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Abstract

The last century has been a time of extreme changes in forest habitatsauttiheastertnited States.

The southern portion of the Cumberland Plateau has been especially hard hibagdile alterations of
dominant disturbance regimes, multiple introdiidece species and tree pests, and a host of other
anthropogenic influences fundamentally altering forest composition. Despite the conservation importance
of the region, relatively little wér has been done quantifying patterns of composition change at the
multiple-decade level, and less has been done to relate these patterns to historical anthropogenic influences.
Using historic forest inventory data and timber harvest records, we weredhléd a spatial database of
historic forest composition and land use from the 1950s to present on the 8,000 acre historic domain of
SewaneeThe University of the SouthLand use patterns were mapped over the wBalmain as was

historic forest composdn. Change in dominant canopy cover was then analyzed, and current composition
was related to land use history. Land use history had a significant effeatrent forest communities and

was able to explain &rge portion of current forest compositiomhese findings are discussad the

context of narrative accounts of forest change at Sewanee daty to the 1900s and scientific
investigations of forest change for tsmuthern Cumberland Plateau in general.
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Introduction

Anthropogeniactivitiesdrive biological community change at a broad range of spatial
and temporal scales (Vitousek 1992, Vitousekl 1997, Evangt al 2002,Haskelet al 2006,
McGrathet al 2004, Olsen and Dinerstein 200Zhe rapidity of anthropogenic community
change can have worrisome consequences for ecosystem and humaraheéatsessing human
influences on biological communities has come tedrgral tothe disciplineof ecology (Chapin
et al 2000, Vitousek 1992, Vitousek al. 1997).In the case of forests, changes in forest
structure and tree species composition aréiqularly consequential dlsey fundamentally alter
the habitat and resourcesnearlyall forestdwelling organisms (e.g. Holmes and Sherry 2001,
Rooney and Wéér 2003).

In easterrJS foreststreecommunity changlas been particularly dramatwith major
changes in the dominance structure of the forests over the last century (Abrams 1998, Abrams
2003, Oalet al. 1998 Anagnostakis 1987Anthropogenic influences including exotic species
introduction, laneuse conversiorpgging fire suppression, pdator removal, and climate
change have been the primary drivers of the recent forest change (Foley 1903, Cheston 1953,
Daleet al. 2009, Evangt al 2002, Myerst al. 2004, Hiers and Evans 1997, Rogsal 2010,
Reidet al 2008).Logginghas been nely ubiquitousin these forestéHinkle 1989 Maseket al
2008 Braun 1950Elliott and Swank 20Q8vicDonaldet al 2002, and indeed on the uplands of
thesouthernrCumberland Plateaun-logged forest fragments am@niscule and raréHinkle
1989, Braun 250) Despite the widely acknowledged importance of timber harvest history on
forest composition (e.g. Reat al 2008, Elliot and Swank 2007), no study has examined the
comparative effects afaryingharvest regimes ogasterrJS forest compositionIn this study
examine community change over 50 yestrSewanee, TN, on tlseuthernrCumberland Plateau
and investigate the interrelations of current community dynamics and logging history at a
landscape levellhese changes are discussed within the braaeext of forest changand
anthropogenic influence on the Cumberland PlateaweasbrriJS forests in general.

Forest Ecology of the Southern Cumberland Plat&itetching from mieKentucky all
the way to nahernAlabama, the Cumberland Plateau ismajor component adoutheastern
U.S.forestsAs part of the | arger AdAAppal acarradn and m
global conservatiomalue Olsen and Dinerstein 20p2and various counties within the Plateau
have been identified as hotspotseadangered species diversity (Dobsvmal 1997).For
thousands of years, fire has been the dominant disturbance regime on the Cumberland Plateau
(McEwanet al. 2007,Delcourtet al 1998, Foley 1903). It has been hypothesized that fire
history has beea key determinant of current regional forest compositMcEwanet al. 2007,
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Abrams 2003Delcourtet al. 1998; however firesuppression management has practically
eliminated fire as a regular disturbance on the Cumberland Plateastddk grazing waan
importantdisturbance in the fcentury until freerange livestock became uncommon in the
southeastertnited States (Foley 1903). Recently predator removal has caused explosive white
tail deer Odocoileus virginianuspopulation growth, and deer bvee is currently a major

source of disturbanc&yanset al 2002. Human timber extraction has been an ongoing but
spatiotemporally heterogeneous disturbance on the Cumberland Plateau since European settler
arrival c.1800A.D. (Foley 1903, Delcouet al. 1998). Windthrow has also been documented as

an important source of forest gaps in southeastern forests, and in the coves where fire has been
less commonvindthrowmay be the historic dominant disturbamegime(Greenburg and

McNab 1998, Foley 1903).

Charging disturbance regimes have been the primary hypothesized driver for forest
change in the Cumberland Plateau region (e.g. Abrams 2003, Dedtalir1998,McEwanet
al. 2007, Myerset al. 2004, Galbraith and Martin 2005). Particulafisg-suppressiomas been
cited as a preliminary driver of succession frQurercusto Acerdominated understories in
southeastern forestgresumably with futurécerdomination in the canopy (Abrams 1998,
Abrams 2003, McDonaldt al. 2002, Reicet al 2008). Firedominaed disturbance regimes have
been shown to improv@uercusestablishment (McEwaet al. 2007, Greert al. 2010,
Blankenship and Arthur 2006, Roystal 2010) while the dedsrowse and windthrow regimes
that have come to replace fire in southeastern tores/e been shown to favacer (Abrams
1998, Greenburg and McNab 1998, Bramble and Goddard HzsB8and Grissind/ayer,
2009.

In contrast to thextensiveresearch on how debrowse and windthrowaffect forest
change, little work has examined eastemest change as a function of harvest history.
McDonaldet al. (2002) investigatkoak decline and maple increase among patches of different
successional state, finding that oak is actually increasing in early successional pine stands
Unfortunately McDonaldet al (2002) do not qualify specific langse historiesSeveral studies
havecompared composition of harvested (usually clear cut) areas with nearby virgin forest (e.g.
Muller 1983, Parker and Swank 1982); these studies merely compare the loggetbgged
and are thus of limited use on theuthernrCumberland Plateau where virgin forests are
practically norexistent In addition, the time scales examinedagged vs. udogged studies
tend to be short (235 years) and thus only capture eatdgeessional responses to timber
harvestsNowacki and Abrams (1994) examined forest composition as a function of disturbance
intensity in Pennsylvania, using dendrochronological data to infer gap openings and thus
disturbance/harvests. Oaks, white pinesl @lip poplar were found to respond well to
disturbance compared to maples, bircla@si hemlock, indicating a role for anthropogenic
disturbance for maintaining oak populations. Without specific historical data cusand
however, the exact naturetbie disturbances cannot be assessed.
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Land-use and forest dynamics at Sewarde unique combination &,000 +acre land
holdings and an academic mission brought modern forestry to The University of the South in the
earliest days of the scien@ccountsof modern forestry date to 1900 (Foley 1903), and
Sewanee forests were methodicahd scientificallyexploitedunder the supervision of a full
time forester from 1950990. Because of thg/stematiextraction of timber, Sewanee has
likely sustained ma intensive harvesting activity than the opportunistiel@fygedprivate
forestscommon in the regiofdonEvans, pers. com.). One benefit of theeliberatenature of
timber extraction at Sewanee is that record keeping was as methodicdlersextradon,
allowing us to quantify landise and forest change for the past-oalitury. The extensive data
on forest use at Sewanee provide a unique opportunityégtigate whether there domg-term
impactson forest ecologwssociated wittimber harvestig on the Cumberland Plateau.
Furthermore, wh descriptive forest composition and structure data dating back to the turn of the
century and quantitative composition and structure data from the early 1950s, the university
Domain (norcampus landholdings$ an ideal location faresearclon forest change on the
Cumberland Plateau.

In this studyl use50 years ofnanagement records, forest inventory data, and timber
harvest records to describe historic patterns of land use and forest change in the wobdlands
The University of the Soutim SewanegTennesseelhis is integrated with a narrative account
of forest use and change over millennia@émonstratéhe complexnteractionsof
anthropogenic influencand forestecologyand provide a complete histooy the Sewanee
forests.To asses overall forest change at Sewanee, change in forest structure and composition
from 19522001 was quantified ammbmpared with other forest change stuavith the
hypothesis thatwould see similar trends in oak declinelanaple increase observed throughout
the Southeast.dnduse and timber harvest history for the last 60 yeasthendocumented
and mapped tesedwhetheror nottimber harvesting had loAgrm effects omplandforest
ecologyby comparing both commumicomposition and structure with timber harvest history;
Given the extensive period of time since last hartdstpothesized that forest structure would
be completely recovered from logging and thus would not be det@t@anduse history,
howeverbecaise logging was the dominant disturbance regime on the plateau for the last 60
yearscontinuing effects of landse history would be seen in forest composition.
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Forest Description andearly History

Site Desaption and Characteristics of Forests of the Southern Cumberland Plateau

TheDomain of Sewanee: The University of the South is locatsduthernTennessee
on the plateau and escarpments in southern district of the cliffs section of the Cumberland
PlateausensuBraun 1950)n thesouttwesternAppalachiarecoregionsensuePA 2011) By
Small eyds (1982) cl| aslisatthe northtedgeaf thesglg disaestede 6 s f o
southern portion of the Mi€Cumberland Plateau, containimgakly dissect# plaeau surface
andStrongly dissectedanr gi ns and si des of t higacpnpadtivelgz u. Th
flat upland expanse, also referredtoas sigp p | at e au onarging and sidesdotthe T h e 7
p | ataeeacamprised of escarpmentscoves which dissect the uplands and form the
transition between the southern Cumberland Plateau and the lowlands of the Highland Rim to the

west and the Tennessee River valley to the south and east.

Physical characteristicsvarious Pennsylvanian sandstosind shale formations
comprise the uplands of the Cumberland Plateau, with the underlying Mississippian limestone
exposed in the middle and lower slopes of the cove. At Sewanee, upland formations include
Raccoon Mountain formation, Warren Point Sandst8ignal Point Shale, Sewanee
Conglomerate, and Witwell Shale. The plateau is comparatively flat, with topography described
as fAigently rollingod (Cheston 1953) and with e
about 550b60m the plateau ends at aegtdluff line and the cove forests begin; the
Pennsylvanian sandstone and shale formations continue to underlie the steep, often sheer upper
ranges of the coves before a transition to Mississippian limestone formations between 450m
550m. In the mid and loer slopes of the coves the formations include Pennington formation,
Bangor limestone, Hartsell formation, and Monteagle limestone, with a small corner of St. Louis
|l i mestone at the bottom of one Sewanee cove (
exterd into the lower slopes where the plateack has crumbled into the cave

Smalley (1982) describes soils of the region as ranging from very poor to moderate; the
plateau soils are derived from sandstone bedrock with limited weatherable mineral content,
leading to poor, often acidic soils with poor water retention capabilities. At the highpoints on the
plateau erosion works to create shallow, xeric ridges with low organic content, while at the
opposite extreme swampy drainages and ephemeral wetlands tloeguyales of the plateau.

The upper escarpments and sandstone ridges in the cove show similarly poor soil, however in
most of the cove the Mississippian limestone weathers into a rich, findrelgyently found

mixed with sandy wash from the plateau\ad@-oley 1903, Smalley 1982, Soil Survey Staff
USDA 2008).
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The climate at Sewanee falls within Thornt
Seasonal variation is low, with winter lows averaging arodfid and summer highs averaging
around 28C (SERCC2010); the overall mean temperature is abof€ISmalley 1982). Mean
annual precipitation is 120cm, with peaks of rainfall in winter and early spring (~14cm/month)
and a drier period from Augustovember (~10cm/month; SERCC 2010).

Regional forest classdation and compositianVhile sporadic treatments of forest
communities on the Cumberland Plateau can be seen as early as turn 8faeetacy (e.g.
Foley 1903), the first comprehensive description of the region is usually ascribed to Braun
(1950), wio classified the region as belonging to the Mixed Mesophytic Forest Region.
Although Braun (1950) admits thte forests on the uplands more closelsemble oakickory
andoakc hest nut forests in their compwse ti on, she
di ssected, as it is farther north, mixed meso
1950, p114115); Nevertheless, Smalley (1982) pointedly observed that characterization of
current vegetation patterns may be more useful than those whichahbe observed for
millennia, and Rei@t al (2008) made the point that sudaterministic theory of forest
composition is now generally discredited in favor of dynamic, disturbbased models. Hinkle
(1989) also objectsetp|l BraamwmdsBodescyopdudonalbpf
hi ckory ¢ ompooankedn th a sii nbiexeend s u glgiesk erdy 6 n( Rd mTeu rc
The coves in most of theuthernCumberland Plateau do support mixedsophytic
communities in the richer, moreasic limestone soils along with ochlckory forests in the drier,
poorersoiled sandstone ridges and uppscarpments (Braun 1950, Hinkle 1989).

Hinkle (1989) probably offers the most comprehensive treatment of the composition of
southernrCumberland Plaau forests; in addition to his own doctoral thesis, Hinkle (1989)
summarizes findings of 16 other studiessonthernrCumberland Plateau vegetation to create a
comprehensive description of upland and ravine (cove) communities. Hinkle (1989) divided the
plateau into thirteen communities: Red mayer birch-holly, hemlock, red maple, red maple
white oakblack gum, white oak, chestnut oak, mixed oak, scarlet oak, shortleaipiteoak,
post oakscarlet oak, blackjack oak, and Virginia pine; all butftret two can be found on
Sewaneeds domain. The | andscape position to w
canbeseemi Tabl e 1, a limporgncewaltel of bk and Hickddrseach
community type.

Fourteen cove communities are atlscribed by Hinkle (1989): river birch, hemlock,
white pine, white oakorthern red oak, beethlip tree, tulip treeshagbark (hickory), hickory
northern red oak, beech, northern red-sagar maple, sugar maphhite basswood, ash
buckeye, sugar maplehite oak, mixed oak, and chestnut oak; the first three of these do not
occur on the Sewanee domain. Again, Table 1 demonstrates the landscape position assigned by
Hinkle (1989) and importance values given to hickory species in the coves.
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Prehistoric andHistoric Land Use and Forest Composition at Sewanee

9500B.P-1800s A.D From early Holocene to settler erg/hile no studies have yet
exanined prehistoric forest conditions at Sewanee, we may infer general forest characteristics
from paleobotanical studies conducted elsewhere on the Cumberland Plateau; Be&dourt
(1998) studied sediment cores from plateau upland forests at Cliff FPadadan eastern
Kentucky while Delcourt (1979) looked at cores from lowland ponds adjacent to the plateau
escarments in White and Franklin Counties, Tennessee. The Cliff Palace Pond site occupies a
forest with similar composition to Sewanee upland foregth the principle exception of a
strong native pine component (Delcoettal 1998). Near the beginning of the Holocene (c.
9.5kya) plateau forests were characterized by a remaining boreal and cool temperate flora,
dominated by cedail hujaandJunipeussp.) with a spruceRiced component and mixed
disturbanceadapted hardwoods. These gave way to hemlbslkgg-dominated mixed
mesophytic vegetation with the wetter climate that characterized the Cumberland Plateau in the
mid-Holocene (c.7.3}.8kya), hen a resurgence of cedar followed a hemidiskase outbreak.
Forests finally took on their presediy characteristics of oak, hickory, and chestnut dominated
canopies around 3kya with a major increase in anthropo@éatore Americanuse of the
platear and associated intense fire regimes (Delogtuat. 1998).

The sites examined by Delcourt (1979) for valley and cove forests sit on the highland
rim with one pond (Mingo Pond) to the easid one (Anderson Pond) to the north of Sewanee.
In contrast to [ateau forests, Delcourt (1979) found very little change in lowland and
escarpment vegetation during the Holocene, with a stable mixed mesophytic forest having
succeeded the previous sprdmminated Pleistocene forests at the end of the last glaciadi perio
There is evidence from irewood OstryaandCarpinusspp) abundance that earlier Holocene
forests were both cooler and wetter than subsequenriateidHolocene forest, however since c.
9.5kya relative abundance of cove tree species appears to hameaiconstant until European
arrival and associated change in forest dynamics (Delcourt 1979).

Major changes were seen in both the cove and plateau vegetation records corresponding
with the coming of European settlers c. 200ya (Delcourt 1979, Deletalrt1998). Forest
clearirg is evidenced by increases agweed Ambrosiaspp.), and invasive European
herbaceous species show up in the pollen records (Delcourt 1979, Detclut©98). Settler
inhabitation of the Cumberland Plateau at Sewanee intlmt®duction of fregange livestock,
land clearing for agriculture, understory burning to facilitate livestock grazing, timber cutting for
heating fires and construction, and intensive chestnut gathering for livestock and human
consumption (Foley 1903All human activities had the effect of decreasing tree regeneration,
especially for chestnuts and hickory species, and generally decreasing forest density and
coverage across the plateau. The coves, in contrast, were left mostly alone due to inaggessibili
with only minimal removal of valuable trees from the upper reaches of some coves (Foley 1903).
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1903- Foleyand forest composition at the turn of the centumy1900 the Bureau of
Forestry sent John Foley to the University for the purpose of ovegsieirmanagement of the
Uni versityo6s domenatye Laimbertig et Setvanee kKTennessae the first
Domainwi de characterization of the UniDomeamsi t yos
specific forest history narrative. Accordit@Foley (1903), the forests of the University were in
fihorrible conditio® when he arrived. On the plateau, fire, grazing, and overexploitation had led
to asparsefisicklyo forest with a few oldiunsoundtrees, a great deal of sprouting, and very
littl e reproduction by seed. In the coves, in contrast, Foley saw an unexfioviedipe forest
t hat needed i mmedi ate harvesting. tetdyedrer Fol ey
harvest process that wousgistematicallyselectivelylog the entiretyof the University forests.
What is of particular interest for our study,
types and species of tl®main.

For the plateau, Foley (1903) divided the forest into four tyekered by increasing soll
moigdure and depth}the chestnut ridge, the hickory slopes, the oak flats, and the bditem.
chestnut ridge was obviously characterized by an abunda@astdnea dentat(chestnut),
which Foley say kept the xeric, hot, shallow soffall to themselves(although he also
mentionsQuercus montanéchestnut oak) as growing with chestnut in places). Hickory slopes
were actually said to be dominated by oak species, partic@adgccinegscarlet oak) withQ.
alba (white oak) andCarya glabra(pignut hickory being the other common species. The richer,
damper oak flats are dominated@®yalba with Q. coccineandQ. velutina(black oak, known
then as yellow oak)ccupying prominent places in the community as Weéle last plateau
forest type is the bottonwet, often swampy swales characterized by streams, ephemeral
wetlands, and wetlardssociated hardwoods likeer rubrum(red maple)Nyssa sylvatica
(black gum), andLiquidamber styraciflugsweet gum/red guml.iriodenron tuliperifera(tulip
poplar/yelbw poplar) andalix nigra(black willow) are also described in certain bottom
habitats, along with mor®. albaand occasionall@. coccinea

Because Foley never described the relative avéhass forest typedie structure and
composition of thelateal forests in general is hard to infer. Nevertheless, certain aspects of the
plateau forest are clear: the plateau, especially the drier areas, was sparse and badly deforested.
C. dentataQ. montana, Q. coccineandQ. albawere the major players in therést, although
it is unclear which of these held dominance in the sparse canopy. Finally fire, grazing, and
lumbering were the dominant disturbance regimes anéeleftargetrees or dead timber lying
around.

Fol eyds distinct i onushsilmmetwileanlythreecselfe t ypes ar
explanatory forest types: lower slopes, northern slopes, and southern slopes. The first of these is
comprised of the | owest reaches of Hawkinbs <c
Juniperus virginiangcedaj stands,Q. michauxii(cow oakéwamp chestnut oakQ. bicolor
(swamp white oak andAsimina triloba(pawpaw, with mixtures ofAesculus flavdyellow
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buckeye), Acersacchrum(sugar maplg N. sylvatica(black gun), and the variouQuercusand
Caryaspeciedound in the rest of thBomain Northern slopes are said to be the best in terms of
soil conditions and lumber quality, wiaryaspp. (especiallyC. glabraandC. ovatg

dominating in tandem wit. albg Juglans nigralblack walnut) Prunus serotingblack
cherry),Ulmusspp.(elms),Fraxinus americangwhite ash)Tilia heterophilia(basswood),
Magnoliaspp (cucumber and umbrella tree§), rubra(red oak), andLiriodendron tulipifera

are all described as being largely confined to these northepdgssihowever relative abundance

of these species are not described. Southern slopes are said to be drier and hotter, resulting in
dearth offivaluable tree3(e.g.Q. rubra) and a dominance @aryaspp, Q. alba andQ.

montana

It is clear from the abe thatCaryaspecies dominated the coves at the turn of tfe 20
century, withQ. albabeing the main compment to the hickory dominanc&ccording b Foley,
the cove forests were alstuchdenser thaonthe plateau, with limited fire, no grazing, and
minimal logging except drumming of valuable species (especially from Crownover (Dick) Cove
andRavar ks Cove). Bef or e,we oah assuinsthelcave foresstobec y c | e,
nearly pristine and representative of-gidwth cove forests in tr@uhernCumberland Plateau.

One i mportant caveat to Foleybés forest des
taxonomic accuracy: Foley seldom references specific areas@bthain, and much of what
Foley likely saw was in the heavier settled areasbhfe f or est t hat are now ¢

campuso (i.e. not included in our study). Fol
(most of the modern campus forest herein examined) as being in generally better condition than
therestofthefoet . There is also evidence +nhnelyQ.Fol ey

michauxiiandQ. bicolor were incorrect; efforts ongoing for more than a decade have failed to
find either species on tigomain JonEvans perscomm, Dwayne Estes persomm). One
possibility is that due to the lack of survey precision Foley was counting trees in the valley, no
longer recognized as part of the Sewanee Domain. Either way, we must bear in mind these

' i mitations in considering Foleyds wor k.

The primarypurpse of Fol eyds visit wabomanot to cl a
however, but rather to see to their systematic exploitation. Foley oversaw the removal of
6,000,000 board feet of timber (~15,008) finom accrosgshe Domain. Foley (1903) creates a
logging plan which would cut every corner of the historical Domain in ten years, and Weggins
al. (1941) indicate that all areas slated for harvest by Foley were cut byW¥8Ztave little
further spati al i nf or mat i on osabhstory pofiansd ofBick s cu't
Cove were left untouched (Smith and Suarez 2010). Badey t e n v1910) wésthe fird of
the massscale logging events at Sewanee, and was only outdone for sheer bgllagging in
the 195006s.

1911-1941 - the inbetweeryears After the thorough harvesting carried out in the 1900s,
the forestaunderwent minimal harvesting for 30 yeassthe University struggled to find
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direction for forestry activities. Fire was a more important disturbance than harvesting, with

anywhee from 100 to 1,000 acres burning annually, and most harvesting was for firewood

(Cheston 1953)igginsetal 1941)Fr om 1911 t hrough 1920 some #df
area uncut in the 190010 cycle) remained and the University sold over 1,00000@@d feet

from the forests (roughly 16of the volume soldinder Foley. In the 1920arvests dropgd to

a mere ~200,000 board feet, and from 12941 the total waless than 100,000 board feet.

A forest inventory and management plan was initiated theaend of thd 930s;however
the original data from that inventoryvebeen lostFrom the rough data available in the final
management plan, it appears that the forests were roughly twice as dense (on a tree/acre basis)
compared to our first true inagry from 1952), about equivalent to the density of the modern
forest (c2010)Department of Conservation and T\AR39) Species composition was only
given to species group, and was not broken down spatially or even by forest type. What we do
know is tha theQuercussectionLobataedominated (red oak group, 28.25% of forest), followed
by Caryasp. (hickories, 21.32%) and th&puercussectionQuercus(white oak group, 11.48%).
Chestnut had been extirpated from the forests in the region by the end 88@se(Delcourt
1979).

1942present Chestorandbeyond Charles Cheston was hired by the University in 1942
and immediately set about the methodical exploitation of the Sewanee {Uvegimset al
1941) Chestorkept records as meticulously and meticatly as he extracted timber, thus we
have detailed records of the harvest disturbance history starting in 1946 as well as compositional
data roughly every ten years beginning in 1952. Fire tiathce was mapped yearly from 1951
through 1956and basedo t he decl i nes seen on the maps as
after 1956 we may infer that pek®56 fire ceased to be an important part oMbenain timber
standsChest on al so began the Universityods exper.i
planting dozens of coniferous tree species; m
loblolly, and Virginia pne stands still dot the forest landscapel have become naturalized and
even invasiven some cases; all of these plantations were likewnapped and recorded.

Theextractiondominated managemerggime for theSewanee forestvould remainn
place until the late 1980&restmanagement during this period was characterized by almost
complete fire suppression, intensive selective timbesittlg some clear cutting, introduction of
exotic tree species (particulaynus taedandP. strobug, andpromotion of game populations
(Odocoileusvirginiana). Several researchest Sewanebave hypothesized confounding effects
of land-useon forest omposition on th®omain(e.g.Heirs and Evans 199Reidet al. 2008),
however ngreviousstudy has quantified and mapped historic management and its effects on
forest ecology
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Analytical Methods

The Sewanee Forest HistdPyoject The work of analyzing the forest history data began
in 2008 with the Sewanee Forest History Project. Summer interns digitized all the records from
the office ofDomainManagement, scanning over 3,000 documents related to historical forest
managerant. These documents range from maps and stocking tables to deeds, contracts, and
personal correspondences. A computer database was developed to provide access to the scanned
documents as well as provide edsyaccess basic information about each sudhasgvents
they refer to, the dates for which they are pertinent, and basic spatial information. In this study,
our task was to then take these documents and extract spatiotemporal data from harvest records
and forest inventories to reconstruct the aisel history of Sewanee and its relation to forest
compositim and change over five decades.

Changes in forest composition and structurkeree forest inventories were used in our
analysis: one in 195&yanning the whole histori@omain one in 197&overingmostly just the
plateay and onecovering the entire modeidomainthat was conducted over a period of four
years from1992001 (hereafter referred to simply as the 2001 inventbrygntory tabular data
for 1952 and 1978 was obtained directly from thfy/tsheets and entered into a Microsoft
Access data base with a record for each tree. For the 2001 inventory the data was already
digitized in Microsoft Excel in the same format described above. Spatial information was
obtained by scanning maps where meey pointlocations were handrawn, georeferencing
these maps, and placing point objects over mapped locations.-éolilgkcomprised of
compartment and plot numbers was generated for both the spatial and tabular data, allowing us to
link data from theAccess database directly to the geospatial points. For theirdgfiitory GPS
devices where used to locate either end of an inventory transect, and GIS was used to create
point objects for each inventory point along the transect, again linked to the @dtalaia a
compartmenplot link-code. For further discussion of these georeferencing methods and their
limits/hindrances, see McKenzie and Bradley (2011).

In all forest inventories, trees were sorted into size classes by English inches, and to
prevent bss of precisioh will continue to use English inches for size class measurements.
Furthermore, in the earlier inventories sampling methods varied by size class, with smaller
Apol eo -10eersD( &8mater at Breast Hewtgihmbertaltlriee
(11in+ DBH); pole trees correspond with subcanopy trees while sawtimber corresponds to
canopy treesThe 1952 and 1978 inventories wéa@h caxducted according to TVA (1951):
nested plots of 0.2, 0.1, 0.02, and 0.01 acres dranen out, vith all sawtimbetallied within
the 0.2acre plot and albfe trees tallied in the 0.1 acre plots. The 0.02 and 0.01 acre plots were
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used to designate fisample treeso and, in 1978
in our analysis. For eathee DBH class (to the nearest eviagh) was recorded along with the

species (or in the case of hickory, genus). In 2001, plot density was favored over @otsitte

trees over 3inches DBWeretallied within 0.05 acre plotgor compatibility, onlytrees 5+

inches DBH (fApoled trees) were considered in
recorded for each tree.

Although the 2001 inventory attempted to ID hickories to species, they are only
considered to genus in this study because of the extddfrculty in distinguishing hickory
species and hybrids. It is also necessary to note that other taxonomical inaccuracies may exist in
this dataset; in particular, concern has been expressed about the high density of chestnut oak in
the coves and the melow density of chinquapin oak (Jon Evans peocsnm). Chestnut and
Chinquapin are quite similar in appearance, and may easily have become mixed up in
identification. We also have no way to assess hybridization ameksyorknowledge of how
these hybds wherddentifiedin the inventoriesk-or more detailed descriptions of inventory
methods and discussion of their respective drawbacks, see McKenzie and Bradley (2011).

In order to provide comparable data, plateau forest compartments common to all
invenbries and cove compartments common to the 1956 and 2001dnesnwere identified
for usein this analysisThirteen plateau compartmerisd 12 cove compartments were
identified, and cove compartments were classified as north or south facing (fivéacorth
seven south facing). Stem density and basalvaeea foundor all sample points within ea
forest type (plateau, north cove, and south cove), then relativized by samplehareges in
basal area and stem density from 1952 to 2001 were tihgouted forsubcanopyrees and
canopytrees. Size class distributions for each forest type were computed for the 1952 and 2001
inventories and compared by plotting the changes in relative dominance of each size class
between1952 and 2001. Composition omplateau was analyzed for 1952, 1978, and B§01
comparingrelative dominance and total stem counttfer ten most dominaspecies within
subcanopyndtwelve most dominant species in t@nopy sizelasses for all three inventories.
Similar compositonal analysis was performed for the ten most domisiaimtanopy and canopy
species for north and south aspect coves in 1952 and 2001.

Land use and harvest histoylarvest spatial data came from three sources: harvest
summary maps, timber harvest contraated aerial imagery. The harvest summary maps are a
series of maps drawyearly from 1946 through 1956 plus one nfisggn 1993 where areas
contracted for harvesting are hasichwn as polygons over a genddomainmap (see appendix
1 for example). Date iglways recorded, and usually harvester information and timber quantity
are likewise indicated. Each of these maps was scanned and georeferenced to compartment
boundaries, then a ge®ctor representation of each harvest was created with tabular data for
harvest characteristics. Most timber harvesting orbsainwas contracted out to secend
party loggers, and each contract between them and the University contains spatial information in
the descriptions of where the logger was allowed to cut. Harvestvaneas almost always
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constrained by either the bltiffie, a fire lane, a road, a creek, a historic fence line (around the

old UniversityFarm), or the University property line; we have geetor objects for all of these
features, allowing us to trace theo create gewector representations of the areas specified on
harvest contracts. Tabular data on harvest characteristics was also created using information
from the contracts and associated marking summariegatdtions, and receipts. Occasionally

a map would be associated with the contract which would allow us define harvest boundaries at a
more precise scal@rocedure for digitization of this data follows that given for the harvest
summary maps. Finally, for certain harvests conducted in thesE9§6neric contract was drawn
without specification of harvest areas; in most cases these cuts were marked on the 1993 harvest
summary map, but occasionally it was necessary to locate and delineate the cuts using geo
referenced aerial imagery (NHAP 1985 all cases, gewector representations of harvests were
correlated (often contracted harvests were represented on the maps amsag@and then

compiled to create a spatial vector database of all recorded harvest event®omare

The harvestmatial database described above was used to map patterns of timber
extraction across tHeomain For each harvest where information on intensity/volume harvested
was available§1/110,74%) this was converted to a rough tonnage of timber removed. Rough
tonnage and harvest date were stored in the harvest vector objects, and then all harvest vectors
were split along common boundaries with rough tonnage divided proportionally by area.
Overlapping harvest areas were subsequently dissolved with a data colurtingcbhaw many
di ssolved (count, or fAharvest frequencyo), an
column recording the most recent harvest date. Finally, rough tonnages were relativized by area
giving a measure of total harvest intensity. Harvessjidency, most recent harvest date, and
harvest intensity were mapped over the Sewanee landscape to give a visual representation of
timber harvest characteristics for the eni@mainfrom 19452000.

Effects of land use on current forest compositlarorder to isolate land use effects, 22
A h ar-tajectotyar eas o (HTAs) were identi fi(sme with hol
logging events over the entire ared)ithin each area 15 sample points from the 2001 inventory
and 4 sample points from the 1962entorywere chosels a function of proximity to area
innercentroid For the 1952 inventory sample area thus totaled 0.8 acres per HTA, while for the
2001 inventory, sample area totaled 0.75acres per. Hd#est composition in terms of
stems/specied all pole and sawtimber trees was then computed for each HTApand a
ordination usindNorn-metric multtdimensional scalinNMDS) was run on all HTA$or both
years. Two axes were extracted in our NMD&.oduced coniferous specidiffus taeda, Pinus
strobus andPinus virginig were excluded from the analysis as their presence was entirely a
factor of human planting and surviyalomotion (McKenzie and Bradley 201Two
individuals with questionable identification/position in the canopy were excluwhed (
chinquapin oak and one serviceberdMinimum VarianceClusterAnalysis was performed
and the dendrogram overlayed on a map to check for clustering by geographic location.
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Harvest frequency, years since last harvest, and harvest intensity (tormaged&cre)
were recorded for each HTA, and relative site moisture at each sample point was calculated and
averaged over the 15 sample points in each HTA. Site moisture was obtained from a
Topographical Relative Moisture Index model calculated from the®J8@n Digital Elevation
Model for the Sewanee Quad. Each of these variables was in turn used irdamaoiional
linear regression model fthetwo NMDS axesStem densitybasal areaand mean DBHRvere
calculated for each HTAnd compared to all comlations of laneuse variables via
multidimensional linear regression.

Software and technical specificatioddl GIS work was conducted using Manifold
System8.0 (Manifold 2007) Areas were calculated from a WGS84 datum using the UTM zone
16 projection. Map were rectified using polynomial affine; polynomial degree varied according
to whatgavebest results, but was usually betwe&miégree and'3degree Minimum Variance
Cluster Analysis \asconducted using MVP 3.1(Kovach 1999)NMDS andMultidimensioml
linear regressiawereperformed usindgR 2.12(Team R. D.C2011); NMDS analysis used the
vegan library metaMDS algorithm with twaxes extraction specified and all other parameters
set to default
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Results

Forest StructureBoth baal area and stem density decredsstdveen 1952 and 2001
all forest ypes for both sizelass groupgFigure3, Figure4). The most marked change in basal
area wasn the plateasubcanopyategory (+212%), with the least change in natpect cove
subcanopyrees (+134%). For stem density, the largest increase was again seen in plateau
subcanopyrees (+509%), however the least change was observed in theaspettt ove
canopy(148%). One average, the plateau change was higher than in north easmethcoves
(+584%, +445%and +422% respectively).

Relative size class distribution showed change in plateau-agpérct coves, and south
aspect covedHgure5, Figure6, Figure7), with the greatest diverge being in scapect coves
(correlation=97.3%), followed by plateau (correlation=97),8%bth northaspect coves showing
least change (correlation=99.3%). In plateau for@stssoutkraspect cove foresta visible shift
was sertowards smaller size classes, whilenorthraspect cove the relative size class sift
towards larger treesgure5, Figure6, andFigure?).

Forestcomposition On the pateaucanopyin 1952 was completely dominated by
Quercus coccineavith strongNyssa sylvaticaQ. montana andQ. velutinacomponents (Map
4, Figure8). Plaeausubcanopyomposition in 1952, in contrast, was dominate@bynontana
with Caryasp andQ. velutinabeing the secahand third most abundant species, respectively
(Figure9). Q. coccinealensity sharply decreased in 1978, however continued to hold dominance
alongside increasing amounts@f montanaQ. albg andCaryasp.; Nyssa sylvaticacanopy
experienced a drastic drop in abundance between 1952 and 1978 BigapeR). Q. montana
maintainedsubcanopylominance with a slight drop in density, whide albaandQ. coccinea
both increaed in density to take the place of slightly decreaSiayasp andQ. velutinaas
second and third most abundanbcanopypeciesFigure9). Canopyin 2001 was characterized
by an increase in stem dendity all of the most abundant specasmpared with 1978, with a
particularly massive increase@ montanaas it recruited from theubcanopylass to become
the dominant plateacanopyspeciesQuercus albalso increased substantially to catch up with
Q. coccineaas equally seconohost dominantanopyspecies (Map 6rigure8). In the
subcanopylass most species experienced similar density increases, with the noteworthy
exception ofQ. coccineaPinus taedaandQ. veluting Quercus albaandOxydendron arboreum
showed particularly marked increases and each ranked just lighmndntanan subcanopy
stem densityKigure9).
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In north aspect covaSaryasp was the most abundacanopyspecies in 1952, followed
by Q. rubra, Q. montanaandLiriodendron tulipifera(Map 4,Figure10). In the N. cove
subcanopylasse<aryalikewise held dominance, howev&cersacchrunmformed a prominent
pat of the forests alongside tulipiferaandQ. montangFigurell. By 2001 massive increases
in L. tulipiferaand moved it into the dominant position in t@opy while a relatively even
greater increase iA. sacchrumhad moved it to third afteCaryasp; Q. rubrawas the only
commoncanopyspecies to experience density declines between 1952 and 2001 (FMisui@
10). A. sacchrund dramatic rise ircanopydensity fom 1952 to 2001 was exceeded only by its
rise insubcanopylensity over the same period, coming to dwarf the athlecanopypecies in
stem density. Meanwhil&aryasp., Q. montanaQ. rubra, andCornus floridaall experienced
decreases iaubcanopylengty, with L. tulipiferab s densi ty i ncrea®e all owi
montanafor third most abundarsgubcanopypecies afteA. sacchrumandCaryasp. (Figure
11).

In 1952 thecanopyin southaspect coves consest primarily ofCaryasp., with Q. alba,
Q montanaandQ rubraeach sharing second pla@éap 4,Figurel?). Identical trends were
seen in thesubcanopylass, although dominance Garyasp. was more pronouncdéigurel3).
Caryasp. was downgraded to secentbst abundantanopyspecies by 2001 in soutspect
coves as in nortspect coves, however in the case of sasthect cove®. albarose to
dominance withQ. montam rising to third behindCaryasp; L. tulipiferaandA. sacchrumwere
seen to increase but not to the levels observed in theaspttt coves (Map Ejgurel?). A.
sacchrundid show similar dramatic increasesthe soutkaspect coveubcanopylass,
however, coming to dominate aheadCafryasp. and the dramatically increasBadbina
psuedoacaciandQ. montangFigure13).

Land use and harvest histor total of 110 tmber harvest events were identified
between 1946 and 2000 with an associated removal of at least 100,000 tons of timber (Appendix
2). Compartment 19 and the upper reaches of compartment 23 were harvested most frequently
(10 occurrences per area), while gartment 1 and compartment 20 had the fewest harvests
with zero and one occurrence respectively (Map 1). The areas of greatest harvest intensity were
compartment 5 (172tons/ha), the upper reaches of compartment 23 (157tons/ha), and the
southern portion afompartment 10 (186ton/ha), while the most recent harvest recorded was the
southern portion of compartment 10 in 1999 (Map 2 and Map 3). The earliest harve$85@yre
focused on ash, hickory, and white oak (including chestnut oak), while later hameksied
gum, red oaks, tulip popl ar, mapl e, cedar, do

Harvest frequency was highest in 1951 (16 occurrences), followed by a steady high state
of 6-11 occurrences/year until the end of the decade. The yeard ®s®rto 1972 are
characterized by relatively low harvest frequency with only one to three harvests per year,
followed by an entire decade with only two harvests. Finally, a resurgence of harvest activity can
be seen from 1982 to 1986 with one to thre@dsts annuallyRigurel). There is one final
harvest on record after 1986, which took place in 1999 (this was exclude#ifforal for less
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confusing axis scaling). Amiilar trend can be seen in harvest intensity by yeigufe2), with
some obvious outliers representing particularly intense harvest events and harvest events with no
associated intensity data.

Effects olanduse oncurrentforestcomposition Non-metric multrdimensional scaling
showedclear compositional changes between 1952 and 2001, with the directionality of change
dependent of harvest histoffyigure14); while no dustering was observduefore most harvests
took place (i.e. in 1952), HTAs were seen to stratify according to harvest frequency by 2001
(Figure15) Minimum variance cluster analysis revealed two main clusters;twaracterized by
4-harvest, Eharvest, and-Barvest HTAs, the other primarily containingharvest and-Barvest
HTAs with one 4harvest and two-Barvest HTAs nested withifrigure16). Geographic
overlay of ths dendrogram revealed only minimal geographical clustekitag (7).

NMDS joint plot (Figurel15) revealedl952 plots where characterized by an abundance of
hickory, black oak, scarlet oak, chestnut oak, and black ¢u2001 HTAs which experienced
fewer harvests showed compositions more similar to 1952 site compositions, while areas more
frequently harvested were characterized by higher white oak, red maple, sweet gum, yellow
poplar, sassafras, black locust, andra@ad.

Multidimensional linear regression MMDS axis scores showed that land use history
has a statistically significant effect on current forest composition. Axis one was best explained
by a model of harvest frequency and harvest intenBigute17 ; R* = 062, P < 0.0QL). Axis 1
scoredecreasewith increasing harvest frequency and decreasing harvest intensity, with a
stronger relationship between Axis 1 score and frequdhey0.0001 slope =0.18) than wih
intensity @ = 0.14 slope =0.0@6). No model was able to statistically significantly explain axis
two. Regression also showed that current forest structure is independent of paselasino
land-use model was able to predict stem density, basal amean DBH P > 0.1 in all cases).
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Discussion

Change in Forest Dynamics

Our findings demonstrate that the forests of Sewanee are spatiotemporally dygnamic
multi-decade landscapeade characterized by longerm shifts in forest composition and
structureThis is in agreement with dynamic equilibrium theory and is consistent withssteer
specificstudies in the region (e.g. Heirs and Evans718®idet al 2008, Reid 2006). Treis in
forestchange largely parallel those described at other sites in the region (e.gt RleRDOS,
Reid 2006, Galbraith and Martin 2005, Myetsal. 2004), however several landscdeeel
trends in forest composition change seem to be unique targew

The increase in both basal area and stem density for all forest types in both size classes is
consistent with a foresegenerating aftdogging (Muller 1983, Arthuet al. 1997), although
old-growth forests in the region have shown parallel tré@ddbraith and Martin 2005).
Interestingly,l did not find major differences in relative size class distribution between 1952 and
2001; size class distribution has been used as a proxy for recovery from logging (Muller 1983),
however our results show lgtdifference between size class distribution in the middle of a
logging regime (1952) and size class distribution aftes@@ears of recovery. Analysis of size
class distributions broken down by harvest trajectory (e.g years since last harvest, harvest
frequency) may further elucidate this trehdlso did not observe the significant changes in size
class distribution observed for the Sewanee forests bydRaid(2006), however this is likely a
function of our not examining the smallest size clag@&s5cm) where Reidt al. found the
greatest change.

Forest composition change from 1952 to 2001 was dramaticawitlange in dominant
species for each forest type and size class except pltbaanopyFigures 813). Several
trends in forest changd Sewanee matched those described elsewhere inclyetiegal increase
in stem density and basal ar€ajercussect.Lobatae(red oak)decline, loss o€ornus floridain
the northaspect covesndproliferationof Acerspp Interestingly, white oak dede does not
seem to yet be concern at Sewanee, with every indication of successful recruitment of white oak
into bothfisubcanopy (-1®in DBH)andAcanopy ( > 1 1 isime clasBdd.)increase in pine
species on the plateau is expected given the exteplsingng ofPinusspp in the 1960s, and
increases ihiriodendron tulipiferaandRobinia psudeoacacidemonstrate the heavy, large
scale logging disturbance experienced between 1952 and 2001 (Busing 1995, Boring and Swank
1984 Parker and Swank982 Nowaki and Abrams 1994 Some trendsobserved which are
not prominent in the literature include dramatic decreases in pleaeapyNyssa sylvaticavith
similar increases in plateaubcanopylack gum (Figures 8 and 9hassive increases in plateau
subcawpy Oxydendrum arboretuigirigure 9), possible recruitment failure for neaspect cove
hickory (Figure 11), and large increaseGercis canadensis the soutkaspect coveubcanopy
class.
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Scarlet, black, and northerad oaks showed distinct trendsdefcline at SewaneRed
oak decline is a phenomenon sé@eQuercussect.Lobataethroughoutthe easteriJnited States
and has been attributed to a complex interaction of environmental and biological stresses,
particularly drought and insect defoliatiomntributing to secondary invasion by oak pathogens
(Staley 1965, Warget al 1983, Oalet al 1988, Dwyelet al 1995).Additionally, fire
suppression has been hypothesized to contribute to oak decline in general (Abrams 2003,
McDonaldet al. 2002, Reickt al. 2008), and there is evidence that scarlet oak regeneration is
particularlyenhanced by fire (Greeat al 2010). It should be noted that the scale of scarlet oak
loss in thecanopysize class relative to white oaks is biased by differential cuttsigrly; large
scale white oak cuts began two years before the 1952 inventory while scarlet oak cuts had not
started until after the 1952 inventory (appendix 2). Nevertheless, white oak cuts were ongoing
throughout the period that scarlet oak was beingdsaed, so the failure of scarlet oak to
regenerateompared to white oalparticularly evidenced by the decline in scarlet oak in the
subcanopyize classes from 197801 (Figure 9)is clear evidence of a failing scarlet oak
population, indicating thatsar | et oak wi | | no | onger be fApred
the turn of the century (Foley 1903)imilar declines in northern red oak can be seen north and
south aspect coves, although a small increase in-sspcsubcanopylensity may indiate
future regeneration of northern red oak in south coves (Figur§\tile some increase in
plateaucanopyblack oaks was seen as a function of recruitment froratheanopyize class,
steady decrease of this species fromstifecanopygize class indates future declines (Figures 8
and 9).It is interesting to note that odMDS joint plot showed scarlet oand black oak
corresponding to lower harvest frequency on the primary axis even though scarlet oak is usually
classified as a disturbant®ving species. One possible explanation for this is that harvesting
intensifies environmental stress on scarlet oaks, exacerbating secondary pathogen invasion as
observed with drought and insect defoliation (Staley 1965, Wetrgb 1983, Dwyelet al
1995). Aso possible is that scarlet oak recruitment failanenaffected by harvest characteristics
but areas with fewer harvests simply have more remaining old scarlet oaks.

In the 1900s Foley (1903) writes that red maple is confined to moist bottom hablitat an
sugar maple to good soils, however maple increase is quite apparent at Sewanee in all forest
types and size classes (Figures3. This is in keeping with trends described elsewhere (e.g.
Reidet al. 2008, Abrams 1998), and usually attributed fire sepgion and selective deer browse
(Abrams 1998). Sugar maple increase has been most dramatic asypett covedikely due
to higher nutrient soils and wetter conditions (Rstidl 2008).Fire suppression is an unlikely
contributor to oak decline/magproliferation in northaspect coves as fire has historically played
little role in forest dynamics of these wedolated areas (Foley 1908)ther mechanisms which
might explain sugar maple increase hame increased deer browse (Abrams 198i@hackof
competing dogwood from Anthracnose (Heirs and Evans 1997paledeclingOaket al.

1988) and recruitment failure of nortove hickories observed in this study. To our knowledge,
recruitment failure of hickory has not yet been documented in s@tighedorests and bears
further investigation. Maple increase was slower in drier, more nutrient limited plateau and
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southcove forestsAs in Reidet al (2008), red maple was largely confined to the plateau while
sugar maple was largely confined to tlowes.

Black gum decreased greatly in plateamopyafter 1952, with only minimal recovery
between 1978 and 2001 (Figure 8); no trends in black gum changes have been discussed in the
literature. The cause of the immediate black gum decrease can be teeharvest record
black gum had been spared prior to the 1952 inventories but was harvested alongside scarlet oak
in the later 1950s. However, while other species harvested concurrently with black gum (e.g.
white and chestnut oak, hickory) have recdiback into the canopy from the subcanopy size
class, black gum has not copied this feat and actually decreased in the subcanopy size class from
19521978 (Figure 9). Black gum has since rebounded in the subcanopy size class, however it is
unclear whetheit will regain its position in the canopywo possible scenarios may explain
black gum canopy recruitment failure: 1) Forest conditions such as moisture, light, competition,
etc. may have changed enough since black gum originally recruited into the taaidpis now
permanently relegated to the subcanopy or 2) black gum saplings not recorded in our study may
have suffered damage during various harvests not sustained by white oaks and hickories, thus
recover for black gum will simply be a longer process black gum is not a particularly
valuable timber species, it is possible that intentional renemw@adenin@f black gum
saplings was conducted by forest managers tease valuable white oak growthnprocess
known as ATi mber rd%land i mprovemento o

The major increase in sourwood observed in the subcan@®dP1lis likely also best
explained by intentional removal of saplings from the forest to decrease competition with
valuable white oaks; sourwood and chestnut oak grow on similar sitewan&e (Foley 1903)
and following chestnut death and logging we should expect to see sourwood densities rising
alongside chestnut oak by at least the 1978 inventory. Records do indicafEdlthas carried
out extensively in the Sewanee forg8mith 183a, Smith 1983k however as these were
considered standard and not related to the economics of forestry, no specific data on intensity of
these efforts or what species where targeted was recorded. This may also explain low levels of
redbud in soutitoveforests in 1952 with dramatic recovery in 2001 (Figure 13) and may be
partly responsible for the slowness of red and sugar maple invasion in heavily harvested plateau
and soutkcove forests.

In contrast to trends seen throughout the southeast (Abramp 20& oak seems to be
currently holding its own at Sewankaving successfully rebounded from low pbatvest
densities in 1952 with continued increases in both canopy and subcamigg red oak, white
oak decline seems to be tied less to diseadenavironmental stress and more to fire suppression
and light requirements (Royséal 2010). Fire suppression has come to Sewanee later than
most regions (Cheston 1953), thus white oak decline may simply be delayed here; this would
seem to be indicatdaly the comparatively low presence but steady increase in red maple in the
plateau subcanopy (Figure 9). Additionally, white oak decline has been described as lowest on
xeric, nutrient limited sites (Abrams 2003), and the plateau uplands at Sewanee sedah to
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that description. Finally, given that white oak recruitment is limited by light requirements, it is
possible that the intensive harvest histofyhe Domain has actually staved off white oak
decline.Quercusspp including white oaks have been shoterrespond favorably to logging
disturbance compared Axerspp (Nowacki and Abrams 1994and in our study white oak was
characteristic of areas with higher harvest frequekuel15). It should be noted thaon a
smaller, more recent time scale Retdal (2008) did observed drops in white oak from the
lower size classes, indicating that white oak decline may soon catch up to Sewanee.

Current Forest Composition as a Function of l-&is# History

Human impact, especially in the form of lanske, has been recognized as having
important longterm impacts on forest ecology (Christensen 1989, Festr2003, Turneet
al. 2007);however the focus of landise ecology has overwhelmingly been on faagtcultural
systems (e.g. Flinn and Vellend 2005, Ketal 2010, Flinn and Marks 200AVhen
researchers do assess logging effects on forest ecology, it is usually as a simae Boatson
of old-growth vs. loggede.g. Duffy and Meier 1992, Muller 198Bther tharcomparing the
composition of areas with varying historical harvest trajectories (e.g. harvest intensity and
frequency). This is the first study to compare to comositf areas with varying harvest
histories in southeastern US foedDur results show that harvest trajectory variables have a
significant impact on community compositidfurthermore, time since last harvest was not a
significant factor indeterminingcommunity composition, indicating thatter 40 years effects of
harvests on forest composition have not significantly diminished. This is consistent with logging
vs. oldgrowth studies (Duffy and Meier 1992, Muller 1983).

The effect of harvest history darest composition is visible in thn-metric multr
dimensional scalingraphs Figure14, Figure15) and Cluster AnalysidHgure16) and
statistically demonstrated in regressior2001NMDS scores by harvesdtajectory variables.
Harvest frequency and intensity combined was able to explair6@¥eof variation along
NMDS axis 1(Figurel?). Paradoxically, it appears that decreased harvest intensity has a similar
effect on composition as increased harvest frequeftbpugh harvest frequency has a much
stronger effecon composition than intensity (slope®18 compared with 0.002&nd the effect
of frequency is less likely to be due to chance variafiton 0.0001) than with intensityP(=
0.14). It also appears that logging events are the causal fattatificaton is not seen in 1952
NMDS points, showing that subsequent clustering of 2001 NMDS points is not due to historical
forest compositions and indicating that the clustering is not due to edaphic conditions or pre
1945 landuse/disturbance.

Variation in spe@s importance may simply be due to direct removal of some species in
harvesting and thus transient, with community homogeneity expected to be returned after
sufficient time; howevel, believe this unlikely based on the following lines of evidencasl)
previously mentioned, time since last harvest was asignmificant indicator of current
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compositionindicating that forests are not converging in composition with2gdo aspect of

forest structure was significantly predicted by any model of hanagsttbrry variables and thus

it appears that all forests haneturn to predisturbance structural characteristi8} Several

species intensively harvested (e.g. white oak, tulip poplar) are actually characteristic of higher
harvestfrequency sites and tewappear to have recovered from previous harvests. All of these
factors lead us to believe that increased harvest frequency sets forest communities on distinct
successional trajectories with no compositional convergence in sight. The accords with the non
equilibrium dynamics previously described fouthernrCumberland Plateau upland forests

(Reid 2006).

There has been consideraglebaldiscussion in the literature about whether plant and
animal communitieg logged areasverreturn to prdogging condiions (e.g.Duffy and Meier
1992, Muller 1983, Brown and Gurevitch 2004, Adahal 1996, Chapmaat al. 1999,
Kavanagh and Stanton 2003, Flaspoblesl 2002,Johnsoret al 1993,Bratton 1994). There
appears to be geographical and taxonomic variatioacovery from logging, and the debate
about the scale of permanent change from logging is likely to continue. For plant communities in
the Appalachianshowever, it appears that community change is at leastEmianent (Duffy
and Meier 1992, Brattoh994, Muller 1983). Duffy and Meier (1992) found that in secondary
forests herbaceous species richness and cover do not approach thosg@ithidorests even
after 87 years since last harvest event. Muller (1983) found that tree species richness was
unaffected by harvests, however relative importance of various tree species remain different
between secondary and primary forests even after 35 yeargn@uog$ similarly demonstrate
thateffects of logging on tree communities are not ameliorated aftenuch as 43 years.
Furthermore, the nesignificance of time since last harvest as a factor in community
composition indicates that effects of logging are spemmanent, with recovery unlikely in the
near future.

One noteworthy difficulty with ourstudys t he | ack of a fAvirgino
forest exists at or near Sewanee whighcan confirm has not been cut in recent history
(specifically the last 60 yeargyhoosing a plateau compartment which has seen minimal recent
anthropogenic distudmce (e.g. Compartment 40) and excluding it from future management
might prove useful for future ecological studiEarther difficultiesin our studyinclude possible
taxonomicerrorin the historical studieand incomplete knowledge tife intensity of ame
harvests. A more careful sorting of the scanned receipts in the Sewanee Forest History Project
may amend the latter of these.
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Conclusiors

Sewaneebds forests have seen considerable c
anddisturbance patterns and species composition. Complete fire suppression in the 1950s,
coupled with increased deer browsavironmental changeand almost 40 years of systematic
timber exploitatiorhas drastically altered the dominance structure of neadyy site on the
Domain, with future forest change highly likely. In particular, patterr@uercusreplacement
by Acerare similar to those described throughout the region, although white oak decline appears
to not yet be an issue at Sewan®eerproliferation is most advanced in the coves, witter
saccharum already having achieved dominance in north facing solecanopy and existing in
the canopy in almost as great abundance as the dominant hickory and tulipwlojdaon drier,
more nutrientimited sitesAcerincrease is slower though apparently no less inevitable. Scarlet
oak has seen the most drastic declines of any species in either the coves or plateau consistent
with patterns of re@ak specit mortality in the Southeast. All of theseosw Sewaneeds f o1
to be operating undapatiotemporahon-equilibrium dynamics at a multiple decade, landscape
level.

Forest change is apparently mediated by harvest history, with harvest history
characteristics significantly explaining current forestposition on the Domain. In particular,
frequency of harvest event was found to strongly influence composition with contributions from
harvest intensity. Lon¢erm convergence of forest compositions seems unlikely as time since
last harvest was not agsiificant factor in species composition. Forest structure was unrelated to
harvest history, indicating that Sewaneeds fo
events.That forest areas were not seen to compositionally converge with timdashbarvest,
even though a return fire-disturbance structural characteristics was obsemdutates that
compositionvariation from harvest history is not merely a factor of successional state. It appears
that harvest regimes significantly change $briynamics over large scales of time, launching
forests down separate successional trajectories in accordance weluiborium dynamics.
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scientific name

Species code

Acer rubrum

m

Acer sacharum hm
Aesculus flava bu
Caryasp. hic
Cercis canadensis rbd
Cornus florida dog
Fagus grandifolia be
Fraxinussp ash
Liquidambar styraciflug sg
Liriodendron tulipifera | yp
Nyssa syhtica bg
Oxydendrunmarboreum | swd
Pinus strobus wp
Pinus taeda Ip
Pinus virginia vp
Prunus serotina bc
Quercus alba wo
Quercus coccinea SO
Quercus montana co
Quercus muehlenbergi| cho
Quercus rubra nro
Quercus stellata po
Quercus veluntina bo
Robina pseudoacacia | bl
Sassafras albidum sas
Tilia heterophylla ba

Figures

Key 1: Species translation key for figures and maps.
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Figurel: Harvest evernfrequencyat Sewaneéor each year from 1946986 (n=109). Mt shown is the single recorded harvest
after 1986, which took place in 1999ata was extracted from harvest contracts, summary maps, and aerial imagery as part of the
Sewanee Forest History Project.
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Figure2: Harvest intensitper year from 1948986. Not shown the single recorded harvest after 1986, which took place in 1999
and extracted 7059 tonBata was extracted from harvest contracts, summary maps, receipts, marking summaries, and bid
invitations as part of the Sewaneer&st History Project.
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Figure3: Change in basal area between 1952 and ffiGsawtimber(canopy)and pole(subcanopyjree species in plateau and
north and south facing cove forest types.
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Figure4: Change in stem density between 1952 and 280sawtimber(canopy)and pole(subcanopyjree species in plateau
and north and south facing cove forest types.
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Figureb: Size class distribution of plateau tre¢sSewanee, Thowing change in relative frequency between 1952 and.200

The negative trend in change in relative frequency indicates a shift towards smaller size classes.
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Figure6: Size class distribution of nordspect cove treeg Sewane, TNshowing change in relative frequency between 1952

and 20Q. The positive trend in change in relative frequency indicatgsft towards largesize classes.

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Relative frequncy

m S cove 1952 = S cove 2004

0.1

30
slope =0.0003

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Size class (inches)
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Figure8: Plateaufisawtimbeé (canopy DBH>110) stem dengy of the 12 most abundaptateausawtimberspecies for the 125
1978, and 2001 forest inventories at Sewanee Spécies are according to Key 1.
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FigurelO: Northa s pect c o v dcandpy B & H > findieén density of the ten most abundant Nieceawtimber species
for the 192 and 2001 forest inventories at Sewanee, pecies are according to Key 1.
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the 192 and 2001 forest inventories at Sewanee, Spkcies are according to Key 1.
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Figurel2 Southa s p e c tsawtintbeodcandpy D B H > 1 stetn density of the ten most abund@ntovesawtimberspecies
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Figurel4: Vector plot of noAmetric multidimensional scaling (NMDS) scores for 1952 (diamonds) and 2001 (circles) forest
inventory compositions in harvest trajectory ar&olors are according to harvest frequeniage sampling done 1952 and
from 19972001 on the domain dthe University of the SouftSewanee, TN.
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Figure15: Non-metric multidimensional scalin@int plot showing communitpositionof each HTA in 1952 (diamond) and

2001 (circle)relative to individual tree specidsllipses surround all points from a given inventory and harvest frequency to show
clustering HTA point colors are according to harvest frequeege sampling dnein 1952 androm 19972001 on the domain

of The University of the SoutlfSewanee, TNSpecies are according to Key 1.
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Figure16: Minimum variance cluster dendrogram for eaehvesttrajectoryarea HTA) showing harvestrequency groupTree
samplingconductedrom 19972001 on the domain of The University of the South, Sewanee, TN.

NMDS2001_axis1
0.01,

&

Figurel7: Three-dimensional scatter plobf NMDS axis 1 scordor 2001 inventoryas a function of harvest intensity and harvest
frequencyshowing planer regression surface.



Page| 38

Sean K McKenzie Landuse androrest Composition
Community Lanscape Position Type JC.c |[C.g |C.o |[C.p |C.t JC.v |Q.a |Q.c [Q.f JQ.T [Q. mdQ. mdQ.r JQ.s [Q.v
RM-RIB-HO* |Floodplain terrace Plateal - - - - - - - - 6.7 - - - - -
RM Poorly drained swales Plateal P - - P - 123.7] 1.3 - - - P - 16| 2.6
RM-WO-BG |Poorly drained swales Plateal 18| P - 2.4 - [39.3[41] 11 - - 3.5 - P P
Hem* Streamside slopes Plateal 27.2 - - - - 26 | 1.8 - - - - 1.8 - -
WO Lower slopes Plateal 25 P 1 8.4 P |94.8]235] 2.7 - - 7.1 P 3.5 125
MixO Broad ridges-upper slopeq Platea 1.1 - 34119 - |34.2]38.7] 1.7 - - 8.4 - 2.2 166.1
SP-WO Broad ridges-upper slopeg Plateay 1.8 - 65 1.1 - 129.3]18.4] 1.7 - - 3.9 - 7.1 1143
CcO Middle-upper slopes |PlateaL 3 - 11 P - |15.7] 28 - - P 102 - - [13.2
VP* Narrow ridges to cliff edgel;PIateaL 2 - 281 4.4 P [23.3| 9.3 P - P 5.8 P 8.8 1 4.2
SO Broad ridges-upper slopeq Plateal] - - - 3.7 P |13.1] 113| 3.4 - 3.5 P P 10 | 16.4
PO-SO Middle slopes Plateal 3 P - 2 - |117.9|46.8|18.6 - 5.1 - - 173.9]|12.6
BJO Narrow ridges Platea| - - - - - - [18.8] 6 - 129 - - 128.8] 1.3
RIB* Floodplain terrace Cove - - - - - -

BE Middle-lower slopes Cove - P 8 - 2.4 P
BE-YP Lower slopes Cove 2.1 1 1105 - 119.4] 2.2
Hem* Streamside slopes Cove - P 1.3 - P -
HM-BA-ASH | Middle-lower slopes Cove 7.3 - 7.2 - 1.2 ] 21
HM-WO Middle slopes Cove 6.5 3.1]226]| - 3.7 35
YP-SHIC-NRO | Lower slopes Cove 28] 6.7 ] 15 - 3.3 -
NRO-HM-SHIC| Middle-lower slopes Cove 39 (45206 - 6.1 45
WO-NRO Lower slopes Cove - | 15.4( 7.7 - 511 21
WP* Streamside slopes Cove - 15] 18 - 3.4 -
MixO Upper slopes Cove - |10.1{ 2.6 P 120.9]| 1.6
CO Upper slopes Cove - 781 35 P 5.8 2

Tablel: Community types described by Hinkle (1989) and the associated importance values of hickory (cove and plateau) and
oak (plateau) species. Adapted from Hinkle (1989).
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Map 1: Harvest Frequency
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Map 2. Harvest Intensity
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_<_m_u 3: Most Recent Harvest
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