hills and Martha’s
Vineyard (Fig. 21 b,c). Both extractable magnesand potassium were highest in the

Blue Hills region (Fig. 21 d,e)

60 0.69
50 0.5
]
2 2 044
= S
: &5 : B
< 304 §
2 2 034
S
? 2] ] g
=
104
|
0 T T T T 019
BlueHills LeviPond Martha'sVineyard Petersham T T T T
) BlueHills LeviPond Martha'sVineyard Petersham
45 120
110 * *
40
100
35+ M 90
- ~
S 2 80
~ ~
£ 30 gs
g E 7 B
E g
254 60 L1
" M
207 18.41 L]
] *
154 30

BlueHills LeviPond Martha'sVineyard Petersham BlueHills LeviPond Martha'sVineyard Petersham

c) d)

180
160+

140

AR

BlueHills LeviPond Martha'sVineyard Petersham

K (mg/kg)
g

e)
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The distribution of extractable soil micronutriemtere also different among the

regions sampled. Zinc is highest in Levi Pond esflgccompared with the Blue Hills

and Martha'’s Vineyard zinc distributions (Fig. 228pth Levi Pond and Petersham have

higher manganese values than Blue Hills and MastWaieyard (Fig. 22b). Martha’s

Vineyard and Petersham both have higher iron oregecthan Blue Hills and Levi Pond
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variable among regions (Kruskal Wallis;(p€5). Numbers inside boxes represent the mediase ¥ar each
region; boxes represent the median confidenceviaitelote that Y axis scales are different for egaph.

*marks outlier data.

The amount of aluminum and sodium is also diffedeypending on region.

Aluminum is higher in both Blue Hills and Petershand lowest in Martha’s Vineyard



(Fig. 23). Extractable sodium is notably higheBine Hills than in the other three

regions (Fig. 24).
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4.7 Rare and Invasive/Weedy Species
While all four regions did possess non-native, wesgecies; a higher number of

these species were sighted in Martha’s Vineyardlud Hills than at Petersham and

Levi Pond (Table 8).

Table 8: Weedy or invasive species by region. Alcem subset of Blue Hills plots were selected falgsis so
that differences in sample size would not skewdseilts (USDA Plant Database).

Species Martha's Vineyard Petersham Blue Hills Levi Pond

n=20 n=9 n=20 n=18
Rubus idaeaus
Plantago rugelii
Epigaea repens
Hypochoeris radicata
Epilobium angustifolium
Chamerion angustifolium
Geranium robertianum
Parthenocissus quinquefolia
Rubus fruiticosus
Total

X X X

X XX XX

(6)]
'_\
o
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Rare and endangered plants were also identifiddaitha’s Vineyard, Blue Hills
and Levi Pond (Table 9). Martha’s Vineyard recortleglhighest number of rare and

threatened plants but both Blue Hills and Levi Ptoildw closely behind.

Table 9: Rare and threatened species by regioandom subset of Blue Hills plots were selected for
analysis so that differences in sample size woatdskew the results (USDA Plant Database)

Species Martha’s Vineyard Petersham Blue Hills Levi Pond
n=20 n=9 n=20 n=18

Cornus florida X

Polygonatum biflorum X

Pyrola asarifolia X X

Galium septenrionale | X

Sorbus decora X

Rhododendron viscosumX

Total 3 0 2 2

5. Discussion

5.1 Region
Region is the overarching and most powerful vagabfluencing species

composition in the New England forest, (Fig. 6;.FiYy While there does exist some
degree of overlap in terms of composition and emvitental features from region to
region, even a non-ecologist could distinguish leetwthe sandy and dry shrub-covered
plots of Martha’s Vineyard and the mesic, fern-nibts of Levi Pond (Fig. 25). These
regional differences in the forested landscapeteeesult of many different underlying
variables, which in turn determine the underst@ecses composition and species

richness we observe.
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Figure 25: Visual comparison between the Marthateyard and Levi Pond; plots on Martha’s
Vineyard can be easily distinguished by relativighgn canopy and abundance of low growing
shrubs. In contrast, the region of Levi Pond cachmracterized by a well developed canopy and
abundant herb layer in the understory.

Biological distance decay describes the changesgdetation moving across a
regional or spatial gradient. This decrease iniggesimilarity with increasing distance is
explained by two primary hypotheses; one is thahaglistance increases, environmental
similarity diminishes (Nekola and White, 1999). eléther hypothesis is that distance
limits dispersal and consequently, the movemespeties across a landscape (Nekola
and White, 1999). Because the present study isseztmore on environmental variables
and regional gradients than plant phenology antbdetion, only the first hypothesis
is explored in detail. Environmental similarity iseten regions is judged in terms of
climate, forest structure, overstory compositiail sharacteristics and disturbance
history.

5.2 Species assemblages

The most obvious example of biological distanceagias evident in the species

assemblages generated by the present study (Tablev®-way indicator analysis for

Martha’'s Vineyard (Fig. 6), Petersham (Fig. 7),8Hills (Fig. 8), and Levi Pond (Fig.
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9) resulted in unique species assemblages whitdctefie diminishing similarity in
species composition with increasing distance.

At the same time that these unique assemblagesvaihien each region, our
observations negate Nekola and White’s (1999) skbgpothesis that species
differences are a response to limited dispersakh®montrary, a comparison of species
assemblages BHF1 with LP1 and LP2 makes it cledrsjpecies such &s rubens, A.
rubrum, T. borealis, M. canadense F. grandifohadAralia nudicaulisare able to
disperse across great distances, including th&ki2@®eters between the Blue Hills and
Levi Pond region.

The results of two-way cluster analysis also illoate the some of the
similarities that emerge between species assensiaghfferent regions. For example,
species assemblage SP3 vaguely resembles sonmesifrtibby species found in the
sandier soils of Martha’s Vineyard (Table 5). Thiggests that the SP3 assemblage fell
on an atypically dry and sandy area of PetershasreMine environmental conditions and
underlying variables are similar to those we migid in Martha’s Vineyard. The species
assemblages BHF6 and SP4 both share many of theespdth a preference for the
moist, nutrient rich soils that distinguish Levireb(Table 5). This overlap in species
composition among regions suggests that where Iymgwrariables and environmental
conditions converge to create similar conditiondifferent regions, the same
assemblages of species are able to persist.

5.3 Climate
One important gage of environmental similaritylismate. This variable may be

described in terms of annual precipitation and ayemonthly temperatures. Climate has
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been shown to influence the range and abundancanopy species (Oswald et al. 2007;
Nekola and White, 1999); however few works haveusad explicitly on the response of
understory species to climate. Oswald et al. (208a)ped vegetation transitions across
southern New England and found that shifts in tlagomiree species were largely a

response to climate (Fig. 26).

Figure 26: Vegetation responses to variationsrimprature (a) and annual precipitation (b). The
major canopy trees in Southern New England haverdifit abundances according to climatic
conditions; shading and legend refers to the reddtiequency of the given species. (Oswald et al.,
2007

Like Oswald et al. (2007), | also observed a shithe major tree species moving
from region to region in terms of both relative ionfance values and forest type (Fig. 15,
16). This shift can explained to some extent byatic differences because there is
variation in both annual precipitation and aversgeperature among the four regions
surveyed (Table 4). Petersham stands out fromttrer three regions because annual
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precipitation for this region is substantially hegtthan the other three regions. Martha’s
Vineyard is also climatically unique from the otlegions because this is the only region
where the average temperature does not fall baleezing during the coldest month of
the year. Despite these differences, the oveiatlate in the four regions does not shift
drastically from Martha’s Vineyard to PetershanBtoe Hills and Levi Pond and thus
cannot completely explain the unique compositiosenbed in each region. Rogers
(1982) also questions the role of climate in detenmg species composition. He sampled
spring herb communities in hardwood-mesophyticdbie 5 different Midwestern states
and found that climate was not a deciding factdrerb composition (Rogers, 1982).

5.4 Forest Structure

The forest structure is another potential sourcenefronmental dissimilarity
among regions and in fact, the density and sizelgigion of trees varies considerably
by region (Table 7). Martha’s Vineyard exemplifleswv limited resources such as light,
water and nutrients in the soil can result in deraff between density in the canopy and
in the sapling layer. In the absence of large, pgiricees, more seedlings are able to take
advantage of increased availability of light, wadad nutrients and develop into the
dense sapling layer (Table 7). In Petersham therseweffect is observed with the highest
average tree basal area of the three regions andwiest sapling basal area.

This trade-off is relevant to the understory speciehness because by limiting
the resources available in the understory, largegatrees may also restrict the number
of different species able to persist. This trenddserved in the present study in the Blue
Hills region; as the overall basal area for trewsaased, the species richness in the

understory declined (Fig. 9c). Basal area did retha significant effect on the species
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richness in the understory for the regions of Maglineyard, Petersham, or Levi Pond.
This contradiction may have a biological explanmato it may be the result of the sample
size. Since the Blue Hills dataset had a much tasgmple size and consequently, a
higher statistical power than the other three neggampled, it is likelier that the null
hypothesis was rejected in Martha’s Vineyard, Réi@m and Levi Pond.

In other studies as well, a negative correlatietwieen tree basal area and
understory richness has been confirmed (Hutchiesah, 1999; Ford et al, 2000). Ford
et al. (2000) also found that species evennesseased with increased basal area.
Fountain (1980) did not find that tree basal araa significantly related to the diversity
of herbaceous species; however his study compargerstory diversity, not richness.
Since diversity is a function of both richness andnness, Fountain’s study could still
reflect the results of Hutchinson et al. (1999) &odd et al. (2000) if species richness
and species evenness showed opposite trends onesesfo increased basal area (i.e. if
species evenness increased with basal area ameésgkldecreased with basal area). These
results could potentially cancel each other ouhendiversity calculation, resulting in no
trend in species diversity with basal area.

5.5 Overstory Composition

The relative importance values of canopy treegargnent to understory studies
because the canopy can determine understory ristamescomposition by altering light
regimes and edaphic conditios.strobusandT. canadensiare two species of
particular importance because they may have a prasal effect on the environmental
conditions in the understory. In both PetershamBind Hills P. strobushas a high

relative importance value (Fig. 15). These twoaagialso have very high frequencies of
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both P. strobusandT. Canadensidjowever these two species are notably absent from
plots within Martha’s Vineyard (Fig.14).

BothT. canadensiandP. strobusare associated with nutrient poor (Whitney and
Foster, 1988) and more acidic soils than are fonrdhrdwood stands (Barbier et al.
2008; Beatty, 1984). The light transmittance, @ photosynthetic photon flux, is
estimated to be very low (less than 2%7 ircanadensistands meaning that the
understory receives a very low percentage of plyotbstic light (Barbier et al., 2008).
Thus, by limiting the resources available to unteysvegetation, these canopy species
dictate understory growth, creating an environnvémgre only a few hardy species are
able to persist.

Given the limited conditions that are typically falbeneath th&. canadensis
canopy, it is not surprising that this speciesssoaiated low species richness in the
understory. In the region of Blue Hills canadensiss negatively related to understory
species richness (Fig.13b). Ellum et al. (2010) &sind that as the basal area of eastern
T. canadensigcreases, the species richness significantlyedses.

T. canadensislso influences the composition of species inutheéerstoryBeatty
(1984) found that certain understory species wereerapt to grow under® canadensis
canopy than other species, which were found onfyhiardwood dominated overstofy.
canadensisnfluenced areas had a higher abundandscef spicatum, Aster acuminatus,
F. grandifolia, Monotropa uniflora, Acer pensylvanmandEpifagus virginiana
(Beatty, 1984). However, this association is nggampnt in the present study.
spicatum, A. acuminatus, F. grandifolia, M. uniipandA. pensylvanicurwere all

identified in the present study; however these iggattid not show any preference Tar
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canadensidorests; in fact all five of these species werded in a broad range of
forest types.
5.6 Soils

While differences in climate, forest structure averstory composition can
explain the unique species composition observedah region to some extent, these
variables are not the only factors at play. Rog&882) found that herb communities
spanning five Midwestern states were influencedtrstsengly by soil variables. | also
found that several soil characteristics were sigaift determinants of understory
composition; these characteristics include orgaratter (%), nitrogen (%), C/N ratio,
extractable calcium, sulfur, potassium, magnesiumn, manganese, aluminum, zinc and
sodium (Fig. 10; Table 6).
Organic Matter and Nitrogen

The percentage of organic matter in the soil digtishes between high-nutrient
requiring, mesic species and low-nutrient requispgcies common in drier soils. In their
characterization of upland sites in the hardwoadl @mnifer ecosystems of the Cyrus H.
McCormick Experimental Forest, Pregitzer and Bali€84; 1985) characterized the
vegetation at sites with the highest organic mdtyemesic, high-nutrient requiring
species. Some of these species inclideaccharunandviola spp 984; 1985) and
Caulophyllum thalictroide$Spies and Barnes, 1985). These species areatedeatith
high organic matter values in the present studyeds(Fig. 10). In addition to these
speciesl also found thaBetula alleghaniensis, Picea rubens, Goodyera bpfzhella
repens, Hamamelis virginiana, Maianthemum canadgasdLycopodium obscurum

were strongly correlated with high organic matesels.
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At the other end of the organic matter gradienti@nenutrient requiring, dry-soil
species. Pregitzer and Barnes (1984; 1985) claddibiw organic matter sites by
Vaccinium sp@and other dry shrubby specid$ie same trend is observed in the present
study since species with the strongest negativeletion with organic matter were
common to the sandy soils of Martha’s Vineyard (Ri@). This observation is also
supported in the present study by the low distrdruof soil organic matter in the
Martha’s Vineyard region compared with the otheeéregions (Fig. 18).

The percentage of nitrogen in the soil is closelyelated with the percentage of
organic matter and many of the same high-nutriequiring mesic species (Fig. 10).
Pregitzer and Barnes (1984) found that of all Staveyed, those with the highest
nitrogen content included the salesaccharunandViola spp.dominated sites that also
had high organic matter valué®lygonatum spgPregitzer and Barnes, 1984),
Caulophyllum thalictroide¢Spies and Barnes, 198&ymnocarpium spPregitzer and
Barnes, 1982; Wali and Krajina, 1978)prnus canadensis, Lycopodium complanatum,
andAralia nudicaulis(Wali and Krajina, 1973), are additional speclest tare correlated
with nitrogen-rich soils.

The species listed above were correlated with ggnerich soils in the present
study as well. In addition to these species, | &smd thafTrillium undulatum
polygonatum pubescens, Viburnum acerfolium, Phegigpbtexagonoptera, Castanea
spp., Osmunda claytonia, Dennstaedtia puncliobatalAralia nudicalisillustrated the
strongest correlation with high nitrogen levelshe soil (Fig. 10)Interestingly, all of the
species with an affinity for nitrogen cited by Ftegr and Barnes (1984), Pregitzer and

Barnes, (1982), and Wali and Krajina (1973) in #ddito the species with the strongest
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correlation with soil nitrogen levels in the presstudy, were sighted in the Levi Pond
region. This correlation between Levi Pond and gpetth an affinity for nitrogen is not
surprising considering that the average percenttajgen in Levi Pond is almost 2.5
times higher than Martha’s Vineyard’s value (Figib2

Nitrogen, like organic matter is also negativelyretated with low-nutrient
requiring, dry species. Pregitzer and Barnes d¢ladssites with the lowest nitrogen
values as “excessively well-drained” and charazgetithese sites by the presence of
Vaccinium sppandAcer rubrum(1982) andP. strobusMaianthemum canadens@ad
Athyrium filix-femina(1984). | also observed a negative correlatiowbeh soil nitrogen
levels and species such\&accinium corymbosuthat are more commonly found on
drier sandy soils (Fig. 10\ rubrumwas also slightly negatively correlated with soil
nitrogen levels in the present study, however tieeeediscrepancy between the present
study and the results of Pregitzer and Barnes (1984d not find thaP. strobus
Maianthemum canadens@dAthyrium filix-feminawere also associated with low
nitrogen levels in the soil. This conflict may d&iauted to the fact that both of these
species are super-generalists and can persistidearange of soil conditions (Wali and
Krajina, 1973)).
Carbon-to-Nitrogen Ratio

The C/N ratio is negatively correlated with thel satrogen levels and organic
matter levels and as a result, this variable is aégatively correlated with the mesic
species with high nutrient requirements commontimgen-rich and high organic matter
sites. Bellemare et al. (2002) determined Whatella cordifolia, Parthenocissus

quinquefoliaandDryopteris marginalisvere all significantly and negatively related with
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the C/N ratio in the soil. | also found thatcordifolia, P. quinquefoliaandD.
marginaliswere negatively correlated with C/N ratio (Fig. 10)

At the other end of the C/N gradient, Bellemarale{2002) found th&t.
grandifolia had a significant positive relationship with theNCQatio. In the present study
as well,F. grandifoliaillustrated a slightly positive correlation withet C/N ratio.
However, none of the species observed in the praseay indicated a strong correlation
with a high C/N ratio (Fig. 10). Regionally, a disttion can be made between the high
C/N ratio regions of Blue Hills and Martha’s Vinegaand lower C/N ratio values that
may be found in Petersham and Levi Pond (Fig. Tl regional difference may
explain why species common to the rich mesic forese sighted mostly in the Levi
Pond region and dry low-nutrient requiring speewese able to persist in the high C/N
ratio regions of Blue Hills and Martha’s Vineyard.

The C/N ratio also influences the understory imteof species richness. In Blue
Hills, C/N ratio is negatively related to understoichness (Fig. 20c). This trend was
also observed by Small and McCarthy, 2005.

Macro and Micronutrients

Nitrogen is not the only soil macronutrient witkethotential to determine species
composition in the understory; the percentage tkhetable calcium and the
concentration of extractable sulfur, potassium magnesium are also significant
determinants of understory vegetation (Fig. 10)Yr&ctable calcium has the same
influence on understory composition as nitrogen @nganic matter and is also strongly
associated with rich mesic species. Spies and B4ir885) found that high calcium sites

had a high abundance Af saccharunandC. thalictroides. also found that these two
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species were slightly correlated with higher caitigvels. However in the present study,
Onoclea sensibilis, Acer pensylvanicum, LycopodiomplanatumandEuthamia
carolinianaillustrated the strongest correlation with extadte calcium levels.

Patterns in species composition at the other etideoalcium spectrum are not as
easy to define. Wali and Krajina (1973) found ttaltium-poor sites were composed of
“dry, well-drained soils” and sandy outwash mateNéelampyrum linearés one species
correlated with dry soils and calcium-poor sitesa{Ménd Krajina, 1973). In contrast,
Spies and Barnes (1985) obseriedanadensiandClintonia spp.in the highest
abundances at plots with the lowest calcium valldsle these two species may be
found in dry nutrient-poor soils they are not aarelateristic of these soil conditions as
Melampyrum linearend can be found in a broad range of soil conustio

The present study supports the observations matléaiyand Krajina (1973)
because | also found that calcium-poor soils areertikely to be inhabited by low-
nutrient requiring, dry soil species. In the prestndy,Melampyrum linearevas
correlated with low extractable calcium whereasltive calcium species identified by
Spies and Barnes (1985b),canadensis an@lintonia spp,did not correlate with low
extractable calcium in the present study (Fig. 10).

Sulfur and potassium are two other important maarognts that influence
species composition in the understory. These twiables are closely associated with
each other and with the following understory spedetula papyrifera, Viburnum
cassinoides, Tsuga Canadensis, Abies balsamea,Biraimis, Lycopodium tristachyum,
Aster acuminatus, Cypripedium acaaledQuercus rubrgFig. 10) Unfortunately, there

is a gap in the literature regarding the effectexdfactable sulfur and potassium in the
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understory species composition and thus there wayto compare our findings with
other studies.

Magnesium is another important macronutrient whscstrongly correlated with
Pinus resinosa, Chimaphila umbellata, Betula pdpli, Berberis thunbergii, Potentilla
spp., Houstonia radicata, Populus grandifolia, Riago rugelli, Calamagrostis
canadensis, Tragopogon pratensis, Juniperus consyamilPrunus pensylvanicgrig.
10). Again, while the literature exploring the influeneemagnesium on understory
vegetation is lacking, there is an interestinggrattvithin the present dataset. While only
11 weedy or invasive species were noted in theeptestudy (see appendix IV for a full
list), four of these species are correlated wittiastable magnesiur®. rugelii, H.
caerulea, T. pratensigndB. thunbergiiare all weedy or invasive species according to
USDA Plant Database.

The extractable zinc, manganese and iron in tHeassthree micronutrients that
were also identified as significant variables iefiging species composition in the
understory (Fig. 10, Table 6). Zinc and mangarmreseorrelated both with each other
and withOstrya virginiana, P. quinquefolimndAster sppFig. 10). Unfortunately, few
studies focus explicitly on the effects of micramerits on understory species
composition so it is difficult to compare any obs#ions from the present study with
other research. It is also possible that thesabkas reflect a regional difference in
extractable zinc and manganese more than a congmagitrend in the understory. This
is plausible given that these two soil variablesraost strongly correlated with species
sighted in Levi Pond where zinc and manganese meh higher than in Martha’s

Vineyard and Blue Hills (Fig. 22a, b).
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There is also a trade-off between iron and alumitewrals in the soil. Iron is
most strongly correlated with the dry-low nutrieatjuiring species identified in
Martha’s Vineyard (Fig. 10). Aluminum on the othned is more strongly correlated with
broad spectrum of species observed in Petersham,Hills and Levi Pond (Fig. 10).

Sodium also appears in the ordination as an infleem understory composition
however, it is possible that this variable, likezand manganese, is reflecting a regional
difference more than an understory compositionahge. None of the species observed
illustrate a strong correlation with this soil \arie, however species sighted in the Blue
Hills region are slightly correlated with this vaiie (Fig. 10). This association is also
reflected in the distribution of sodium levels froegion to region; Blue Hills on average
had 2.5 times higher soil sodium values than Ple&ensor Levi Pond (Fig. 24)
5.7 Disturbance History

The New England forest bears a long history ofudiince by humans. While
historic disturbances may have occurred in thedigtast, in many cases both the
landscape and the understory composition bearctirs $or years to come. All four
regions experienced some degree of historic diaha®, however the scale and type of
disturbance is variable by region. Plots on Maghéheyard exhibited the most severe
signs of disturbance as result of the oak moth.ithaddhlly, these plots occurred on land
owned either by the Polly Hill Arboretum or the Nisg Conservancy and as a result were
subject to past agricultural use and present-dergational use. Coppiced hardwoods
were ubiquitous throughout the region suggestihg®ric timber harvest (Wessels,

1997). Historic fires or presumed controlled bugwmas also evidenced at two plots.
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Like Martha’s Vineyard, the region of Petershamharacterized by an
abundance of cultural features. These featureadecttone walls, trail and roads which
suggest both historic land use and current usegtihthe maintenance of trails. This
region has also been subject to past timber extrects evidenced by the abundance of
multi-stemmed hardwoods in and around plots.

The Blue Hills region was also historically hanegbnd continues to be used for
small scale timber extraction projects today. Guitngs were noted in most Blue Hill
plots alluding to the presence of current timbewést in this region. The abundance of
stone walls snaking through plots also indicates tiis region was likely cleared for
agriculture in the past.

In contrast to the other regions sampled, onlyeimets at Levi Pond are near
notable cultural features and these cultural festwere limited to very old roads that
had clearly not been used for years. The presenoeilti-stemmed hardwood trees in
most plots does suggest historic timber harveselwvewthese events were most likely
small scale and heterogeneous in the landscape sialti-stemmed hardwoods were
noted only in a few of the plots sampled. Additibynahe presence of pit-and-mound
topography in almost half of the plots suggeststtia Levi Pond forest has remained
largely intact and only moderately disturbed. Omal§ scale disturbance that was noted
in the Levi Pond region is the ash decline or “digback” (White Ash: USDA Plant
guide). While the direct cause of ash decline mahle result of multiple variables,
infection from mycoplasma-like organisms is consgdieone of the primary causes of

this disturbance (White Ash: USDA Plant guide, 2020though ash decline was
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evident in a few of the plots at Levi Pond, thisunal disturbance does not come close to
matching the magnitude and severity of the oakidedn Martha’'s Vineyard.

Unfortunately, disturbance history was not factared data analysis via
ordination but we may conclude that disturbancd isast partially responsible for the
species composition in each region based on tteepce or absence of certain invasive
or weedy species (Table 8). While all four regiditspossess non-native, weedy species;
the presence of these species is clearly more abtindMartha’s Vineyard and Blue
Hills than at Petersham and Levi Pond.

The abundance of non-native weeds in these plditsely the result of the
conditions created post disturbance. The two meavity disturbed regions sampled also
possessed the highest number of non-native andyspetties. Holle and Motzkin
(2007) also found that previously cultivated saesl those with a history of soil
disturbance have a higher occurrence of non-natesat species than undisturbed sites
(Holle and Motzkin, 2007).

Interestingly, rare and threatened understory sgagere found in equal
abundances in all four of the regions surveyedeRad threatened species are often a
good indicator of disturbance history becauser¢lason these species are “rare” is
because they have specific habitat requirementaendensitive to any change in the
environment around them. Additionally, there iseaffa negative relationship between
invasive plants and rare or endangered plantss(R003). This negative relationship is a
consequence of the ability of opportunistic invasspecies to take advantage of any light

gaps and outcompete native flora for resources.
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Given these extensive environmental constraintemnand endangered plant
species we may expect to see a higher numberefrat endangered plants in the intact
Levi Pond forest and very few in the highly disteddMartha’s Vineyard region.
However, rare and endangered plants were identiifi¢isree of the regions sampled
including Martha’s Vineyard and the Blue Hills regi(Table 9).

While the presence or absence of invasive weedyiespas opposed to rare and
endangered species may be a useful indicator tfrdance history, the influence of
disturbance can be detected on general speciesositiop as well. Gerhardt and Foster
(2002) found that undisturbed, woods had a higleeuwence of shade tolerant species
such aClintonia borealis, Trillium undulaturandCoptis trifoliawhile historic
pasturelands supported more shade-intolerant spdgithe present study as wéll,
borealis, T. undulaturandC. trifolia were most frequent in the relatively undisturbed
Levi Pond region though this conclusion is purakalgative.

In another study, D’Amato et al (2008) used indicapecies analysis to
determine thaf. nudicaulis, D. intermediandV. alnifoliumare significant indicator
species of undisturbed, old-growlhcanadensistands. Of these three species @xly
nudicaulisoccurred in our dataset and this herb was so widedpt is difficult to
distinguish any site preference.

5.8 Conclusion

While the results of this study indicate that regi® the most important

underlying gradient determining understory compasitit is also clear that multiple

factors are at play. Unfortunately, the relativituence that each of the factors examined
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exerts on understory composition is blurred by issigvhich take place in different
geographic locations, forest types and utilizeedéht data analysis methods.

The use of different data analyses is especidigvamt since ordination
techniques are both complex and variable in tlesults. Ordination serves as a valuable
tool in community ecology and can be especiallyfulsghen applied to large datasets
such as the present one. By organizing data al@ngdient of variation, large datasets
may be converted into a readable format for théogest. At the same time, users should
be wary of replacing field observations and inantwvith computer generated models.

Another source of ambiguity within the results loé present study can be
attributed to the complexity and interconnectedmédbe forest ecosystem. Forest
systems are infinitely intricate; to try and idénthe influence of one environmental
variable over another is nearly impossible. The txescan do is examine the influence
of these variables on a regional scale and lookétterns.

At the same time that these ambiguities existetlaee a few trends observed in
the present study and other understory studiegrdnacend the regional and
environmental gradients and influence understogetegion in the same way. These
trends include the positive association of calciaitrpgen and organic matter with each
other and with mesic species with high nutrienuregments. Nitrogen and organic
matter also have a negative association with deyrlatrient requiring species. The C/N
ratio has the opposite associations as nitrogeroegahic matter and is most strongly
correlated with dry low-nutrient requiring speciésally, the presence or absence of
weedy and invasive plant species in the understanybe used as a useful indicator of

historic or present disturbances.
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5.9 Future Research and Work
One of the most obvious and most important impras@sthat could be made to

this study would be increasing the number of psatsipled in all regions especially in
Martha’s Vineyard, Petersham and Levi Pond. Noy oiol the sample sizes limit the
reliability of the dataset, there are also stat@tand ordination limitations on samples of
a minimum size. As indicated by the species aregedor Martha’s Vineyard,
Petersham, Blue Hills and Levi Pond the numberatspgampled in each region are not
entirely representative of the regional specidsnass (Appendix VI)

In a continuation of this study it would also bgportant to more thoroughly
examine the influences of historic disturbancesh@understory vegetation. This study
only touched on disturbance history briefly usiegaining landscape clues as indicators
of disturbance and relating these hints to thegores and absence of rare and
weedy/non-native species. However, given a moralddtand thorough description of
land use and disturbance data could be analyzedination and statistical analysis. In
the future it may be useful to employ GIS aeriabtplgraphy from the past to fill in gaps
in the historical data and to get a more comprekenscture of when land was cleared
and the scale of these clearing events.

Finally, just as this study will benefit from amcreased sample size as additional
plots are surveyed, the possibility of the samesdieing revisited and sampled ten,
twenty and potentially 100 years from now will colptite to the overall
comprehensiveness and interest of this study. Bingdhe dimension of time, not only
will it be possible to track changes in species position on a temporal scale, but it also
opens up the possibility of directly observing dinel vegetation changes that correspond

with each successional stage.
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Appendix I: Understory Species Key

ABIBAL Abies balsamea Balsam Fir

ACEPEN

ACERUB Acer rubrum Red Maple

ACESAC

ACESPI Acer spicatum Mountain Maple

ACTRUB

AMEARB Amelanchier arborea Serviceberry

AMELAN

ANEQUI

ARANUD Aralia nudicaulis Wild Sarsaparilla

ARITRI

AROSPP Aronia sp. Chokeberry

ASTACU

ASTCOR Aster cordifolius Blue Wood Aster

ASTSPP

ATHFIL Athyrium filix-femina Lady Fern

BAZTRI

BERTHU Berberis thunbergii Japanese barberry

BETALL

BETLEN Betula lenta Black Birch

BETPAP

BETPOP Betula populifolia Grey Birch

BOTVIR

BROTEC Bromus tectorum Cheatgrass

CALCAN

CARCAR Carpinus carolinus American Hornbeam

CARGLA

CARSPP Carex sp. Sedge spp.

CARTOM

CASSPP Castanea spp. Chestnut

CAUTHA
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CHAANG

CHIMAC

CHIUMB

CLEALN

CLIBOR

COPTRI

CORALT

CORCAN

CORCOR

CORFLO

CRASPP

CYPACA

DALREP

DENPUN

DESFLE

DRYCAR

DRYMAR

DRYSPP

EPIANG

EPIREP

EQUSYL

EREHIE

EUTCAR

FAGGRA

FRAAME

GALSEP

GAUHIS

GAUPRO

GAYBAC

GAYFRO

GERROB

GOOSPP

Chamerion angustifolium

Chimaphila umbellata

Clintonia borealis

Cornus alternifolia

Corylus cornuta

Crataegus sp.

Daliharda repens

Deschampsia flexuosa

Dryopteris marginalis

Epilobium angustifolium

Equisetum sylvaticum

Euthamia caroliniana

Fraxinus americana

Gaultheria hispidula

Gaylussacia baccata

Geranium robertianum
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Fireweed

Pipsissewa

Blue Bead Lily

Alternate Leaved Dogwood

Beaked Hazelnut

Hawthorn

Robin Runaway

Hair Grass

Marginal Woodfern

Fireweed

Woodland Horsetail

Slender Goldentop

White Ash

Creeping Snowberry

Black Huckleberry

Geranium




GRASPP

GRASS

GYMDRY

HAB SP

HAMVIR

HEPAME

HOUCAE

HYPRAD

ILELAE

ILEOPA

ILEVER

JUNCOM

KALANG

LAC SP

LILORC

LONCAN

LYCANN

LYCCLA

LYCCOM

LYCLUC

LYCOBS

LYCSPP

LYCTRI

LYOLIG

LYSQUA

MAICAN

MALSPP

MEDVIRG

MELLIN

MITREP

MONHYP

MONUNI

Grape spp.

Gymnocarpium dryopteris

Hamamelis virginiana

Houstonia caerulea

llex laevigata

llex verticillata

Kalmia angustifolia

Lily/orchid

Lycopodium annotinum

Lycopodium complanatum

Lycopodium obscurum

Lycopodium tristachyum

Lysimachia quadrifolia

Malus sp

Melampyrum lineare

Monotropa hypopitys
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Grape spp.

Oak Fern

Witch Hazel

Azure Bluet

Smooth Winterberry

Common Winterberry

Sheep Laurel

Lily/orchid

Lycopodium Annotinum

Lycopodium Complanatum

Lycopodium Obscurum

Lycopodium Tristachyum

Whorled Yellow Loosestrife

Apple

Narrowleaf Coweheat

Pine Sap




MYRPEN

ONOSEN

OSMCIN

OSMCLA

OSMREG

OSMSPP

OSTVIR

OXASPP

PANTRI

PARQUI

PHECON

PHEHEX

PICRUB

PINRES

PINSTRO

PLARUG

PLASPP

POL SP

POLACR

POLBIF

POLPUB

POLVIR

POPGRA

POTSPP

PREALB

PRETRI

PRUPEN

PRUSER

PTEAQU

PYRASA

PYRROT

PYRSPP

Myrica pensylvanica

Osmunda cinnamomea

Osmunda regalis

Ostrya virginiana

Panax trifolius

Phegopteris connectilis

Picea rubens

Pinus strobus

Plantago sp.

Polystichum acrostichoides

Polygonatum pubescens

Populus grandidentata

Prenanthus alba

Prunus pensylvanica

Pteridium aquilinum

Pyrola rotundifolia
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Bayberry

Cinnamon Fern

Royal Fern

Hophorn Beam

Dwarf Ginseng

Long Beech Fern

Red Spruce

White Pine

Plantago sp.

Christmas Fern

Hairy Solomon's Seal

Bigtooth Aspen

White Rattlesnakeroot

Pin Cherry

Braken Fern

American Wintergreen




QUEALB

QUERUB

QUESTE

QUETUR

QUEVEL

REDCAN

RHOVIS

RHUCOP

ROSBLA

ROSSPP

RUB SP

RUBALL

RUBFLA

RUBFRU

RUBHIS

RUBIDE

RUBOCC

RUMACE

RUSHSPP

SASALB

SMIRAC

SMISPP

SOLRUG

SOLSPP

SORDEC

SORSPP

SPISPP

STRAMP

STRROS

THENOV

TIACOR

TILAME

Quercus alba

Quercus stellata

Quercus velutina

Rhododendron viscosum

Rosa blanda

Rubus spp.

Rubus flagellaris

Rubus hispidus

Rubus occidentalis

Rush spp.

Smilacina racemosa

Solidago rugosa

Sorbus decora

Spirea sp.

Streptopus roseus

Tiarella cordifolia
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White Oak

Post Oak

Black Oak

Swamp Azalea

Smooth Rose

Rubus spp.

Dewberry

Dewberry

Black Raspberry

Rush spp.

False Solomon's Seal

Goldenrod

Mountain Ash

Spirea

Twistedstalk

Foamflower




TOXRAD Toxicodendron radicans Poison Ivy

TRAPRA
TRIBOR Trientalis borealis Starflower
TRIERE
TRIUND Trillium undulatum Painted Trillium
TRIVIR
TSUCAN Tsuga canadesis Eastern Hemlock
VACCOR Vaccinium corybosum High Bush Blueberry
VIBACE Viburnum acerifolia Mapleleaf Viburnum
VIBDEN Viburnum dentatum Arrowwood
VIBLAN Viburnum lantanoides Hobblebush

VIOSPP

VITSPP Vitis sp. Grape sp.

Appendix Il: Tree Species Key

Abibal Abies balsamea Balsam Fir
Acepen

Acesac

Amespp

Betall

Betpap

Carcar

Cartom

Clespp

Faggra Fagus grandifolia American Beech
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Fraame

Hamvir

lllver llex verticillata Winterberry

Lyospp

Ostvir

Pinres

Popgra

Poptre Populus tremuloides Quaking Aspen

Prupen

Quealb

Queill Quercus flicifolia Scrub Oak
Querub
Quercus stellata Post Oak
Rhovis Rhododendron viscosum

Robpse

Sasalb Sassafras albidum

Queste

Quevel

Tsucan
Vaccor
Vibden Viburnum detatum Arrowwood Viburnum
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Appendix lll: Species Presence or Absence by Region

Species Martha’s Petersham Blue Hills Levi Pond
Vineyard

Acer pensylvanicum

x
x
x

x
x
x
x

Amelanchier arborea

Berberis thunbergii

Castanea sp.

x

Cornus alternifolia

Corylus cornuta

Gaylussacia baccata

Hamamelis virginiana

llex opaca

Juniperus communis

x

Lonicera canadensis

Malus s

Ostrya virginiana

uercus turbinella

Rhus copallina

Rubus allegheniensis

x

Rubus fruiticosus

x

Rubus ideaus

Rubus sp.

Sorbus sp.

X

XX X
XX XX X

X

x

Vaccinium corybosum

Viburnum casseniodes

x
x

Viburnum lantenoides

x
x

Abies balsamea

Betula alleghaniensis

Betula papyrifera

Carya glabra

Castanea sp.

x
x
x

Fraxinus americana

x

Pinus resinosa

Populus grandidentata

Quercus alba X X
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Quercus stellata X

Sassafras albidum X

X X X

Tsuga canadesis

Athyrium filix-femina

Dennstaedtia punctilobula

x
x
x

Dryopteris marginalis

Equisetum sylvaticum

x
x

Onoclea sensibilis

Osmunda claytonia

X
X
X

Phegopteris connectilis

Polypodium virginianum

x
x
X

Pteridium aquilinum X

Amemone lancifolia X

x
x
x
x

Aralia nudicaulis

x

Aster acuminatus

x
x
x

Aster sp

x

Caulophyllum thalictroides

X

Chimaphila maculata

x
x

Clintonia borealis

x
x
x

Cornus canadensis

Daliharda repens

X

Epilobium angustifolium

x

Euthamia caroliniana

X

Gaultheria hispidula

x

Geranium robertianum

x
x

Habenaria spp.

x

Houstonia caerulea

X

Lactuca sp

Lysimachia quadrifolia

Medeola virginiana

x
x
x
x

Mitchela repens

x
x
X

Monotropa uniflora

X
x
x
X
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Parthenocissus X X
uinquefolia

Plantago sp.

X
X

Polygonatum pubescens

x

Prenanthus alba

Pyrola asarifolia

Pyrola sp.

x

Rubus occidentalis

X
X
X

Smilacina racemosa

Solidago s|

x

Streptopis amplexifolius

X

Tiarella cordifolia

Tragopogon pratensis

x
x
x
x

Trientalis borealis

x
x

Trillium undulatum

x
x
x

Viola sp.

x

Bromus tectorum

x
x

Carex spp. X

X

Phalaris arundinacea X

x

Rush spp. X

x
x

Lycopodium annotinum

Lycopodium complanatum

x
x
X

Lycopodium obscurum

Smilax sp. X
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Appendix IV: Weedy/Invasive Species

Species Martha's Petersham Blue Hills Levi Pond
Vineyard

Rubus ideaus

Plantago rugelii

Epigaea repens
Houstonia caerulea
Hypochoeris radicata
Epilobium angustifolium
Chamerion angustifolium
Geranium robertianum X
Berberis thunbergii X
Parthenocissus quingquefolia
Rubus fruiticosus X

Total 5 1 6 1

XX XX

XXX X

X
x

Appendix V: Rare and Threatened Species

Species Martha's Petersham Blue Hills Levi Pond
Vineyard

Cornus florida X
Polygonatum biflorum X

Pyrola asarifolia X X

Galium septenrionale X

Sorbus decora X
Rhododendron viscosum
Total

w X
W X
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Appendix VI: Species limits curve for Martha’s Vineyard, Petersham,
Blue Hills, and Levi Pond.

While the species area curves for the four regtimsuggest that the species
richness is reaching a constant all four regidmes curve has not yet reached a
plateau and therefore is not entirely represergaiispecies richness. The dashed
line indicates the species confidence intervatwé standard deviations.

Species Area Curve; Martha's Vineyard Species Area Curve; Petersham

e n=20 oo n=9

,,,,, oot n=70 er o Sl n=18
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