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Date of Degree: DECEMBER, 2013

Title of Study: GROWTH PERFORMANCE OF FOREST PLANTWNS ON THE
WESTERN MARGIN OF THEIR COMMERCIAL RANGE

Major Field: NATURAL RESOURCE ECOLOGY AND MANAGEMEN

Abstract: The southern US contains some of the prastuctive plantation sites in the
USA and Oklahoma is the western margin for sev@ealtation species including
sycamore Rlatanus occidental)s eastern cottonwoodPOpulus deltoidgs loblolly pine
(Pinus taedd..), shortleaf pineR. echinataMill.), and pitch X loblolly pine hybridR.
rigida X P. taeda. The long, hot summers and dry winters of Okiah@rovide an
opportunity to compare the growth performance etéhspecies at the edge of or outside
of their natural range. The region is also pranie¢ storms and glaze and pine
plantations are negatively affected during suctudimnces. Hence we carried out
comparative studies on growth performance of dfféplantations in Oklahoma. One
examined the growth performance and nutrient (géroand phosphorus) uptake by
sycamore and eastern cottonwood from a decommggiswine lagoon in the north-
central Oklahoma. The results showed that eastdgtanwood outperformed sycamore
in both growth and nutrient uptake. The speciesveld the potential for removing a
substantial amount of nutrients from the soil.ahother comparative study between
loblolly pine, shortleaf pine and pitch X loblolpme hybrid in southeastern Oklahoma,
loblolly pine outperformed both the other speca&t)ough shortleaf pine was native to
the area. However, wood specific gravity was saméimong the species. The final study
examined simulated ice damage on loblolly pinedgamhich had previously undergone
either thinning or thinning and pruning. Damagex$ had an average 2.4 m of the top
removed. Four years after damage, the relatival lsasa decreased as the amount of live
crown ratio loss increased. Thinned stands shdaweelr relative reduction in growth

with the same level of crown damage than the noméd stands. Undamaged trees did
not benefit from the opening caused by damaged.tredaless the damage is severe, the
stand can be allowed to recover after the thinointpe damaged trees.
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CHAPTER
INTRODUCTION

The southern United States is the wood basketeobUthited States (Schultz
1997). Short-rotation woody crops (SRWC) pronfiggh productivity under intensive
management practices (Tuskan 1998) and the sotthe&mited States has been
recognized as one of the primary potential regfonSRWC systems (Tuskan 1998).
Southern pine forests are amongst the most praduftirests in the United States
(Guldin 2011). Extensive research on improved lgggsland intensive management
practices including site preparation and fertiizathas been the key to the development
of successful pine plantation in the south in tst 60 years (Jokela et al. 2004; Fox et al.

2007).

Plantations of SRWC and southern pines are veepito increase in the next
few decades (Tuskan 1998; Ahn et al. 2000; Alig Batler 2004). Part of the increase
will be due to establishment of plantations beytrar current range. The potential
future climate and the changes in temperature egxigitation may also cause species to
shift their natural range, including changes irekirdynamics and composition (lverson
and Prasad 2001; Iverson and Prasad 2002; Walthérz002; Parmesan 2006).
However, information on potential growth performamé SRWC and southern pines

under future conditions is limited. Growth perf@amnece of SRWC and southern pines in



the new extended region is important to study tieelyctivity and risk of plantation

failure, as we are not certain of the tree responsier novel altered climatic conditions.

Oklahoma is the western margin for two major southpenes, loblolly and
shortleaf pine, and provides the potential for getation expansion in the southern
United States (Ahn et al. 2000, Alig and Butler 2D00n the other hand, SRWC
plantations are not common this far west, but nmaygase due to interest in biofuels
feedstock production. Having long, hot summers, @y winters, the state provides for
the potential expansion of both SRWC and southera plantations. The region also
receives frequent ice storms which damage thegargations. Therefore, this region is
an important location to study the growth perforoenf both SRWC and southern

pines.

| studied the growth performance of several clafesastern cottonwood
(Populusdeltoides var deltoid¢sand American sycamor@latanus occidental)s
growing on a decommissioned swine lagoon locatewith-central Oklahoma.
Cottonwood and sycamore are among the speciesfiddrior SRWC systems in the
United States (Graham et al. 1992) and growth padoce of these species in the swine
lagoon allows us to quantify nitrogen (N) and phusps (P) uptake. These nutrients
can be pollutants if they move into nearby wateptegces via leaching and/or run off.
As the number of concentrated animal feeding omeraf CAFO), and the number of
animals inside them have been increasing (Copelii)), total N and P release from
these facilities, and chances of polluting nearlayewresources has also increased which
could adversely affect the environment (Susark.e2002; Gilchrist et al., 2007). Study

of total biomass production and nutrient removath®se fast growing species from the
2



swine lagoon will provide us detailed insights ba biomass and nutrient partitioning

and potential of the species if planted at othmilar sites.

My next study was on growth performance of someroencially important
southern pines, loblolly piné’(nus taedd..), shortleaf pineR. echinatg, and pitch X
loblolly pine hybrid P. rigida Mill X P. taedal.) in the southeastern Oklahoma, the
western margin for commercial loblolly pine rang&outhern pines cover about 30% of
the 81 million hectares of land in southeasternéthStates, of which loblolly pine and
shortleaf pine alone cover 21 million hectares (ehl997; Groninger 2000; Zeide and
Sharer 2002; McKeand et al. 2003; Guldin 2011)cHPX loblolly pine hybrid has better
form than pitch pine, is ice damage resistant,@rdeven outperform the parent species
on poor sites or outside the natural range of lbpfone (Little and Trew 1979; Kuser et
al. 1987; Johnson et al. 1991). Studies on thevirperformance of these pines in
southeastern Oklahoma can provide information tp imake decisions regarding a
species selection for biomass production, consigehe potential ice damage in the

region.

My final study was on the growth and recovery dfitdly pine after different
levels of ice simulated damage in southeasternt@kiea. Loblolly pine plantations
require high financial investments in the beginrisghey require intensive management
practices. Thinning and pruning are routine sulltical practices in loblolly pine
plantations and are meant to optimize resourdzation resulting higher growth of the
remaining trees and thus higher income. Lobloihepare also susceptible to ice damage
(Samuelson et al. 1992; Aubrey et al. 2007) andsawgre ice events may cost the land

owners a huge economic loss. Thus, informatiothergrowth and recovery of
3



intensively managed loblolly pine stands afterdaenage would be important when
making decisions regarding the productive utilzatd the damaged stand such that the

loss is minimized (Aubrey et al. 2007).
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CHAPTER I

EVALUATING PERFORMANCE OF SHORT-ROTATION WOODY
CROPSIN A DECOMMISSIONED SWINE LAGOON

Abstract

Decommissioned animal waste lagoons contain lang@tiies of nutrients
including nitrogen (N) and phosphorus (P) and carse pollution of nearby water
resources. Using short-rotation woody crops (SRYéChutrient uptake and biomass
production might be an inexpensive and eco-friemagthod for the stabilization of
decommissioned lagoons. We evaluated the annoatlgperformance and nutrient
uptake by sycamordé’(atanus occidental)sfor five growing seasons and several clones
of eastern cottonwoodPppulus deltoidesfor four growing seasons in a soil backfilled,
de-watered swine lagoon in north-central Oklahoi@aowth performance and nutrient
uptake of cottonwood was higher than the sycamoaar study. At the end of the
study, 5-year old sycamore reached an averagetr@i§t84 m [standard error (s.e.) =
0.39)] and had an average diameter at breast h@ghj of 5.91 cm (s.e. = 0.20),
compared to 4-year old cottonwood’s 7.58 m (s.@.15) and 8.22 cm (s.e. = 0.34),

respectively. Sycamore produced almost 30 Miphtotal biomass, whereas



cottonwood produced 53 Mg hay the end of the study. Total N and P uptake by
sycamore was 327 (s.e. = 24) and 51 (s.e. = 4h&Yeespectively, whereas cottonwood
N and P uptake was 699 (s.e. = 41) and 99 (s.pkgsh&, respectively, by the end of
the study. We conclude that SRWC can use subatamiounts of nutrients from the
decommissioned lagoons which can be removed frensite along with the harvest of

the crops.



I ntroduction

In the United States, there are an estimated 28&00nal feeding operations,
15% of which are CAFOs (concentrated animal feedperations) (Dungan 2010).
CAFOs are operations with larger number of anirtted$ are confined in a small area
before being sent for slaughter (US Environmentdetmn Agency). CAFOs can
further be designated as large, medium, or smakding upon the nutrients they
generate (EPA 2012 he data on livestock operations from 1982 to li@ditated an
88% increase in the number of animals in the la@&FOs and more than 50% increase
in the number of larger CAFOs in the United Std@speland 2010). With the increase
in population and increased demand for animal prtsj@long with the cost

effectiveness of CAFOs, these facilities are likelyncrease in the future.

CAFOs have been accompanied by controversies dagbens for storing liquid
manure also can be sources of infectious and aesisticro-organisms, greenhouse
gases, odors, pesticides, and endocrine-disruptiamicals, affecting both humans and
the environment (Colborn et al. 1993, Fine et 883, Pell 1997, Aneja et al. 2000,
Johnson and Sumpter 2001, Schiffman et al. 200dar&uet al. 2002, Gilchrist et al.
2007, Vanotti et al. 2007). In addition, excegsogien (N) and phosphorus (P) present in
theses lagoons might be hazardous to nearby westeurces, even after their
decommission, due to N and P run-off and/or leagliBicudo et al. 1999, Rabalais
2002, Jones et al. 2006). Although liquid manwne loe used for irrigating crops, and
some part of the manure gets digested, the sludipe Eagoon bottom remains inert and

a potential source of pollutants.



Conventional methods such as removal and trangjwortaf the sludge or
pumping and treating by advanced technologiesygersive and may have negative
impacts on the public and workers (Susarla etG022Jones et al. 2006). Therefore,
phytoremediation, which uses plants to remove, atégror contain soil and water
pollutants from a wide range of soil environmerda be a good option (Lasat 2002,
Eapen and D'souza 2005, Doty et al. 2007). Plamediate polluted sites through a
combination of processes, e.g., phytoextractiogiqstabilization, phytofiltration and
phytovolatilization (Kumar et al. 1995, Ghosh andgh 2005). Larger plant rooting
volume or surface area increases the uptake aftpalls from a larger soil volume.
Likewise, larger plants have the ability to phytoamulate more contaminants. The
other benefits of phytoremediation include lowestcgarbon sequestration, soil
stabilization, and biomass production (Paulsor.&t(®3, Rockwood et al. 2004, Eapen

and D'souza 2005).

Selecting the right species for specific tasksnpartant. Short-rotation woody
crops (SRWC) could be an excellent choice to reneess nutrients from the soil
because they are fast growing, have high produgtjizipesh et al. 2012) and have deep
and extensive root systems (Tuskan 1998, Isebramdi&arnosky 2001, Licht and
Isebrands 2005). As a result, SRWC use large ateaifimvailable nutrients and water
for their growth (Rockwood et al. 2004). Soil maautrients, especially N and P uptake
is high in SRWC plantations under nutrient richditions. For example, Bopulus
deltoidesplantation treated with N fertilizer extractedtopl25 kg N ha yr* (Coleman
et al. 2004), whereas annual P uptake by the spewg be 15 kg aor more (Lodhiyal
et al. 1994, Dipesh et al. 2012). Trees may u$ekgof water per kg of net biomass

9



production, however, water uptake by an individve¢ depends upon its size including
leaf area (Licht and Isebrands 2005). A 4-yearhyforid Populusstand (height range
11.0 to 15.1 and dbh range 8.3 to 15.1 cm) witasabarea of 21.4 hia* transpired
113 mm montH (Hinckley et al. 1994). In addition, SRWC canguoe between 5-20
Mg ha' yr' dry biomass (Stolarski et al. 2008, Stolarskile@11, Dipesh et al. 2012).
Because SRWC are intensively managed, they hav@@on cycle of 10 years or less
(Rockwood et al. 2004) and some SRWC sucBai spp. can be harvested in 3-4 years
(Heller et al. 2003). Biomass from SRWC may alsa@lsignificant contributor to the
energy feedstock. Thus, SRWC have the potentiadpplementing several societal
needs including renewable energy and extractiarutrfents from the sludge which
might otherwise enter nearby water resources. md#erity of the studies on
performance of plants on contaminated soils arallysconducted in controlled
conditions, and a better understanding of variepeets of growth performance and

biomass/nutrient partitioning requires more extemsesearch under field conditions.

Sycamore is one of the model species of SRWC (Tu$R&8) and can even
tolerate metal contaminated sites (Pulford and Wa®003). Sycamore can produce
woody biomass greater than 14 Mg'ha' (van Miegroet et al. 1994Populusspp. can
produce in excess of 20 Mg hg* woody biomass (Heilman and Fu-Guang 1993,
Zsuffa et al. 1996)Populusdeltoideshas high nutrient requirements and exhibits rapid
growth rate along rivers, swamps or standing vgai@ochis and Cuenca 2000,
Robinson et al. 2000, Vose et al. 2000, Doty e2@07). We planted American
sycamore Rlatanus occidentaljsand eastern cottonwooBdpulus deltoidesar.
deltoide$, the two species identified in the SRWC in thatkbh States (Graham et al.

10



1992) on a decommissioned swine lagoon in nortlrae®klahoma. Our primary
objective was to test the feasibility of cottonwatl sycamore stands to stabilize a
decommissioned lagoon with a focus on N and P @pt&le also measured biomass
production and biomass partitioning to stem, braacdi leaf. In addition, we compared
the growth performance of 25 cottonwood cloneschSitudies provide a detailed
understanding of the growth and nutrient uptakemidl on decommissioned lagoon site

and may serve as a model for phytoremediation USRI4/C on similar other sites.

Materials and methods
Site description

The site, located in Stillwater, OK, USA (B&'48"N, 97°05'43"W), is a 0.8 ha
decommissioned swine lagoon that had been opéi@tedore than 50 years by
Oklahoma State University. The average annual ¢eatpre of the site between 1998
and 2012 was 15°8 and annual precipitation was 85 cm. The lastyears, 2011 and
2012, were hotter (16°@ and 17.3C, respectively) and drier (precipitation 43 and 57
cm, respectively) than other years in this timaque(Oklahoma Climatological Survey

2013).

In November 2007, the liquid was pumped out fromltdgoon until the sludge
was exposed. The sludge had a pH of 7.3 and cmataotal N and P concentrations of
18.5 g k&' and 21.8 g kg, respectively (Penn et al. 2013). Detailed chaipcoperties
of the sludge can be found in Penn et al. (20¥8hen the sludge was exposed, a 10-30
cm soil cap of the existing earthen berm of thetagwas compacted on the top of the

exposed sludge and then contoured to maintainip®siurface drainage from the site.
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The soils were Easpur (Fine-loamy, mixed, supearacthermic Fluventic Haplustoll)
and Teller (Fine-loamy, mixed, active, thermic UBigiustoll) series, both of which
belong to the same parent material, loamy alluvidBoth series consist of very deep,
well drained, loamy to sandy clay loam soil witlglhiwater holding capacity. pH of the
soil ranges from 6.6 to 7.2. When the work was glete, careful study of the site
showed a lot of variability on soil and sludge deptit on average, the top ~60 cm was
pure soil and the 61-120 cm was a mixture of sluglgesoil. Below 120 cm there was a

layer of pure sludge that varied in depth on top ofay liner.

Stand establishment

In March 2008, unimproved sycamore seedlings amikaof 25 different
cottonwood clones were hand planted. Sycamore ¥€rbare-root seedlings purchased
from George O. White Nursery (Licking, MO). The &@ long cottonwood cuttings
were originally selected from eight different sgavéth the nine of the clones from
southeastern Oklahoma (Table 1I-1). Clones wetainbd from the Kiamichi Forest
Research Center, Idabel, OK. Each species watedlam4 separate randomly assigned
plots (replications) at a 1.8 m X 2.4 m spacingl@8&ees had). Each sycamore plot was
approximately 0.10 ha in size, and was fractionlaltger than cottonwood plots, which
had an area of 0.09 ha. Immediately after plantmxgfluorofen [2-chloro-1-(3-ethoxy-
4-nitrophenoxy)-4-(trifluoromethyl) benzene] (trac@me: Goal, company: Dow
AgroSciences) was sprayed to reduce competitiasttoBwood cuttings suffered deer
herbivory during the first year and a deer fencs sbsequently installed around the
study site and cottonwood cuttings were replantedarch 2009. Of the four
cottonwood replications, two received a random orixiof cottonwood clones and their
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identity was not tracked during the study. Thene®in the other two replications were
tracked throughout the study to compare clonakdiffices. The stands received
glyphosphate as needed to reduce interspecific ebtigm. Drip irrigation was provided
as needed during the growing seasons from 2008 . 2 2012 irrigation was provided

by aboveground sprinklers.

Data collection

We measured height (h) and diameter at breashh@lgh) of all trees after each
growing season. Every year, in October and/oyddolvember from 2010 forward,
when the leaves were still on the trees, we hagdestveral trees of varying sizes to
ensure adequate representation of all size classegight and dbh were recorded before
felling. We harvested 8, 4, and 2 trees of eaéltisg 2010, 2011, and 2012 respectively.
We separated branches, leaves, and stem (with fbark)the harvested trees and oven
dried the samples until constant weight. We comdbithe three years of data and
developed different allometric equations for stevodd + bark), branch, and leaf. The
independent variable dbth was the best predictor for each individual bissa
component (Eq. 1). For nutrient content data, ssimed bark biomass to be 10% of
total stem biomass for sycamore (Cobb et al., 2688)20% of total stem biomass for

cottonwood (Guidi et al., 2008).

y = a (dbtf*h) + b, (Eq. 1)
where y, the dependent variable, was componemtalrdry weight, a and b were
regression coefficients (Table 11-2), and &t the independent variable.

We accounted for leaf abscission before harvesgusaf litter collected from

litter traps. Each plot had five rectangular acualar litter traps positioned under
13



randomly selected trees. The rectangular trapshagpproximate surface area of 0.16
m?, whereas the circular ones had 0.7 fach year, leaf litter was collected throughout
the growing season, either on a monthly basis-ardakly basis depending upon the rate
of leaf fall. We found that 33% and 32% of theatd¢af biomass was collected in the
litter traps before the harvest for sycamore arntbowood, respectively. Thus, the
standing foliage of sycamore and cottonwood atithe of harvest was multiplied by 1.5

and 1.47 to calculate total leaf biomass.

Harvested trees were used for most of the nutsemipling. We collected leaf,
stem wood, stem bark and branch samples from tee dried materials for nutrient
analyses. The samples were analyzed by SWFAL, (®a@ter and Forage Analytical
Laboratory), Oklahoma State University, to deterihand P concentrations. Nitrogen
concentration was determined using the Combustitnodgén Analysis (CNA, LECO
CN628, LECO Corporation, St. Joseph, MI, USA), veasr P concentration was
determined using the total digestion process (Itidely Coupled Plasma spectrometry
technique-ICP, Spectro Ciros, Spectro A.l. Inc., NUSA). Both N and P were scaled to
total N and P content per tree and then per heatng the biomass of each

aboveground component.

Data Analysis

Trees along the outside rows of all plots servebldfer trees and were not
included in analyses. Data were analyzed usingghesfactor ANOVA to determine if
the species differ in their aboveground biomadsvahg the 2012 growing season. In
addition, biomass and nutrient concentrations weraspared between the species.

Clonal performance of the cottonwood selections t@ated based on aboveground
14



biomass of the clones from two replications wheoaa identity was tracked. Given the
small sample size and the random distribution efies within plots, buffer trees were
included in this analysis. A single factor ANOVAas/used to detect the differences in
nutrient (N and P) uptake among the years by iddiai biomass components. A
factorial ANOVA that included species and aboveugiebcomponent as main effects was
performed to see if ranking of biomass componeasgt on nutrient concentrations were
consistent in both species based on 2012 dathef3gprotected least significant
difference (LSD) was performed for mean separatitben appropriate. Tests were

performed at 0.05 level of significance.

Results
Species growth and biomass partitioning

At the end of four (cottonwood) and five (sycamaye)wing seasons, survival
was 81 % and 96 % respectively. Five percent®fkitamore exhibited forking below
breast height whereas the percentage was 14%toneaiod. Although more sycamore
trees survived, cottonwood growth outperformed syam& throughout stand
development (Figure 1I-1). At age 2, both dbh aedjht of cottonwood were more than
twice those of sycamore at the same age. Thidwbstifference in tree size was
maintained through age 4 at which time heights Wes8 and 5.10 m and dbh were 8.22
and 5.43 cm in cottonwood and sycamore, respegt{fdure 11-1).

Standing aboveground biomass was higher in cottodwioroughout the study
(Figure 11-2). In 2012, the four-year-old cottoneebcontained 42 Mg Haof total
aboveground standing biomass which was signifigagritater than the five-year-old

sycamore biomass of 22 Mg hé < 0.0001). For sycamore, total biomass
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accumulation increased 51% between age 2 and 3pb&B#een age 3 and 4 and 19%
between age 4 and 5. For cottonwood, total bioraesgmulation increased by 92 %
between age 2 and 3 and 40 % between age 3 anldedspecies differed in biomass
partitioning during the study period. Sycamordribsited biomass in the different
components in the order of stems>branches>foliagrighout the study period. In
contrast, cottonwood had greater foliage biomaas branch biomass during the first
year. Comparing both species at age four, thegotiom of biomass components were
47%, 30%, and 23% for stem, branch, and foliaggyaamore and 60%, 22%, and 18%

in cottonwood.

When leaf production from previous years (excapt ffear) were added to the
standing biomass from 2012 to estimate total bienpasduction throughout the study,
cottonwood stands produced over 53 Mg katal biomass with a mean annual biomass
production of 13.3 Mg hayr™ through age 4. In contrast, 5-year old sycamooeyxed
30 Mg h&" total biomass at the rate of 6 Mg'ha™ through age 5. Of the total
sycamore biomass production (including cumulatead production), leaves accounted
for 45% biomass, followed by stem plus bark bion{8486) and branch biomass (21%).
Cottonwood stems contained 48% of the total biorpasduction by age 4, followed by

leaf (35%) and branches (17%).

Cottonwood clones growth performance
Cottonwood clones varied in heiglit € 0.002), dbhF < 0.0001), and standing

aboveground biomasP &« 0.0001, Table II-L Each tree of clone S7C7 from Texas had
almost 1.5 times the height and 2.3 times the ditheoclone 4 from Kentucky resulting

in 450% more biomass difference between the bestanst performing clone. Clones,
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from Oklahoma and Texas generally exhibited grestearding biomass than clones from

more northern sources when measured at age 4.

Nutrients

Each harvested plant component had similar nutoententrations among years
except for the N in cottonwood stem, which was &igh the final year of study than the
previous yearsR = 0.05) (Table 1I-3). Hence we averaged the tlyese's of nutrient
concentrations for each biomass component for éadinalyses and scaling. We found
that both N and P concentrations were inconsisterdng the biomass components of the
speciesP < 0.0001 for species x component interaction) ([@#b4). Both species had
higher concentration of N and P in their leaves tbdner biomass componenB<
0.0001). Stem and branch N concentration in sycamere statistically similar to one
another but lower than bark or leaf. In comparjstem N concentration was lower than
branch concentration for cottonwood. CottonwoodoNcentration of the foliagé <
0.0001) and barkR < 0.05) was greater than for sycamore. Sycamuilecattonwood P
concentrations did not diffeP(= 0.08). For sycamore, P concentration varied abe
biomass components (P < 0.0001) and was highésliage and lowest in the bark. For
cottonwood, P concentrations were ranked foliagaxtin>bark>stem and each

component was different from one another (P < Q.00

After the 2012 growing season, including nutrieptake by the leaves in
previous years, 4-year old cottonwood stands ha@aed 699 kg HaN and 99 kg ha
P, whereas, 5-year old sycamore had extracted §2iakand 51 kg h of N and P,

respectively (Figure 11-3a, 1I-3b). The majorit{/rmutrient uptake was by the foliage.
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Nitrogen uptake by sycamore and cottonwood foliage 76% and 68%, respectively,

while P uptake by foliage was over 50% in both sgg®ec

Discussion
Species growth and biomass partitioning

Concentrations of N and P in the decommissionedesVeigoon solids in our
study were similar to previous studies (see Pemh @013). These high nutrient levels
have the potential to pollute water sources if iogerly handled (Cressie and Majure
1997, Steeves 2002, Jones et al. 2006, Vanotti 20@7). In our study, a total of 699 kg
ha' N and 99 kg ha P was removed from the soil through four yearagisbttonwood
grown as SRWC. While this is only a very smaltfran of the total N and P in the soil,
the goal in our study is to capture as much avisiliband P. To this end, we have not
measured any elevated levels of these nutriertesting wells adjacent to the stands
(data not shown). While we cannot guarantee tieptants have stopped the nutrients
from moving into the water resouces because theéentg were not mobile before the
study, we surely can assert that using SRWC taligalthe decommissioned lagoon was
not only more cost effective than removal and tpantation but also resulted in a
beneficial use of the manure as it provided oveMigha' yr* of biomass which can be

used to produce fiber or a cellulosic biofuel feedk.

Cottonwood outgrew sycamore throughout the studypge At the end of the
study, 4-year old cottonwood had greater heightdiacheter and contained almost twice
the standing biomass as compared to the 5-yeayckimore. Other species that might

have been tested include black willo8a{ixnigra) and boxelderAcer negundpas they
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were both naturally invading the study site. Intigalar, black willow seemed well
adapted to the site and is a species commonly gn@RWC systems (Rockwood et al.

2004, Dimitriou et al. 2006).

Growth performances in our study were inconsistétit some previous
comparative studies between sycamore and cottonwbodexample, Coyle and
Coleman (2005) reported greater sycamore heightlahdand ultimately greater
aboveground biomass than cottonwood in controlelkag treatment plots at age 3 in an
irrigation and fertilization study conducted in $m€arolina. Similarly, Lockaby et al.
(1997) also reported better growth and survivayaiamore than cottonwood in an
irrigation and fertilizer treatment study in upg&rastal Plain of Alabama. We used
unimproved sycamore seedlings in contrast to catbmal clones selected for fast
growth. We also noticed that sycamore startedyriog) leaves 2-3 weeks later than
cottonwood during each year of study indicatinfgparter growing season for sycamore
than the cottonwood. In the final year of studygasnore trees suffered more leaf
abscission than the cottonwood from drought stoeésre trees were irrigated beginning

in early July.

Both sycamore and cottonwood growth performancebamtiass production in
our study were lower than most previous SRWC studieor example, sycamore height
ranged from 8 m to 9.9 m while dbh ranged fromcilto 8.8 cm in 5-year old
sycamore studies (Davis and Trettin 2006, Devira.€2006). A study by Cobb et al.
(2008) in a fertilization and irrigation study oycamore measured greater height,
diameter, and biomass after six growing seasomsdba5-year old sycamore. Although

the results came from stands one year older thes) the differences were much greater
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what could be attributed to one year’s age diffeeenDavis and Trettin (2006) also
reported aboveground biomass of 29 Md héer five growing seasons in a sycamore
stand planted at 1385 trees’ha result of much greater height and diameter ¢han
study. Similarly, van Miegroet et al. (1994) refgor aboveground biomass ranging from
28 to 43 Mg h# in an N fertilizer application study on sycamofeathree years. The
higher yield was the result of high density plaiotas (3333 trees ia compared to ours
(2316 trees hg. Coyle and Coleman (2005) reported similar ahayeamore
aboveground biomass production as ours but ines®dense stand (1313 treed)iaan
ours.

Despite growing faster than sycamore in our stadttonwood growth
performance was slower than cottonwood or hybrilgran some previous studies. For
example, 4-year-old cottonwood plantations hadghelater than 14 cm and height above
9.6 m (Francis and Baker 1981, Robison et al. 2006¢h greater than our study.
Similarly, in a 4-year hybrid poplaPfpulustrichocarpaX Populus deltoidgsstands
with N applications, Heilman and Fu-Guang (1993)préed height above 11 m and dbh
greater than 8.5 cm, even in control plots. Itua by Labrecque and Teodorescu
(2005), 4-year old hybrid poplalP ( mxaximowicziX P. nigra) reached similar height as
in ours, however, produced 66 to 72 Mg‘id standing aboveground biomass, due to
planting at high density (18,000 Ha However, annual aboveground biomass production
by cottonwood in our study was greater than soméies (e.g. Coyle and Coleman
2005).

Slower growth and relatively low biomass productidriboth species in our study

despite growing in nutrient rich soils might beiatited to hot and dry conditions that
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occurred in central Oklahoma during 2011 and 20M2e maximum average
temperatures during summer (June + July + August\88C and 35C in 2011 and

2012, respectively (average is’€7etween 1998 and 2010). This was accompanied by
abnormally low rainfall during these three month2011 and 2012 which were only 6.5
cm and 12.4 cm, respectively (average is 30 cmémmtwi 998 and 2010). In 2012 we
started irrigating in early July and the trees aldady started exhibiting leaf abscission
which may have reduced growth during that yeardi#ahally, part of the reason for
slower growth might be attributed to the compaateiticap which was not ideal soil
conditions for the plantation establishment and gewth.

Of the standing aboveground biomass at the enldeo$tudy, stem biomass
including bark accounted for the greatest percentddpiomass in both sycamore and
cottonwood similar to previous studies (Lodhiyatldarodhiyal 1997, Puri et al. 2002,
Ares and Brauer 2005, Cobb et al. 2008). As steméss continues to accumulate over
time while both leaves (annually) and branchesiabsthe percentage of biomass in the
stem will continue to increase over time. Whenghevious three years of foliage was
included to calculate total biomass productionasyare foliage accounted for the
greatest percentage of the biomass, whereas wneatbd, stem biomass still contained
the highest percent biomass. This would imply twdtonwood exhibited greater growth

efficiency, i.e., stemwood production per unit@fl biomass, than sycamore.

Cottonwood clones growth performance

Out of top ten best performing clones, seven wena fOklahoma, the other three
were S7C7 from Texas and ST-124 and ST-66 fromib&iggpi. The only poor
performing clones from Oklahoma source were 2-8201d. Cuttings imported from
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other locations did not perform as well confirmiihg importance of using locally
adapted sources (Savolainen et al. 2007). Oklahsmathe western edge of the eastern
cottonwood range and as such it may be more dribaase locally adapted stock than
further east. The variation in performance poousthe ability to further select for fast-

growing and site-specific clones.

Nutrients

Nutrient uptake by the trees depend upon plant ddirsoil availability, and
internal mobilization within the plant, and thugiea among the species. Nitrogen is
taken up as NI and NQ', the former usually being taken up in greater am®u
(Templer and Dawson 2004). Nitrate not taken ughleytrees may be either lost or re-
mineralized by the microbes to the available,;Nférm for uptake (Templer and Dawson
2004). Most of the soil P, on the other handnithe unavailable form and the available
P is taken up in the form of Pi (orthophosphatdy.corrhizae play an important role in P

uptake as they increase the surface area of the fmomore P absorption.

Except for cottonwood stem N, N and P concentrativare fairly stable
throughout a very active early stage of stand agreent. Among the tree components,
foliage has the highest and stem wood tends to theviewest N and P concentrations
(Van Lear et al. 1984, Lodhiyal et al. 1995, Sid§i98, Ponette et al. 2001, Rockwood et
al. 2004, Swamy et al. 2006, Cobb et al. 2008)is Was true in our study, except for
stem P which was higher than P concentration irb#rk and branch. Nitrogen
concentrations in most of the tree components irstudy were similar or higher than
those reported by previous studies (van Miegroat.€t994, Singh 1998, Casselman et

al. 2006, Swamy et al. 2006, Cobb et al. 2008, &ret al. 2011). Similarly, P
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concentrations in the biomass components in oatysttere mostly higher than other
studies (Ponette et al. 2001, Swamy et al. 208&hough P uptake is highest in soil

with pH 5.0 and 6.0 (Schachtman et al. 1998), lhdge in our study had a pH of 7.3.
Therefore the, higher P concentration in the treesir study might result from the
extremely high P content of the soils at the sBecause of higher P concentration in the
aboveground biomass components than reported biypresgous studies, total P uptake
by both species in our study was higher than tiposeiously reported (Lodhiyal et al.
1994, Heilman and Norby 1998, Adegbidi et al. 200@)om the perspective of
phytoremediation, the relatively high tissue N &doncentrations are a desirable

because extraction is a function of biomass miiipby concentration.

Nutrient uptake was almost consistent among the&ags components in both
species, cottonwood always being larger than syceamaccompanied by higher
aboveground biomass, cottonwood contained highamdNP than sycamore. Annual N
uptake by sycamore in our study was within the easuggested for SRWC by previous
studies (Adegbidi et al. 2001, Devine et al. 2008hwever, total N uptake by
cottonwood was higher than Swamy et al. (2006)abge both aboveground biomass
and N concentration were higher in our study. Toiamass yield and total N uptake
can still be higher than our study if trees arenf@d in a high density and N fertilizer is

applied (van Miegroet et al. 1994).

Conclusion

Decommissioned lagoons contain high levels of ants that are a potential
threat to nearby water sources if not properly gada Short- rotation woody crops

provide an inexpensive and viable option to extvadiable nutrients from the
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soil/sludge mixture in decommissioned lagoons, peecbiomass, and prevent nutrients
from reaching water sources. Both sycamore angmasottonwood, growing at the
edge of their natural range under several yearsanird high summer temperature,
underperformed relative to other published studeest of Oklahoma despite being
planted in the nutrient rich soils. Both speciesevable to extract a significant amount
of N and P within a few years. However, cottonwoaodperformed sycamore and took
up almost 700 and 100 kg haf N and P, respectively, within four years, mgchater
than the 5-year old sycamore. Among the cottonwsbodes, local clones were better
than clones from more northern locations and predutggher biomass and higher
nutrient uptake. The results from the study sugtped nutrients contained in sludge of a
decommissioned lagoon can be beneficially reusddemoved by SRWC which can

potentially reduce off-site movement of nutrientsl aeduce the risk of water pollution.
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Tables

Tablell- 1 Ranking of cottonwood clones based on aboveground biomass

Rank  Clone Source  Height dbh Abovegrounchiomass
(m) (cm) (kg treé?)

1 S7C7 TX 8.41 11.92 34.61 a

2 -8 OK 8.12 10.25 27.66 ab

3 104 OK 8.30 10.33 26.75 abc

4 113 OK 8.12 10.83 26.69 abc

5 20-8 OK 7.48 10.83 24.93 abcd

6 11-3 OK 7.91 9.90 23.69 abcde

7 117 OK 7.43 9.15 21.37 bcdef

8 84-11-5 OK 7.34 9.39 20.75 bcdef

9 ST-124 MS 7.47 9.34 19.78 bcdefg

10 ST-66 MS 7.57 8.80 18.53 bcdefgh

11 2-8 OK 7.47 7.98 16.22 bcdefgh

12 77-J01-00 IL 6.52 8.17 15.87 bcdefgh

13 ST-72 TN 7.30 7.90 14.99 cdefgh

14 20-1 OK 7.60 7.76 14.40 defgh

15 721005 TN 6.60 7.09 13.82 defgh

16 64-312-2 IL 6.64 6.66 13.54 defgh

17 ST-163 MS 7.49 7.42 13.11 defgh

18 ST-148 MS 6.97 7.06 13.05 defgh

19 D-19 IL 6.81 6.80 11.64 efgh

20 721704 TN 6.46 6.96 10.43 fgh

21 64-243-03 MO 6.88 6.34 10.41 fgh

22 2433 AL 6.95 6.50 10.19 fgh

23 111438 MS 6.97 5.72 8.90 fgh

24 64-251-3 MO 6.64 5.70 7.90 gh

25 4 KY 5.80 5.19 6.44 h

Clone identifiers and state of origin are listékboveground biomass values that share
the same letter indicate no significant differe(fee< 0.05). (n=9).

31



Tablell- 2 Regression coefficientsfor various biomass components of the harvested
sycamor e and cottonwood trees

Species Stem Branch Foliage

a b a b a b
Sycamore 114.3 1.77 56.5 1.37 54.3 0.31
Cottonwood 178.5 0.25 58.6 0.43 22.8 0.92

Fourteen different sized trees of each species hameested 2010-2012. (n = 14).
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Tablell- 3 Nutrient concentrationsin each tree component over three growing
seasons for sycamor e and cottonwood

Nitrogen(g kg™)

Phosphorugg kg™

Species Age Foliage Branch Bark Stem Foliage BranBark Stem
Sycamore 3 18.6a 5.7a 79a 4.9a 2.0a 1.4a l3aa 1.6
4 17.3a 4.6a 6.0a 2.4a 1.8a l.4a 0.8a 1.2a
5 19.6a v 7.0a 3.8a 2.5a v l.1a 2.0a
Cottonwood 2 25.0A 8.2A 10.8A 3.4B 2.9A 2.3A 1.8A1.1A
3 25.3A 6.0A 9.1A 3.1B 2.3A 1.7A 14A 1.1A
4  29.0A v 14.0A 5.0A 3.0A v 1.0A 1.0A

Each harvested tree was an experimental unit ¢h=&)d 2 for the three successively
older stand ages). Values with same letter irctthemns indicate no significant
difference within the species (lowercase for sycanoppercase for cottonwood €
0.05). v indicates no data.
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Tablell- 4 Nutrient concentrationsin each tree componentsfor sycamore and
cottonwood

Nitrogen(g kg™ Phosphoru¢g kg™)

Species Foliage Branch  Bark Stem Foliage Branch rk Ba Stem

Sycamore 185Ab 5.1Ca 7.0Bb 4.9Ca 2.1Aa 1.4BCaCd.0 1.6Ba

Cottonwood 25.8Aa 7.1Ca 11.3Ba 3.8Da 2.7Aa 2.0Ba4C4 1.0Da

Values with the same letter indicate no significdifference in either N or P
concentration (upper case indicates comparisongi@ith@ biomass components and
lower case indicates comparisons between the s)e(ie14).
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Figures

Figurell- 1 Growth of sycamore and cottonwood during the study period
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Biomass (Mg ha'l)

Figurell- 2 Yearly biomass partitioning in sycamore and cottonwood
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Figurell-3 Total N (a) and P (b) uptake by sycamore and cottonwood during the
study period
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CHAPTER 11

COMPARISON OF LOBLOLLY, SHORTLEAF, AND PITCH X
LOBLOLLY PINE PLANTATIONS GROWING IN OKLAHOMA

Abstract

We studied survival, growth, stem volume, barkwerpand stem characteristics of 10-
year old loblolly pine Rinus taedd..), shortleaf pineR. echinataMill.), and pitch X
loblolly pine hybrid P. rigida X P. taeda stands planted at four sites in 2002 in
southeastern Oklahoma to determine the genotygesbisd for expanding the
commercial range of pine plantations. Loblollygend pitch X loblolly pine hybrid
plantations had a survival of 70% and above, higien shortleaf pine (59%). Loblolly
pine reached an average height of 9.42 m and diB.60 cm, outgrowing both the
shortleaf pine (6.85 m and 11.78 cm, height and dddpectively) and pitch X loblolly
pine hybrid (8.27 m and 14.18 cm, height and despectively). We did not observe any
statistical differences in wood specific gravity¢oall mean of 0.51). Although, tree size
affected tree crown area and bark thickness, thetgpes did not differ when compared
at the same dbh. Shortleaf pine trees were lgéstidcal of the genotypes based on
Girard form class. We conclude that planting ldlglpine was the best choice for

extending pine range if productivity is the topopity assuming no ice damage.
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I ntroduction

The area of pine plantation in the southeastern U&\increased since the
1950’s and will likely further increase over thexhseveral decades (Alig and Butler
2004, Fox et al. 2007, Wear and Greis 2012). éfaftis change is due to the expanded
range of commercial pine which helps counterbald@heealecline in forest cover caused
by timber harvesting for agriculture and urban egian (Borders and Bailey 2001,
Wear and Greis 2002). The south-central subrelgg@the most potential for pine
plantation expansion in the southern USA (Ahn e2@00, Alig and Butler 2004). For
instance, loblolly pineRinus taedd..) plantations have been established beyond the
periphery of its natural range in southeastern Rikiaa and eastern Texas (Baker and
Balmer 1983, Sampson and Allen 1999).

Southern pine forests are among the most productithe United States, with
loblolly pine and shortleaf pind>( echinataMill.) being major species (Lawson 1990,
Schultz 1999, Guldin 2011, Stewart et al. 20129pgéther, loblolly pine and shortleaf
pine forests cover 21 million hectares, more tha¥ 0f total pine forest in the Southeast
(Smith et al. 2009, Guldin 2011). Because ofatst jrowth and versatility, loblolly pine
is the most important commercial timber speciethésoutheastern USA (Schultz 1999,
McKeand et al. 2003). Loblolly pine has the secadkest range among the pines and
composes more than half of the total southern yefime volume (Schultz 1999, Cain
and Shelton 2000, Studyvin and Gwaze 2012). hearirom Delaware and New Jersey
to central Florida and westwards to eastern Terdssautheast Oklahoma (Schultz
1999). Shortleaf pine, the pine with most exteasiatural range, is the second most

important pine species in the Southeast (Gwaze,Z60Rlin 2011). Shortleaf pine is
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native to 22 states, ranging from New York and Niensey to Florida and Oklahoma and
Texas to the west (Lawson 1990). Compared to lglghine, shortleaf pine is slower
growing, but more fire tolerant, cold tolerant, toéerant, and drought tolerant (Lawson
1990, Schultz 1997).

A possible limitation to northward expansion dbll@ly pine plantations is ice
storms which have the potential to destroy youitdpldy pine stands (Schultz 1997).
For instance, an ice storm in southeastern Oklalamdavestern Arkansas in the winter
of 2000 caused substantial damage to sapling-supdally pine plantations (Burner and
Ares 2003). While susceptible, shortleaf pineatidr able to withstand ice storms. In
adjacent plantings of loblolly pine and shortleadg) shortleaf pine suffered 30%
damage while loblolly pine suffered 60% damage strattleaf pine exhibited a greater
likelihood of stem bending rather than breakingd&ess and McMillan 1954).

Pitch X loblolly pine hybrids incorporate the bettgowth rate of loblolly pine
and cold hardiness of pitch pineius rigidaMill) and can be planted north of the
loblolly pine range (Kuser et al. 1987). Pitchoblolly pine hybrids may outperform the
parent species on poor sites or outside of thealdablolly pine range (Little and Trew
1979, Kuser et al. 1987, Johnson et al. 1991 pdtttion to greater cold tolerance, pitch
X loblolly pine hybrids are presumably more toldrahice and snow which may permit
expansion of pine plantations further north orha tace of a more variable climate
(Baker and Langdon 1990, Johnson et al. 1991).

An uncertainty regarding the future of southerrefts is potential climate change
and the associated changes in temperature anghpaéon (Wear and Greis 2012).

Climate change may cause shifts in species geoigregoige as well as changes in forest
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structure and composition (lverson and Prasad 208fison and Prasad 2002, Walther et
al. 2002, Parmesan 2006). The potential effectdimiate change on future pine
geographic ranges, productivity, survival, and hegy are not clear (Hughes 2000,
Wear and Greis 2002, Wear and Greis 2012). Datailgrowth patterns and climate
influences on pine productivity are helpful to foast the future range of commercial
plantations and to improve intensive pine managesteaitegies to increase future yields.
Identifying the most appropriate plantation spettesalance productivity and
risk of plantation failure will facilitate the expsion of the commercial pine range in the
southeastern USA. Loblolly pine, shortleaf pined pitch X loblolly pine hybrids
growing along the periphery of the commercial raofysouthern pine present the
opportunity to assess these three potential geastypo address the questions of stand
establishment and productivity, we compared thevtgrgerformance of loblolly pine,
shortleaf pine, and pitch X loblolly pine hybricaptations established in 2002 in
southeastern Oklahoma, within the natural rangshoftleaf pine, but within, west and
north of the loblolly pine natural range. The speobjectives of this study were to
compare survival, growth [height and diameter atbt height (dbh)], stem volume,
wood specific gravity (SG), crown area, form class] bark thickness among the pine

genotypes through age 10.

Materials and methods
Site description

The study was conducted at four sites, Antlers a@al Idabel, and Shinewell, in
southeastern Oklahoma that encompassed a wide oafaracteristics (Table 111-1).

These sites are within the natural range of shadfrpee. Antlers and Cavanal are west
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and north of the natural range of loblolly pinet ithin its potential commercial range
(Figure IlI-1). The climate is characterized bydo hot summers, and dry winters. All
sites have approximately 210 frost free days. Betwl971 and 2000, Cavanal had 14.7
cm of annual frozen and freezing precipitation (gfadl, sleet, freezing rain, and hail),
the highest among the sites. The other sitesdsxithan 6 cm with Idabel having only 1
cm (Oklahoma Climatological Survey 2013). Soil y#lues at Antlers and Cavanal
were lower than ldabel and Shinewell. Soils ab&dand Shinewell were poorly to well

drained, whereas soils at Antlers and Cavanal wergly well drained.

Study design

The study was a generalized random complete ldeslgn, i.e., a randomized
complete block study was installed at each site.méchanical site preparation was
conducted. Herbaceous weed control was carriedsing) Oust® (Sulfometuron
methyl, DuPont Agricultural products, WilmingtonEpat Shinewell only. Loblolly
pine, shortleaf pine, and pitch X loblolly pine (Rybrids) plantations were established
between February and April 2002 using 1-0 bare-seetllings. Loblolly and shortleaf
pine were improved seedlings from Western Gulf Tregrovement Program grown at
the Oklahoma Forestry Services nursery in Goldéi/from seed collected at the
Oklahoma Forestry Services seed orchard in Id&€l, Pitch X loblolly pine hybrids
were a mix of F1 genotypes from crosses betweeh pine parents from the northeast
and mid-Atlantic states and loblolly parents frdre Maryland shore, Delaware, the
Virginia Piedmont, and coastal South Carolina (M&adtvaco, Richmond, VA).
Shinewell was planted first, on February 25, 2G0®] Idabel was planted last, on April
4, 2002. Shinewell and Idabel had four blocks, iehe Antlers and Cavanal had three.
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Trees were planted at a spacing of 2.44 m x 3.053%3 tree hd). The individual plot
areas ranged from 0.06 to 0.07 ha depending upoavhilable space and contained 72-
90 trees and an additional strip of buffer treegach side. Prior to the ninth growing
season (2010), approximately every other tree wiget®d in the loblolly and pitch X

loblolly pine stands at Idabel for thinning.

M easur ements

Height was measured annually following the firgbtigh fifth growing seasons
on every live tree. We measured tree diametereatsb height (dbh; 1.37 m above
ground level) after the fourth and fifth growingasens. We resumed measurements in
March 2011 (after ninth growing season) and coretittem again the following year
(the tenth growing season) except in Idabel, whesasurements were also taken prior to
the thinning (after eighth growing season in Fely2®10). We used Haglof Vertex IV
Hypsometer with Transponder T3 (Hagl6f, Langseleedn) to measure the height to
the nearest tenth of a meter. Diameter at breaghhwas measured to the nearest tenth
of a cm using a diameter tape. We also measuosthadiameters to the nearest tenth of
a meter in two perpendicular directions for evéryd tree during final measurements
period.

Following the tenth growing season, two randomlgced buffer trees of each
plot were harvested approximately 10 cm above thargl. The harvested trees were
measured for diameter and bark thickness to theese@.1 cm with Haglof Barktax Bark
gauge (Haglof, Langsele, Sweden) every meter alomgtem from the base to the top.
An approximately 3 cm thick disc was cut out frdme base of all harvested trees. After
bringing them to the laboratory, discs were debduked kept immersed in water until
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saturated. The wet volume of each saturated discdetermined by water displacement.
The discs were then oven dried at@%o constant weight and their final weight

recorded.

Calculations

Percent tree survival for each plot was calculét@sed on the initial number
planted. For loblolly pine and shortleaf pineesitdices (Sl) of individual sites were
calculated using equations from Smalley and Bou8v {).

To calculate total stem volume (outside bark) efllarvested trees, the volume of
each 1 m long section was calculated using Smalifninula (Eq. 1), except the top
most section which was calculated as a cone. ©hene of each section was summed
to calculate total volume.

Vi = z{(di.1*+ d;?)/80000} (Eq. 1)
where,V; is the volume in rhof any 1-m log] is length of the log, which was always 1

m, andd;.; andd; are the outside bark diameters (cm) of the ldgatower end and

upper end measured in cm, respectively.

From the harvested trees, linear regression equsatiere developed to predict
stem volume (rf) from dbHf x height for each pine species and site combinatio
However, the relationship did not statisticallyfdifamong pine genotypeB € 0.49) or
sites P = 0.80). As a result, we used one equation (EB? 2 0.97) for calculating
standing volume of trees.

Stem volume= 0.000038 x dbhx height + 0.0054, (Eq. 2)
Specific gravity of the disc was calculated by ding the oven dry weight by the

disc volume. Crown area was calculated as arsellising two perpendicular crown
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widths. Girard form class was calculated as thie &f inside bark diameter 5 m

aboveground to outside bark dbh.

Statistical Analysis

Statistical analyses were conducted on the data tefith growing season only.
The exception to this was tree survival where ffata the Idabel site were from pre-
thinning after the eighth growing season and data the other sites were from after the
ninth growing season. Survival, height, dbh, stehume, and crown area data were
averaged within plots or scaled to the hectarel lsweh that the plot was the
experimental unit, i.e., n=3 or 4, depending ugundite. Height, dbh, and stand-level
volume were analyzed using PROC GLM procedure d 948 (SAS Institute Inc.
2011). Data from the harvested trees, i.e., S€& théckness (at breast height), and form
class were analyzed using individual trees as @xjetal units (total = 84 samples).
Because variables such as SG, crown area, bakotss, and Girard from class might
be influenced by tree size, we analyzed these usiadysis of Covariance (ANCOVA)
with dbh as a covariate. When appropriate, we &s&tker’s protected least significant

difference (LSD) witho = 0.05.

Results

Most mortality occurred the year of establishmeht.the end of the first growing
season, survival of pitch X loblolly pine hybrigplolly pine and shortleaf pine were 80,
76, and 66%, respectively. Between ages 1 andi&ddabel site and 1 and 9 at the rest
of the sites, survival only decreased by additiéh& and 7% respectively for pitch X
loblolly pine, loblolly pine, and shortleaf pineigare I1I-2). When analyzed at age 9

(and age 8 for Idabel stands), survival of pitctoMlolly pine hybrid and loblolly pine
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was higher than shortleaf pine £ 0.02) (Figure 111-2). At all sites, loblolly pe
survival was greater than shortleaf pine survigihough not significantly so when
tested at each site separately. However, thereawaseraction between site and pine
genotypesR = 0.01) because the ranking of pitch X loblollpgihybrid survival varied
across sites (Figure 111-3). Survival of pitch loly pine hybrid was statistically similar
to loblolly pine and shortleaf pine at Antle £ 0.35), CavanaR = 0.09), and
Shinewell P = 0.07), but greatest of any genotype at IdaBei 0.02).

Differences in tree size (height and dbh) were @St across stand
development with loblolly pine the largest, pitcHoblolly pine hybrid intermediate, and
shortleaf pine the smallest (Figure lllI-4a, 4b) afye 10, average heights of loblolly pine
(9.42 m), pitch X loblolly pine hybrid (8.27 m) astiortleaf pine (6.85 m) varied among
the genotypesd{< 0.0001) and site$(< 0.0001), but differences among genotypes were
consistent across the sites (genotype X site ictierg P = 0.10). Trees at the Idabel site
were tallest (9.21 m) followed by trees at Shiné\\&B6) and Antlers (7.93), which
were statistically similar to one another. Tree€avanal were the shortest (6.8 m).
Similar to height, average dbh of loblolly pine @&m), pitch X loblolly pine hybrid
(14.2 cm), and shortleaf pine (11. 8 cm) differBd(0.0001). These differences also
were consistent across the sites (genotype XrdigeactionP = 0.19) (Table 1lI-2).

Trees at Cavanal had the smallest dbh (12.69 ch®reas trees at Idabel (14.66 cm),
Shinewell (14.53 cm), and Antlers (14.45 cm) weagistically similar. For loblolly
pine, at base age 25, site index at Idabel wasebitg23.5 m), followed by Shinewell

(20.7 m), whereas Antlers and Cavanal had samésiéx (19.9 m). Site index for
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shortleaf pine was highest at Idabel (20.4 m) feéd by Shinewell (18.5 m), Antlers
(17.5 m), and Cavanal (16.4 m).

Standing stem volume per hectare followed the tdricke sizes when measured
after 10 growing seasons. Stem volume per heuwtasadifferent among the genotypes
(P < 0.0001) and site$(= 0.009), and these differences were again camiainong the
sites (genotype X site interactidd= 0.17) (Figure 1lI-5). Loblolly pine had the gttest
stem volume (91.1 frha™) followed by pitch X loblolly pine hybrid (55.0 fiha®) and
shortleaf pine (36.5 frha’). Standing stem volume at Cavanal was signiflgdatver
(44.0 n? ha') than Antlers (72.6 fha') and Shinewell (68.3 frha), which were
similar to one another and Idabel (58.3tm").

When tested using ANCOVA, the relationship betwdlh and SG was not
significant = 0.25). The overall average SG was 0.5 (s.e.= 0.@0& it was not
significantly affected by genotyp® & 0.79). However, trees of Shinewell had the
lowest SG of 0.48, which was statistically differéman trees from the other sites, which
had SG of 0.50 and above £ 0.0009) (Table IlI-2). We did not observe amgngicant
genotype-by-site interaction for S8 € 0.70).

Crown area (rf) exhibited a significant relation with dbh (cn® € 0.06, crown
area = 0.7573*dbh - 3.1010, Figure lll-6a). Afé&counting for tree size using
ANCOVA, we did not observe any genotype effdtt=(0.51) or site effectf = 0.97)
(genotype X site interactio®, = 0.49) on crown area. Among the genotypes, pftch
loblolly pine hybrid, loblolly pine, and shortlepine had crown areas of 9.0 (s.e.= 1.23)

m?, 6.16 (s.e.= 1.52) mand 6.41(s.e.= 1.12)nrespectively. Among the sites,
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Cavanal, Idabel, Antlers, and Shinewell had croames of 7.86 (s.e.= 2.46), 7.27 (s.e.=
0.57), 7.19 (s.e.= 0.74), and 6.42 (s.e.= 1.46)espectively.

Bark thickness increased with dih< 0.0001, bark thickness = 0.0532*dbh +
0.5627; Figure IlI-6b). After accounting for trdbh, we found that differences in bark
thickness were not significant among the genotyPes0.97) and sited?(= 0.65) (site
X genotypeP = 0.61). Loblolly pine had a bark thickness of8L(8.e.= 0.05) cm and
shortleaf pine and pitch X loblolly pine hybrid hadark thickness of 1.22 (s.e.= 0.06)
and 1.19 (s.e.= 0.05) cm respectively, but theerdnces were a function of tree dbh.
Shinewell, Antlers, Cavanal, and Idabel had a blaidkness of 1.38 (s.e.= 0.07) cm, 1.31
(s.e.=0.06) cm, 1.21 (0.07) cm, and 1.14 (s.€08)&m, respectively.

The relationship between Girard form class anddigewas significantR =
0.0002, Girard form class = 0.0343*dbh - 0.0103uFe 111-6¢c). After accounting for
tree dbh using ANCOVA, we still detected the gepetgffects on form clas® =
0.004). Loblolly pine and pitch X loblolly pine bgid had similar form class of 0.50
(s.e.=0.02) and 0.48 (s.e.= 0.03), and were sogmfly greater than shortleaf pine which
had a form class of 0.36 (s.e.= 0.04). Form chess not affected by sit® (= 0.16).

Form class values at Idabel, Shinewell, Antlersl @avanal were 0.58 (s.e.= 0.02), 0.43
(s.e.=0.03), 0.38 (s.e.= 0.04), and 0.33 (s.€)4)0espectively. Again, the genotype

differences were consistent across the sRes (.29).

Discussion
Planted beyond its natural range, loblolly pinepeatormed both shortleaf pine

and pitch X loblolly pine hybrids indicating thatepting loblolly pine in the southeastern

Oklahoma appears to be the best option for expgritiincommercial pine range within
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the conditions under which this study was conduetatithere is no ice damage. In
several previous comparisons, loblolly pine wasféstest growing. In a study carried
out in southern Arkansas, loblolly pine exhibitedtbr growth than shortleaf pine from
age 8to 12 (Cain 1990). Similarly, Groningerle(2000) reported greater growth
performance by loblolly pine than pitch X loblolyne (F2) hybrids in a competition
control study on the Virginia Piedmont after 9 gnogvseasons. The level of genetic
improvement may contribute to genotype differendéhile both loblolly pine and
shortleaf pine were improved selections from thesi&ie Gulf Tree Improvement
Cooperative, the extent of improvement within |dlyipine was greater, i.e., shortleaf
pine were first generation selections while lolylgdine was a second generation. The
pitch X loblolly pine hybrids selections were basgdcold hardiness and fast growth, but
these were F1 crosses and had not yet undergoit@addscreening in progeny tests.
Even though genetic improvement plays a role, esults indicate the potential growth
of the genotypes using the best available genatitise time of planting. The advantage
of loblolly pine plantations established currerdn be expected to be larger given
additional tree improvement efforts in that species

During the study period, the research sites dicerperience any substantial ice
storms. Loblolly pine is more susceptible to ieendge than shortleaf pine (Lawson
1990, Schultz 1997) or pitch X loblolly pine hyksifLittle and Trew 1979, Kuser et al.
1987). Planting shortleaf pine or pitch X loblofline hybrids may reduce the risk of ice
damage, especially during the sapling and poleestaghe expense of potential

productivity. Native shortleaf pine might be artiop for landowners with multiple
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objectives who would like to reduce risk of plardatfailure because of wildfire and
drought as well as ice storms.

As was the case in our study, other researchess foawnd that the majority of
mortality occurs during the first year after plagti(Ponder Jr 2004, Rahman et al. 2006).
However, percent survival of individual pine gerpyg at the end of the study period in
our study was lower when compared with other stifliégtle and Trew 1979, Kuser et
al. 1987, Yeiser and Barnett 1991, Cain 1999, @ath Shelton 2000, Borders and Bailey
2001, Barnett and Brissette 2004, Studyvin and @Gv2&aA 2). Half the sites in our study
were beyond the natural range of loblolly pine alidvere along the western margin of
the commercial pine range. Although the seedlnegeived approximately 130 cm of
precipitation in 2002, which is above average (abé IlI-1), precipitation was much
less in year 2003 and 2005 at the study sites.instance, Cavanal received only 86 cm
and 74 cm in 2003 and 2005, respectively, comptaréide average precipitation (113
cm). Another possible contributing factor to tle&tively low survival was the lack of
mechanical site preparation and limited chemicadweontrol, both of which are
important to improve plantation establishment (8bis and Allen 2003).

Loblolly pine and shortleaf pine survival was fgidonsistent across sites
(loblolly pine > shortleaf pine). However, survivd pitch X loblolly pine hybrids
varied. Our study sites were all within the natuaage of shortleaf pine. As such,
shortleaf pine might be expected to have higherigalrthan pitch X loblolly pine hybrid
and loblolly pine, the non-native genotypes. Hogreghortleaf pine survival was lowest
among the planted genotypes on three of four sité& loblolly pine and shortleaf pine

seedlings were from the same nursery and treataithgly before planting. While the
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pitch X loblolly pine hybrid seedlings were fronddferent source, the seedlings were of
high quality and carefully handled and plantedrvival of pitch X loblolly pine hybrids
was relatively high at three of four sites, but lingest of all three genotypes at
Shinewell. Survival of pitch pine is lower in flded conditions than normal conditions
(Craine and Orians 2006) and seasonal excess ateéd#inewell might have contributed
to the lower survival of pitch X loblolly pine hyiol:

Growth results in our study were similar to othrdies. For example,
Hennessey et al. (2004) reported an average heigh? m, similar to our finding, in a
9-year old loblolly pine planted in southeasterdabkma. Similarly, in a study across
Ouachita and Ozark National Forests in Arkansash\isdouri, 10-year old shortleaf
pine had an average height of 5.95 m (StudyvinGwdze 2012), comparable to ours.
Even though growth in our study was comparableheroplantation studies in the
region, growth can be accelerated due to moresntersilviculture. For instance,
Borders and Bailey (2001) reported an average hefghl.7 m and volume of 115°m
ha' in a 10-year old loblolly pine stand with intensimechanical site preparation,
fertilization, and competition control.

Sitewise, loblolly pine and pitch X loblolly ping/brid trees at Idabel were bigger
than the other sites. Loblolly pine and pitch Xltdly pine hybrid stands at Idabel were
thinned which removed the smaller trees leavingdhger ones behind. Cavanal, on the
other hand, is located at the northern most sidbeostudy area and is probably lesser
suited site than others for the pines studied.

Stemwood SG is an important indicator of tree wquodlity for wood and pulp

production and is important for ecosystem studiesaarbon storage (King et al. 2006,
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Jordan et al. 2008). We did not find any significdifferences when comparing SG
among the genotypes planted at the same sites. fililing is consistent with another
study (Gibson et al. 1986). This suggests thatwst@od SG of even-aged pine stands is
fairly constant when planted at same site with skewel of management. However,
Shinewell trees had lower SG than trees from adlies. Trees in soils with higher
moisture have lower stemwood SG than trees at sloiés (Gibson et al. 1986, Miles and
Smith 2009) and Shinewell probably had the higeedtmoisture level among the sites
because of higher average annual rainfall and highger table. Average SG in our
study was 0.51, and was similar to results fronvipres pine studies (Jordan et al. 2008,
Ledig et al. 1975) but slightly higher than mogtetstudies (Cregg et al. 1988
Jayawickrama et al. 1997, Naidu et al. 1998). Gfrtee many factors SG depends upon
is the sampling position (Miles and Smith 2009) amukt of these studies measured SG
at breast height, whereas samples in our study takes from stump height. Since,
wood SG decreases along the height of the treel(Glaet al. 2008), SG in our study
might have been slightly higher than other studidewever, the comparison among
genotypes accurately reflects species differenés.did not find an effect of tree size
on stemwood SG, because for even-aged plantastaraywood SG is age dependent
rather than size dependent (de Castro et al. 1992).

Crown dimensions play an important role in deterngrforest health and
productivity (Cole and Lorimer 1994, Larocque andrbhall 1994, Zarnoch et al. 2004).
While crown area and tree size are positively dated (Zarnoch et al. 2004), species
difference may shift the relationship. For ins@noblolly pine trees were larger than

pitch X loblolly pine hybrid despite the similaroevn areas.
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Larger trees have thicker bark (Bragg 2004, Laasds®eet al. 2005). In our
study, loblolly pine trees were larger and hadkéidark, whereas shortleaf pine trees
were smaller than other pines and had thinner loartkthe relationship between tree size
and bark thickness was consistent among genotypak thickness in our study was
slightly higher than what Tiarks and Haywood (1988)orted on 11 year old loblolly
pine stands in Louisiana, but within the range Bré&P04) reported for loblolly pine and
shortleaf pine.

After correcting for tree dbh, we found that sheaflpine had less cylindrical
stems than other two genotypes. Shortleaf pinddssdcylindrical stems possibly
because lower survival and lower stand densityesless cylindrical stems (Maker and
Boyd 2008). Although, all genotypes had the sagtationship between dfhand
volume, shortleaf pine were shorter and differanagbh and inside bark diameter at
approximately 5 m tree height was relatively greateshortleaf pines than the other
genotypes, thus making shortleaf pine less cylaadithan loblolly pine and pitch X
loblolly pine hybrids. Our results of form clasalwe of loblolly and pitch X loblolly
pine hybrid were within the range reported by Maded Boyd (2008) in 12-18 year old

loblolly pines in North Carolina Piedmont.

Conclusion

Southeastern Oklahoma is the northern and wesig¢emt of natural range of
loblolly pine and may represent the future climataditions of other portions of the
range if precipitation decreases in the southea&l&A. Alternatively, climate change
may cause the range further of loblolly pine tdtsmrthward. We found that second

generation improved loblolly pine exhibited betarvival than first generation improved
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shortleaf pine and outgrew shortleaf pine and pidbblolly pine F1 hybrid while
having similar SG and bark thickness. Therefolantng loblolly is the best option for
expanding the commercial pine range. Howevershuogtleaf pine might be considered
to reduce risk when considering potential damagen fithe ice storms or increased

incidence of drought.
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Tables

Tablelll- 1 Research sitesand associated key characteristics

Site Characteristics Antlers Cavanal Idabel Shilewe
Latitude, Longitude 320N, 95°35'W 35°06'N, 33 54N, 3353'N, 94°34'W
94°43'W 94°45'W
Soil Unit Carnasaw-Stapp Bengal-Pirum- Adaton and Belvins and Kullit
association Clebit complex Kullit
Soil texture Clay and stony Clayloamand Loam and fine Loam and fine sandy
fine sandy loam very stony fine sandy loam loam
sandy loam
Soil pH 51 5.1-5.3 5.0-5.8 5.2-5.8
Slope (%) 8-12 5-15 0-3 1-3
Annual precipitation 122 113 131 131
(cm)

Annual temp (avg lowest 16.2 (-3.9-38.3) 15.7(-5.0-37.2) 16 (-2.2:136 16 (-2.2 - 36.1)
- avg highest)°C)
Depth to water table (cm) >200 >180 60 - 90 Bh{seasonal

excess surface water)

Soils data 0 to 40 cm are only included. Averageipitation and temperature values were
calculated from year 2001 to 2010 for the clostgtans to the research sites. The farthest
station from which data were taken was Wister and 83 km away from Cavanal research
site. Precipitation includes rain and liquid egl@nt of frozen and freezing precipitation
(e.g. snow, sleet, freezing rain and hail) (SouneDC 2002; Oklahoma Climatological
Survey 2013; USDA 2013).
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Tablelll- 2 Treedimensions and specific gravity after 10 growing seasons

Sites Genotype Height (m) dbh (cm) Specific gravity
Antlers Loblolly 8.68 (0.76) 15.55 (1.62) 0.49QqD)
Shortleaf 6.77 (0.30) 13.16 (0.62) 0.51 (0.01)
Pitch X loblolly 8.34 (0.26) 14.63 (0.07) 0.51 (D)0
Cavanal Loblolly 8.42 (0.40) 16.19 (0.43) 0.51000.
Shortleaf 5.02 (0.44) 8.88 (0.82) 0.55 (0.01)
Pitch X loblolly 6.97 (0.04) 16.19 (0.43) 0.52 (D)0
Idabel Loblolly 10.63 (0.31) 17.07 (0.92) 0.510®)
Shortleaf 7.44 (0.57) 12.17 (0.93) 0.50 (0.02)
Pitch X loblolly 9.51 (0.42) 14.76 (1.16) 0.50 (D)0
Shinewell Loblolly 9.51 (0.10) 16.87 (0.24) 0.4802)
Shortleaf 7.63 (0.16) 12.55 (0.28) 0.47 (0.02)
Pitch X loblolly 7.94 (0.20) 14.17 (0.41) 0.49 (R)0

Values within the parentheses indicate standawt ésre.).
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Figures
Figurelll- 1 Map of Oklahoma showing study sites

|

Idabe
*The lower colored region shows the overlapping r@tanges of loblolly pine ar

shortleaf pine. The upper colored region showsttaral shortleaf pine range or
(Source: Based on shapefiles from www.usgs.
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Figurelll- 2 Survival of the genotypes during the study period
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*No measurements were taken aft8 8", and §' growing seasons except for Idabel site
where trees were thinned aftét §rowing season following the measurements. Fse &a

comparison, survival data aftef §rowing season at Idabel was used as survival @fte
growing season.
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Figurelll- 3 Survial of the genotypesat individual study sites
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Figurelll- 4 Annual growth of the genotypes, (a) height, and (b) dbh
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*Notice the dbh growth lines starting from age 4 {be x-asis in Figure b), this is because most
of the trees did not reach the breast height aftér 4" growing season.
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Figurelll- 5 Genotypes standing outside bark stemwood volume across the sites
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Figurelll- 6 Relationshipsbetween dbh and (a) crown area, (b) bark thickness at
breast height, and (c) Girard form class
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*Diameter at breast height had a significant retaghip with each of them.
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CHAPTER IV

LOBLOLLY PINE STAND GROWTH AFTER 4 YEARS OF
SIMULATED ICE DAMAGE

Abstract

We simulated ice damage by manually shooting aquodf live crown from mid-

rotation loblolly pine Pinus taedd..) stands in southeastern Oklahoma to study disé- p
ice damage effects. Non-thinned stands were caedgarstands that had recently
undergone either thinning or thinning and prunitgaddition, we compared the growth
response associated with an increasing percentded that were damaged during the
simulation. Four years after damage, diameter trovas faster in the thinned plots than
the non-thinned plots. Relative basal area grqridig.wi) decreased as the percent of
live crown ratio loss (LCRsg increased (rByowth = -0.25 LCRyss+ 0.58;P = 0.02) in

all stands, however, the effect was pronounced mmaitee non-thinned stands. Sub-plots
with 100 and 75% of the trees damaged had high&gsRn than the plots with 50%
damaged trees but not than sub-plots with 25% dachtages. Thinned stands already
had open canopies, therefore canopy opening dilne tsimulated damage had no
positive growth effect on the undamaged trees tees still had to compete for other
resources. The stem form of the damaged treesadishow any change. Based on these
findings, moderate (less than 50%) loss of livansr@esulted in fairly small decreases in

growth and did not change stem form. Therefoadd can be allowed to recover from
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moderate ice storm damage without large loss idysrtoon, whereas thinning of the

damaged stand would be a plus.
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I ntroduction

Natural disturbances, such as ice storms, may cagsgicant changes in the
forest dynamics (Warrillow and Mou 1999, Braggle2@03). The southern United
States is periodically hit by ice storms, the lateajor events being in 1995, 2000
(twice), and 2007. Pines represent a major fa@ger type in the southern United States
(Schultz 1997). Because pines retain foliage thinout the year, they have ample
surface for ice accumulation which can lead to marable damage (Schultz 1997,
Aubrey 2007, Guldin 2011). Major damages by icerss include reduced timber
production and altered wildlife habitat, which ateo accompanied by secondary
damages such as risks to soil erosion, wildfiretgnvasions in the open areas, disease
and pest outbreaks, damage to recreational anre@®thaer unpredictable damages
(Meyers and McSweeney 1995, Warrillow and Mou 1999)

Improved planting stock and intensive managemeattjges have been important
keys to the success of pine plantation managemeheiSouth (Atwood et al. 2002, Fox
et al. 2004). The area of pine plantation hastamlially increased from the 1950’s and
is likely to increase in the coming several decaddle southern United States (Alig and
Butler 2004, Fox et al. 2007, Wear and Greis 2012plolly pine Pinus taedd..) is
one of the fastest growing and important speciesngnthe southern pines (Samuelson et
al. 1992, Zeide and Sharer 2002, Jokela et al. 2Digguez-Aranda et al. 2006, Dipesh
et al. unpublished). Of the seedlings plantedhéeSouth, more than 80% are loblolly
pine (Martin and Shiver 2002, McKeand et al. 2003).

Loblolly pine stands are susceptible to ice stoff@mmuelson et al. 1992, Aubrey

et al. 2007) that occur on average every 6 yeattseirsouth (Schultz 1997). Loblolly
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pine is relatively more tolerant to ice than sormespecies such as longleaf pife (
palustrisMill .), slash pineR. elliottii Englem.), sand pind[ clausa(Chapm. Ex
Englem.)]. However, hail or ice storm may sevegdfect the growth of loblolly pine
causing stem breakage, severe tree bending ortupyd8elanger et al. 1996). Loss of
70% crown or severe stem bending or uprooting usilisfatal to the loblolly pine
(Bragg et al. 2003). Therefore, loblolly pine fktions near or beyond the northern limit
often have not been that successful due to wirgeragie (Groninger et al. 2000), and
successful establishment of loblolly pine plantasiat these locations is questionable
because of exposure to severe ice storms (ScHf@)1

Silvicultural practices such as thinning and prgmmanipulate the availability of
the resources such as light, water and nutriemdsraprove individual tree diameter
growth rate (Jokela et al. 2004, Sword Sayer 2G04, Allen et al. 2005). Mid-rotation
stands with a diameter range of 18-25 cm are mmeeptible to ice damage. Thinning-
pruning may improve the stem diameter growth ratethus reduce the risk of ice
damage by providing less exposure time of thesasste the potential ice storm events
(Belanger et al. 1996, Bragg et al. 2002, Zeide@imarer 2002). Following ice damage,
managers must decide whether to clear cut for néiplg, salvage the damaged trees, or
do nothing (Bragg et al. 2003). There are sewsdtalies on immediate effects of ice
damage in loblolly pine. For example, wood of b&teims of loblolly pine is weakened,
although specific gravity is not affected (Dunhamd 8ourgeois 1996). Similarly,
diameter growth of the damaged loblolly pine trise®duced in the first few years after
damage (Belanger 1996, Wiley and Zeide 1991). Hewaletailed quantitative

assessments of loblolly pine stand response tongtgvels of ice damage in
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conjunction with pre-storm data on individual treesisually not available. Following
stand and tree growth after damage for a suffiidahg time post-damage and
comparison to pre-damage tree conditions will all@ato understand the effect that
varying levels of damage has on growth and wizaissand types of trees are best able to
recover from damage. We also are limited by ti@mation on the ice storm damage
effects to the stands that have undergone diffesiéntultural practices, e.g. thinning
and pruning. Information on tree taper post iceage is lacking while it is of
importance as it describes stem profile and hedppsrchine the bole volume (Newnham
1991, Muhairwe 1994).

To address these uncertainties, we compared valgweds of crown damage
(only breaking) and different percentages damagsss twithin unthinned mid-rotation
stands, recently thinned stands, and recently ¢uiramd pruned stands in southeastern
Oklahoma near the northern and western margineofailolly pine commercial range.
We hypothesized that 1) basal area growth is retiuncproportion to the percentage of
live crown removal, 2) growth of both undamaged dadhaged trees increases as the
percentage of damaged trees increases, 3) theseffiecrown damage are less in thinned
stands compared to nonthinned stands, and 4)apee in damaged trees increases. This
research helps serve as a guide for forest managarslerstand the stand dynamics after

ice storms and therefore help them decide thedmdisins to take after ice damage.

Methods
Study area
In March 2008, six mid-rotation loblolly pine stadere located in McCurtain

County in southeastern Oklahoma. Because one stasdhter disturbed by a logging
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crew, a replacement stand was located in early .200@se stands are owned by
Weyerhaeuser Co. (Federal Way, WA) and administeyetieir Kiamichi Tree Farm
(Broken Bow, OK). Average 24-hour minimum temparatat the study area is -22
(January) and average 24-hour maximum temperatwrgust) is 36.9C with
approximately 131 cm of annual precipitation [Oklata Climatological Survey 2013
(2001-2010 data)]. Number of frost free days atdites ranges from 190-230 days. Soil
characteristics and water table depth at the looatwere similar (Table 1V-1). Stands

ranged in planting year from 1992-1994.

Study design and measur ements

The study was established as a split-plot desigmo replications of three stand-
level treatments each (only thinning-OT, thinnimgl goruning-TP, no thinning and no
pruning-NTNP) served as whole plots and were estadd in late winter and early
spring of 2008. Thinning was conducted less thgeaa before study establishment and
reduced tree density from approximately 1110 thegsto 285 trees h Pruning was
conducted by hand shortly after thinning and rerdabe lower branches to a height of
6.5 m.

Each site was then divided into five sub-plotsiéerdamage simulation. Each
sub-plot was randomly assigned to have 0, 25, 5007100% of trees damaged. Prior
to ice damage simulation, trees were measuredh&r height, diameter at breast height
(dbh; 1.37 m above ground level), and crown hefjghse of live crown). Tree and
crown heights were measured using Haglof Vertekiypsometer with Transponder T3
(Haglof, Langsele, Sweden) to the nearest tenthroéter. Diameter tapes were used to
measure tree dbh to the nearest tenth of a cmeswéhin the sub-stands were selected
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randomly for ice damage simulation. Selected ildial trees had up to 50% of their
crown length removed by shooting the stem multipplees with a rifle. Immediately

after shooting, diameter at the broken point andtle of the broken region were
recorded. Height, dbh and crown height measuresneete again taken after the fourth
growing season following the ice damage simulatiddditional measurements of crown
diameter (in two perpendicular directions) usingndeter tapes and stem diameter at
approximately 5.3 m height using Gator Eyes Las@ntBrs (Haglof, Inc. of Sweden)
were carried out after fourth growing season. damage simulation and every
measurement in the replacement plot were donerdatea than the other five sites for

comparison at a common time since treatment.

Calculations and Analyses

To account for the initial tree sizes on the grovetdponse, we calculated relative
basal area growth (rBfwwm) of individual trees [(BA after four growing seaso- BA
before ice damage simulation)/BA before ice dansagneilation]. We also calculated
live crown ratio loss (LCRss) i.e. percentage of live crown reduction for tlaendged
trees. Tree taper was calculated as the raticaofeter at 5.3 m height to dbh.
Assuming the tree crowns were elliptical in shape calculated tree crown area using
two perpendicular crown widths and the formuladorellipse.

To test the effects of crown damage on stem growg¢hconducted an ANCOVA
that included the split-plot structure for the maffects of silvicultural treatment (whole-
plot; n = 2) and percent of trees damaged (sptit:pi=6). Our response variable was
rBAgrowth and the covariate was LGR (PROC GLM of SAS 9.2; SAS Institute Inc.
2011). We used 0.10 probability level of significa. We also determined the response
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of undamaged trees in relation to silviculturaatreent and percent of damaged trees

using a split-plot analysis.

Results

At time of treatment, tree size averaged 12.3%tanjdard error (s.e.) = 0.15]
height and 19.45 cm (s.e. = 0.22) dbh, wherea<lioen ratio (LCR) before treatment
was 0.53 (s.e. = 0.01) (Table IV-2). Height, daid Icr were not statistically different
among silvicultural treatment® ¢ 0.13) or percent damage subplots (P > 0.34).

On average, 2.41 m (s.e. = 0.06) of the crownneamved to simulate ice
damage with the amount ranging from 2.05 to 3.24Timis resulted in an average live
crown ratio reduction from 0.53 to 0.42 such thgiraximately 22% of the live crown
was removed (Table IV-2). Immediately after sintiola, the damaged trees were
approximately 18% shorter than the undamaged trees.

After four years of growth, undamaged trees avetdge94 m (s.e. = 0.18) height
and 24.55 cm (s.e. = 0.32) dbh (Table 1V-2). Tamdged trees were only 0.78 m
shorter than the undamaged trees but the differeeiveeen damaged and undamaged
trees was still statistically significar® € 0.0001). The damaged trees had a diameter of
23.85 cm (s.e. = 0.19) and were significantly serdtan the undamaged onesH
0.01). Damaged trees recovered their crown sideafter four years of treatment, both
damaged (0.50, s.e. = 0.01) and undamaged trés @e. = 0.01) had similar live
crown ratios P = 0.92) (Table IV-2).

Relative basal area growth of individual trees dased with increased LR
(rBAgrowth = -0.25 LCRuss + 0.58;P = 0.02; R = 0.01; Table IV-3). The relationship

between rBAyowih and LCRyss was shifted downward® (= 0.09) for trees in the NTNP
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stands compared to the OT and TP stands (Figuf®,l\dut the slopes did not differ
among treatment$(= 0.63). Relative BA growth over 4 years for the dged trees in
OT stands, TP stands, and NTNP stands were 068=(8.01), 0.64 (s.e. =0.01), and
0.23 (s.e. = 0.01), respectively. Relative BA gitowiffered among the sup-plot8 £
0.01) with values of 0.55 (s.e. = 0.02), 0.53 (s.6.02), 0.52 (s.e. = 0.03), and 0.50 (s.e.
=0.02) for the 100, 75, 25, and 50% treatmentsplespectively. Sub-plots that had
100% and 75% of trees damaged had g&# higher than the sub-plots with 50%
damage, whereas growth in sub-plots with 25% damagge similar to others. However,
the slopes of the relationship between gBfn and LCRyss differed among the various
sub-plots with different percent of trees damaded .05, Figure 1V-2). Sub-plots
with100, 75, 50, and 25% damaged trees had sldp€s4@, -0.11, -0.44, and -0.24,
respectively.

When comparing rBowin @among the undamaged trees, B was similar for
the OT stands (0.85, s.e. = 0.02) and TP stan@6,(6.e. = 0.01) and lower in the NTNP
(0.30, s.e. =0.01) standB £ 0.006). Relative basal area growth of the uratged trees
inside the sub-plots with 75, 50, 25, and 0% danvegye 0.61 (s.e. = 0.03), 0.58 (s.e. =
0.02), 0.63 (s.e. = 0.02), and 0.56 (s.e. 0.0eets/ely with rBAyowmndiffering between
the 0 and 25% treatmen® € 0.06). There was a slight interaction betweertgnt of
trees damage and stand type=(0.07) because the order of ranking differed.ewWhaach
stand type was analyzed separately, the effectimiept trees damaged on rfvnwas
not significant P > 0.13), and the regression models were not saanifieither P >

0.15) probably because of low power due to fewseokations.
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Tree taper of damaged trees was not affected by LR = 0.86; Tapering = -
0.003 LCRuss + 0.83; Figure IV-3). Tree taper of the standetypvas similar = 0.97)
among the TP (0.85, s.e. =0.01), OT (0.84, s(®0%) and NTNP (0.80, s.e. =0.01)
treatments. Similarly, percent of trees damagddadt significantly affect tree taper;
taper in the 25% (0.85, s.e. = 0.01), 50% (0.88,=0.01), 75% (0.83, s.e. =0.01), and

100% (0.82, s.e. = 0.01) damage levels were sirfilar0.96).

Discussion

Although an average of 2.4 m of the tops were resdat time of treatment, we
found that the damaged trees had mostly caught igaak height compared to the
undamaged trees when measured four years latem(@iBerence). Loblolly pine is a
fast growing species and top damage usually stiesilaeight growth. Typically at least
one lateral branch bends upwards to become thenarteader (Belanger et al. 1996,
Bragg et al. 2003, Aubrey et al. 2007). Compacekdeight growth which can accelerate
to compensate for damage, dbh growth rate is rebimcgamaged trees (Belanger et al.
1996). In our study, the damaged trees had sndilethan the undamaged ones. As
expected, thinning had a positive effect on dblwginpbut not height in the four to five
years post thinning.

Trees may start showing stem growth reduction &b Rss of leaf area (Pinkard
2003), because less live crown, in general, messssléaf area and thus less
photosynthesis and less tree growth. In our stwgyhad removed up to 50% of the
crown length from the top. The upper part of theeam is the most productive, the
removal of which significantly reduces the treewgito (Pinkard and Beadle 2000).

Similar to results reported by Belanger et al. @98BAgowih decreased with increased
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loss of live crown from the top in our study. Hoxee the R value for the relationship
between live crown ratio loss and rBawn in our study was low (0.01). When thinning
and pruning were added to the model, tAitnBreased t6.64 indicating the importance
of accounting for silviculture practices when tiyito predict stem growth. However,
variables that we couldn’t account for such aslabée open space and altered structure
due to damage to the neighboring trees, and thetecture of the remaining crown may
also influence the growth of the damaged trees tf5&600). Additionally, damaged
stems and branches are likely to have insect eadesattack which may affect the
growth after damage.

Although the slopes between rgéwn and LCRoss were similar for the thinned
and non-thinned stands, the trees in the non-tdistends suffered a proportionately
greater decease in rBswmn because the regression relationships for thesestsad
lower intercepts. For instance, using the slop®d5, a 25% reduction in LCR reduced
rBAgrowth By 19% and a 50% reduction in LCR reduced by & 38% in non-thinned
stands. For thinned stands, the reductions wdye986 and 17%, respectively. Thus,
depending upon the extent of damage to the crdviming of the stand might be worth
considering if the stand has not been thinned poithe damage.

Thinned stands have larger diameter trees witlefasgpwn area and can
accumulate large volumes of ice during ice stolmastexposing individual trees to more
damage due to the storm (Belanger et al. 1996, &uétr al. 2007). Trees in mid-rotation
stand with 18-25 cm average dbh are more susceptildamage, and stands exposed to
the ice storm immediately after thinning experiene@e damage due to a storm

(Belanger et al. 1996, Zeide and Sharer 2002, Beagd 2003). Thus, timing of

78



thinning is important to consider so that the trgesv quickly through the 18-25 cm dbh
range and they have a smaller time window for sedamage due to ice storms. As our
study simulated ice storm damage, we could notwaddor differences in damage within
thinned vs. nonthinned stands.

The relationship between live crown removal andabasea growth varied among
the stands with different percent of trees damalgetithese differences in the
relationship were small and difficult to interprédverall, damaged trees in sub-plots
with 50% of trees damaged had less relative BA gndhan the 75% and 100% damage
plots, whereas the sub-plots with 25% of trees dgdavere similar to others. Less
growth for trees in the stands with 50% of treemaged compared to the stands with a
greater number of trees damaged could be due readeg proportion of undamaged trees
that compete with the shorter, damaged treeshidiwere the case, however, the least
basal area growth of damaged trees should haveibh&ea sub-plots with 25% damaged
trees, but this was not the case.

Growth of undamaged trees might accelerate asrtpopion of damaged trees
increases if competition for light decreases ferundamaged trees. However, the
percent of trees damaged in a stand did not atfiecgrowth of the undamaged trees.
This suggested that although the canopy was mae iopthe top portion of the canopy,
the trees still had to compete for the nutrients aater, and the competition for water
and nutrients remained the same despite the anebermwn damage to the neighboring
trees. Also, the thinning treatment in the TP @Jdreduced competition for light such
that the simulated ice damage probably did not lzalaege effect on light capture of

undamaged trees. As with the damaged trees, howelative basal area growth of
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undamaged trees increased due to thinning. Thyrfiawvors the remaining trees by
reducing competition between the trees for nutsiemiisture and sunlight, which
increases diameter growth. Pruning of alreadynibanstands did not have a significant
effect on the growth of undamaged trees.

Tree taper is affected by thinning as open spdowsimore stem growth at the
bottom than the above (Karlsson 2000). Similgshyning reduces the crown size of a
tree, because it is equivalent to increasing stemgity resulting in more cylindrical
stems (Muhairwe et al. 1994). Crown length is ohthe factors affecting tree taper as
trees with longer crowns have more swollen basadtreg in increased taper (Muhairwe
1994). Removal of crown from the top is likelyltave some effect on the stem form but
probably only in the long run. We did not find agfyects of thinning, pruning or crown
loss, because the proportional change of diamatdl® two fixed points used for

calculating taper is less likely to be significamt relatively short four-year period.

Conclusion

Understanding how loblolly pine responds to ice dgenis important for the
management of damaged stands. We simulated tliaimage to the mid-rotation
loblolly pine stands which had recently undergdnierting, thinning and pruning, and
no-thinning-no-pruning silvicultural practices. Wenclude that after ice damage, the
mid-rotation stands should be assessed for crossilecause basal area growth after the
damage is dependent upon it. However, loss afge laroportion of live crown results in
a small decrease in basal area growth, espeamathynned stands, and tree height mostly
recovers within a few years. Therefore, unlessapority of the crownx70%) is lost, it

is probably best to allow the stand to continugrtmw. If the stands have not yet been
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thinned, thinning that removes the damaged treksmprove the stand and increase the
growth of residual trees. Even if it is necesgarleave some residual trees that are
damaged, accelerated diameter growth due to thgnmith minimize the effects of crown

damage. Moderate crown loss (up to 50%) doesppa to affect stem form.

References

Alig, R.J., and B.J. Butler. 2004. Projecting lagyale area changes in land use and land
cover for terrestrial carbon analysgswiron. Manage33:443-456.

Allen, H.L., T.R. Fox, and R.G. Campbell. 2005. Wisaahead for intensive pine
plantation silviculture in the soutt&buth. J. ApplFor. 29:62-69.

Atwood R.A., T.L. White, and D.A. Huber. 2002. Gaogarameters and gains for
growth and wood properties in Florida source Idglpine in the southeastern
United StatesCan. J. For. Res32: 1025-1038.

Aubrey, D.P., M.D. Coleman, and D.R. Coyle. 20@&. damage in loblolly pine:
understanding the factors that influence suscéyibiFor. Sci.53:580-588.

Baldwin, V.C. Jr., K.D. Peterson, A. Clark, R.Bréason, M.R. Strub, and D.R. Bower.
2000. The effects of spacing and thinning on stamditree characteristics of 38-
year-old loblolly pineFor. Ecol. Managel37: 91-102.

Belanger, R.P., J.F. Godbee, R.L. Anderson, andPalil. 1996. Ice damage in thinned
and nonthinned loblolly pine plantations infecteithviusiform rust.South. J.
Appl.For. 20:136-142.

Bragg, D.C., M.G. Shelton, and B. Zeide. 2003. lotp@and management implications of
ice storms on forests in the southern United St&ias Ecol. Managel86:99-
123.

Diéguez-Aranda, U., H.E. Burkhart, and R.L. Amat@i306. Dynamic site model for
loblolly pine Pinus taedd..) plantations in the United Staté%or. Sci.52: 262-
272.

Dunham, P., and D.M. Bourgeois. 1996. Long-ternovecy of plantation-grown
loblolly pine from hurricane damage. P. 480-49®unricane Hugo: South
Carolina Forest Land Research and Management Retlat¢he Storm,
Haymond, J.L., and W.R. Harms (eds.). USDA ForvS@en. Tech. Rep. SRS-5.

81



Fox, T.R., E. Jokela, and H.L. Allen. 2004. Thelation of pine plantations in the
southern United States, P. 63—-8Z5wuthern forest science: Past, present, future.
USDA For. Serv. Gen. Tech. Rep. SRS-75. 394 p.

Fox, T.R., H.L. Allen, T.J. Albaugh, R. Rubilar,da€.A. Carlason. 2007. Tree nutrition
and forest fertilization of pine plantations in s@uthern United StateSouth. J.
Appl. For.31:5-11.

Groninger J W, Zedaker S M, Barnes A D and FeretZ®00 Pitch X loblolly pine
hybrid response to competition control and assediate damagé-or. Ecol.
Manage.127: 87-92.

Guldin, J.M. 2011. Silvicultural ConsiderationshNfanaging Southern Pine Stands in the
Context of Southern Pine Beetle. P. 317-353anthern Pine Beetle.]ICoulson,
R.N., and K.D. Klepzig (eds.). USDA For. Serv. Gé€ach. Rep. SRS-GTR-140,
Asheville, NC.

Jokela, E.J., P.M. Dougherty, and T.A. Martin. 20@R¥bduction dynamics of intensively
managed loblolly pine stands in the southern Urtades: a synthesis of seven
long-term experiments:or. Ecol. Manage192:117-130.

Karlsson, K. 2000. Stem form and taper changes #fitening and nitrogen fertilization
in Picea abiesandPinus sylvestristandsScand. J. For. Re45:621-632.

Martin, S.W., and B.D. Shiver. 2002. Impacts ofetagion control, genetic improvement
and their interaction on loblolly pine growth ireteouthern United States-age 12
results.South. J. Appl. For6:37-42.

McKeand, S., T. Mullin, T. Byram, and T. White. Z)@evelopment of genetically
improved loblolly and slash pines in the south-or.101:32-37.

Meyers, N. L., and K. McSweeney. 1995. Influencéreéthrow on soil properties in
northern WisconsirnSoil Sci. Soc. Am. $9:871-876.

Muhairwe, C.K. 1994. Tree form and taper variatbmer time for interior lodgepole
pine.Can. J. For. Re24:1904-1913.

Muhairwe, C.K., V.M. Lemay, and A. Kozak. 1994. &fts of adding tree, stand, and site
variables to Kozak’s variable-exponent taper egmaCan. J. For. Re24:252-
259.

Newnham, R.M. 1992. Variable-form taper functioasfbur Alberta tree specie€an.
J. For. Res22:210-223.

Oklahoma Climatological Survey. 201Bast data & filesAvailable online at
http://www.mesonet.org/index.php/weather/stationnthly summarieslast
accessed June 16, 2013.

82



Pinkard, E.A. 2003. Physiological and growth regssrelated to pattern and severity of
green pruning in youngucalyptus globulud=or. Ecol. Manage182:231-245

Pinkard, E.A., and C.L. Beadle. 2000. A physioladj@pproach to pruning. Int. For. Rev.
2:295-305.

Samuelson, L.J., J.R. Seiler, and P.P. Feret. X982 exchange and canopy structure of
9-year-old loblolly pine, pitch pine and pitch blolly hybrids.Trees6:28-31.

SAS Institute, Inc. 201Nersion 9.2SAS Institute Inc., Cary, NC.

Schultz, R.P. 1991oblolly pine: The ecology and culture of lobloflyne (Pinus taeda
L.). USDA, Agric. Handb. 713. Washington, DC. 467 p

Smith, W.H. 2000. Ice and forest healtorth. J. Appl. For17:16-19.

Sword Sayer, M.A., J.C. Goelz, J.L. Chambers, Agld.J. Dean, J.D. Haywood, and
D.J. Leduc. 2004. Long-term trends in loblolly ppreductivity and stand
characteristics in response to thinning and fedtlon in the West Gulf Region.
For. Ecol. Manage92:71-96.

USDA-NRCS. 2013Web soil surveyAvailable online at
http://websoilsurvey.nrcs.usda.gov/app/WebSoilSupspx last accessed Oct
18, 2013.

Warrillow, M., and P. Mou. 1999. Ice storm damagéarest tree species in the ridge and
valley region of southwestern Virginid. Torrey Bot. Socl26:147-158.

Wear, D.N., and J.G. Greis (eds.). 2012. The SontRerest Futures Project: summary
report. USDA For. Ser. Gen. Tech. Rep. GTR-SRS-288&g¢ville, NC. 54 p.

Wiley, S., and B. Zeide. 1992. Development of ddtip pine plantation. Arkansas
Agricultural Experiement Station Report Series 322p.

Zeide, B., and D. Sharer. 2002. Sustainable aniitgiote management of even-aged
loblolly pine standsJ. Sustain. Forl4: 93-106.

83



Tables

TablelV-1 Study sitesand the key characteristics

Closest Latitude, Soil type Soil texture (<40 cm) Soil pH  Water table Treatment Plantation

Community  Longitude depth (cm) year

Hochatown 3209'N, 9446'W  Pickens and Gravelly silty loam-silty 5.2-5.6  >200 Thinned-pruned 1992
Carnasaw-Clebit clay loam (TP)

Hochatown 325N, 9446'W  Carnasaw-Clebit  Loam-silty clay loam 5.2 >200 Not thinned-not 1994

pruned (NTNP)

Eagletown 327N, 9434'W  Carnasaw-Clebit Loam-silty clay loam 5.2 >200 Only thinned 1994
(OT)

Eagletown 3208'N, 9434'W  Pickens and Loam-silty clay loam 5.2-5.6 >200 Thinned-Pruned 1994
Carnasaw-Clebit (TP)

Union Valley 3408'N, 9430'W  Carnasaw-Clebit Loam-silty clay loam 55 >200 Not thinned-not 1994

pruned (NTNP)
Union Valley  3404'N, 94°30'W  Saffell Gravelly fine sandy loam 5.0 >200 Otiynned 1994

(OT)
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TablelV-2 Treedimensions of undamaged (UND) and damaged (DAM) loblolly pine trees both initially and 4-year s after ice

damage simulation

Dbh Height

LCR

Tree condition 2008 2012 2008 (pre- 2008 (post- 2012

treatment) treatment)

2008 (pre- 2008 (post- 2012

treatment)  treatment)

TP UND 20.18 (0.38) 25.86 (0.44) 12.30 (0.14) NA 14 586)
DAM 20.30 (0.23) 25.89 (0.31) 12.49 (0.10)  10.25 (p.1014.18 (0.28)

oT UND 19.42 (0.56)  25.97 (0.56) 11.71 (0.25) NA 16.430)
DAM 18.92 (0.34)  24.40 (0.31) 11.63(0.17)  9.04 (0.18)3.06 (0.21)

NTNP UND 19.07 (0.49)  21.77 (0.50) 13.10 (0.26) NA 16.430)
DAM 18.74 (0.30)  20.63 (0.29) 13.08 (0.26)  10.67 (P.30L5.40 (0.41)

0.52 (0.02) NA 0.53 (0.01)

0.53(0.02) 0.42(0.01) 0.50 (0.01)

0.52 (0.01) NA 0.43 (0.01)

0.55 (0.01) 0.43  0.50 (0.01)
(0.004)

0.52 (0.01) NA 0.43 (0.01)

0.53(0.01) 0.42(0.01) 0.46 (0.01)

Numbers in parentheses represent standard errors.
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TablelV-3 ANOVA summary table

Sour ce of variation DF MS p-value
Silvicultural treatments 2 1.6220 0.0920
Error | 3 0.2768
Damage level 3 0.0918 0.0085
Silvicultural treatments*Damage level 6 0.0325 a»9
Error I 9 0.0124
LCRyos: 1 0.3804 0.02
LCRes*Silvicultural treatments 2 0.0101 0.6611
LCRiess*Damage level 3 0.0627 0.0534
6 0.0351 1964

LCRyos: *Silvicultural treatments*Damage level
*Live crown ratio (LCR,s9 was used as a covariate to see the effectsvadidiural

treatments (whole plots), and damage levels (sats)pbn the relative basal area growth
(rBAgrowtn) Of the damaged trees. The analysis was doaed1.10 level.
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Figures

FigurelV- 1 Relationship between relative basal area growth and live crown ratio
lossin stands with different treatments
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FigurelV- 2 Relationship between relative basal area growth and live crown ratio
lossin standswith different levels of damages
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FigurelV- 3 Relationship between taper and live crown ratio loss
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*None of the stands exhibited significant relatiopstetween the taper and live crown
ratio loss.
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CHAPTER YV

CONCLUSION

We found out that short-rotation woody crops carffieient in biomass production and
nutrients removal if planted in the nutrient ricdnditions. Growth performance of eastern
cottonwood and American sycamore were comparatiegher than those planted further east in
their natural range. Annual biomass production mutdent uptake were far higher in eastern
cottonwood than the American sycamore. As expetbed! cottonwood clone growth

performance and nutrient capture was greater thasetfrom other locations.

My second study found that among the pines plaintdae western margin of loblolly
pine natural range, loblolly pine was the bestquenkr, followed by pitch X loblolly pine hybrid,
despite being in the native range of shortleaf pibablolly pine is the best in terms of biomass
productivity in the regions, but considering thedtion receives periodic ice storms and drought,

shortleaf pine might also be considered.

Finally, the ice damage simulation study showed ghawth and recovery of the
damaged stands depend upon the amount of crowngdaniinless the stand has received the
major crown damage, it is better to keep the stethe trees are capable of recovering their
height and diameter growth, although diameter gnda/tesumed later than height. Thinning of
the stand immediately after the damage allows rgoyevth. While growth of undamaged trees
was not affected due to damage to the other tstmscs with greater percentage of damaged

trees showed more growth than the stands withdfalfe trees damaged.
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