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mortality in stands showing reduced canopy health of Fort Benning. Technical Approach The research was
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topography, soils, weather patterns, and native flora. Such differences may influence the success of
restoration protocols, and thereby inform the development of management guidance acr oss a range of site
conditions. Weinstalled a field experiment using a randomized split plot design replicated on eight blocks
at each location. We planted longleaf pine seedlingsin loblolly standstreated with seven canopy treatments
(main plot treatments)

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 508
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



This report was prepared under contract to the Department of Defense Strategic
Environmental Research and Development Program (SERDP). The publication of this
report does not indicate endorsement by the Department of Defense, nor should the
contents be construed as reflecting the official policy or position of the Department of
Defense. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the Department of Defense.



TABLE OF CONTENTS

Page

LIST OF ACRONYMS ..ottt ettt sttt b na st e b e sbestesbesnenneanaaneas vi
LIST OF FIGURES ...ttt bbbttt bbbt viii
LIST OF TABLES ...ttt ettt st beara s e e e e XVii
KEYWORDS ...ttt bbbt bt bbbt h st e b et bbbttt n et e e XXii
ACKNOWLEDGEMENTS ...ttt sttt ettt st ne e e nee e XXii
ABSTRACT .ttt bbbt bbbt R et bbb bbbt 1
O [ (T [FTox (o] o SO PS PRSP 3
1.1, ProbIem SEAtEMENT .......ceiiieeee ettt nreas 3
1.2. Research questions and technical ODJECHIVES...........cccviieiieiie i 4
1.3. Organization Of thiS FEPOIT ........ooiiiiii et sreas 5

2. BACKGIOUNG ... ittt ettt b et se e eb e et e e st e sbe et e e neenre e b enes 6
2.1, PrODIBM OVEIVIEW.. ...ttt bbbttt bbbt n s 6
2.2. Uneven-aged longleaf pine forest as a management template ...........ccooevveieinniiinnnns 7
2.3. Overstory retention and longleaf pine regeneration .............cccoeeveevivevesieeseese e 7
2.4. Regenerating longleaf pine in CANOPY QaPS.....ccoueierrierierierieeiee e siee et eee e 8
2.5. The importance of restoring ground layer VEgetation ..........cccccecveviveieiieeieeie e 9
2.6. Cultural practices and longleaf pine regeneration............cccoceveerenienieniesen e, 10
2.7. Factors influencing loblolly pine decling ..........ccoov e, 10
2.8. Modeling individual tree mortality in the context of loblolly pine decline.................... 11

3. What are optimal silvicultural practices for restoring longleaf pine to loblolly pine stands

while retaining mature trees and enhancing the herbaceous ground layer? (Question 1) ......... 13
3.1. Field experiment implementation..........ccooviieiieeie i 13
3.1.1. EXPErimental QESION .....eeueiieiieiiieie sttt sttt st sb e neenneas 21
3.1.2. Site preparation and PlantiNng.........ccccoeieereiieiiee e 25
3.1.3. Dormant season prescribed burn (2010).........cocueriiiriieieniesie e 26
3.2. Effects of harvesting and cultural treatments on planted longleaf pine seedlings at Fort
Benning and Camp LEJEUNE ........vcvv ettt sne e anes 28
BL2.L. IMIBENOUS ...t ettt a e be e nneas 28
Bi2.2. RESUILS ..t b bbbt 29
3.2.3. DISCUSSION. ...ttt sttt sttt sttt b et e bt e st e e beebe e be et e eneesbeebeeneesbeebeeneennean 41
3.2.4. Restoration IMPIICALIONS.........ccciieieiieie et sre e aeeneenneas 46

3.3. Restoring longleaf pine in loblolly pine stands: effects of restoration treatments on.... 48

natural 10bIollY PINe regenEratioN..........ccoiiiiieiiiieie e e 48
TR 70 IR 101 (o o [ Tox (o o [ USRS 48
TR T |V =11 oo R 49
TR TR I = (=1 V11 TSR 51
TR T T 11Tt U 1S3 [o] 65



3.3.5. Management iMPlCATIONS ........cciiiiiiiiieiese e sneas 70

3.4. Effects of canopy density and cultural treatments on ground-layer and mid-story

(VL2027 £ ] o SRS SSPSRRR 72
K20 O | 1 (0T [ od o o SR OURSURPRS 72
B |V 1< 1 oo SR SUSSPRRRR 73
B3  RESUILS ..t a e re e ara e nraeanae s 75
B4 4. DISCUSSION. ....uviteeteestestee st ete st e ste et e sse e te et e s seesseesteaseesteesseaseesaeessaaneesseesseaneeasaesaeneennenn 86
345, CONCIUSIONS ...ttt e et e e et e e be e e rbe e beesneaenbaeaneeas 94
3.5. Ground layer vegetation richness and composition following experimental restoration
LU L 0T 01 £ TP PP P OUPRPPPR 95
K TR0 I 111 (0T [ od o] o SRR PURUSSPS 95
TR TZ |V 1< 1 oo ST OSPSRS 95
3 5.3 RESUILS . a e re e 102
TR TR I 1o U 11 o o PR 117
355, CONCIUSIONS ...ttt et e et e e b e et e e sab e e beeaneeenee e 118
3.6. Effects of gap size and within-gap position on ground layer vegetation cover ........... 119
TG 300 I 11 0o [ o1 £ o o SR 119
K |V 1= 1 oo KRS PRSP 119
TG T =11 | TSR 122
3.6.4. DISCUSSION.....cciuiieiie it eitee ettt et e et s e e e et e et e e s be e e be e s beeebeeaaseanbeesnbeebeeaneeenee e 128
3.7. Effects of canopy density and distribution on light availability, soil moisture and
temperature, and soil nitrogen in pine stands at Fort Benning and Camp Lejeune............. 136
IR O |11 (T [ ox 1 oo PP PRSP 136
T |V 1= 1 oo SR 137
.73  RESUILS .ttt e b re e 140
T 0 I 1o U 11 T o OSSR 150
K ST o g Tod [11S] o] 1SS PRSP 163
3.8. Effects of resource availability on planted longleaf pine seedlings through three years
following silvicultural ManipulatioNns............ccvoieriieieiieeee e 164
K2R 0 I | 14 (0 1 ox 1 To o SRS PRSP 164
IR 0 |V 1< 1 oo SR 164
3.8.3. RESUILS ...t re e 167
3.8.4. DISCUSSION. ....ueetieuieetiesieesiesteeste et e st e e et esse e teestesse e teeseease e teaseesreesseaneeaneeteaneesreeseanes 189
3.8.5. CONCIUSIONS ...ttt et e e be e s b e et e e aae e e sbeeaneeenee e 191
3.9. Effects of canopy and cultural treatments on fine fuel production, fire behavior, and fire
1 {0 £SO 192
IR I O | 110 [ od 1 To o SRS PR SR 192
IR B |V 1= 1 oo PR 193
3.0.3. RESUILS ..t e et re e 198
3.0.4. DISCUSSION. ....ueeteeeieetiesieesieeteesteeeestee e eseesseesteeseessa e seeseeaseeseaseesseeseaneeaneeseaneesreenseanes 219



3.9.5. Restoration IMPIICALIONS..........coiiiiiiiiierie e 221

3.10. Contrasting longleaf pine restoration outcomes at ecologically distinct

(00 |V [0 [0 LSS 223
0200010t 1o o T [N o1 o o ISP PP 223
3.10.2. IMIBENOAS ...ttt bbbt 224
3.10.3. RESUIS ...ttt a e re e 226
T 0 3 [T oo OSSR 239
3.10.5. CONCIUSIONS ...ttt e e et e e b e et e e sae e e beeaneeeree e 250
4. Which stands on the landscape are most susceptible to decline? (Question 2) ................... 252

4.1. Loblolly pine health on Fort Benning: site characteristics associated with declining

NBAITN ... et e e e reaaenres 252
O O 1 0 To [0 Tox [ SR PRSP 252
4.1.2. MEENOGS ...ttt e et et e s e s ae e e nna e reenaenneenne e 253
R T TN ] | SRS PRSP 256
I 3 11T 1 ES1] o PSR SS 265
T @0 o Tod (1] o] o LSO P PRSP 267
4.2. Spatial components of mortality risk in managed loblolly pine forests
(o] 0N oo A = =T T o o SRS 268
A O 1 1 0 To [0 Tox [ SR PSP 268
4.2.2. MEENOGS ...ttt e st et e s e s ae et e nra e reenaeereenre e 268
O -1 ] | SRR 272
O D 11T U E1] o PSR OS 279
S T @0 o Tod 1151 o] o L SRS PRSP 281
5. Can individual tree mortality be predicted? (QUESLION 3).......ccceiiiiiriiiiiiie e 282
T8 I )10 [Tt A o o SR 282
I 1Y, (=11 T Lo S PPRSP 283
5.3, RESUILS ...ttt ettt e st e re e nae et e e e nreereenes 287
ST D 1Tt 1] o o PSPPSR 298
6. Monitoring RECOMMENAALIONS. .......cc.eiiiiiiiieeie ettt enes 301
5.1, ODJECLIVES ...ttt ettt e b e r e bt ne e nbeeaeenes 301
6.2. Longleaf pine develOpMENt ..o e 301
T2t 1111 = (o PSSR 301
6.2.2. FIEld MEtNOS .....c.veeiiiee e 301
6.2.3. SCNEAUIE ...t e e re e teere e nraereenes 302
6.3. Ground layer VEGELALION ..........ccveiierieeieseere ettt se et enaesreenneenes 302
TG T N 1011 1) 7= £ o] o PSSP 302
6.3.2. FIEIA METNOUS .....c.eeiieeee et sreeaeenes 302



ORI T Yo 1 1Yo (1] [ 303

6.4. Fuels and fire Management..........oooiiiiiieiieee e e 303
B.4. 1. JUSTITICATION. ..ottt bbbt 303
6.4.2. Field methods and SChedule.............ooiiiiiii e 303
7. Synthesis, Management Implications and Recommendations, and Future Work ............... 306
7.1. Integrating ecosystem responses into stand-level management prescriptions ............. 306
7.1.1. Background information and study findings in brief ............cccoovveieiieiicice 306
7.1.2. Developing silvicultural protocols for restoring longleaf pine to
[ODIOIY PINE STANAS........eeiieice e ae e enees 310
7.2. Management guidance and applicability of project results..........cccccevvvivevivciciveinen, 333
7.2.1. Recommendations for longleaf pine restoration in loblolly pine stands.................... 333
7.2.2. Generality of findings and applicability to other locations or to stands dominated by
pines other than 1obIoIlY PINE ... e 335
7.2.3 CONCIUSION ....ovtiiiii ettt bbbt 340
8. LITEIAtUIE CHLEO ....veeeieeecei ittt bbbt 341
APPENDICES ...ttt bbb bbbttt b e bbbt e e 364



AIK
ANCOVA
ANOVA
AREAG0

AREAAMB

AUC
BA
BURNED
CEC
CPd
CPI
CVvC
CVvCl
Ccvcz
CVvC3
D1HR
D10HR
D100HR
DBARE
DBH
DC
DGR
DIB
DLITT
DoD
DPNDL
DURG0
DURAMB
DURMAX
FWD
FWS

G

GIS
GLI
GLM

H

H+F
IER

v

LBP
LG

LIST OF ACRONYMS

Akaike’s Information Criteria
analysis of covariance
analysis of variance

section 3.9 variable: integrated area under the temperature curve above

60 °C

section 3.9 variable: integrated area under the temperature curve above

ambient temperature

area under the curve

basal area

section 3.9 variable: cover of area burned

cation exchange capacity

correctly predicted dead

correctly predicted alive

crown vigor class

crown vigor class 1

crown vigor class 2

crown vigor class 3

section 3.9 variable: difference of pre-post 1 hr fuel
section 3.9 variable: difference of pre-post 10 hr fue
section 3.9 variable: difference of pre-post 100 hr fuel
section 3.9 variable: difference of pre-post bare ground cover
diameter at breast height (1.4 m)

dead class

section 3.9 variable: difference of pre-post bare ground cover
diameter inside bark

section 3.9 variable: difference of pre-post litter depth
Department of Defense

section 3.9 variable: difference of pre-post pine needle cover
section 3.9 variable: duration of temperature above 60 °C
section 3.9 variable: duration of temperature above ambient
section 3.9 variable: duration of temperature at maximum
fine woody debris

Fish and Wildlife Service

cultural treatment: native grass establishment

Geographic Information Systems

gap light index

general linear model

cultural treatment: herbicide application

cultural treatment: herbicide plus fertilizer application

ion exchange resin

importance value

loblolly pine

group selection to create circular “large” gap (5027 m?; radius = 40 m)

Vi



LLP
LowBA

LSD
MAXT
MCBCL
MedBA

MG
MRPP
NMS

NT

OAl

OM

PAR
PEd5
PEdS6-10
PMS
PREIHR
PRELOHR
PRE100HR
PREBARE
PREGR
PRELITT
PREPNDL
RCW
RCD
ROC
SCT

SD

SDI

SG

S|

SE
SERDP
SON
TLT
TPH
USAIC
USDA
USDI

longleaf pine

single tree selection to create uniform canopy with target basal area of 5
m?/ha

least significant difference

section 3.9 variable: maximum temperature

Marine Corps Base Camp Lejeune

siggle tree selection to create uniform canopy with target basal area of 9
m*/ha

group selection to create circular “medium” gap (2827 m?; radius = 30 m)
multi-response permutation procedure

non-metric multidimensional scaling

cultural treatment: no treatment applied

overstory abundance index

organic matter

photosynthetically active radiation

predicted dead within 5 years of actual year of death
predicted dead within 6-10 years of actual year of death

plant moisture stress

section 3.9 variable: pre-fire 1 hr fuel

section 3.9 variable: pre-fire 10 hr fuel

section 3.9 variable: pre-fire 100 hr fuel

section 3.9 variable: pre-fire bare ground cover

section 3.9 variable: pre-fire graminoid cover

section 3.9 variable: pre-fire litter depth

section 3.9 variable: pre-fire pine needle cover

red-cockaded woodpecker

root collar diameter

receiver operating characteristics

light transmittance through the subcanopy

stem density

stand density index

group selection to create circular “small” gap (1257 m?; radius = 20 m)
site index

standard error

Strategic Environmental Research and Development Program
statement of need

total light transmittance to level of pine seedlings

trees per hectare

United States Army Infantry Center

United Stated Department of Agriculture

United States Department of the Interior

vii



LIST OF FIGURES

Page
Figure 3.1.1. Map showing the locations of Fort Benning, GA and Camp Lejeune, NC.............. 14
Figure 3.1.2. Map showing block and plot locations at Fort Benning, GA. .........ccoocveiiiinnennnne 16
Figure 3.1.3. Map showing block and plot locations at Camp Lejeune, NC. ........cccccveviviniiennnnne 17
Figure 3.1.4. Precipitation data during the study period and the 50 year average at A) Fort
Benning and B) CampP LEJEUNE. ......c.coiveieiiecieee ettt ae e e naesbe e sneenneenee e 19
Figure 3.1.5. Mean monthly temperature data during the study period and 50 year average
at Fort Benning and Camp LEJEUNE. .......oiiiiiiie ettt ne s 20
Figure 3.1.6. Residual basal area of each canopy treatment and the forest surrounding
gaps, separated by pine and hardwood at Fort Benning and Camp LejJeune. .........ccccevevververeennns 22
Figure 3.1.7. Example of layout of split-plots within each uniform main plot.............c.ccccoeeneen. 23
Figure 3.1.8. Example of layout of split-plots within each gap main plot............cccccevvviiiieennnnn. 24
Figure 3.2.1. Longleaf pine seedling cumulative mortality at the end of the growing
seasons at Fort Benning and Camp LEJEUNE. ......coueiuirieiieriieie sttt 31
Figure 3.2.2. Longleaf pine seedling mortality by split-plot in 2008, 2009, 2010, and
2012 at Fort Benning and Camp LEJEUNE.. ....ocuveiverieeieiieesie e siee et sie e e eseesraeste e e e saeeneesnaenaeas 32
Figure 3.2.3. Seedling survival in October 2008, 2009, 2010, and 2012 in uniform plots at
Fort Benning and Camp LEJEUNE.. .....oouiiiiiie ettt 34
Figure 3.2.4. Longleaf pine seedling root collar diameter measured in October 2008,
2009, 2010, and 2012 at Fort Benning and Camp LEJEUNE .......ccccveeereereeieieesieeeeseesie e 36
Figure 3.2.5. Longleaf pine seedling root collar diameter by split-plot treatment,
measured in October 2009, 2010, and 2012 at Fort Benning and Camp Lejeune. ...........cccccenee... 37
Figure 3.2.6. Root collar diameter by main-plot and split-plot treatment in October 2010
at Fort Benning and Camp LEJEUNE. .......ooveiieie ettt e e saeenaesnae e 38
Figure 3.2.7. Longleaf pine seedling mortality by gap direction in 2008, 2009, 2010, and
2012 at Fort Benning and Camp LEJEUNE.. .....c.eeiuieiiiieiieiie ettt ne s 40

viii



Figure 3.2.8. Longleaf pine seedling cumulative mortality by gap position in 2008, 2009,
2010, and 2012 for Fort Benning large gap, Camp Lejeune large gap. .....c.cccovveveeveerveresrvesnennnns 42

Figure 3.2.9. Longleaf pine seedling root collar diameter by gap direction in 2008, 20009,
2010, and 2012 at Fort Benning and Camp LEJEUNE. .......ccueiiiiieriirie et 43

Figure 3.2.10. Longleaf pine seedling root collar diameter by gap position in 2008-2012
for Fort Benning large, medium, small gap and Camp Lejeune large, medium, small gap. ......... 44

Figure 3.3.1. Height of loblolly pine natural regeneration two growing seasons after
harvest and site preparation at Fort Benning and Camp LeJeuNe. ........ccccovveierieniinneniie e 56

Figure 3.3.2. Density of live & dead loblolly pine seedlings by size after 2010 prescribed
fires for Control, MedBA, LowBA, and Clearcut plots at Fort Benning..........cccccceevvververennenne. 57

Figure 3.3.3. Density of live & dead loblolly pine seedlings by size after 2010 prescribed
fires for Control, MedBA, LowBA, and Clearcut plots at Camp Lejeune. ..........ccoccevvervninnnnne. 58

Figure 3.3.4. Percent area burned by 2010 prescribed fires for each uniform harvesting
treatment at Fort Benning and Camp LEJEUNE.. .....vovveieieeie e 59

Figure 3.3.5. Scatterplots and least square mean lines for the percent area burned and
loblolly pine seedling mortality for study plots at Fort Benning and Camp Lejeune.................... 60

Figure 3.3.6. Height of live loblolly pine natural regeneration remaining after 2010
prescribed fires at Fort Benning and Camp LEJEUNE .......cvvveeivevie i 62

Figure 3.3.7. Loblolly pine ground-line diameter, DBH, and height prior to the fifth
growing season and following the 2012 dormant season prescribed burns.............cccccceeevveinnne 66

Figure 3.3.8. Probability of survival from logistic regression for all data together and each
treatment separately based on ground-line diameter, diameter at breast height, and height. ........ 67

Figure 3.4.1. lllustration of sampling design for vegetation cover and biomass in uniform
Figure 3.4.2. Total vegetation cover by main-plot treatment in 2008, 2009, 2010, and
2012 at Fort Benning and Camp LEJEUNE. ......c.ueiverieeieiieerieeiestee e eee e e e eseesraesaessee e e saesseesnaeneeas 76

Figure 3.4.3. Total vegetation cover by split-plot treatment in 2009, 2010, and 2012 at
Fort Benning and Camp LEJEUNE .......ouiiiiiii ettt sttt 78

Figure 3.4.4. Herbaceous and woody vegetation cover by main-plot treatment in 2008,
2009, 2010, and 2012 at Fort Benning and Camp LEJEUNE .......c.ccvevereeieeieieesieeeeseesie e e 79



Figure 3.4.5. Herbaceous and woody vegetation cover by split-plot treatment in 2009,
2010, and 2012 at Fort Benning and Camp LEJEUNE ........cveeveiieeiieeieseese e seesie e see e snae e 80

Figure 3.4.6. Total vegetation cover and contribution by functional group by year for Fort
Benning and CampP LEJEUNE. . .....ccuiiieiiee ettt sttt sb et 87

Figure 3.4.7. Biomass of ground layer vegetation in 2009 by main-plot, split-plot, total
vegetation, and functional group treatments at Fort Benning and Camp Lejeune...........c.cccccu..... 88

Figure 3.4.8. Scatterplots and linear regression relationship between percent vegetation
cover and total vegetation biomass at Fort Benning and Camp LeJeUNe. ........cccccvevvvvenenienennnns 89

Figure 3.4.9. Number of LBP, hardwood trees and shrubs, and total mid-story stems by
main-plot treatment in 2008, 2009, 2010, & 2012 at Fort Benning & Camp Lejeune.................. 90

Figure 3.4.10. Number of LBP, hardwood trees and shrubs, and total mid-story stems by
split-plot treatment in 2008, 2009, 2010, & 2012 at Fort Benning & Camp Lejeune.................... 91

Figure 3.5.1. Example of sampling design for quantifying species richness at spaces of
0.1 Mm%, 1:m? 10 M?, AN 100 M. ....ooriveeiseicsecseess st 96

Figure 3.5.2. Total species richness by main-plot treatment at spatial scales of 0.1 m?, 1
m?, 10 m?, and 100 m? for Fort Benning and Camp LEJEUNE. ............ovovvevreeeeeeeeeeseeeeeeieseseens 104

Figure 3.5.3. Species richness of herbaceous & woody vegetation by main-plot treatment
at spatial scales of 0.1 m? 1 m? 10 m?, and 100 m? for Fort Benning & Camp Lejeune . ......... 105

Figure 3.5.4. Total species richness by split-plot treatment at spatial scales of 0.1 m?, 1
m?, 10 m?, and 100 m? for Fort Benning and Camp LEJEUNE .............ovevveevreeveeeeeeeeeseeee e 106

Figure 3.5.5. Species richness of herbaceous and woody vegetation by split-plot treatment
at spatial scales of 0.1 m? 1 m? 10 m? and 100 m? for Fort Benning and Camp Lejeune........107

Figure 3.5.6. Ordination plots of species at the 100 m? using non-metric multidimensional
scaling & grouped by study block, main-plot & split-plot treat. at Fort Benning. ...................... 109

Figure 3.5.7. Ordination plots of species at the 100 m? using non-metric multidimensional
scaling and grouped by study block, main-plot & split-plot treat. at Camp Lejeune. ................. 111

Figure 3.5.8. Ordination plots of species at the 10 m? using non-metric multidimensional
scaling and grouped by main-plot and split-plot treatment in Block 6 at Fort Benning.............. 114

Figure 3.5.9. Ordination plots of species at the 10 m? using non-metric multidimensional
scaling and grouped by main-plot, and split-plot treatment in Block 6 at Camp Lejeune. ......... 115



Figure 3.6.1. Sampling design for vegetation cover in gap plots, using MG as an
23 10 1] 0] SR 121

Figure 3.6.2. Total vegetation cover by gap size from Fort Benning in 2008, 2009, 2010,
and 2012 and from Camp LEJEUNE. .........oiiiiieeieiie ettt sttt be e et 123

Figure 3.6.3. Total vegetation cover by split-plot treatment from Fort Benning in 2009,
2010, and 2012 and from Camp LEJEUNE. ......veviiieieeie e sie et se e se et ee e sre e 124

Figure 3.6.4. Herbaceous and woody vegetation cover by gap size from Fort Benning in
2008-2012 and from Camp LEJEUNE .......coeiieeieiiieiteeie ettt sttt 126

Figure 3.6.5. Herbaceous and woody vegetation cover by split-plot treatment from Fort
Benning in 2009, 2010, and 2012 and from Camp LEJEUNE ........ccccvvvierieeiesieie e e 127

Figure 3.6.6. Cover of total vegetation, herbaceous vegetation, and woody vegetation in
LG plots by canopy gap position and year at Fort Benning and Camp Lejeune..........c.ccccoeue.ne. 129

Figure 3.6.7. Cover of herbaceous vegetation and woody vegetation at Fort Benning and
Camp Lejeune in MG plots by canopy gap position and Year. ..........ccccceveveveeiesieeneenieseeseenenns 130

Figure 3.6.8. Cover of total vegetation by cultural treatment in MG plots for canopy gap
position and year at Fort Benning and Camp LEJEUNE..........cccoerieeierienieie e 131

Figure 3.6.9. Vegetation cover in SG plots by canopy gap position and year at Fort
Benning and Camp LEJEUNE. ......ociiiiee ettt te et e e e raeste e sra e aeeneenneeneas 132

Figure 3.6.10. Cover of woody vegetation by cultural treatment at Camp Lejeune by
canopy gap position and year in MG plots, canopy gap position and year in SG plots .............. 133

Figure 3.7.1. Gap light index by main-plot treatment at Fort Benning and Camp Lejeune.. ...... 141

Figure 3.7.2. Gap light index by distance from gap center for LG, MG, and SG at Fort
Benning and Camp LEJEUNE.......ocviiieii ettt sttt e s e e ste e e sraesneaneenneenneas 142

Figure 3.7.3. Gap light index by distance from center to south and north in LG plots at
Fort Benning and Camp LEJEUNE. ......cuiiiiiieieiieieeie ettt sttt ne s 143

Figure 3.7.4. Gap light index by distance from center to south and north in MG plots at
Fort Benning and Camp LEJEUNE. ......cvviiiiieeie ettt see ettt e st e sae e sraesneeneesneenneas 144

Figure 3.7.5. Gap light index by distance from center to south and north in SG plots at
Fort Benning and Camp LEJEUNE.. .....cuiiiiiiieieiie ittt sttt ne s 145

Figure 3.7.6. Transmittance of light through the canopy, the ground layer, and total light
transmittance t0 the FOreSt FlOOT. .......cvoviiii s 146

Xi



Figure 3.7.7. Percent light transmittance penetrating the ground layer vegetation by gap
position for LG plots, MG plots, and SG plots at Fort Benning...........ccccvevveiieeiieiie e 147

Figure 3.7.8. Volumetric soil moisture by position along the north/south transect in LG,
MG, and SG treatments at Fort Benning and Camp LEeJEUNE. ........ccocvevverieiiieireie e 151

Figure 3.7.9. Soil temperature by position along the north/south transect in LG, MG, and
SG treatments at Fort Benning and Camp LEJEUNE. .......ccooveriiiieiieieeie e 152

Figure 3.7.10. Volumetric soil moisture through the soil profile in 2009 and 2010 at Fort

Benning and Camp LEJEUNE. ......ociiiieie ettt ste e ra et e sraesneeneesnaeneas 153
Figure 3.7.11. Volumetric soil moisture on the south and north half of gaps through the

soil depth profile in 2009 and 2010 at Fort Benning and Camp Lejeune . ........ccccevvveveveereennnnnn 154
Figure 3.7.12. Effect of gap direction on extractable NH,", extractable NO3’, and

extractable total N (NH4" + NOgz) in LG plots at Fort Benning in 2010. ........cccocoeveveverveeennen. 157
Figure 3.7.13. Extractable N by position within large gaps at Fort Benning. ..........cccccceevvvennnne 158

Figure 3.7.14. Extractable N by direction (north vs. south) in large gaps at Fort Benning
and Camp LeJeune IN 2012, ..ottt bbbt nre e ee s e 159

Figure 3.7.15. Extractable N by forest position at Fort Benning and Camp Lejeune in
Figure 3.8.1. Relationships between stand basal area and gap light index at 1.4 m from
the forest floor in loblolly pine stands at Fort Benning and Camp Lejeune. ........ccccceeeveeiieennene. 168

Figure 3.8.2. Relationships between stand basal area and 2009 soil moisture, 2010 soil
moisture, 2009 soil temperature, and 2010 soil temperature at Fort Benning. ..........ccccceevvevenee. 169

Figure 3.8.3. Relationships between stand basal area and 2009 soil moisture, 2010 soil
moisture, 2009 soil temperature, and 2010 soil temperature at Camp Lejeune. ........ccccceevvrnennee. 170

Figure 3.8.4. Relationship between overstory abundance index (OAI) and basal area
(m?/ha) at Fort Benning and Camp LEJEUNE. .........v.oveeeeeeeeeeeeeeeeeeeeeeeeseeseeeeesees e eeseee s snens 171

Figure 3.8.5. Relationships between longleaf pine seedling size and overstory basal area
(m?/ha) at the split-plot level in 2008, 2009, 2010, 2012 at Fort Benning & Camp Lejeune......172

Figure 3.8.6. Relationships between longleaf pine seedling mortality and basal area in
2008, 2009, 2010, and 2012 at Fort Benning and Camp LejJeune. .......cccccevveveiierveiieseereennns 174

xii



Figure 3.8.7. Relationships between longleaf pine seedling size and gap light index in
2008, 2009, 2010, and 2012 at Fort Benning and Camp Lejeune. .......cccccevveveieerverieseerieenenn 177

Figure 3.8.8. Relationships between root collar diameter and gap light index by split-plot
treatment at Fort Benning and Camp LEJEUNE. ......ocviiiiiiiie e 178

Figure 3.8.9. Relationships between relative annual root collar diameter growth and
volumetric soil moisture in 2009, 2010, soil temperature in 2009, 2010 at Fort Benning. ......... 179

Figure 3.8.10. Relationships between relative annual root collar diameter growth and
volumetric soil moisture in 2009, 2010, soil temperature in 2009, 2010 at Camp Lejeune........ 180

Figure 3.8.11. Foliar nutrient concentrations of longleaf pine seedlings by main-plot
treatment at Fort Benning and Camp Lejeune in 2009 and 2010. ........ccccocovveveiienivene e 181

Figure 3.8.12. Foliar nutrient concentrations of longleaf pine seedlings by split-plot
treatment at Fort Benning and Camp Lejeune in 2009 and 2010. .......cccoovveeienieneeniesee e 182

Figure 3.8.13. Foliar nutrient concentrations of longleaf pine seedlings by gap position
and direction (insets) in 2009 and 2010 at Fort Benning and Camp Lejeune..........cccccevvverveennene. 185

Figure 3.8.14. Linear regression relationships between foliar nutrients in 2009, 2010 and
the relative longleaf pine root collar diameter growth for each year at Fort Benning................. 186

Figure 3.8.15. Linear regression relationships between foliar nutrients in 2009, 2010 and
the relative longleaf pine root collar diameter growth for each year at Camp Lejeune............... 187

Figure 3.8.16. Xylem water potential of longleaf pine seedlings by gap position and
direction (insets) in 2008, 2009, and 2010 at Fort Benning and Camp Lejeune ............ccceueeneee. 188

Figure 3.9.1. Layout of split-plots with transects and transect close-ups for uniform main
plots and transects and transect ClOSE-UPS TOr gaPS.......ccveivererieriere e see e 194

Figure 3.9.2. Layout of HOBO® data logger-probe installation in split-plots within each
uniform main plot and Within €aCh gap. ......eooviiiiiieee s 196

Figure 3.9.3. Pre-fire downed woody debris loading for total fine woody debris and 1-
hour fuels for Fort Benning and Camp LEJEUNE .......cvevieiverieiie e e see e 199

Figure 3.9.4. Pre-fire litter depth for main plot treatments and split-plot treatments at Fort
Benning and Camp LEJEUNE. ..ottt b e sre et sne e 200

Figure 3.9.5. Pre-fire duff depth for main*split-plot treatments and main plot treatments
at Fort Benning and Camp LEJEUNE ........ocviiiieie ettt 201

Xiil



Figure 3.9.6. Litter consumption for main plot treatments and split-plot treatments at Fort
Benning and Camp LEJEUNE. ......ocveiieie ettt sttt e st esaeesaesraesneeneesneeneas 203

Figure 3.9.7. Duff consumption for main plot treatments and split-plot treatments at Fort
Benning and Camp LEJEUNE. ..ottt b ettt sne b 203

Figure 3.9.8. Pre-fire grass, pine needle, bare ground, and burned cover by main plot
treatment at Fort Benning and Camp LEJEUNE .......ccvviveiieiie e 204

Figure 3.9.9. Pre-fire litter depth by gap position for large gap medium gap and small gap
treatments at Fort Benning and Camp LEJEUNE. .........oiviiiiieiieie et 207

Figure 3.9.10. Pre-fire duff depth by gap position for large gap medium gap and small
gap treatments at Fort Benning and Camp LEJEUNE. .........ccveierieieereeieseesie e se e 207

Figure 3.9.11. Pre-fire grass, pine needle, bare ground, and burned cover by gap position
in the large, medium, and small gap treatments at Fort Benning and Camp Lejeune. ................ 209

Figure 3.9.12. Time x temperature curves for logger-probes installed at single points in
the H+F, H, and NT split-plots within the main plots of Block 6 at Fort Benning. .................... 212

Figure 3.9.13. Time x temperature curves for logger-probes installed at one gap position
on the east, north, south, and west transects in large gap,Block 6 at Fort Benning..................... 213

Figure 3.10.1. Mortality at Fort Benning and Camp Lejeune after the first and fifth
growing seasons, with an interaction in site*main-plot treatment............ccccccevvvievireievieereennn, 228

Figure 3.10.2. Longleaf pine seedling mortality by canopy gap position in 2008, 2012. ........... 229

Figure 3.10.3. Root collar diameter by main-plot treatment and split-plot treatment in
2012, with an interaction in site*main-plot treatment. ... 230

Figure 3.10.4. Longleaf pine seedling root collar diameter by canopy gap position in 2010
{01 I T [T g To IS €3 o] (o] £SO 232

Figure 3.10.5. Seedling height by main-plot treatment and split-plot treatment in 2012. ........... 233

Figure 3.10.6. Probability of longleaf pine seedlings being in height growth in relation to
basal area after five growing seasons as influenced by site and split-plot treatment. ................. 236

Figure 3.10.7. Total ground-layer vegetation cover by main-plot treatment and split-plot
treatment in 2012, with an interaction of site*split-plot treatment.............cccceeevieviveveicereenn, 238

Figure 3.10.8. Herbaceous ground-layer vegetation cover by split-plot treatment in 2012,
with an interaction of Site*split-plot treatMENL. ..........cocveiiiiiiie e 240

Xiv



Figure 3.10.9. Woody ground-layer vegetation cover by main-plot treatment and split-
plot treatment in 2012, with an interaction of site*split-plot treatment..............ccccceeeeviverveeenen. 241

Figure 3.10.10. Total stem density in the mid-story by main-plot treatment and split-plot
treatment in 2012, with an interaction of site*split-plot treatment. .............cceoeviiieiiinnennn 243

Figure 3.10.11. Loblolly pine stem density in the midstory split-plot treatment in 2012.
The same letter indicates no difference among treatments at p = 0.05........ccceccvvveviveveciereennn, 244

Figure 3.10.12. Hardwood stem density in the midstory by main-plot treatment and split-
plot treatment in 2012, with an interaction of site*split-plot treatment..............ccocevveiiiinnnn. 245

Figure 3.10.13. Gap light index by main-plot treatment............cccoooviiiiinienene e 247

Figure 4.1.1. Geographic location of Fort Benning, and the locations of study plots in the
0T T USSP T PP PRPRORPRIN 254

Figure 4.1.2. The relationship between LBP as Crown Vigor Class 1 & 3 with site index,
soil pH, organic matter, exchangeable phosphorus, potassium, magnesium, calcium, &
CatioN €XCNANGE CAPACITY. ...vveveeieiiieiteeiesee e e e et e e e e e e et e et e s teesteeseesseesteeneesseeseeneesreeseeenee e 258

Figure 4.1.3. The relationship between loblolly pine trees classified as Crown Vigor
Class 1 and 3 with foliar nitrogen and foliar phosphorus concentration. ............ccccceveiieeriennnene 259

Figure 4.1.4. Distribution by aspect of stands classified as Crown Vigor Class 1 and 3,
and mean of percentage of trees in Crown Vigor Class 1 and 3 by slope. ......c.ccccoevveveiierieennnnn, 261

Figure 4.1.5. The distribution of loblolly pine trees classified as Crown Vigor Class1 and
3(%0) DY SOUI LEXEUIE CIASSES. ...c.uveeiie ettt e e e e be e s b e e sbeesnreenree s 262

Figure 4.1.6. The relationship between loblolly pine trees classified as Crown Vigor
Class 1 and 3 with time since last thinning, last burn, and number of burns since 1985. ........... 263

Figure 4.1.7. Box-and-whisker plots showing the range of DBH) and light exposure of
loblolly pine trees by Crown Vigor Class. .........oiiiiiiiiiieseee e 264

Figure 4.1.8. Historical (1949 — 2007) precipitation (mm) pattern of the region........................ 266

Figure 4.2.1. p-values of one-way ANOVA multiple comparisons of Hegyi index within
different radii between DC and each health class of loblolly pine trees..........cccccceeveveiiieinennenn. 276

Figure 4.2.2. Treatment effect of total basal area and number of trees within various radii
around trees between dead (treatment) and alive loblolly pine. ... 277

Figure 4.2.3. Mean (+ SE) values for (a) basal area of the nearest neighbor and (b) nearest
neighbor distance by CrOWN VIGOF CIaSS. ........covviiiiieie e 278

XV



Figure 5.1.1. The number of trees sampled by age Class .........ccccevvviiieeieiiesi e 287

Figure 5.1.2. Box and whisker plots of height and DBH of trees in each sample class............... 288
Figure 5.1.3. Ring growth of three age cohorts in the study Sites..........ccoevevieiiiiieiiieie e 289
Figure 5.1.4. Mean ring growth of CVC1, CVC2, and Dead classes after 1970............c..cc....... 290
Figure 5.1.5. Model verification using Model 17, where (a) and (c) are tree ring width,

(b) and (d) are corresponding survival probability (Pr(Y=21|X)).. ccccccerorriiriiriiereneneee e 296
Figure 5.1.6. Model validation using the model 17. (a) and (c) are tree ring width, (b) and

(d) are corresponding survival probabilities (Pr(Y=21|X)).. ..cccccorieriiiirriere e 299
Figure 7.1.1. Hllustrations of management scenarios for restoring longleaf pine to loblolly

pine stands while retaining loblolly pines for RCW habitat. ............cccocoviviiiniiinenececce 313
Figure 7.2.1. Ecoregion map with locations of Department of Defense properties located

within the historic range of longleaf PINe. .......cccoooeiieii e 334
Figure 7.2.2. Locations of selected studies directly comparable to this project. .............coc....... 338

XVi



LIST OF TABLES

Page
Table 3.1.1. Soil chemical and physical properties of study areas at Fort Benning and
(08 100 oI T LT T TSP URTR TR 18
Table 3.1.2. Weather conditions from the 2010 dormant season prescribed fires at Fort
Benning and Camp LEJEUNE. ......ccui ittt e ettt ae e e naesbeenaenneeneeenee e 27
Table 3.2.1. Results from ANOVA to determine effects of main-plot and split-plot
treatments on longleaf pine seedling mortality at Fort Benning and Camp Lejeune..................... 30
Table 3.2.2. Results from ANOVA to determine effects of main-plot and split-plot
treatments on longleaf pine seedling root collar diameter at Fort Benning and Camp
(LT 1= USSP 35
Table 3.2.3. Percentage of seedlings in height growth in October 2009, 2010, and 2012 at
Fort Benning and Camp LEJEUNE. ......ccuviiiiie ettt sae e e nne e 39
Table 3.3.1. Density of loblolly pine seedlings in May and September 2008 ............cccccoevvvrenee. 52
Table 3.3.2. Density & frequency of occurrence of loblolly pine seedlings by uniform
harvesting treatment before/after the 2010 prescribed fires at Fort Benning and Camp
[ LT 1= USSR 54
Table 3.3.3. Density of loblolly pine seedlings relative to the forest edge in gap plots
before/after the 2010 prescribed fires at Fort Benning and Camp Lejeune. ........ccccoocvevvieenieennene 55
Table 3.3.4. Density of loblolly pine seedlings by uniform harvesting treatment before
and after the 2012 prescribed fires at Camp LEJEUNE. ......ccvviviiveiiie e 63
Table 3.3.5. Ground-line diameter, DBH, and height of all loblolly pine regeneration
measured prior to the fifth growing season after logging (2012) at Camp Lejeune. ...........ccc....... 64
Table 3.4.1. Mean and standard error of vegetation cover by functional group in 2008 for
each main-plot at Fort Benning and Camp LEJEUNE. ........ccuveveiieiieeie e seese e see e 81
Table 3.4.2. Mean and standard error of vegetation cover by functional group in 2009 for
each main-plot and split-plot at Fort Benning and Camp LEJEUNE. ........cccoeverieriiiieiieneniesieeins 82
Table 3.4.3. Mean and standard error of vegetation cover by functional group in 2010 for
each main-plot and split-plot at Fort Benning and Camp LEJEUNE. ........ccceeververieeieeiiere e s 83
Table 3.4.4. Mean and standard error of vegetation cover by functional group in 2012 for
each main-plot and split-plot at Fort Benning and Camp LeJEUNE. ........ccceeverieriiiniiene e 84

XVii



Table 3.4.5. Results from the repeated measures ANOVA test for total vegetation cover,
herbaceous cover, and woody cover at Fort Benning and Camp Lejeune.........cccoeveevvierinnnnnne 85

Table 3.5.1. Block level summary of secondary matrix data used in non-metric
multidimensional scaling analysis at FOrt BENNING ........ccccvcoevieieiieiee e 98

Table 3.5.2. Block level summary of secondary matrix data (means) used in nonmetric
multidimensional scaling analysis at Camp LEJEUNE ..........coueiierieiiiiiere e 99

Table 3.5.3. Main-plot treatment level summary of secondary matrix data (means) used in
nonmetric multidimensional scaling analysis at Fort Benning and Camp Lejeune..................... 100

Table 3.5.4. Split-plot treatment level summary of secondary matrix data (means) used in
nonmetric multidimensional scaling analysis at Fort Benning and Camp Lejeune..................... 101

Table 3.5.5. Results of t-test to determine differences between mean total, herbaceous,
and woody species richness between Fort Benning and Camp LEJeUNe ........cceevevvvevevvereeennenn 103

Table 3.5.6. Summary of Pearson and Kendall tau correlations with ordination axes at
the 100 m scale from FOrt BENNING........ccoiiiiiiieieiie et 110

Table 3.5.7. Summary of Pearson and Kendall tau correlations with ordination axes at the
100 m scale from Camp LEJEUNE .......ecveiieieeie ettt e e e ee s e e eeeeneenns 112

Table 3.5.8. Multi-Response Permutation Procedures testing effects of main-and split-
plot treatments on composition for each block at Fort Benning and Camp Lejeune................... 113

Table 3.5.9. Significant indicator species in more than one block from each main-plot
treatment at Fort Benning and Camp LEJEUNE .......ccvviveiieiie et 116

Table 3.6.1. Vegetation cover by gap direction in each year and associated p-values for a
SIgNIficant direCtION EFFECT ........ccuiiiiiee e 125

Table 3.7.1. Volumetric soil moisture and soil temperature by main-plot and split-plot
treatment at Fort Benning and Camp LEJEUNE. ......ccveiveiieiie e 148

Table 3.7.2. Volumetric soil moisture and soil temperature by gap size and direction at
Fort Benning and Camp LEJEUNE. ......cuiiiiiiieieiieiee ettt ne s 149

Table 3.7.3. Volumetric soil moisture by gap position at 10, 20, 30, 40, 60, and 100 cm
B o A= 1= o] T SRR 155

Table 3.7.4. Volumetric soil moisture by gap position at 10, 20, 30, 40, 60, and 100 cm
O T o] o I 1IN LR 156

xviii



Table 3.8.1. List of variables and their abbreviations used in correlation analyses of
seedling response and environmental CONAItIONS...........cccviieiieieiie s 166

Table 3.8.2. Results of Pearson correlation analysis for longleaf pine dependent variables
and growing condition independent variables at Fort Benning. .........ccccccvevveiieiiiciie e 175

Table 3.8.3. Results of Pearson correlation analysis for longleaf pine dependent
variables and growing condition independent variables at Camp Lejeune...........cccocevvevvervennne 176

Table 3.8.4. Results of repeated measures ANOVA for foliar nutrient concentrations
measured in 2009 and 2010 at Fort Benning and Camp LeJEUNE.. ......covveieiirieeiiesieneee e 184

Table 3.9.1. Weather conditions from the 2010 dormant season prescribed fires at Fort
Benning and Camp LEJEUNE.......ccvi ettt st e e et e aesraesaeeneesneeneas 210

Table 3.9.2. Descriptive statistics of logger-probe metrics (mean|SD) by main plot and
gap treatment at Fort Benning and Camp LEJEUNE .......cceeiueeiiiiieiieieeie e 211

Table 3.9.3. Pearson’s correlation coefficient (r) matrices with probability of r values for
fuel and fire behavior/effects variables in the uniform treatments ........ocooveeeveee oo 214

Table 3.9.4. Pearson’s correlation coefficient (r) matrices with probability of r values for
fuel and fire behavior/effects variables in the gap treatments ...........cccceeiiriennnicie s 215

Table 3.9.5. Regression models for pre-fire fuel and fire behavior variables and with
associated model-based r? and p value for Fort Benning and Camp Lejeune ...........cccoceven..... 217

Table 3.9.6. Regression models for fuel consumption and fire behavior variables and
with associated model-based r? and p value for Fort Benning and Camp Lejeune ..................... 218

Table 3.10.1. ANOVA testing the effect of study site, main-plot treatment, split-plot
treatment, and interactions on seedling mortality, root collar diameter, and mean height.......... 227

Table 3.10.2. ANOVA testing the effect of study site, main-plot & split-plot treatment, &
interactions on the percentage of live seedlings in height growth and the total number of
seedlings in height growth per NECLAre...........ccooveiveie e 234

Table 3.10.3. Means and standard errors of percentage of live seedlings in height growth
in 2012 for the interaction of site and main-plot treatment. ...........ccoooeviiiinience e 235

Table 3.10.4. Means and standard errors of total number of seedlings in height growth
(per hectare) in 2012 for the interaction of site and main-plot treatment. .............ccccccevvevveennne. 235

Table 3.10.5. ANOVA testing the effect of study site, main-plot & split-plot treatment,
and interactions on total, herbaceous, and woody vegetation cover in the ground layer ............ 237

Xix



Table 3.10.6. ANOVA testing the effect of study site, main-plot treatment, split-plot
treatment, and interactions on total stem density, loblolly pine stem density, and
hardwood stem density iN the MIASIONY ........cooiiiiiiee s 242

Table 3.10.7. ANOVA testing the effect of study site, main-plot treatment, split-plot
treatment, and interactions on gap light index and volumetric soil moisture in 2008 and

2009 at Fort Benning and Camp LEJEUNE .......cueiiiiieiiiie ittt 246
Table 4.1.1. Summary on the characteristics of loblolly pine study plots. ..........cccccevinriennnne 257
Table 4.2.1. Tree vigor classes and their definitions ...........cccccovveiiie i, 270

Table 4.2.2. Total basal area (standard error) (m?) of live neighboring trees within
different radii DY CIASSES. ......civiieiiece e e 273

Table 4.2.3. Number (standard error) of live neighboring trees within different radii by
(02 TS SRR 274

Table 4.2.4. p-values of one-way ANOVA multiple comparisons (Tukey Honest

Significant Differences) of Hegyi index within different radii by Classes...........cccccevvvierrnnnenn. 275
Table 4.2.5. Optimal predictive GLM of tree mortality based on live tree measurements

Within 8 M Of the SUDJECE rEES. .....eoei e et 280
Table 5.1.1. The combination of independent variables used in the mortality model................ 286
Table 5.1.2. Estimates of mortality models tested with logistic regression............cccccceeeereennene 292
Table 5.1.3. Verification of the models (CVC1 = 150, CVC2 = 66, Dead=70) ........c..cccervrrunene. 295
Table 5.1.4. Validation of the models (CVC1 = 124, CVC2 = 66, Dead=40) ..........ccccceerurrnnene. 297
Table. 6.1.1. Summary of recommended MONItOring aCtiVItIES. ........ceovriiiieeiienieiiee e 305

Table 7.1.1. Summary of selected response variables at the stand level for a 25 hectare,
uncut stand with a starting basal area of 17 m?/ha at FOrt BeNNING..........co.vvveereereeeeeereseeseeseens 316

Table 7.1.2. Summary of selected response variables at the stand level for a 25 hectare,
uncut stand with a starting basal area of 17 m?/ha at Camp LEJEUNE ...........ovevvvreeverereerereeeens 317

Table 7.1.3. Summary of selected response variables at the stand level for a 25 hectare
with a starting basal area of 17 m?/ha at FOrt BENMING ........o.vveeveeeeeeeeeeeeeeeeeeeeeeeeeseeeseeeeseeseeees 318

Table 7.1.4. Selected response variables at the stand level for a 25 hectare with a starting
basal area of 17 M?/ha at CamP LEJEUNE.........cviveeeeeeceeeeesee et 319

XX



Table 7.1.5. Selected stand responses starting basal area of 17 m%/ha at Fort Benning
reduced to 9 m?/ha with medium-sized CanOPY OPENINGS..........ov.eveevereeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeene 320

Table 7.1.6. Selected stand responses starting basal area of 17 m?/ha at Camp Lejeune
reduced to 9 m%ha with medium-sized CanOPY OPENINGS..........c.eveveererereeeeeeeee e 321

Table 7.1.7. Selected stand responses starting basal area of 17 m%ha at Fort Benning that
is reduced to 9 m?/ha using large-sized CaNOPY OPENINGS..........oveververeeeeereeeeeeeeeeeeeeseeseseeesees 322

Table 7.1.8. Selected stand responses starting basal area of 17 m?/ha at Camp Lejeune
that is reduced to 9 m%/ha using large-sized CanOPy OPENINGS............c.ovveververeeerreresesresrersrenens. 323

Table 7.1.9. Selected response variables at the stand level for a 25 hectare with a starting
basal area of 17 m%ha at Fort Benning that is thinned to 5 m*/ha to create a uniform
distribution of residual CANOPY trEES .......ccueiiiiiiiiee ettt et 324

Table 7.1.10. Selected stand responses starting basal area of 17 m*ha at Camp Lejeune
that is thinned to 5 m*/ha to create a uniform distribution of residual canopy trees.................... 325

Table 7.1.11. Selected response variables at the stand level for a 25 hectare with a starting
basal area of 17 m%/ha at Fort Benning that is reduced to 5 m?/ha through the application
of Medium-Sized CANOPY OPENINGS. .....ecveeeeieeieeriesteerte e seesteeseesreesteseesreesseeseesseesseeneesseesseeneenns 326

Table 7.1.12. Selected stand responses starting basal area of 17 m*ha at Camp Lejeune
that is reduced to 5 m%/ha through the application of medium-sized canopy openings............... 327

Table 7.1.13. Selected stand responses starting basal area of 17 m?/ha at Fort Benning

reduced to 5 m?/ha with uniform thinning to 9 m?ha and the use of medium-sized canopy

(0] 017 0130 SRR 328
Table 7.1.14. Selected stand responses starting starting basal area of 17 m%/ha at Fort

Benning reduced to 5 m*/ha with uniform thinning to 9 m*ha and the use of medium-

S PA=To Wor: ool o) Vo] o L=l o [ 0T K TSRS 329

Table 7.1.15. Stand-level responses of ecosystem components following simulated
application of alternative management prescriptions at Fort Benning .........ccccccceeviveveviverinsnenn 330

Table 7.1.16. Stand-level responses of ecosystem components following simulated
application of alternative management prescriptions at Fort Benning .........cc.ccecevvveeieenennnn 331

Table 7.2.1. Summary of selected published research projects. .........ccccevvveeierienienenienneeenn 336

XXi



KEYWORDS

longleaf pine, Pinus palustris, loblolly pine, Pinus taeda, red-cockaded woodpecker, Picoides
borealis, ecological restoration, stand conversion, ecological forestry, underplanting, variable
retention harvest, thinning, gap-phase regeneration, fire management, herbicide release, foliar
nutrients, gap light index, silviculture, soil moisture, xylem water potential, crown vigor class,
tree mortality, basal area increment, xylem water potential, dendrochronology, tree mortality

ACKNOWLEDGEMENTS

This project could not have been completed without the generous support of the Land
Management Branch at Fort Benning Military Installation and the Forest Management Program
and the Forest Protection Program of Marine Corps Base Camp Lejeune. Specifically, the
assistance of Robert Larimore, James Parker, Steven Hudson, Mark Byrd, and Tommy
Hutcherson at Fort Benning and Danny Marshburn, Daniel Becker, Susan Cohen, Steve
Shephard, Wayne Gray, and Mike Jarvis at Camp Lejeune is greatly appreciated.

The intensive field work associated with this study required the help of numerous field assistants
working in the heat of the southern pine forest in summer. We thank Bryan Mudder, Erik
Pearson, Hunter Leary, Evelyn Wenk, Seth Cook, Drew Pressley, Megan Benage, Yhtt
Nighthawk, Brett Little, Lindsay Stewart, Erwin Chambliss, and Hilliard Gibbs. It was a
pleasure to work with The Nature Conservancy at Fort Benning through the cooperative
agreement in this project, and we greatly appreciate the hard work of Robert Addington, Geoff
Sorrel, Michele EImore, and Wade Harrison. Additional technical advice was provided by Jeff
Glitzenstein, Jim Bates, and Matt Nespeca. Heather Irwin and Kathleen Fox provided support in
compiling and editing this document.

We greatly appreciate the financial and scientific support provided by the SERDP program
throughout this project.

XXii



ABSTRACT

Objectives

Throughout the southeastern United States, upland sites that were once dominated by longleaf
pine (Pinus palustris Mill.) have been widely converted to faster growing species such as
loblolly pine (P. taeda L.). Consequently, existing populations of the federally endangered red-
cockaded woodpecker (RCW; Picoides borealis) are currently occupying mature loblolly pine
stands. Reports of declining loblolly pine health in some locations raised concerns about the
longevity of existing RCW habitat and underscored the need to convert upland forests back to
longleaf pine. Forest managers needed protocols to restore longleaf pine on sites where canopy
pines are retained. Further, because protocol suitability is likely to vary among site types based
on productivity and the structure and composition of the canopy and ground layer vegetation,
protocol development on a range of site conditions was necessary. The need for such protocols
were deemed critical at Fort Benning, Georgia, where as many as 70% of the active RCW
cavities were found in loblolly pine trees.

Because longleaf pine seedling growth tends to decrease as canopy cover increases, the
conversion of loblolly pine stands to longleaf was expected to require a balance between canopy
removal to increase the growth of planted longleaf pine seedlings and canopy retention for RCW
habitat and other ecosystem services (e.g., fuel inputs from needlefall). Retaining the trees likely
to live the longest would secure the most RCW habitat value through time; thus, a model for
predicting tree longevity would be a valuable management tool. Additionally, an increased
understanding of environmental factors associated with reduced loblolly pine health was needed
to inform RCW management decisions at Fort Benning.

The objective of the project was to address three main research questions: (1) develop stand level
silvicultural protocols for restoring longleaf pine forests while retaining a canopy component on
Fort Benning in the sandhills of Georgia and at Marine Corps Base Camp Lejeune on the coast
of North Carolina; (2) model stand vulnerability to declining loblolly pine vigor on Fort Benning
where loblolly pine health was a management concern; and (3) develop a model to forecast
individual loblolly pine tree mortality in stands showing reduced canopy health of Fort Benning.

Technical Approach

The research was conducted at Fort Benning and Camp Lejeune, sites that differ in ecological
characteristics including topography, soils, weather patterns, and native flora. Such differences
may influence the success of restoration protocols, and thereby inform the development of
management guidance across a range of site conditions. We installed a field experiment using a
randomized split plot design replicated on eight blocks at each location. We planted longleaf
pine seedlings in loblolly stands treated with seven canopy treatments (main plot treatments),
including three different sized gaps, uniform thinning to three different residual basal areas (0,
4.5, and 9 m?/ha), and an uncut check (basal area > 14 m*ha). In each plot, additional split-plot
treatments included chemical vegetation release, chemical release plus fertilizer, establishment of
native grasses, and an untreated check. Response variables include the survival and growth of

1



seedlings and planted native grasses, light, soil nitrogen, soil moisture, foliar nutrients, and
seedling water potential. We used results of our field experiment to project the development of
suitable RCW habitat under experimental scenarios. We developed tree mortality and stand
vulnerability models applicable to loblolly forests at Fort Benning. The models were based on
existing inventory data and on data collected from a stratified sample of all upland loblolly
stands at Benning. In ninety 90 plots in mature loblolly stands we measured site and stand
characteristics, and evaluated tree health by assessing crown condition. We used standard
ANOVA, regression, and non-parametric methods for most analyses, and dendrochronology
methods plus logistic regression and time series analysis to forecast tree mortality.

Results

Overall, we found a low occurrence of trees in poor health (2.9%). Tree health was positively
correlated with site productivity, whereas poor tree health was more common on coarse textured
soils than on fine textured soils. Individual tree mortality could be predicted from the mean
basal area increment from the past three years and the basal area growth relative to tree size
using dendrochronological methods. Canopy removal increased light availability for longleaf
pine seedlings and ground layer vegetation, and both responded with increased growth. Ground
layer vegetation provided important competition for longleaf pine seedlings, especially at Camp
Lejeune, where woody vegetation dominated the ground layer. At both installations, the
continuity of prescribed fires applied after longleaf restoration treatments was reduced with
canopy removal (reduced needle inputs from canopy pines), suggesting that attention must be
given to reaching prescribed fire objectives in areas with canopy gaps or reduced canopy density.
Determining appropriate silvicultural treatments for restoring longleaf pine to loblolly stands
requires an understanding of the initial stand conditions relative to RCW habitat requirements
and ground layer species and composition. To increase longleaf seedling growth, we recommend
reducing canopy basal area to below 7 m?/ha if allowable. In stands where canopy reduction is
restricted, small canopy gaps (0.1 ha) can be used to create patches of suitable conditions for
longleaf seedlings. We found that fertilizer had few benefits for longleaf pine restoration, but
chemical control that targets woody vegetation will increase longleaf seedling growth and
enhance the ground layer community in stands with encroachment of woody species.

Benefits

Results can be used to guide longleaf pine restoration in loblolly pine stands at Fort Benning and
Camp Lejeune, and experimental plots remain to demonstrate the effects of management
alternatives for longleaf restoration and the quality and production of RCW habitat. The results
can be used in planning and landscape models to predict consequences of stand management
choices. The combined results at two locations provide a framework for restoring longleaf pine
on other DoD installations, though details may differ. Applying study results will improve the
likelihood of southeastern installations fulfilling endangered species management and recovery
goals, thereby minimizing potential conflicts with the training mission. Contributions to science
include a better understanding of the gap regeneration processes and of individual tree mortality
in the southern pine ecosystems.



1. Introduction

This project supported CSSON-06-02 (Restoration of Longleaf Pine for Red-cockaded
Woodpecker Habitat) that identified the need for protocols to manage forested landscapes
currently used by red-cockaded woodpeckers (RCWSs) in a way that maintains suitability for the
bird.

1.1. Problem statement

At the heart of the challenge to provide RCW habitat is a landscape level problem, that is, how to
schedule forest regeneration in time and space. That task is central to forest management
planning, and it must rely on forest growth models coupled with an understanding of RCW
population processes at a landscape scale. However, forest models depend on a good
understanding of stand level processes, specifically, the performance of regenerating forests
under local conditions. The research addressed significant gaps in knowledge about longleaf pine
growth and possible loblolly pine forest decline at the stand level. Results of a stand level study
can be used to improve the predictability of forest growth models and ultimately refine landscape
scale management strategies. Because there is widespread agreement on the structure of stands
that benefit the RCW, stand level research can be interpreted readily in terms of benefit to both
RCW habitat function and to forest restoration.

As a result of fire suppression or exclusion, the historically dominant longleaf pine has been
replaced by other less fire-tolerant species, especially loblolly pine. Fire maintained longleaf
pine woodlands and savannas, with herbaceous ground layer vegetation and little or no mid-story
hardwoods, provided ideal habitat for the RCW and a variety of other rare animals and plants
(Walker 1993, 1998). In contrast, loblolly stands often include abundant hardwoods in the mid-
story and have lost much of the characteristic ground layer that produces fine fuels critical for
fire management. Compared to loblolly, longleaf pine is longer lived, less susceptible to a variety
of pests and diseases, and preferred by RCWs. Additionally, longleaf stands are conducive to
management with prescribed fire, an ecologically and economically desirable management
strategy. Thus, managers are eager to restore longleaf pine to sites it once occupied. Although
longleaf pine is readily established after clearcutting the loblolly canopy, loblolly pines currently
provide habitat for RCWs in sites spanning the previous longleaf range. In stands providing
RCW habitat, longleaf pine restoration must be accomplished while retaining habitat value,
specifically mature canopy trees. The project addressed the need for stand conversion protocols.

In many areas of the southeast, reports of pine stands exhibiting symptoms of poor health have
raised questions about the longevity of existing RCW habitat in loblolly stands. For example,
Fort Benning contains around 36,000 ha of upland pine forests, including almost 4,000 ha
classified as longleaf and the balance dominated by primarily loblolly. Forest managers
observed that “off-site” loblolly pine trees are either dying prematurely or are showing
symptoms of stress and poor health. Premature senescence could adversely affect the recovery of
RCWs on the base because approximately two thirds of the active RCW clusters currently
depend on loblolly stands. Without effective management intervention, ongoing forest decline
could limit habitat needed to meet RCW recovery responsibilities and, consequently, constrain
the training mission at Fort Benning. Given the broad geographic extent of longleaf pine and the
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natural variability in site conditions, it is unlikely that protocols will be immediately exportable

from site to site. In order to understand the transportability of protocols to various kinds of sites

it is necessary to understand the ecological factors that control the process of regeneration under
an existing canopy of loblolly pines.

Because longleaf pine seedling growth decreases as canopy cover increases, it was expected that
restoration protocols would likely include some level of canopy removal. Leaving the individual
trees likely to live the longest would optimize RCW habitat through time, but individual tree
mortality is a complex process that is difficult to predict. Additionally, managing landscapes
would also require selecting which stands to treat, and in landscapes with declining loblolly pine
stands selection must be based in part on stand vulnerability or condition. To select stands,
managers need a firm understanding of the relationships between stand conditions, site
conditions, and management history.

1.2. Research questions and technical objectives

The overall goal of this project was to develop stand level management recommendations for
longleaf pine restoration while retaining habitat value for RCWs at Fort Benning, Camp Lejeune,
and by extension to other Southeastern installations. We approached this goal by addressing
three research questions that proceeded concurrently. The following is a list of specific
objectives (O-1 through O-11) organized by research questions (Q-1 through Q-3). Question 1
was addressed through a field experiment at Fort Benning and Camp Lejeune. Questions 2 and 3
pertain to Fort Benning only.

Q-1: What are optimal silvicultural practices for restoring longleaf pine to loblolly pine
stands while retaining mature trees and enhancing the herbaceous ground layer? Eight
component objectives were required to fully address this question.

O-1. Quantify the effects of canopy abundance after harvest treatments and cultural treatments
on planted longleaf pine.

0-2. Quantify the effects of canopy abundance after harvest treatments and cultural treatments
on natural loblolly pine regeneration.

0-3. Quantify the effects of canopy abundance after harvest treatments and cultural treatments
on ground-layer and mid-story vegetation structure and abundance.

O-4. Describe the effects of canopy abundance after harvest treatments and cultural treatments
on ground-layer vegetation richness and composition.

O-5. Quantify the effects of gap size and within-gap position on ground layer vegetation.

0-6. Quantify the effects of canopy density and distribution on light availability, soil moisture
and temperature, and soil nitrogen in pine stands.



O-7. Quantify the relationships between resource availability and planted longleaf pine seedling
survival and early growth.

0-8. Quantify the effects of canopy and cultural treatments on fine fuel production, fire behavior,
and short-term fire effects.

Q-2: Which stand or environmental factors are associated with declining loblolly pine
canopy health at Fort Benning?

0-9. Quantify loblolly pine canopy health in relation to stand condition, site characteristics
(physiography, slope, aspect, soil texture, soil nutrient status), and recent management history
(burning and thinning).

0-10. Assess the effects of pine canopy distribution on individual loblolly pine canopy health
and mortality.

Q-3: Can individual tree mortality at Fort Benning be predicted?

O-11. Develop a model to predict the timing and probability of individual loblolly pine stem
mortality based on annual radial growth patterns.

1.3. Organization of this report

In Section 2 we present the background and general research approaches for the overall project.
Because the organizing questions and specific objectives require a variety of methods, we
present any detailed technical background, methods, results and discussions for each question
and objectives within each question separately, beginning with research Question 1 in Section 3.
Section 3 is further divided to present results related to individual research objectives. In addition
to the sub-sections linked to each objective, we provide a comparison of results from Fort
Benning and Camp Lejeune and discuss similarities and differences in the context of forest
restoration. Questions 2 and 3 are addressed in Sections 4 and 5, respectively. Section 6 provides
recommendations for continued monitoring of experimental plots. In Section 7 we present a
project synthesis that includes models of expected outcomes from selected management
scenarios and a discussion of the application of study results to other parts of the longleaf pine
range. Section 8 includes literature cited in the report. Numerous appendices include
supplemental information and are referenced throughout the report where applicable. We call
attention Appendix A-1.1.1 (p. 369) because it presents information specific to restoring the
herbaceous component of longleaf pine woodlands. This appendix describes a pilot study that
measured the effects of field experimental treatments on the establishment of planted native
grasses at Fort Benning and Camp Lejeune.



2. Background

This section explains the need for the research and presents what was known about the problem
at that time the project was initiated.

2.1. Problem overview

As a result of fire suppression and exclusion, the historically dominant longleaf pine (Pinus
palustris Mill.) has been replaced by other, less fire-tolerant species, especially loblolly pine (P.
taeda L.). Fire-maintained longleaf pine woodlands and savannas, with herbaceous ground layer
vegetation and little or no mid-story hardwoods, provide ideal habitat for the red-cockaded
woodpecker (RCW; Picoides borealis) and a variety of other rare animals and plants (Walker
1993; USFWS 2003). In contrast, loblolly pine stands often include abundant hardwoods in the
mid-story and have lost much of the characteristic ground layer that produces fine fuels critical
for fire management. Compared to loblolly pine, longleaf is longer lived, less susceptible to a
variety of pests and diseases, and preferred by RCWs. Additionally, longleaf stands are
conducive to management with prescribed fire, an ecologically and economically desirable
management strategy. So managers are eager to restore longleaf to sites it once occupied.
However, longleaf pine seedlings are considered intolerant of competition for resources (Boyer
1990a), and therefore traditional silviculture for stand conversion to longleaf pine often includes
clearcutting the existing canopy followed by artificial regeneration (e.g. Boyer 1988, Brockway
et al. 2006, Knapp et al. 2006). This approach is not desirable in stands that provide current
RCW habitat or other ecological benefits that require the presence of canopy trees. In loblolly
pine stands providing RCW habitat, longleaf pine restoration must be accomplished while
retaining habitat value, specifically mature canopy trees. This research was designed to meet the
need for such stand conversion protocols.

Forest conditions at Fort Benning exemplified the management problem. Fort Benning has about
36,000 ha of upland pine forests, of which less than 4,000 ha are classified as longleaf stands.
Because of historical land use and forestry practices, loblolly pine currently dominates many
upland pine sites. Estimates at the beginning of the project indicated that two thirds of the upland
loblolly habitat is experiencing some level of forest decline. Specifically, loblolly pine trees that
were considered “off-site” were either dying prematurely or are stressed and expected to die
prematurely. Premature senescence could adversely affect the recovery of the RCW on the base
because two thirds of the 330 active RCW clusters currently depend on loblolly pine and as
many as 70% of the RCW cavity trees are loblolly pines. Without effective management
intervention, ongoing forest decline could limit habitat needed to meet RCW recovery
responsibilities and, consequently, constrain the training mission at Fort Benning. Given the
broad geographic extent of longleaf pine and the natural variability in site conditions, it is
unlikely that protocols will be immediately exportable from site to site, so it was important to
understand the ecological factors that control the process of regeneration under an existing
canopy.

Because longleaf seedlings do not thrive under closed forest canopies, restoration protocols will
require partial canopy removal. Leaving the trees likely to live the longest would secure the most



RCW habitat value through time, but there was no good way to forecast individual tree mortality.
Managing landscapes would also require selecting which stands to treat, and in landscapes with
declining loblolly stands selection must be based in part on stand vulnerability or condition. To
select stands, managers needed a firm understanding of the relationships between stand
conditions, site conditions, and management history.

2.2. Uneven-aged longleaf pine forest as a management template

Although longleaf pine is commonly managed using even-aged silvicultural methods, naturally
regenerating longleaf forests typically develop as an uneven-aged mosaic of even-aged patches
(Platt and Rathburn 1993). Natural regeneration is commonly observed within canopy gaps
(Gagnon et al. 2004), and frequent lightning strikes or other small scale disturbance events often
create favorable conditions for natural regeneration (Palik and Pederson 1996). Interactions
between fire effects and competition with canopy trees likely contribute to the gap-phase
regeneration of longleaf pine. The natural regeneration process suggests the potential for uneven-
aged management and for regenerating longleaf pine in the presence of mature trees. Indeed, the
“Stoddard-Neel” system exemplifies a successful silvicultural system that can be used to create
and maintain open, uneven aged longleaf forests. The silvicultural method used in the system
resembles “thinning from below”(Moser et al. 2002), and the key features include maintaining
densities below 15 m®/ha, managing the overstory with removal from below, maintaining a
reproduction component in the stand (that is, in gaps) and allowing transition from reproduction
to overstory on some small proportion of the area. Although the system is designed for existing
longleaf pine stands, it might be modified to convert even-aged loblolly stands into uneven-aged
loblolly and longleaf pine mixed stands, and eventually uneven-aged longleaf pine stands.

2.3. Overstory retention and longleaf pine regeneration

Overstory retention is increasingly used in forests traditionally managed for even-aged structure.
By maintaining some overstory trees during a regeneration harvest, silviculturists create uneven-
aged stands over one or more rotations (e.g., Franklin et al. 1997, Halpern et al. 1999,
Loewenstein 2005). One rationale for retention is that residual stand structure better resembles
the complex structure of forests after natural disturbances, helping to perpetuate ecosystem
functions dependent on that structure (Hansen et al. 1995, Franklin et al. 1997, Seymour and
Hunter 1999). The benefits of retention come at a cost of reduced survival and growth of
regeneration because of competition with residual trees (Birch and Johnson 1992, Hansen et al.
1995). This is especially true for longleaf pine, which is intolerant and sensitive to competition
for light, moisture and nutrients (Boyer 1990a).

Previous studies have explored alternative silvicultural methods for regenerating longleaf within
existing longleaf pine canopies and have commonly reported that seedling growth is reduced by
the presence of canopy trees. For instance, Palik et al. (1997) reported a negative, exponential
relationship between overstory density and seedlings size, and seedling size increased
substantially with less than 8 m?/ha of overstory basal area. According to RCW habitat
guidelines, recommended optimal habitat requires overstory basal area between 9 to 14 m*ha
(USFWS 2003). Retaining an overstory of mature loblolly for the benefit of RCW habitat may
negatively affect the restoration of longleaf in the same stand. Previous studies of canopy effects



on regeneration were conducted in established longleaf pine stands; the interaction between a
loblolly overstory and planted longleaf seedlings may or may not resemble the well-documented
relationships in longleaf pine dominated stands. Longleaf pines have more extensive and deeper
root systems than loblolly, and the feeding roots of loblolly pines are increasingly concentrated
on top soils with aging (Baker and Langdon 1990, Boyer 1990a). Rooting habit differences may
reduce competition intensity between overstory loblolly and planted longleaf pine seedlings.
How this difference would translate into gap resource availability and improved growth of
planted longleaf seedlings was unknown when this study was initiated. A study of planting
longleaf pines under slash pine was published soon after RC-1474 was started (Kirkman et al.
2007), and provides a reference point for this study.

2.4. Regenerating longleaf pine in canopy gaps

Understanding the regeneration dynamics of longleaf pine in gaps is critical for developing an
uneven-aged silvicultural system for restoring longleaf pine to current loblolly stands while
maintaining the transitional stand as functional RCW habitat. Recent studies have examined the
growth of naturally established and planted longleaf pine seedlings in canopy gaps of various
sizes (Palik et al. 1997, 2003; Brockway and Qutcalt 1998, McGuire et al. 2001, Gagnon et al.
2003, Rodriguez-Trejo et al. 2003). These studies report an influence zone between 15-36 m
from the gap edge, and recommend minimum gap sizes of 0.1 to 0.2 ha to minimize intraspecific
competition. In natural, uneven-aged longleaf forests, tree fall gaps ranging from 40 to 50 m in
diameter are common (Brockway and Outcalt 1998). Gaps of these sizes result from mortality of
several trees as gaps resulted from single tree mortality are typically < 30 m in diameter,
suggesting that group selection may be an appropriate silvicultural method for regenerating
longleaf pine. However, these results are derived from studies conducted in longleaf pine forests
and the applicability to loblolly forests was not known.

Various studies have shown that adult longleaf pine trees negatively affect growth and/or
survival of longleaf pine seedlings established within a distance of 15 m (e.g., Grace and Platt
1995, McGuire et al. 2001, Gagnon et al. 2003, Palik et al. 2003); however the underlying
mechanisms are still debated. Light limitation has proven to be important in most studies, and
longleaf seedlings respond positively to increased light reaching the understory in a gap (Palik et
al. 1997, McGuire et al. 2001). In studying the pattern of naturally regenerated longleaf seedlings
in gaps, however, Brockway and Outcalt (1998) attributed an observed seedling exclusion zone
to intraspecific root competition. They proposed the “root gap” to explain the concentration of
longleaf pine seedlings in the gap center and speculated that reduced competition for soil
moisture in a “root gap” should increase growth and survival of longleaf seedlings. However, no
corroborating patterns in soil moisture (measured as volumetric water content) were observed in
relation to distance from the gap edge or direction within gaps (McGuire et al. 2001, Gagnon
2003, Palik et al. 2003). Given the heterogeneity of soil and the dynamics of soil moisture, it is
arguable that water potential in planted longleaf seedlings would be a better indicator of local
soil moisture supply, but no study has yet reported the water potential of planted seedlings.
Increased N availability in the canopy gap has positively affected the growth of planted longleaf
(e.g., McGuire et al. 2001, Palik et al. 2003), though the gain is small compared to the effect of
light. Although the status of foliage nutrients of planted longleaf pine seedlings can also serve as



a good indicator of local nutrient availability, previous studies did not examine how canopy
retention or gap size affect seedling nutrient status.

As found in other species (e.g., De Steven 1991, Chhin and Wang 2004a), longleaf pine
seedlings planted in gaps exhibit a trade-off between survival and growth, especially under
extreme drought (e.g., Rodriguez-Trejo et al. 2003). Partial shade improved the survival of
planted longleaf seedlings during the initial 1-2 years despite its negative effect on growth
(McGuire et al. 2001, Gagnon et al. 2003, Rodriguez-Trejo et al. 2003). Because of this trade-
off, Gagnon et al. (2003) suggested that the best location for planted longleaf seedlings during
the first two years was located between 20-30 m from the gap edge. We note that the optimum
range is likely to change through time because of the growth of seedlings and the dynamics of
vegetation within the gap, and that gaps created in declining loblolly pine stand likely have
different dynamics than those in longleaf pine forests due to a higher rate of canopy mortality.
Over time, these gaps could enlarge and provide more resources for planted longleaf seedlings.
This anticipated dynamic could provide an advantage to seedlings planted near the gap edge or
into the forest.

Platt et al. (1988) suggested that along with resource availability, fire is an important factor
regulating gap-phase regeneration and resulting in aggregating naturally regenerated seedlings
towards the gap centers. Several lines of evidence support this hypothesis. Competition near
mature longleaf pine reduces the growth of seedlings, and smaller seedlings are more susceptible
to fire (Boyer 1974, Grace and Platt 1995). Also greater needle fall near mature longleaf has
been associated with more intense fire (Rebertus et al. 1989, Williamson and Black 1991, Grace
and Platt 1995). In short, higher-intensity fire combined with smaller seedlings due to resource
competition spatially segregates seedlings from mature longleaf trees (e.g., Avery et al. 2004).
However, the effect of fire on the survival of planted longleaf pine seedlings under a retained
canopy or in a gap has not been verified experimentally.

Palik et al. (1997) reported that optimum growth of longleaf seedlings occurs at a residual basal
area below 6 m*ha; however, a basal area between 9-14 m?/ha is recommended for high quality
RCW habitat. The distribution of the residual basal area may be manipulated to meet these
conflicting management needs. Harrington et al. (2003) reported that reducing basal area to 10
m?/ha was not sufficient to increase herb layer performance in young (13-15 years old) longleaf
stands, where residual trees were uniformly dispersed across the stand. Alternatively, a target
basal area could be obtained using a group selection method that would result in aggregated
residual trees. In this way, fewer but larger gaps can be created (Palik et al. 1997). Because of
reduced competition from the overstory, large gaps created by aggregating residuals provided
more resources (light, moisture and/or nutrients) to the growth of planted longleaf seedlings
compared to small gaps (Palik et al. 2003).

2.5. The importance of restoring ground layer vegetation

High-quality RCW habitat also requires intact native ground layer vegetation (USDI FWS 2003),
which is dominated by grasses, legumes, and composites in upland sites (Walker 1998). In terms
of ecosystem function, the ground layer provides fine fuels to carry the surface fires that sustain
the ecosystem and supports a diverse arthropod community (Folkerts et al. 1993, Hermann et al.



1998, Hanula and Engstrom 2000). Recent research reports link the condition of ground layer
vegetation to RCW fecundity and population health. Red-cockaded woodpecker groups
defending territories with predominantly grassy or herbaceous ground layers had higher
fecundity than nearby groups in shrub-dominated territories (James et al. 1997, Hardesty et al.
1997). When restoring longleaf on loblolly-occupied sites, it is also important to protect and
restore native ground layer vegetation.

As elaborated in the previous section, planted longleaf seedlings require relatively large gaps to
achieve optimal growth. However, needle fall from mature pine trees extends only 4-5 m from
the gap edge (Boyer 1974, Farrar 1996, Brockway and Outcalt 1998). Needle-fall is considered
an important fuel source for fire management (Mitchell et al. 2006, Kirkman et al. 2007), and
when gap management was proposed fire managers at Fort Benning expressed concerns about
the ability to burn in stands thinned to low residual basal area, particularly within large gaps. In
natural, open longleaf stands, abundant growth of grasses helps to maintain a frequent surface
fire regime. Therefore, the restoration of longleaf pine to loblolly stands where grasses are not
well represented, may benefit from seeding native grasses such as little bluestem (Schizachyrium
scoparium) or wiregrasses (Aristida stricta, A. beyrichiana) (Walker and Silletti 2006).
Establishing or enhancing grass cover may be important in large gaps created for the optimum
growth of longleaf pine seedlings, where fine fuels from herbaceous layers must carry surface
fires through the gap. In addition to affecting fire behavior, the seeded grass is likely to compete
with planted longleaf seedlings and other herbaceous species. Little is known about the
magnitude of this competition.

2.6. Cultural practices and longleaf pine regeneration

Cultural practices, such as competition control and fertilization, may be applied to reduce the
effects of root competition from overstory trees and to compensate for sub-optimum light
conditions. Herbaceous weed control has proven effective in promoting the growth and thus the
early emergence from the grass stage for longleaf pine seedlings planted in the open, although its
effect on survival has not been consistent in past reports (Haywood 2000, Ramsey et al. 2003).
Fertilization alone or in combination with herbaceous weed control did not improve the growth
of longleaf planted in an old field (Ramsey et al. 2003); however, hand weeding and fertilization
increased the growth of longleaf seedlings planted in a longleaf forest canopy gap by > 40%
during the first two years (Gagnon et al. 2003). Compared to old fields, soil fertility of Gagnon’s
study sites was inherently lower. VVarious methods can be used to control competition, e.g., hand
weeding, herbicide application, and/or mulching. Haywood (2000) found that application of
herbicide (hexazinone, at 1.12 ai kg/ha) or mulches significantly increased height growth and
shortened the grass stage. For applying overtop of longleaf seedlings, Ramsey and Jose (2004)
recommended the use of hexazinone at 0.56 kg ai/ha for controlling herbaceous vegetation.

2.7. Factors influencing loblolly pine decline
Loblolly pine decline is the name applied to a syndrome in which canopy trees are characterized
by a gradual deterioration in health and vigor that frequently ends in death. Decline symptoms

include short chlorotic needles, sparse crowns, and reduced radial growth by stand age 40-50,
with mortality occurring two to three years after symptoms appear (Hess et al. 2002). Several
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pathogens (e.g., Phytophthora cinnamomi and Leptographium spp.) associated with the
syndrome are vectored by root-feeding bark-beetles and weevils. The expression of decline
symptoms is apparently associated with significant environmental stressors. Working on a
project for the Talladega National Forest, Eckhardt and Menard (2008) developed a GIS model
that showed decline associated with relatively well-drained sandy soils and south-facing aspects
with slope > 20%, and they applied the same modeling parameters to develop a preliminary risk
assessment tool for Fort Benning. This work provided preliminary information about the factors
associated with possibly declining forests at Fort Benning, but the risk assessment did not
provide enough information for understanding possible causes or management factors associated
with declining forest health.

Loblolly pine stands at Fort Benning display a range of stand attributes (e.g., stocking, age) and
site conditions (e.g., site quality, aspect, slope, soil texture) that are likely to influence their
vulnerability to decline. In addition, common management practices, especially thinning and
burning, may influence vulnerability in unpredictable ways. Thinning equipment may damage
roots, attract root-feeders, and increase mortality rates. Alternatively, thinning may reduce
competition for moisture or nutrients on extreme sites (Smith et al. 1997) and increase resistance.

Frequent burning reduces tree growth and effectively reduces hardwoods and understory
vegetation (e.g., Boyer 1990b, Boyer and Miller 1994), both factors significantly correlated with
loblolly decline (Eckhardt 2003). Managers are using a prescribed fire management regime
(frequent, low intensity fires) that might be appropriate for longleaf pine, but loblolly is less fire-
tolerant because it has shallower feeding roots, especially for mature trees (Baker and Langdon
1990, Boyer 1990a). In addition to possible canopy scorch and cambium damage, burning, even
prescribed at a low intensity, could kill some feeding roots and reduce water and nutrient
absorption. In addition to negatively affecting root absorption, fire may increase soil bulk
density and reduce soil water-holding capacity (Boyer and Miller 1994). These negative effects
could be further magnified on dry and nutrient poor soils, which are typical at Fort Benning.
Because loblolly pine is much more nutrient demanding than longleaf (Baker and Langdon 1990,
Boyer 1990a), nutrient deficiency may also contribute to loblolly decline. Fire also increases
attacks by root-feeding bark beetle and weevil, which, in turn, vector disease (Leptographium
spp.) into the loblolly pine root system (Eckhardt 2003).

2.8. Modeling individual tree mortality in the context of loblolly pine decline

Tree mortality is a complex phenomenon. The process of dying often takes decades driven by a
sequence of multiple stress factors (Villalba and VVeblen 1998). A variety of empirical
approaches has been used to model tree mortality at both stand and individual tree scales. For
individual-based models, characteristics such as tree size (e.g., diameter or height), tree growth
rate (e.g., ring widths or basal area increment), crown condition (e.g., leaf area index or crown
defoliation), tree age, and competition are often used to predict tree mortality (e.g., Wyckoff and
Clark 2000, Bigler and Bugmann 2003). Tree ring data have proven to be useful for addressing
mortality issues, since tree rings are integrators of biotic and abiotic influences that reflect the
entire growth history of a tree (Fritts 1976), and reduced radial growth often occurs prior to
visual symptoms of crown decline (Buchman et al. 1983, Hamilton 1986). Low growth levels are
often characteristic of stressed or dying trees, and it is well know that prolonged periods of
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strongly reduced stem growth increase a tree’s risk of dying (e.g., Kozlowski et al. 1991,
Pedersen 1998, Monserud and Serba 1999, Wyckoff and Clark 2002).

Most mortality models are based on radial growth 1-5 years prior to death (e.g., Wyckoff and
Clark 2000). However, recent theoretical and empirical findings have shown that considering
long-term growth trends may be needed for assessing many mortality issues, especially for forest
decline (Bigler et al. 2004). A combination of growth level, growth trend, and/or relative growth
has been shown to increase the reliability of mortality predictions (Bigler and Bugmann 2003,
2004). For example, low growth levels or relative growth combined with negative growth trends
indicated impending tree death of Norway spruce (Bigler and Bugmann 2003).

Based on growth level, growth trend, and/or relative growth, tree-ring series of dead and living
trees can be used to fit a logistic regression model,

1
1+ exp(X;e8)~"

Pr(Y;, = 1|X;,) =

with Y; being the status of tree i at time t (Y = 1 means the tree is alive, Y = 0 means the tree is
dead). Pr(Yi: = 1| X4) is survival probability in the interval [0,1], X;f is a linear combination of
the independent variables (X) and the regression coefficients (5). This model can be used to
calculate the mortality probability for every year of the life of the tree (Bigler and Bugmann
2003, Bigler and Bugmann 2004, Bigler et al. 2004). In addition to growth related variables, site
quality, management history, and other factors affecting loblolly pine decline may also be
important predictors of loblolly mortality. Adding these variables would capture a site-specific
pattern of tree mortality. Combining tree ring analyses with stand and site conditions represent a
novel approach, which we believe will improve the ability to forecast mortality significantly.
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3. What are optimal silvicultural practices for restoring longleaf pine to
loblolly pine stands while retaining mature trees and enhancing the
herbaceous ground layer? (Question 1)

Section 3 is the longest section of the Final Report. Here we present the details of a replicated
field experiment installed at both Fort Benning and Camp Lejeune. The first sub-section
describes details of the setting up the experiment to test the effects of various canopy
manipulations and cultural treatments to enhance longleaf pine seedling establishment and
growth. Subsequent sub-sections address separate but related research objectives.

3.1. Field experiment implementation

This study was replicated at two ecologically distinct locations within the natural longleaf pine
range: Fort Benning Military Installation (~32.38° N, 84.88° W) in Chattahoochee and Muscogee
Counties, GA and Russell County, AL and Marine Corps Base Camp Lejeune in Onslow
County, NC (~34.68° N, 77.33° W) (Figure 3.1.1).

Fort Benning falls within two ecological land units: the northeastern two thirds of the installation
are within the Sand Hills Subsection of the Lower Coastal Plains and Flatwoods Section and the
southwestern one third of the installation is classified as the Upper Loam Hills Subsection within
the Middle Coastal Plain Section (Bailey 1995). Common soil series of the Sand Hills include
Troup sandy loam (loamy, kaolinitic, thermic Grossarenic Kandiudults), Wagram loamy sand
(loamy, kaolinitic, thermic Arenic Kandiudults) and Vaucluse loamy sand (fine-loamy,
kaolinitic, thermic Fragic Kanhapludults). These soils are sandy in the surface layers and loamy
in the subsoil, with low natural fertility and low organic matter content (Green 1997). Soils of the
Upper Loam Hills tend to be finer textured and more productive although they share the
characteristics of being low in organic matter and natural fertility (Mason 2003), with common
soils including Maxton loamy sand (fine-loamy over sandy or sandy-skeletal, siliceous,
subactive, thermic Typic Hapludults) and Wickham sandy loam (fine-loamy, mixed, semiactive,
thermic Typic Hapludults). The key to soil names associate with study plots on Fort Benning are
shown in Appendix A-3.1.1. The terrain is predominately rolling and highest in the Sand Hills of
the northeast (225 m above sea level) and lowest near the Chattahoochee River in the southwest
(58 m above sea level). Mean annual precipitation at Fort Benning is 1230 mm with a mean
temperature of 18.4°C (Garten et al. 2003).

Camp Lejeune is located in the Atlantic Coastal Flatlands Section of the Outer Coastal Plains
Mixed Forest Province (Bailey 1995). Study areas were primarily dominated by Norfolk loamy
fine sand (fine-loamy, kaolinitic, thermic Typic Kandiudult), Baymeade fine sand (loamy,
siliceous, semiactive, thermic Arenic Hapludult), and Wando fine sand (thermic, coated Typic
Quartzipsamment). All soils are well- to excessively-drained, with low to moderate water
holding capacity and low nutrient holding capacity (Barnhill 1992). The key to soil names
associate with study plots on Camp Lejeune are shown in Appendix A-3.1.8. Slopes typically
range from 0 to 6 percent and rarely from 6 to 15 percent, with elevation from 7 to 21 m above
sea level. The climate is classified as warm humid temperate, with average annual precipitation
of 1420 mm and average annual temperature of 13°C (MCBCL 2006).
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At both installations, study areas were selected from upland loblolly pine stands that were
targeted for conversion to longleaf pine, as determined by base forestry personnel. At Fort
Benning, this included equal representation of sites in the Sand Hills and the Upper Loam Hills
(Figure 3.1.2). Past management had included the use of frequent prescribed burning following
RCW habitat guidelines. Common understory species included bunchgrasses (e.g. Andropogon
spp., Schizachyrium scoparium (Michx.) Nash, Sorghastrum spp.) and herbaceous species such
as legumes (e.g. Desmodium spp., Lespedeza spp.) and composites (e.g. Eupatorium spp.,
Solidago spp.). Woody species, including sweetgum (Liquidambar styraciflua L.), persimmon
(Diospyros virginiana L), oaks (Quercus spp.), and hickories (Carya spp.), were common in the
understory and infrequent in the midstory.

At Camp Lejeune, we established plots in two types of loblolly pine stand. The first type (Blocks
1-4) was a large plantation previously established following a beetle kill (Figure 3.1.3). The
stand had been prescribed burned infrequently since establishment, and encroachment of
sweetgum was widespread. Common understory vegetation included graminoids such as
bluestems and panic grasses (e.g. Panicum spp, Dichanthelium spp.) and herbaceous species
within the family Asteraceae. The other blocks (Blocks 5, 7, and 8) were established in older
pine stands (~60 years old) that had not recently been burned. In the absence of fire, these plots
had developed a dense midstory layer dominated by sweetgum, loblolly pine, and shrubs such as
wax myrtle (Morella cerifera (L.) Small), horse sugar (Symplocos tinctoria (L.) L'Hér), and
redbay (Persea borbonia (L.) Spreng). None of the study sites had wiregrass present prior to the
study.

Baseline soils information, including chemical and physical properties, was collected from each
study block (Table 3.1.1). We obtained soil series information from Geographic Information
Systems (GIS) provided by each installation (Appendices A-3.1.1 - A-3.1.12), and one soil
sample was collected from each soil series that occurred in each plot. Soil chemistry, cation
exchange capacity (CEC), organic matter (%), and soil pH were determined by the Agricultural
Services Laboratory at Clemson University. Soil bulk density was determined gravimetrically
from soil samples of known volume, and soil texture was calculated by the Bouyoucos
hydrometer method (Milford 1997).

Climate data from the study period was obtained from the National Climatic Data Center web
service, with data for Fort Benning collected at the Columbus GA Regional Airport and data for
Camp Lejeune collected at the Wilmington, NC National Airport. Monthly precipitation and
mean monthly temperature data for each site during the study period is plotted in Figures 3.1.4
and 3.1.5.
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Table 3.1.1. Soil chemical and physical properties of study areas at Fort Benning and Camp Lejeune. Mean values at the block level

are presented from soil samples taken from each soil type that occurred within each study plot, and mean values at the study site level
were tested for statistical difference between sites (p-values)

Organic

Bulk

. Total N Total C C:N . P K M Ca . Sand Silt Cla
Site A e e ratio SUPH TS (ppm)  (opm) oom)  (pm) CEC i RO RNCD) o
Fort 1 0.05 0.91 16.26 5.41 1.15 26.25 89.75 119.00 442.63 7.36 1.33 71.8 13.9 14.3
Benning 2 0.06 1.50 25.76 4.73 1.61 5.00 116.14 239.57 397.00 19.27 1.24 73.2 11.9 14.9
3 0.03 0.91 32.67 5.01 0.87 8.22 49.11 31.33 186.56 5.69 1.27 88.1 6.6 53

4 0.02 0.73 28.98 4.93 0.53 10.11 52.89 25.00 110.11 4.17 1.39 88.9 5.8 5.3

5 0.04 0.72 17.82 4.96 0.50 7.56 84.44 19133 29656 10.96 1.44 68.0 13.0 19.0

6 0.02 0.77 34.61 5.08 0.41 8.25 53.50 38.13 165.25 4.16 1.46 88.5 6.4 5.1

Mean 0.04 0.92 26.02 5.02 0.85 10.90 7431 107.39 266.35 8.60 1.36 79.8 9.6 10.7

Camp 1 0.05 1.21 26.35 4.90 1.44 10.29 53.86 34.86 209.29 9.21 0.95 75.2 19.0 5.8
Lejeune 2 0.04 1.48 34.98 4.67 1.36 5.14 48.86 3486 20543 12.97 1.22 71.2 22.0 6.8
3 0.05 1.46 30.67 4.79 1.46 4.89 53.78 42.33 244.89 8.68 1.22 63.5 30.1 6.4

4 0.04 1.56 33.38 450 1.57 5.29 46.86 38.71 196.29 11.94 1.27 67.7 26.5 5.8

5 0.04 1.36 34.34 4.37 1.09 11.14 41.86 30.00 117.00 9.84 1.18 90.8 5.4 3.8

7 0.04 0.98 25.73 4.40 0.70 28.29 39.14 29.14 107.86 10.99 1.21 924 35 4.1

8 0.04 0.94 25.70 4.68 0.81 18.75 45.75 29.50 135.63 7.26 1.29 91.6 3.9 4.5

Mean 0.04 1.28 30.16 4.62 1.20 11.97 47.16 34.20 173.77 10.13 1.19 78.9 15.8 5.3

p-value  0.3699 0.0404 0.2110 0.0048 0.1116 0.7283 0.2370 0.0571 0.1195 0.5046 0.0252 0.8963 0.2299 0.0448
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Figure 3.1.4. Precipitation data during the study period and the 50 year average at A) Fort
Benning and B) Camp Lejeune.

19



A) Fort Benning
35 [ T T T T T T T T T T T T

| =me=m 50 year average
30 —o— 2008
[ —»— 2009
[ —— 2010
257 —=— 2011
r —o— 2012

20f

15[

10F

Temperature °C

_\,P?\ (»@6 \\\\P?‘ P??‘ \\1\'?:{ 5\)\\\ W P\\)c’ 5?,? OC:‘ \\\O\l 0(’/0
Month

B) Camp Lejeune

35 T T T T T T T T T T T T

=g 50 year average
r —o— 2008 1
30  —— 2009 ]
[  —=— 2010 ‘ : & |
251

20F

15[

Temperature °C

0 L 1 1 1 1 1 1 1 1 1 1
3P €® W @ R W - I8 6P oS8 (O e

Month
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3.1.1. Experimental design

The experiment uses a randomized, complete block, split-plot design with location as the block
factor. Each block was divided into seven main treatment plots and each main-plot received an
overstory treatment. Main-plots were 100 x 100 m (1 ha), with the exception of the Clearcut
plots, which were 141 x 141 m (2 ha) to create clearcut conditions in the plot center. The
overstory treatments, described below, generate different competitive conditions commonly
created by silvicultural practices.

3.1.1.1 Overstory treatments

Control — Uncut control; basal area > 14 m*/ha

MedBA - Single-tree selection to create uniform canopy with target basal area of 9 m*ha
LowBA - Single-tree selection to create uniform canopy with target basal area of 5 m*ha
Clearcut — All trees removed to basal area 0 m*/ha

SG — Group selection to create circular “small” canopy gap (1257 m?; radius = 20 m)

e MG — Group selection to create circular “medium” canopy gap (2827 m?; radius = 30 m)
e LG - Group selection to create circular “large” canopy gap (5027 m?; radius = 40 m)

Because of the uniform distribution of the canopy in the Control, MedBA, LowBA, and Clearcut
plots, we refer to these treatments collectively as “Uniform” treatments, and we refer to SG, MG,
and LG plots as “Gap” treatments.

Timber marking in uniform plots was done by base forestry personnel with the objective of
thinning from below to uniformly distribute the canopy and reach the desired level of canopy
density. Thinning resulted in significantly different levels of basal area for the treatments at each
location, with residual density around gaps not different from the Controls (Figure 3.1.6). More
information on residual stand structure is provided in Appendices A-3.1.13 — A-3.1.18. The
logging operations were contracted out following standard installation procedures and operators
were monitored to insure minimal damage to residual trees during logging. For the most part,
tops and slash were removed from the experimental units during harvest. Harvesting was
completed throughout 2007.

Split-plot treatments include additional cultural practices designed to enhance ecosystem
restoration, through either improvement of short- or long-term growing conditions for planted
longleaf seedlings or changes to ground layer vegetation. Main-plot treatments Control,
MedBA, LowBA, and Clearcut were each divided into four equal sections for cultural treatment
application (Figure 3.1.7). Within each section, split-plot treatments were applied to a 30 x 30 m
area centered on a 20 x 20 m measurement plot. Within each gap, split-plot treatments were
applied directly to three selected rows of planted longleaf seedlings, each oriented along the
north/south aspect (Figure 3.1.8).

3.1.2.2 Culture treatments

e NT - Control, no treatment applied
e H - Competition control with herbicide treatment
e H+F — Competition control with herbicide treatment (H) plus fertilizer
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The herbicide treatment was designed to improve conditions for planted longleaf pine seedlings
by reducing competition from surrounding vegetation. We consulted with Matt Nespeca of the
Conservation Land Company, Inc. for herbicide recommendations, and we prescribed a direct
spray of 1% imazapyr (2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-0x0-1H-imidazol-2-yl]-3-
pyridinecarboxylic acid) plus 0.25% non-ionic surfactant in October 2008 to control woody
vegetation occurring in the application area at both study locations. At Fort Benning, herbaceous
vegetation dominated study areas and provided additional competition to longleaf pine seedlings.
We applied an additional granular mix of 63.2% hexazinone [3-cyclohexyl-6-(dimethylamino)-1-
methyl-1,3,5-triazine-2,4(1H,3H)-dione] and 11.8% sulfometuron methyl {Methyl 2-[[[[(4,6-
dimethyl-2-pyrimidinyl)amino]-carbonyl]amino]sulfonyl]benzoate} at a rate of 0.84 kg/ha,
sprayed in approximately 1 m wide bands over top of longleaf pine seedlings in March 2009 at
Fort Benning only.

The H+F treatment included the herbicide treatments described above as well as an application
of 280 kg/ha 10-10-10 NPK granular fertilizer. We selected this prescription to approximately
double the nitrogen mineralization rates that have been reported within the North Carolina
Coastal Plain (Vitousek and Matson 1985; Li et al. 2003), while also alleviating phosphorus
limitations common to the region. The fertilizer treatment was broadcast by hand, with care
taken to evenly distribute fertilizer throughout each treatment area in April 2009 at both study
sites.

All study treatments were initially replicated in 6 blocks at Fort Benning and 8 blocks at Camp
Lejeune. However, at Camp Lejeune the LG treatment was not included in Block 5 due to
technical problems, MedBA was eliminated by military training in Block 4, and Block 6 was lost
to wildfire in 2009. One other plot, MedBA in Block 3, was cut too heavily and reclassified as
LowBA. In 2011, a wildfire burned through Block 1 of Fort Benning, and therefore that block
was dropped from the design for 2012 analyses.

3.1.2. Site preparation and planting

Following timber harvest, study sites were prepared in accordance with standard management
procedures used for longleaf pine establishment at each installation, with the objectives of
removing woody competitors and preparing the sites for planting container-grown longleaf pine
seedlings. At Fort Benning, site preparation included an herbicide treatment of 2.34 I/ha
imazapyr mixed with 2.24 kg/ha glyphosate and applied in September 2007, followed by
prescribed fire in November 2007. At Camp Lejeune, all standing vegetation was cut to ground
level and mulched with a Fecon® Bull Hog rotary mower in July/August of 2007, followed by
prescribed burning in November. Restrictions on burning in 2007 limited application of
prescribed fire to days when conditions were not ideal, resulting in patchy fuel consumption and
incomplete burns. Effects of the mulching site preparation on fuels and fire behavior may have
also contributed to the patchiness of the burns (Glitzenstein et al. 2006). At Camp Lejeune,
Block 8 was unable to be burned due to its proximity to a highway and burn restrictions.

Study sites were planted by contracted crews at each installation and followed standard

management procedures. At Fort Benning, container grown longleaf pine seedlings were planted
at 1.8 x 3.7 m spacing, for a total of 1495 seedlings per hectare. Planting crews began in mid-
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November 2007 and completed planting by January 2008. At Camp Lejeune, container-grown
longleaf pine seedlings were planted 1.8 x 3.0 m spacing, resulting in a density of 1795 seedlings
per hectare. Planting was completed in November 2007.

3.1.3. Dormant season prescribed burn (2010)

All study areas were burned with dormant season prescribed fire applied between the second and
third growing season (January — April 2010). At Fort Benning, prescribed fires were ignited by
land management and The Natural Conservancy personnel using backing and strip-head firing
techniques; similar firing techniques were applied by Camp Lejeune base forestry personnel.
Efforts were made to completely burn the study plots, and areas of patchy fire movement were
re-ignited as needed. However, weather conditions during burns differed among the study
blocks (Table 3.1.2.), resulting in varying levels of burn completeness. Effects of study
treatments on fuels, fire behavior, and some fire effects are presented in Section 3.9.
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Table 3.1.2. Weather conditions from the 2010 dormant season prescribed fires at Fort Benning and Camp Lejeune. Data at Fort
Benning were collected with a Kestrel 3000 Pocket Weather Meter at the time of ignition; data from Camp Lejeune were acquired
from the North Carolina Division of Forest Resources, Remote Automated Weather Station at the Sandy Run station (34.61° N, 77.49°
W)

Lc

Site Block Treatment Burn date Temp.°C  Relative Average wind Max gust wind ~ Wind direction
Humidity (%) speed (km/hr) speed (km/hr)
Fort 1 All 7-Mar-2010 16.7 15 7.9 17.6 West
Benning | 2 All 5-Apr-2010 26.9 44 3.2 4.7 Southwest
3 Clearcut 17-Feb-2010 7.8 49 144 28.8 West
3 LowBA, MedBA, 25-Feb-2010 7.2 26 4.7 10.1 Northwest
Control, Gap
4 Clearcut, LowBA, 18-Feb-2010 12.0 28 4.7 11.2 West
Ga
4 Me%BA, Control 25-Feb-2010 6.1 27 17.6 30.6 Northwest
5 All 8-Mar-2010 24.0 26 2.9 4.7 North
6 All 18-Feb-2010 14.4 26 6.5 13.0 Northwest
Camp 1 All 5-Jan-2010 2.2 45 14.4 21.7 Northwest
Lejeune 2 All 5-Jan-2010 2.2 45 14.4 21.7 Northwest
3 All 5-Jan-2010 2.2 45 14.4 27.7 Northwest
4 All 27-Feb-2010 111 31 9.7 24.1 West
5 All 10-Mar-2010 22.8 39 11.2 25.9 South
7 All 15-Mar-2010 16.7 47 14.4 32.0 Northwest
8 All 26-Feb-2010 7.8 33 14.4 32 West




3.2. Effects of harvesting and cultural treatments on planted longleaf pine seedlings at Fort
Benning and Camp Lejeune

This section details the effects of harvesting and cultural treatments on planted longleaf pine
seedlings (research objective O-1). Previously reported results from sampling in 2008-2010 (Hu
et al. 2012; Knapp et al. 2013) are included along with 2012 sampling results. Specific
objectives were to: 1) determine the effects of harvesting treatments that vary the distribution and
density of residual canopy trees on planted longleaf pine seedling survival and growth; 2)
determine the effects of cultural treatments designed to improve longleaf pine restoration on
planted longleaf pine seedling survival and growth; and 3) determine the effects of gap direction
and position on planted longleaf pine seedling survival and growth.

3.2.1. Methods
See Section 3.1 for details on study sites, experimental design, and treatment installation.
3.2.1.1. Data collection

In June 2008, we selected a sub-sample of longleaf pine seedlings in each split-plot, and we
permanently marked each seedling with an aluminum tag for repeated measurements. In uniform
canopy plots (Control, MedBA, LowBA, and Clearcut), we randomly selected a sample of 30
seedlings (approximately half of what was planted in each 20 x 20 m measurement area), and in
gap plots we tagged every seedling that occurred on each split-plot measurement row, extending
20 m into the forest on either end. Therefore, the total number of seedlings marked in each gap
varied with gap size.

We monitored seedling survival at the end of the first, second, third, and fifth growing seasons
after planting (October 2008, 2009, 2010, and 2012). Root collar diameter (RCD) of each
seedling was measured at two perpendicular axes with digital calipers, and the average of the two
measurements was calculated to account for irregularity in RCD shape. Seedling height was
measured as the distance from the RCD to the tip of the terminal bud. Because all seedlings
were in the grass stage in 2008, seedling heights were measured only in 2009, 2010, and 2012.

3.2.2.2. Data analysis

We tested effects of management treatments on the average longleaf pine response at the plot
level during each year. Mean mortality and growth variables were calculated at the main-plot
level in 2008 and at the split-plot level in 2009, 2010, and 2012. Because one block was
eliminated from the study in 2012 at Fort Benning, treatment means are not directly comparable
from 2010 to 2012 at Fort Benning. For the height growth analyses, we considered seedlings to
be in height growth when the terminal bud was at least 15 cm from the root collar. We
calculated, for each split-plot, the percentage of all living seedlings measured in height growth.

We used Analysis of Variance (ANOVA) to determine significant treatment effects in each year,

using one-way ANOVA in 2008 but split-plot ANOVA in 2009, 2010, and 2012. We conducted
repeated measures ANOVA with the autoregressive order 1 covariance structure to determine the
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effect of time on longleaf pine mortality and root collar diameter. Because split-plot treatments
were applied during different years we only included the control split-plot (NT) data for the
repeated measures analyses, and only the five blocks remaining in 2012 were used for the
repeated measures analyses at Fort Benning. Treatment differences were determined used
Tukey’s LSD approach, and degrees of freedom were calculated using the Satterthwaite
approximation. When necessary, transformations were used to meet assumptions of normality
and constant variance.

In gap plots, we tested the effects of gap position on longleaf pine seedling mortality and root
collar diameter in two ways: 1) we compared seedling response in the north vs. the south half of
gaps, and 2) we tested the effect of gap position (10 m intervals) on seedling response along the
north/south transects. We calculated mean values for each direction and 10-m interval position
by grouping data into bins for analysis. Split-plot data were grouped together for the analysis
because we found no interactions between split-plot and gap position or direction.

We used an initial split-plot ANOVA with gap size as the main-plot effect and direction as the
split-plot effect to test for interactions between gap size and direction. In the absence of an
interaction, we tested the effects of gap direction on response variables with data from all gaps
combined. We used ANOVA to test effects of gap position in 10-m intervals for each gap
separately because gap size differed (and therefore the number of positions per gap differed). For
all analyses, we used a = 0.05 to determine statistical significance.

3.2.2. Results
3.2.2.1. Overall treatment effects

Cumulative mortality was significantly affected by main-plot treatments at the end of each
growing season, with the exception of after the fifth growing season at Fort Benning only (Table
3.2.1). By the end of five growing seasons, mortality at Fort Benning ranged from 49.5% on the
SG treatments to 62.3% on the LG treatments and from 30.1% on the Clearcut treatments to
55.8% on the MG treatments at Camp Lejeune (Figure 3.2.1). Among the uniform treatment,
mortality tended to increase as canopy density decreased at Fort Benning during the first three
growing seasons, but the opposite pattern was observed at Camp Lejeune. There were no
interactions between main-plot and split-plot effects in 2009, 2010, or 2012 at either site (Table
3.2.1), and no split-plot treatment effects were observed, although the split-plot effect was nearly
significant in 2010 and 2012 at Camp Lejeune. Mean mortality for all split-plots at Fort Benning
was 29.8% in 2008, 37.1% in 2009, 52.9% in 2010, and 54.5% in 2012; at Camp Lejeune, mean
mortality among split-plots was 9.3% in 2008, 23.3% in 2009, 33.3% in 2010, and 44.8% in
2012 (Figure 3.2.2).

The pattern of mortality observed at Fort Benning was driven primarily by mortality during the

first growing season, from which mortality in the Clearcut plots was 47.9% compared to 8.8% in
Control plots (Figure 3.2.1). Mortality at Camp Lejeune was evenly distributed over the three
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Table 3.2.1. Results from ANOVA to determine effects of main-plot and split-plot treatments on
longleaf pine seedling mortality at Fort Benning and Camp Lejeune at the end of the 2008, 2009,
2010, and 2012 growing seasons

Year Site Effect NumDF DenDF F-value p-value  Transformation
2008 Fort Benning main 6 30.0 8.59 <0.0001 none
Camp Lejeune  main 6 33.9 3.61 0.0071 arcsin(vx)
2009 Fort Benning main 6 30.0 6.75 0.0001 none
split 2 70.0 0.34 0.7162 none
main* split 12 70.0 0.7 0.7504 none
Camp Lejeune  main 6 335 5.72 0.0004 arcsin(v'x)
split 2 81.5 1.54 0.2199 arcsin(v'x)
main* split 12 81.5 0.60 0.8350 arcsin(v'x)
2010 Fort Benning main 6 30.0 3.97 0.0048 arcsin(v'x)
split 3 70.0 0.4 0.6714 arcsin(v'x)
main* split 18 70.0 0.83 0.6180 arcsin(v'x)
Camp Lejeune  main 6 335 6.86 0.0009 arcsin(v'x)
split 2 81.5 2.21 0.1159 arcsin(v'x)
main* split 12 81.5 5.01 0.5447 arcsin(v'x)
2012 Fort Benning main 6 24.0 1.15 0.3645 none
split 2 56.0 0.93 0.4003 none
main* split 12 56.0 0.88 0.5722 none
Camp Lejeune  main 6 34.4 2.64 0.0328 none
split 2 78.4 2.83 0.0652 none
main* split 12 78.4 1.06 0.4048 none

30



A) Fort Benning

T T T
3 2012 {0 . 2008 |
[ 2009 1
0= J
100 S B 2010 |
50% [l
40§
80 20 i A =
‘\? [ WO P gk ehe e 0 AB AB
?_/ Lo ‘\1\66 \_o"% G\ee‘ [SCIRN C =S AB
= Main plot treatment
= 60r- 7
© AB
‘%’ B
= w0 : ’

Control MedBA LowBA Clearcut LG MG SG
Main-plot treatment
B) Camp Lejeune

T T T T T T T B
100[ . 2008 |
i [0 2009 |
I BN 2010 |
I 12012 |
801 7

)
& L AB A ]
Z 60/ AB T i AB ]
= T AB ]
© s J
= I AB ]
S o[ s [ .

. [ ] A

I - " ]
207 ABC| |ABC ABC ]

Control MedBA LowBA Clearcut LG MG SG

Main-plot treatment

Figure 3.2.1. Longleaf pine seedling cumulative mortality (mean + one standard error) at the end
of the 2008, 2009, 2010, and 2012 growing seasons at A) Fort Benning and B) Camp Lejeune.
Cumulative mortality for 2012 at Fort Benning is inset because one study block was lost from the
design. The same letter indicates no difference in cumulative mortality after each growing
season surveyed at Fort Benning and Camp Lejeune.
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growing seasons (Figure 3.2.1). Results from the repeated measures analysis demonstrate that
cumulative mortality was significantly higher each subsequent year (at Fort Benning F = 62.41, p
< 0.0001; at Camp Lejeune F =40.19, p <0.0001). Although there was not a significant
interaction of time*treatment at Fort Benning (F = 1.91; p = 0.0749), survival in the Control
plots was highest among the treatments following the first growing season but dropped sharply in
the third and fifth growing seasons, resulting in the lowest survival in Controls and Clearcuts
after five years at Fort Benning (Figure 3.2.3).

Root collar diameter of longleaf pine seedlings was significantly affected by main-plot
treatments in all years at Fort Benning and Camp Lejeune (Table 3.2.2). At both sites, the range
of root collar diameters was small among canopy treatments following the first growing season
(Figure 3.2.4). However, seedling root collar diameter was largest on Clearcut treatments and
smallest on Control treatments following each growing season. After five growing seasons,
mean root collar diameter ranged from 21.2 mm on Control plots to 43.2 mm on Clearcut plots at
Fort Benning and from 21.7 mm on Control plots to 35.1 mm on Clearcut plots at Camp Lejeune.

There was no effect of the split-plot treatments in 2009 at Fort Benning, but at Camp Lejeune the
split-plot treatments that included herbicide (H and H+F) had larger mean root collar diameters
than the untreated split-plot (NT; Table 3.2.2 and Figure 3.2.5). This pattern was also observed at
both Fort Benning and Camp Lejeune after the fifth growing season (Table 3.2.2 and Figure
3.2.5). In 2010, there were significant main-plot by split-plot interaction effects at both Fort
Benning and Camp Lejeune (Table 3.2.2). Generally, main-plot treatments with canopy
reduction and split-plot treatments with herbicide generally had larger root collar diameters than
other treatments, and the interaction appeared to be caused by inconsistencies in the split-plot
effects within main-plots (Figure 3.2.6).

In 2009, the percentage of seedlings in height growth was greatest on Clearcut plots at Fort
Benning but was not significantly different among main-plot or split-plot treatments at Camp
Lejeune (Table 3.2.3). There were no significant interactions between main-plot and split-plot
treatments for any measure of seedlings in height growth (p > 0.2043). By the end of five
growing seasons, over 85% of surviving seedlings were in height growth on Clearcut plots
compared to nearly zero on Control plots at Fort Benning, with nearly 60% of surviving
seedlings in height growth on Clearcut plots at Camp Lejeune. The split-plot treatments that
included herbicide had a slightly higher percentage of seedlings in height growth than those
without at both sites in 2010 and at Camp Lejeune in 2012 (Table 3.2.3).

3.2.2.2. Effects of gap direction and position

At Fort Benning, there were no interactions between gap size and direction effects on seedling
mortality in any year (2008 F = 0.45, p = 0.6449; 2009 F = 0.17, p = 0.8423; 2010 F=0.32,p =
0.7300; 2012 F = 0.45, p = 0.6477). Cumulative mortality was significantly higher in the north
half of gaps than the south half in 2008 and 2009 but the differences were no longer significant
in 2010 or 2012 (Figure 3.2.7), with a difference of 10% in 2008, 9% in 2009, 4% in 2010, and
3% in 2012. This pattern was not evident at Camp Lejeune, where gap direction had no
significant effect on longleaf pine seedling mortality (p > 0.2168; Figure 3.2.7).
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Figure 3.2.3. Seedling survival (mean + one standard error) in October 2008, 2009, 2010, and
2012 in uniform plots at A) Fort Benning and B) Camp Lejeune. Results shown are from the
repeated measures analyses, using only NT split-plot treatments due to the timing of split-plot
treatment application. The same letter indicates no significant difference in pair-wise
comparisons among main-plot treatments within a time period.
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Table 3.2.2. Results from ANOVA to determine effects of main-plot and split-plot treatments on
longleaf pine seedling root collar diameter at Fort Benning and Camp Lejeune at the end of the
2008, 2009, 2010, and 2012 growing seasons

Num
Year Site Effect DF Den DF F-value p-value Transformation
2008 Fort Benning main 6 156.0 8.4 <0.0001
Camp Lejeune  main 6 131.0 9.62 <0.0001 Log10(x)
2009 Fort Benning main 6 30.0 8.94  <0.0001
split 2 70.0 1.65 0.2004
main*split 12 70.0 1.27 0.2576
Camp Lejeune  main 6 34.6 3.34 0.0106 Log10(x)
split 2 82.0 11.30  <0.0001 Log10(x)
main* split 12 82.0 0.89 0.5562 Log10(x)
2010 Fort Benning main 6 30.1 7.87  <0.0001
split 2 67.7 2.48 0.0909
main* split 12 67.7 2.12 0.0266
Camp Lejeune  main 6 33.9 5.36 0.0006 Log10(x)
split 2 80.0 31.20 <0.0001 Log10(x)
main* split 12 80.0 1.89 0.0486 Log10(x)
2012 Fort Benning main 6 24 13.33  <0.0001
split 2 56 5.36 0.0074
main* split 12 56 1.23 0.2871
Camp Lejeune  main 6 34.0 4.85 0.0011
split 2 76.2 31.86 <0.0001
main* split 12 76.2 1.25 0.2670
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Figure 3.2.4. Longleaf pine seedling root collar diameter (mean + one standard error) measured
in October 2008, 2009, 2010, and 2012 at Fort Benning (panels A, C, E, and G, respectively) and
Camp Lejeune (panels B, D, F, and H, respectively). The same letter indicates no significant
differences among pair-wise comparisons. Panels E and F do not include letters of significance
because there were main*split-plot interactions for each site in 2010.
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Figure 3.2.5. Longleaf pine seedling root collar diameter (mean + one standard error) by split-
plot treatment, measured in October 2009, 2010, and 2012 at Fort Benning (panels A, C, E, and
G, respectively) and Camp Lejeune (panels B, D, F, and H, respectively). The same letter
indicates no significant differences among pair-wise comparisons. Panels E and F do not include
letters of significance because there were main*split-plot interactions for each site in 2010.
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Figure 3.2.6. Root collar diameter (mean + one standard error) by main-plot and split-plot
treatment in October 2010 at A) Fort Benning and B) Camp Lejeune, where significant
main*split-plot interactions were present. The same letter indicates no significant difference in
pair-wise comparisons among split-plot treatments within each main-plot treatment.
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Table 3.2.3. Percentage of seedlings in height growth in October 2009, 2010, and 2012 at Fort
Benning and Camp Lejeune. The same letter indicates no significant difference in pair-wise
comparisons among treatments for each effect

Height growth (%)

2009 2010 2012
Site Effect Treatment Mean SE Mean SE Mean SE
Fort Main-plot  Control 0.00° 0 0.23° 0.23 2.97° 2.00
Benning MedBA 0.76°  0.76 3.38" 1.63 22.96% 5.92
LowBA 3.31% 1.8 16.04%® 3.9 61.70® 7.18
Clearcut 8.50°  3.54 34.59° 9.18 86.61° 4.92
LG 1.78° 1.4 11.94%¢ 5.33 50.77" 14.16
MG 3.54® 198 12.48%° 5.9 54.80" 5.46
SG 5.53° 2.3 23.31° 8.59 65.36% 11.06
p-value 0.0177 <0.0001 <0.0001
Split-plot  NT 3.27 0.83 10.25%® 3.48 43.44 6.40
H 3.29 1.5 18.14° 5.78 51.94 6.90
H+F 3.47 1.58 15.31* 4.4 52.55 4.44
p-value 0.9722 0.0224 0.0664
Camp  Main-plot Control 0.42 0.29 1.11° 0.64 13.32° 5.08
Lejeune MedBA 1.21 0.55 12.96° 2.77 4553 9.73
LowBA 3.26 2.73 12.86° 2.91 46.43° 9.76
Clearcut 6.15 2.09 26.47° 5.02 56.88" 8.81
LG 0.76 0.41 8.27° 1.74 43.06 2.5
MG 2.2 0.75 12.63 2.03 45.60° 6.33
SG 1.72 0.84 10.54% 2.9 40.87° 8.28
p-value 0.2677 0.0003 0.0003
Split-plot  NT 1.22 0.5 8.14° 1.83 28.46" 475
H 3.63 1.59 14.29° 2.72 47.18° 7.56
H+F 2.18 0.67 18.54° 2.47 52.10% 5.23
p-value 0.1454 < 0.0001 <0.0001
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Figure 3.2.7. Longleaf pine seedling mortality by gap direction (mean £ one standard error) in
2008, 2009, 2010, and 2012 at A) Fort Benning and B) Camp Lejeune. P-values test for
differences in root collar diameter between the north and south half of gaps within each year.
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At Fort Benning, we observed a general pattern of increasing mortality associated with gap
position, where mortality was lowest within the forest and increased toward gap center (Figure
3.2.8). Patterns of cumulative mortality at the end of each year appeared to strongly follow the
initial patterns of mortality from 2008. At Camp Lejeune, there was no effect of gap position on
seedling mortality in the SG plots or in the MG gap plots in any year. During years with
significant position effects in LG plots, there was no clear pattern to explain the observed
mortality, although mortality was generally highest beneath the forest canopy on the south side
of the gaps (Figure 3.2.8).

The only significant interaction effect between gap size and gap direction on root collar diameter
that we observed was in 2010 at Fort Benning (F = 4.50; p = 0.0294), where seedlings on the
north side of MG plots (20.9 mm) were larger than those on the south side of the MG plots (17.2
mm) but gap direction did not affect seedling size for LG or SG plots. For other years, root collar
diameter was not significantly affected by gap direction at Fort Benning or Camp Lejeune
(Figure 3.2.9). At Fort Benning, gap position significantly affected root collar diameter in only
LG plots in 2008, but seedling size increased from beneath the canopy to the center of canopy
gaps of each size in 2009, 2010, and 2012 (Figure 3.2.10). There were not clear patterns of
seedling size related to gap position at Camp Lejeune.

3.2.3. Discussion

Patterns of seedling mortality differed largely between Fort Benning and Camp Lejeune. Similar
to previous studies, the majority of longleaf pine seedling mortality at Fort Benning occurred
during the first growing season (Boyer 1988, Knapp et al. 2006), but mortality at Camp Lejeune
occurred throughout the study period. Generally, container-grown longleaf pine seedlings are
considered the most vulnerable to mortality during the first year of establishment because the
seedlings must become adjusted to the new growing environment. The 2008 growing season was
drier than the 50-year average at each study location, creating conditions in which seedling plugs
could have dried out. At Fort Benning, the low water holding capacity and coarse soils may
have exacerbated water stress, but higher soil water content at Camp Lejeune (see Section 3.1.1)
may have contributed to lower mortality rates in the first year after planting.

At Fort Benning, seedling mortality in the first two years appeared to be associated with canopy
removal, as suggested by the pattern of increasing mortality with heavier canopy removal in
uniform plots. In each of these years, the Control plots had significantly lower cumulative
mortality than the LowBA or the Clearcut plots, and the MedBA plots had significantly lower
mortality than the Clearcut plots. Patterns within gaps also support this association, in which
mortality increased from within the forest to the gap center. Previous studies have reported high
early mortality for longleaf pine seedlings planted in canopy gaps, especially in periods of
drought (McGuire et al. 2001, Rodriguez-Trejo et al. 2003, Gagnon et al. 2003). In southwestern
Georgia, McGuire et al. (2001) reported survival rates of around only 10% after two growing
seasons for longleaf pine seedlings planted in canopy gaps of different sizes. The significant
direction effect in canopy gaps at Fort Benning, in which mortality in the north half of gaps was
higher than mortality in the south half of gaps, suggests that seedling mortality may have been
related to increased exposure to solar irradiance (see Section 3.7). Similar to our study, both
Rodriguez-Trejo et al. (2003) and Gagnon et al. (2003) found that longleaf
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Figure 3.2.9. Longleaf pine seedling root collar diameter by gap direction (mean + one standard
error) in 2008, 2009, 2010, and 2012 at A) Fort Benning and B) Camp Lejeune. P-values test for
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Figure 3.2.10. Longleaf pine seedling root collar diameter (mean £ one standard error) by gap
position (10 m interval) in 2008, 2009, 2010, and 2012 for A) Fort Benning large gap, B) Camp
Lejeune large gap, C) Fort Benning medium gap, D) Camp Lejeune medium gap, E) Fort
Benning small gap, and F) Camp Lejeune small gap.
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pine seedling mortality was highest near the center of canopy gaps and decreased closer to the
forest canopy in studies located in southwestern Georgia and northwestern Florida, respectively.

The association between canopy removal and early longleaf pine seedling mortality observed at
Fort Benning was not apparent at Camp Lejeune. In fact, mortality was lowest on the Clearcut
plots and generally did not differ with gap position or direction. As opposed to evidence that
supports a facilitation effect of canopy trees on early seedling survival at Fort Benning, the
pattern of seedling mortality at Camp Lejeune may have been driven by competition with canopy
trees. Competition with canopy pines is one explanation for the low density of natural longleaf
pine regeneration under intact canopies (Platt et al. 1988, Boyer 1993, Grace and Platt 1995),
although few previous studies have associated artificially regenerated seedling mortality with
competition with mature trees (Kirkman and Mitchell 2006). Our results from Fort Benning,
which suggest a facilitation effect of canopy pines on early seedling survival, also show a sharp
increase in mortality on Control plots over time. By the end of five growing seasons, the
mortality observed on Control plots was similar to that on Clearcut plots, suggesting that the
facilitation effects of high levels of canopy retention may be transient as competition-induced
mortality increases over time.

Although our results showed no effect of herbicides or fertilizer on longleaf pine seedling
mortality, previous studies have reported variable results of such treatments. Ramsey et al.
(2003) found that a tank mix of hexazinone and sulfometuron methyl initially increased seedling
survival compared to an untreated control, but treatment effects were no longer present after two
growing seasons. However, Freeman and Jose (2009) found that both imazapyr and a mix of
hexazinone and sulfometuron methyl resulted in lower survival when compared to an untreated
control. Fertilizer has more commonly been found to reduce survival when compared to
untreated areas, often associated with increased growth of competing vegetation (Bengston 1976,
Ramsey et al. 2003). However, when fertilizers are applied following competition control (e.g.
weeding or herbicides), as was done in our study, effects on seedling survival have been mixed
(e.g., Gagnon et al. 2003, Haywood 2007). It is likely that the effectiveness of herbicides, as
well as the differences reported in previous studies, is related to the competitive pressure of
surrounding vegetation.

Results from both study locations illustrate the sensitivity of longleaf pine seedling growth to
competition from canopy trees. Longleaf pine seedlings are commonly considered intolerant to
competition from surrounding vegetation (Boyer 1990), and many previous studies have reported
reduced growth of natural regeneration (Boyer 1963, Platt et al. 1988, Grace and Platt 1995) and
artificial regeneration (Palik et al. 1997, Palik et al. 2003) associated with canopy density. Palik
et al. (1997) found that seedling growth increased exponentially as canopy basal area decreased,
with substantial increases in growth at basal areas below 6 m?ha. The basal area of the LowBA
treatment in our study is near this threshold, although we found no differences between the
LowBA and the MedBA plots. However it is clear that the density of uncut loblolly pine stands
strongly limits longleaf pine seedling growth at both these study area.

Ground layer and/or midstory vegetation can provide an important source of competition for

longleaf pine seedlings as well. We generally found that ground layer vegetation, and especially
woody species, was more abundant at Camp Lejeune than at Fort Benning (see Section 3.1.1).
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Controlling woody vegetation is often an objective of longleaf pine restoration (Jose et al. 2008,
Freeman and Jose 2009) with implications for increasing longleaf pine seedling growth (Boyer
1985). We found that split-plot treatments that included herbicides had a stronger effect on
seedling growth at Camp Lejeune than at Fort Benning, suggesting that the greater competitive
pressure of woody vegetation at Camp Lejeune played an important role in reducing seedling
growth. However, results from previous studies have also demonstrated the potential for
reductions in growth or survival of longleaf pine seedlings caused by competition from
herbaceous vegetation (Nelson et al., 1985; Ramsey et al., 2003; Berrill and Dagley, 2011). It is
likely that the site preparation treatments used at each site contributed to the abundance and
composition of competing species during the duration of our study. The herbicides used for site
preparation at Fort Benning provided initial control of woody competitors and reduced the need
for extensive woody control as a study treatment. We expect that the magnitude of the effects of
the herbicide split-plot treatments on longleaf pine seedling response would have been greater at
Fort Benning if woody vegetation control was not achieved with an herbicide site preparation
treatment. The comparison of responses between the two study sites demonstrates that although
the use of herbicides for longleaf pine release may be effective for increasing seedling growth
(e.g. Ramsey et al. 2003, Haywood 2007, Freeman and Jose 2009), management decisions must
consider the abundance and composition of ground layer vegetation when determining if
herbicides are needed.

The growth differences among main-plot treatments and the effects of herbicides on growth
became much more pronounced through time, suggesting that long term monitoring will be
important to understand the ultimate development of these stands. Longleaf pine has the
potential to remain in the grass stage for many years, and emergence from the grass stage is
essential for stand establishment. We found that patterns in emergence from the grass stage were
similar to those observed with root collar diameter size, with the highest percentage of seedlings
in height growth on Clearcut plots. Underplanting longleaf pine seedling in uncut Control plots,
with essentially no seedlings in height growth, does not appear to be a feasible option for
longleaf pine establishment in loblolly pine stands.

3.2.4. Restoration implications

The differences observed in longleaf pine seedling response between the two study locations
indicate that one set of silvicultural prescriptions may not be appropriate for all sites within the
longleaf pine range. Early seedling survival appears to be especially variable and may be
dependent on site conditions and related stressors such as water availability or local weather
patterns. On dry, coarsely textured soils like those at Fort Benning, canopy removal can be
expected to reduce seedling survival. Likewise, large canopy gaps may result in greater mean
seedling mortality than a series of small canopy gaps, although treatment differences in mortality
among gap sizes were not significant in this study. Palik et al. (2002) report that cutting a few
large gaps within a stand will result in larger average seedling size at the stand level than cutting
many smaller gaps or using single-tree selection to achieve the same residual basal area. We
found seedling growth to be similar in gaps that ranged from 0.12 ha to 0.52 ha, suggesting that
small gaps can be used to successfully establish longleaf pine seedlings. Moreover, single-tree
selection may be a viable option for underplanting longleaf pine, especially for ecological
restoration where slight reductions in seedling growth are acceptable. The retention of canopy
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trees provides additional benefit through continuous input of fine fuels from needlefall, as well

as facilitation for longleaf pine seedling survival on dry sites. Herbicide release treatments can
increase longleaf pine seedling growth, but managers should consider the competitive pressure of
ground layer vegetation as well as the effects of herbicides on ground layer composition and
structure (see Sections 3.1.1 and 3.2.3). However, we found no benefit of using fertilizer in
longleaf pine restoration on these sites. Our results suggest that various management options are
available for restoring longleaf pine to loblolly pine sites, but additional monitoring will provide
essential information for understanding long-term implications of these silvicultural alternatives.
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3.3. Restoring longleaf pine in loblolly pine stands: effects of restoration treatments on
natural loblolly pine regeneration

This section includes early results previously published in Forest Ecology and Management
(Knapp et al. 2011) as well as data from the 2012 field season. It reports the effects of
experimental silvicultural treatments on loblolly pine, a species likely to compete with planted
longleaf pine seedlings (research objective O-2).

3.3.1. Introduction

Because longleaf pine seedlings begin height growth more slowly than other southern pine
species, and they have a low tolerance of competition from other vegetation, restoring longleaf
pine within existing loblolly pine stands presents unique challenges that have not been addressed
by previous research. The silvical characteristics of loblolly pine make it an easier species to
regenerate than longleaf pine, a fact that has contributed to the current dominance of loblolly
pine throughout the southeastern U.S. (Schultz 1999). Natural loblolly pine regeneration can be
successfully achieved using various even-aged silvicultural methods, including shelterwood,
seed-tree, and clearcut techniques (Langdon 1981). Good seed crops are typically produced
every 3 to 6 years (Baker and Langdon 1990, Shelton and Cain 2000), and the large trees likely
to be retained for ecological value are also the most prolific seed producers (Schultz 1997).
Large seed crops can range from 200,000 seeds/ha to over 2,000,000 seeds/ha, while marginal to
poor seed crops are generally considered to be less than 100,000 seeds/ha (Baker and Langdon
1990, Shelton and Cain 2000). Seed-to-seedling ratios depend on site and climatic conditions
but have been reported to be as low as 5:1 (Cain 1986), suggesting that even a ‘poor’ seed crop
can result in abundant loblolly pine regeneration during longleaf pine restoration.

In addition to partial or whole canopy removal, longleaf pine restoration in stands with
significant midstory or undesirable understory species often requires chemical or mechanical
site preparation (Boyer 1988, Knapp et al., 2006), and prescribed burning is a standard practice
prior to planting container-grown longleaf pine seedlings. Natural loblolly pine seedling
establishment increases following soil disturbances caused by logging, and prescribed fire further
improves the seedbed by increasing exposure of mineral soil (Cain 1987, Schultz 1997).
Additional treatments designed to benefit planted longleaf pines through competition reduction
are likewise expected to increase growth of loblolly pine from local seed sources (Haywood
1986, Wittwer et al. 1986, Bacon and Zedaker 1987, Miller et al. 1991) and may heighten the
risk of site dominance by fast-growing loblolly pine regeneration before longleaf pine seedlings
can emerge from the grass stage. Therefore, effective control of loblolly pine regeneration is
critical to the success of restoring longleaf pine in loblolly pine stands.

Prescribed fire is the primary tool land managers can use to control loblolly pine regeneration
during the first few years after planting longleaf pine. Loblolly pines less than 2.5 m tall with
ground line diameters less than 5 cm experience high levels of mortality when exposed to surface
fires (Cain 1985, Cain 1993), while longleaf pine seedlings are considered tolerant of fire
throughout most of the grass stage (Boyer 1990). However, the effectiveness of prescribed fire
for controlling loblolly pine seedlings may be quite variable, depending on fire behavior.
Artificially regenerated longleaf pine stands are typically burned within two or three years after
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planting, and it is critical that early prescribed fires effectively minimize loblolly pine
competition.

This study was designed to test how loblolly pine regeneration is affected by silvicultural
treatments prescribed to restore longleaf pine to existing loblolly pine stands while retaining
canopy trees for ecological benefit. Prescribed fires were applied to the study sites following the
second growing season after planting longleaf pine seedlings (2010), and loblolly pine mortality
was monitored. This study was replicated at two ecologically distinct locations within the
longleaf pine range that may differ in loblolly pine seed production and site quality (Fort
Benning, GA and Camp Lejeune, NC). Because the 2010 prescribed fires at Camp Lejeune did
not sufficiently control loblolly pine regeneration, the Camp Lejeune sites were again treated
with dormant season prescribed fire prior to the 2012 growing season (four years after initial
logging treatments). We predicted that: 1) loblolly pine seedling density in the first year
following management (logging and site preparation) would be highest on treatments with light
harvest because many seed trees would remain and the logging disturbance would expose
mineral soil; 2) harvesting treatments that reduce competition from overstory trees would result
in increased growth of loblolly pine seedlings; 3) loblolly pine mortality following the prescribed
fires would be related positively to canopy density because fallen needles would increase fine
fuels and mortality would be higher for small seedlings (expected under denser canopies in 2)
than large seedlings; and 4) loblolly pine regeneration grown through four growing seasons at
Camp Lejeune would differentially survive prescribed fire based on reaching a threshold size.

3.3.2. Methods

This study was a part of the field experiment replicated at Fort Benning and Camp Lejeune. A
complete description of study sites, experimental design and treatments is provided in Section
3.1. For data through three growing seasons, we only used the untreated split-plots (NT) and
tested effects of main plot canopy treatments only. All study blocks at Fort Benning were used
for this study, but only Blocks 1, 2, and 7 were used at Camp Lejeune because of access
restrictions by military training prevented sampling. All uniform treatment plots and medium
gap treatments were included. For the fifth growing season data (2012) at Camp Lejeune only,
the split-plot treatments were included in the analyses and Blocks 1, 2, 5, and 7 were used.

3.3.2.1. Data collection

We randomly located twenty 1 m? sampling quadrats in uniform treatment plots (Control,
MedBA, LowBA, Clearcut) to quantify initial establishment of loblolly pine seedlings following
timber harvest and site preparation. In each quadrat, we counted the number of loblolly pine
seedlings in May and September 2008, representing the start and the end of the first growing
season after treatment. Throughout this paper, the term “seedling” is used to refer to any loblolly
pine individual that established following site preparation, regardless of seedling size.

Loblolly seedling density and size were quantified again in May 2010, following the dormant
season prescribed fires. In each uniform plot, we established one 20 m x 20 m measurement area
with 15 m long sampling transect running from the plot center to each corner (n = 4 transects per
plot). Atthe 4, 8, and 12 m distances along each transect, we established one 1 m? sampling
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quadrat and measured the height of all loblolly pine seedlings >10 cm tall whose center at the
groundline was within the quadrat. We chose the height threshold of 10 cm because we were
interested in assessing seedlings that had become established in previous years (prior to the 2010
prescribed burns), and field observation indicated that a 10-cm height effectively separated new
germinants from established seedlings. Each seedling was classified as living or dead, and
observed mortality was assumed to be fire-caused. At Fort Benning, many quadrats contained no
loblolly pine seedlings, so to increase the number of individuals sampled per plot, the sampling
area was expanded to a 2 m wide belt that was centered on, and ran the length of, each transect.
Additionally, we tallied the number of newly established seedlings (germinants; individuals <10
tall)) in each sampling area.

In each gap plot, we established one transect extending from the gap center to 10 m into the
forest (40 m total transect length) along each cardinal direction (azimuths of 0, 90, 180, and 270
degrees). We sampled loblolly pine regeneration at 10 m intervals along each transect (positions
are described by distance from the forest edge to gap center: -10, 0, 10, 20, and 30 m). At each
interval position, three 1 m? sampling quadrats (subsamples) were established along the transect,
with 30 cm between each quadrat (that is, quadrats centered at 8.7, 10, and 11.3 m were used to
sample the 10 m position along each transect). The height and mortality status of each seedling
> 10 cm tall within each quadrat were recorded, as well as the number of new germinants
present. At Fort Benning, we sampled a 2-m belt centered on each transect to supplement low
numbers of seedlings measured in each quadrat.

We quantified the area burned (%) in each uniform treatment plot immediately following the
prescribed burns. As another measure of area burned, we recorded evidence of burning (char or
consumed fuels) as either present or absent at each meter point along each of the four transects (n
= 60 points per plot).

At Camp Lejeune, loblolly pine regeneration was sampled again in 2012, following dormant
season prescribed burning. In each split-plot of uniform plots in Blocks 1, 2, 5, and 7, the
survival, groundline diameter (GLD), and diameter at breast height (DBH; when applicable)
were recorded for each seedling occurring within a 2 m belt transect established for mid-story
stem counts in the vegetation analysis (see Section 3.6). Height was recorded for each seedling in
Block 2 and regression was used to determine relationships between height and GLD for
seedlings <1.37 m tall and between height and DBH for seedlings >1.37 m tall for the
remainder of the dataset. In gap plots, the survival, GLD, and DBH of each seedling withina 2 m
X 4 m wide belt centered along each seedling row were recorded.

3.3.2.2. Data analyses

We calculated mean seedling density (number of seedlings/ha) at the plot level in May and
September 2008 and used mixed model analysis of variance (ANOVA) with a random block
effect to test for differences in initial density among the uniform canopy treatments. Data
collected following the prescribed fires of 2010 were separated into two groups for analyses.
Based on field observations of fire behavior and effects, we assume that no loblolly pine
seedlings were completely consumed by the low intensity surface fires. Based on this
assumption, the combined dataset of live and dead seedlings represents regeneration
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demographics two growing seasons following harvesting and site preparation. For both the pre-
fire dataset and the live seedlings remaining after the fires, we calculated mean seedling height
and density at the plot level (using quadrat data at Camp Lejeune and transect data at Fort
Benning). The distribution of loblolly pine seedlings was quantified as the percentage of
quadrats sampled that contained at least one loblolly pine seedling (frequency, n = 12 quadrats
per plot at each location). We tested effects of uniform canopy treatments on response variables
(seedling height, density, and frequency) using plot level means with mixed model ANOVA and
a random block effect. Similarly, plot level means of seedling size were determined following
the fifth growing season, and split-plot ANOVA was used to test for significant treatment effects.

Data from the gap plots were analyzed to determine effects of distance from canopy trees on
loblolly pine seedling height and density. At Fort Benning, seedling data collected along each 2
m wide belt transect were grouped into the nearest 10 m interval position, and at Camp Lejeune
the mean of the three sampled quadrats was calculated for each position. Initial analyses
indicated no effect of transect direction on any response variable, so data from all four transects
were pooled and effects of gap position on seedling height and density were analyzed using
mixed model ANOVA with a random block effect.

We calculated the mortality rate from the prescribed fires as the percentage of dead seedlings out
of the total number of seedlings counted at the plot level. The percent of the study area that
burned was calculated as the percentage of points with evidence of fire out of the total number of
points observed at the plot level. Relationships between loblolly pine mortality and percent area
burned were tested with linear regression models. Uniform harvesting treatment effects on area
burned and on the number of germinants established following prescribed fires (May 2010) were
analyzed using mixed model ANOVA with a random block effect. We tested for differences
between study sites for all response variables using t-tests and site-level means, with data from
uniform plots and data from gap plots tested separately. All statistical analyses were conducted
with SAS statistical software (version 9.1; SAS Institute, Inc., Cary, NC). Transformations were
used when necessary to satisfy assumptions of normality and constant variance, and we used o =
0.05 to determine significant treatment effects.

3.3.3. Results
3.3.3.1. Initial seedling establishment following management

At Fort Benning, there was a significant effect of canopy treatment on loblolly pine seedling
density at the start of the first growing season after treatment (May 2008), and the Control plots
had more seedlings present than the Clearcut plots (Table 3.3.1). By the end of the first growing
season, however, seedling density had dropped on all plots and there was no longer a treatment
effect. At Camp Lejeune, variability within treatments was high, and there were no treatment
effects on seedling density in May or September 2008. Seedling density was higher at Camp
Lejeune than Fort Benning in May (t = 2.76, p = 0.0200), with mean densities of 94,489
seedlings/ha and 7,784 seedlings/ha, respectively. Seedling densities remained different between
the study sites in September (t = 3.88, p = 0.0031), with a mean density of 66,054 seedlings/ha at
Camp Lejeune and a mean density of 3,901 seedlings/ha at Fort Benning.
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Table 3.3.1. Density of loblolly pine seedlings in May and September 2008, the first year
following harvesting and site preparation, and the density of new germinants in May 2010,
following the dormant season prescribed fire. Different letters within a study location indicate
statistically different least square means at a. = 0.05

May 2008 September 2008 May 2010

Site Treatment Mean St.error Mean St error Mean St. error

Fort

Benning Control 12,166" 2007 6000 1538 8208" 3190
MedBA 7973"8 1130 3855 1190 10,458 5096
LowBA 683378 2747 3333 1564 23198 730
Clearcut 4166° 963 2417 970 1678 78
p-value 0.0422 0.2289 0.0096

Camp

Lejeune Control 75,278 30,123 69,483 21,409 329,167 113,604

MedBA 165,548 123,904 97,523 58,639 259,167 42,544
LowBA 56,798 21,731 34,035 4996 151,944 75,741
Clearcut 80,333 37,648 63,177 8846 32,083 32,083
p-value 0.5584 0.4325 0.0994
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3.3.3.2. Loblolly pine regeneration density and height two years after logging (pre-fire)

After two growing seasons, the density of loblolly pine seedlings > 10 cm tall was not
significantly affected by canopy density in uniform plots at Fort Benning or at Camp Lejeune
(Table 3.3.2). Similar to initial seedling establishment, mean seedling density at Camp Lejeune
(27,500 seedlings/ha) remained much higher than that at Fort Benning (2,010 seedlings/ha) (t =
3.05, p = 0.0122). Seedling frequency was also higher at Camp Lejeune (mean of 58.0%) than at
Fort Benning (mean of 14.9%) (t = 5.55, p < 0.0001), with no effect of canopy treatment at either
site (Table 3.3.2). Seedling size following two growing seasons was significantly affected by the
canopy treatments at Fort Benning (F = 12.24, p = 0.0003) and Camp Lejeune (F =8.80, p =
0.0193), with loblolly pine seedlings largest on Clearcut plots (mean of 54.0 cm tall at Fort
Benning and mean of 82.4 cm at Camp Lejeune) and smallest on the Control plots (mean of 18.9
cm at Fort Benning and mean of 29.5 cm at Camp Lejeune; Figure 3.3.1A). Seedling size did
not differ between the study sites (t = 1.08, p = 0.2862).

In gap plots, the density of loblolly pine seedlings did not differ with distance from forest edge at
either location, although the distance effect was nearly significant at Fort Benning (Table 3.3.3).
Seedling size gradually increased from 10 m in the forest interior to the gap center (30 m from
the forest edge) at Fort Benning, with the size of seedlings in the gap significantly larger than
those in the forest (F = 4.29, p = 0.0036). A distance effect was present at Camp Lejeune as well
(F =6.89, p =0.0009), where seedlings 10 m in the forest interior were smaller than all other
positions measured (Figure 3.3.1B). Mean seedling size in gaps was greater at Camp Lejeune
than at Fort Benning (t = 2.85, p = 0.0072).

3.3.3.3. 2010 fire effects on loblolly pine regeneration

The uniform harvesting treatments did not affect the percentage of loblolly pine seedlings killed
by the prescribed fires at either study location (Table 3.3.2). At Fort Benning, the fires killed
70.6 percent of the loblolly pine regeneration in uniform plots compared to 64.3 percent
mortality at Camp Lejeune, although the difference was not significant (t = 0.47, p = 0.6426).
For gaps, a slight trend of reduced mortality with distance from the forest edge was evident at
both study locations, although mortality was not significantly affected by gap position at either
site (Table 3.3.3). Average loblolly pine mortality in forest gaps was lower at Camp Lejeune
(38.1 percent) than at Fort Benning (74.4 percent) (t = 2.89, p = 0.0112).

For the range of loblolly pine seedling sizes observed two years after treatment, there is little
evidence that seedling size affected the likelihood of mortality from the prescribed fires at either
location (Figure 3.3.2 and Figure 3.3.3). Mortality occurred for seedlings of virtually all sizes up
to 2 mtall. Few seedlings were Killed that were taller than 1.5 m, but the number of seedlings
that were in that size class was low; at Fort Benning there were only two seedlings and no
mortality, and at Camp Lejeune only six out of 22 seedlings in that size class were killed by fire.
The area burned was significantly affected by harvesting treatment at Fort Benning (F = 7.34, p
= 0.003), with nearly 100 percent of the Control and MedBA plots burned, compared to 78
percent burned on Clearcut plots (Figure 3.3.4). A similar pattern among the treatments was
evident at Camp Lejeune, although no treatment effect was detected (F = 1.97, p =0.2197). The
percent area burned was significantly related to loblolly pine mortality at each study site (Figure
3.3.5). The relationship was much stronger at Camp Lejeune than Fort Benning, because Fort
Benning had some plots with high percent area burned but relatively low loblolly pine mortality.
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Table 3.3.2. Density and frequency of occurrence of loblolly pine seedlings > 10 cm (mean and standard error) by uniform harvesting

treatment before and after the 2010 prescribed fires at Fort Benning and Camp Lejeune. Prescribed fire mortality values were

calculated at the plot level for analysis and may differ slightly from that calculated at the treatment level with data in the table. P-

values are from ANOVA tests of treatment effects for each site

Total seedlings (pre-fire)

Live seedlings (post-fire)

Prescribed fire

Density Density
(number/ha) Frequency (%) (number/ha) Frequency (%) mortality (%)
Site Treatment Mean St. Error Mean St Error | Mean St. Error Mean St. Error | Mean St. Error
Fort Control 722 249 11.1 5.1 222 109 5.6 3.5 69.2 14.1
Benning MedBA 2264 1203 19.4 9.8 181 119 4.2 4.2 94.0 3.6
LowBA 3583 2448 22.2 7.0 1125 738 9.7 3.4 66.2 8.5
Clearcut 1472 488 6.9 54 333 195 1.4 1.4 64.8 18.4
p - value 0.5225 0.3931 0.2739 0.3301 0.3069
Camp Control 8056 3737 38.9 16.9 4167 3005 25.0 21.0 60.3 30.7
Lejeune MedBA 42,778 26,581 66.7 12.7 7222 2650 30.6 7.3 66.3 17.4
LowBA 23,333 11,345 47.2 14.7 6111 4547 19.4 10.0 70.3 26.2
Clearcut 35,833 6667 79.2 12.5 16,250 14,583 41.7 25.0 60.5 30.6
p - value 0.3240 0.3248 0.5148 0.6552 0.9853
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Table 3.3.3. Density of loblolly pine seedlings > 10 cm (mean and standard error) relative to the forest edge in gap plots before and
after the 2010 prescribed fires at Fort Benning and Camp Lejeune. Prescribed fire mortality values were calculated at the plot level for
analyses and may differ slightly from that calculated at the treatment level with data in the table. P-values are from ANOVA tests of
treatment effects for each site

Total seedlings (pre-fire)

Live seedlings (post-fire)

Prescribed fire

Distance from Density (number/ha) Density (number/ha) mortality (%)
Site forest edge (m) Mean  St. Error Mean  St. Error Mean  St. Error
Fort -10 2958 1218 542 255 87.0 7.5
Benning 0 3333 892 896 429 71.3 11.7
10 4333 1121 292 79 90.0 3.2
20 2875 796 938 232 65.3 9.1
30 1969 579 719 309 58.5 21.0
p - value 0.0763 0.2017 0.1020
Camp -10 38,333 19,867 12,424 5,524 45.3 28.2
Lejeune 0 33,611 7276 27,500 7,120 36.7 24.1
10 25,833 5367 17,500 5,537 38.3 29.4
20 29,722 5278 15,277 3,110 32.0 28.0
30* . : :
p - value 0.4156 0.1155 0.2118

*Data was not taken in gap centers at Camp Lejeune due to concerns about the disturbance created at the intersection of four sampling

transects.
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Figure 3.3.1. Height of loblolly pine natural regeneration (mean * standard error) two growing
seasons after harvest and site preparation at Fort Benning and Camp Lejeune by A) harvesting
treatment in uniform plots and B) distance from forest edge in gap plots. Measurements were
not taken in gap centers at Camp Lejeune due to concerns about the disturbance created at the
intersection of four sampling transects. Different letters within a study location indicate
statistically different least square means at a = 0.05.
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Figure 3.3.2. Density (seedlings per hectare) of live and dead loblolly pine seedlings by size
following 2010 prescribed fires for A) Control, B) MedBA, C) LowBA, and D) Clearcut plots at
Fort Benning. Note: scales of y-axes are not consistent for each treatment.
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3.3.3.4. Post-fire loblolly pine regeneration density and height

After the prescribed fires of 2010, there were no significant treatment effects on the number of
live seedlings or the frequency of loblolly pine seedlings in the uniform plots at either study
location (Table 3.3.2). Fort Benning averaged 465 remaining loblolly pine seedlings per hectare,
with only around 5 percent frequency, and Camp Lejeune averaged 8438 seedlings per hectare
and 29.2 percent frequency. Both measures of seedling abundance were greater at Camp
Lejeune than Fort Benning (density: t = 2.62; p = 0.0252, frequency: t = 3.14; p = 0.0093). We
found no significant treatment effects on seedling size at Fort Benning (F = 2.11, p = 0.1744),
despite an increase from 15.2 cm on Control plots to 41.6 cm on Clearcut plots (Figure 3.3.6A).
Size of the live seedlings at Camp Lejeune was significantly affected by harvesting treatment (F
=5.76, p = 0.0213), with seedlings in Clearcut plots averaging 79.6 cm, compared to an average
of 25.8 among the other three treatments. In gap plots, the density of live seedlings following the
prescribed fires was not affected by distance from the forest edge at Fort Benning or Camp
Lejeune (Table 3.3.3). Patterns of seedling size and distance to forest edge were similar to those
before the prescribed fires (Figure 3.3.1B and Figure 3.3.6B), with a significant position effect at
both sites after the prescribed fires (F = 4.23, p = 0.0063 at Fort Benning and F =5.61, p =
0.0037 at Camp Lejeune).

The density of new germinants following the 2010 prescribed fires in uniform plots was highest
on the MedBA and Control plots, with very little recruitment in the Clearcut plots at Fort
Benning. The treatment effect was only marginally significant at Camp Lejeune, despite a range
from 329,167 seedlings/ha on Control plots to 32,083 seedlings per hectare on Clearcut plots
(Table 3.3.1). There were significantly more new germinants at Camp Lejeune than at Fort
Benning after the prescribed fires (t = 4.26; p = 0.0017).

3.3.3.5. Loblolly pine regeneration size and density four years after logging

Using the population of all loblolly pine seedlings (live and dead) present at Camp Lejeune prior
to the fifth growing season after logging, we found that seedling density was not significantly
affected by the main-plot treatment (F = 1.35; p = 0.3058) despite seedling densities that ranged
from 2000 seedlings per hectare on Control plots to 9531 seedlings per hectare on Clearcut plots
(Table 3.3.4). The split-plot treatments had a significant effect on seedling density (F = 3.56; p =
0.0444), with higher loblolly pine seedling density on Herbicide plots than on Control plots
(Table 3.3.4). There were no significant main-plot or split-plot treatment effects on any measure
of seedling growth (p > 0.2888; Table 3.3.5).

3.3.3.6. 2012 prescribed fire effects on loblolly pine regeneration

Although we found no significant effects of main-plot treatments on the percent mortality of
loblolly pine regeneration from the 2012 prescribed burns (F = 2.51; p = 0.0860), there was
nearly complete mortality (99.8% mortality) on Control plots and only 53.5% mortality on
Clearcut plots (Table 3.3.4). There was no effect of the split-plot treatments on the mortality of
loblolly pine regeneration (F = 0.78; p = 0.4724).
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Table 3.3.4. Density of loblolly pine seedlings by uniform harvesting treatment before and after
the 2012 prescribed fires at Camp Lejeune. Prescribed fire mortality values were calculated at

the plot level for analysis and may differ slightly from that calculated at the treatment level with
data in the table. P-values are from ANOVA tests of treatment effects, and the same superscript
letter indicates no difference among treatment levels within an effect

Total seedlings (pre-fire)
Density (seedlings/ha)

Live seedlings (post-
fire) Density
(seedlings/ha)

Prescribed fire
mortality (%)

Effect Level Mean St. Error Mean St. Error Mean  St. Error

Main-plot Control 2000 1161 10® 10 99.8 0
MedBA 5760 1992 885”8 421 73.3 17
LowBA 6969 3656 77178 580 79.7 12
Clearcut | 9531 3238 32197 929 53.5 7
p-value | 0.3058 0.0124 0.0860

Split-plot  NT 3070 1297 531 111 59.5 18
H 79924 1185 1727 197 61.3 12
H+F 713348 1648 1406 675 83.9 10
p-value | 0.0444 0.2086 0.4724
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Table 3.3.5. Ground-line diameter, diameter at breast height, and height of all loblolly pine
regeneration (live and dead) measured prior to the fifth growing season after logging (2012) at
Camp Lejeune. P-values are from ANOVA tests of treatment effects

Ground-line diameter Diameter at breast
(mm) height (mm) Height (cm)
Effect Level Mean St. Error | Mean St. Error Mean  St. Error
Main-plot Control 29.0 9.32 14.3 3.59 197.6 42.95
MedBA 31.6 3.51 18.2 4.10 212.4 18.46
LowBA 45.6 8.80 24.5 5.98 283.0 46.36
Clearcut 46.2 1.88 33.4 9.21 287.3 11.14
p-value | 0.3045 0.3413 0.2888
Split-plot  NT 39.9 5.59 24.6 4.27 252.6 27.51
H 43.2 4.60 23.1 2.97 271.1 25.31
H+F 39.4 6.26 23.1 4.56 253.2 31.81
p-value | 0.5588 0.7128 0.5576
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With the exception of the ground-line diameter and height of loblolly pine regeneration on
Control plots, the population of seedlings killed by the prescribed fire was significantly smaller
in each measure of seedling size than the population of surviving seedlings (Figure 3.3.7).
Across canopy treatments, the mean ground-line diameter was 26 mm for dead seedlings
compared to 58 mm for live seedlings; mean diameter at breast height was 11 mm for dead
seedlings compared to 35 mm for live seedlings; mean height was 184 cm for dead seedlings
compared to 342 cm for live seedlings. The logistic regression analyses indicated that the main-
plot treatments significantly affected the probability of loblolly pine seedling mortality based on
ground-line diameter (y° = 72.363; p < 0.0001), diameter at breast height (X2 =48.510; p <
0.0001), and height (%~ = 65.740; p < 0.0001) (Figure 3.3.8). For each seedling size variable, the
probability of survival was highest at a given size in Clearcut plots and lowest in Control plots.
For example, the probability of seedling survival was 0.75 for seedlings greater than 60 mm in
ground-line diameter on Clearcut plots, but on Control plots the probability of survival for
similar sized seedlings was 0.06; ground-line diameter of seedlings with a survival probability of
0.75 was 105 mm on Control plots. Because Clearcut plots had the greatest number of loblolly
pine seedlings among the treatments, survival probabilities for when the data was pooled across
all treatments was most similar to that for Clearcut plots (Figure 3.3.8).

3.3.4. Discussion

The large difference in initial loblolly pine seedling density (May 2008) between Fort Benning
and Camp Lejeune, in which nearly 10 times as many seedlings were present at Camp Lejeune,
may be attributed to multiple factors. Seed production is often a reliable predictor of first year
pine density (Cain 1991), and it is well understood that loblolly pines experience large annual
variation in seed crops (Wenger 1957, Cain 1991). Cain and Shelton (2001) reported complete
failure (zero sound seeds/ha) one year, followed by a bumper crop of over 2 million sound seeds
per hectare the following year in an Arkansas study. Generally, seed crops are larger and more
consistent in the lower Coastal Plain than in the upper Coastal Plain or Piedmont (Wakeley 1947,
Brender and McNab 1972, Schultz 1997), so it is possible that differences in seedling density
between the two study sites were associated with differences in seed production in 2007 (prior to
the treatment). Additionally, site conditions during germination and early establishment play an
important role in regeneration success. At both study locations, precipitation early in the first
growing season (March — June 2008) was well below the 50-year average (Camp Lejeune: 346
vs. 430 mm, respectively; Fort Benning: 343 vs. 442 mm, respectively). Forest soils are
typically drier at Fort Benning than at Camp Lejeune, and the dry conditions during the period of
early seedling establishment may have been more inhibitive for seedling establishment at Fort
Benning than at Camp Lejeune. Finally, it is unclear how the different site preparations used at
each location may have affected the recruitment of loblolly pine on these sites.

Generally, loblolly pine seedling establishment increases following disturbances that reduce
vegetation cover and expose mineral soil (Pomeroy and Trousdell 1948, Cain 1991, Schultz
1997), and therefore we expected initial loblolly pine recruitment to be highest on harvested
treatments that still retain some canopy trees as a seed source. However, we did not see evidence
that disturbance from logging further improved the seedbed over that provided by site
preparation (mechanical or chemical vegetation control plus fire) at either site. The importance
of seedbed preparation is reduced during years of high seed production because abundant seed
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(C) prior to the fifth growing season and following the 2012 dormant season prescribed burns.
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rain increases the likelihood that all suitable microsites are occupied (Trousdell, 1963).

Although seed production was not directly measured, the high density of seedlings at Camp
Lejeune suggests that seed production was high the previous year. On the other hand, lower seed
production at Fort Benning may have increased the importance of canopy trees as a seed source,
resulting in a higher number of established seedlings on uncut plots than those in which canopy
trees had been removed. Additionally, the shade of canopy trees may have facilitated seedling
establishment at Fort Benning by improving microsite conditions for seedling establishment
during the dry summer of 2008.

We found a high number of loblolly pine seedlings in Clearcut plots at Camp Lejeune, despite
complete removal of the seed source. Loblolly pine seed dispersal is reported to occur 60 m
from seed trees, with diminishing recruitment out to 100 m (Pomeroy 1949, Wenger and
Trousdell 1958, Schultz 1997). Because our Clearcut plots were 2 ha in size (141 x 141 m), the
centers of the plots were only 70 m from the nearest forest edge and were not out of range of
seed dispersal. Very few loblolly pine seeds remain viable from one year to the next (Little and
Somes 1959, Baker and Langdon 1990, Cain and Shelton 1997), so it is not likely that residual
seeds contributed to initial seedling density. It is possible that loblolly pine regeneration came
from seedlings that had not been killed during logging or site preparation. Although we did not
measure loblolly pine seedling density before timber harvest, field observations following site
preparation indicated that loblolly pine regeneration was not abundant at the start of 2008, and
contributions from previously established seedlings were not likely significant.

As expected, we found that canopy thinning and gap harvesting, both used to reduce overstory
competition with planted longleaf pine seedlings, increased the growth of natural loblolly pine
regeneration through the third growing season. Hu (1983) compared growth of natural loblolly
pine regeneration following various regeneration techniques (clearcut, shelterwood, seed tree,
selection cutting) and reported results similar to ours, with the greatest growth on clearcuts and
reduced growth associated with canopy competition. Although we found no significant effects of
uniform canopy density on loblolly seedling size in the fifth growing season, our data indicated
clear patterns of increasing loblolly pine size from Control plots to Clearcuts (Table 3.3.5). For
example, mean ground-line diameter was over 50% greater on Clearcut plots than on Control
plots. It is likely that the treatment effects were not statistically significant because of the
variability among blocks, with some blocks having no loblolly pine present in the Control plots.
Results from the gap plots show that seedling size through two growing seasons increased from
within the forest to the gap center, although the rate of increase differed between the study sites.
At Fort Benning, we noted a gradual increase in seedling size associated with the distance from
the forest edge, but at Camp Lejeune seedling size increased rapidly from 10 m into the forest to
the forest edge and remained constant toward the gap center. The ability of a species to respond
to increased resource availability is often controlled by limitations of other resources (Teskey et
al. 1987), and differences in site quality (nutrients and moisture) between the study sites are
likely responsible for the observed growth patterns.

The susceptibility of loblolly pine seedlings to fire-induced mortality decreases with seedling
size, and previous research suggests that once loblolly pine seedlings reach 2.5 m in height they
become resistant to fire (Cain 1985, Cain and Shelton 2002). By the end of two growing
seasons, no measured seedlings had reached that size threshold, and we found little evidence that
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seedling size affected the likelihood of survival following our prescribed fires because fire-
induced mortality was observed for nearly all size classes. Data from the 2012 prescribed burns
at Camp Lejeune, however, included a wide range of seedling sizes, and our results indicate that
prescribed burning at this point differentially affected loblolly pine seedlings based on seedling
size. When pooling the loblolly pine seedling data together, we found that there was a 75%
chance of seedling survival for ground-line diameters greater than 6.6 cm, for diameter at breast
height of at least 3.6 cm, and heights of at least 3.9 m. These results are similar to that reported
by Crow and Shilling (1980), who suggest that resistance is developed when ground-line
diameter exceeded 7.6 cm and heights ranged between 3.7 and 4.6 m tall. Therefore, the ability
of forest managers to control loblolly pine development with prescribed burning is dependent on
loblolly pine size, with the threshold size for loblolly pine resistance attainable during the first
four growing seasons after loblolly pine establishment in some sites (Camp Lejeune).

Fires in frequently burned pine systems can be quite heterogeneous at fine scales, depending on
fuel distributions and micro-site conditions (Gibson et al. 1990, Thaxton and Platt 2006, Hiers et
al. 2009), and interactions between seedling size and the heterogeneity of prescribed burns may
affect fire-induced mortality at the stand level. We expected loblolly pine seedling mortality to
be highest on sites with more canopy trees present because inputs from needlefall would improve
the continuity of the fuelbed, resulting in more uniform, complete burns. We found that
prescribed fires burned more completely in treatments with intact canopies, with evidence of
burning in nearly 100% of the observation points in the Control plots at both sites, compared to
78% and 69% on Clearcut plots at Fort Benning and Camp Lejeune, respectively. We attribute
the lack of a treatment effect on loblolly pine mortality rates in uniform plots in 2010 to fine-
scale heterogeneity in prescribed fire intensity, which was not accounted for in the measurement
of area burned. However, the relationships between the percent area burned and loblolly pine
mortality (Figure 3.3.5) demonstrate the importance of complete burns for loblolly pine control,
as mortality tended to decrease abruptly with modest decreases in the area burned. Moreover,
although not statistically significant, we observed nearly 100% mortality of loblolly pine
regeneration in Control plots following the 2012 prescribed burns, compared to 53% mortality in
Clearcut plots. The logistic regression models indicated that the relationship between seedling
size and fire-induced mortality varied with canopy density, suggesting that differences in fire
behavior resulting from canopy retention (e.g., fuel loading) further affected the size at which
loblolly pine seedlings become resistant to mortality from burning.

We found a general pattern of higher loblolly pine mortality under the forest canopy than in the
center of canopy gaps at both study sites, although this trend was not statistically significant in
either case. Previous research has suggested that canopy gaps may be a useful silvicultural
technique for longleaf pine restoration in stands in which canopy retention is desirable (Palik et
al. 1997, Palik et al. 2003). However, the loss of the fine fuels associated with needlefall may
affect the movement of fire across canopy gaps, with potentially long-term effects on fire
management (Mitchell et al. 2006). We think it likely that the observed patterns of loblolly pine
mortality were related to fire behavior within the gaps and that control of loblolly pine
regeneration with fire will be more difficult farther from the forest edge or with reduced canopy
density. However, a complete analysis of the role of pine needles as a fuel source, the effects of
canopy trees on fuel properties (e.g. fuel moisture), and the interactions of those factors is
beyond the scope of this study.
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One consequence of using prescribed fire to control loblolly pine regeneration is that the seedbed
is again improved for loblolly pine seed germination and seedling establishment. Additionally,
loblolly pine seed production may be stimulated by release of seed trees through timber harvest
(Wenger 1954, Schultz 1997), increasing the likelihood of a good seed crop coinciding with the
first prescribed fire after planting longleaf pine seedlings in thinned stands. Following the 2010
prescribed fires, the density of newly germinated seedlings was similar to that observed during
initial establishment at Fort Benning and generally higher than that observed during initial
establishment at Camp Lejeune. At both study sites, our results show that additional loblolly
pine seedlings will become established after each prescribed fire, and consequently managers
must use prescribed fire at two to three year intervals to control each cycle of loblolly pine
recruitment.

3.3.5. Management implications

Restoring the longleaf pine ecosystem in many areas of the southeastern United States requires
conversion of existing loblolly pine stands to longleaf pine forests. When silvicultural
prescriptions include the retention of canopy trees, managers must be prepared for natural
loblolly pine regeneration and need to understand the implications of that regeneration on stand
development. The comparison of two ecologically distinct study sites demonstrates that initial
loblolly pine seedling establishment may be highly variable both between sites (e.qg., higher
seedling density at Camp Lejeune than at Fort Benning) and within sites indicated by high
standard error values for seedling density for most treatments at both sites. Seed crop size and
successful establishment of loblolly pine regeneration are contingent on numerous factors that
include the year (e.g. seed production, weather patterns), site quality (e.g. climate, soil
characteristics), stand age, and seedbed preparation. Regional differences in seed production of
loblolly pines affect the likelihood of abundant regeneration, with larger and more consistent
seed crops in the lower Coastal Plain (e.g., Camp Lejeune). Consequently, the feasibility of
longleaf pine restoration in loblolly pine stands may depend on location, site quality, and initial
loblolly pine seedling establishment. By using knowledge of site characteristics and trends in
recent seed production (Wenger 1957, Cain and Shelton 2001), managers may be able to time
longleaf pine restoration to coincide with poor seed crops to minimize initial loblolly pine
establishment. Moreover, the majority of viable loblolly pine seeds are typically dispersed by the
end of December (Cain 1991), and additional control may be provided by applying a site
preparation burn after seedfall has occurred. Although managers should consider ways to
minimize loblolly pine regeneration during restoration, some level of recruitment is inevitable,
and managers must be prepared to control it with prescribed burning.

Frequent prescribed burning is fundamental to longleaf pine ecosystem management but
becomes paramount in the presence of fast-growing loblolly pine seedlings. During the early
years of longleaf pine seedling development (i.e., prior to emergence from the grass stage), the
ability to control loblolly pine regeneration with fire will largely determine which pine species
will dominate a site. Given the heterogeneous nature of fire behavior, we expect the survival of
some loblolly pine seedlings following prescribed fire. The development of mixed stands may
be acceptable during ecological restoration, provided that longleaf pine makes up a significant
portion of the new cohort and that subsequent thinning operations select loblolly pines for
removal. However, the success of such a model is contingent on the development of competitive
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longleaf pine seedlings, and managers can maximize the likelihood of longleaf pine
establishment with effective prescribed burning. Fire management decisions should therefore
consider the control of loblolly pine regeneration as a principle objective, especially while
artificially regenerated longleaf pine seedlings are in the stemless grass stage and vulnerable to
competition from faster growing species.

The complex interactions among needlefall as a fine fuel, fire behavior, and loblolly pine
seedling size suggest that control of loblolly pine regeneration with fire may be more difficult
following removal of some canopy trees. Silvicultural treatments that include complete canopy
removal (e.g. gaps or clearcuts) maximize growth of established loblolly pine seedlings, increase
the probability of surviving prescribed burning for a given seedling size, and shorten the window
of opportunity for control with prescribed fire. For example, in Clearcut plots at Camp Lejeune,
seedlings that survived the 2010 prescribed fires averaged around 80 cm tall with mean densities
in excess of 1.5 seedlings per square meter; by 2012, mean seedling height in Clearcut plots at
Camp Lejeune was nearly 3 m and resulted in only 50% mortality following the 2012 prescribed
burns. In such cases, the fire return interval may have to be shortened or additional mechanical
treatments may be required to control loblolly pine regeneration, with the potential risk of
damage to planted longleaf pine seedlings.

Ultimately, developing appropriate silvicultural prescriptions for converting loblolly pine stands
to longleaf pine will require information on how harvesting treatments affect ecosystem
components that include longleaf pine seedling establishment, ground layer vegetation
composition, stand structure, fuel complexes, and the ability for sustained management with
prescribed fire. This study addresses one potential source of competition for longleaf pine
seedlings that will have major implications for stand development following restoration
treatments. In general, our results suggest that site and stand conditions may be more important
for controlling loblolly pine seedling density than the harvesting treatments used in this study.
However, canopy retention is expected to increase the continuity of prescribed fire and therefore
allow the manager greater flexibility in the use of prescribed fire to control loblolly pine
regeneration. Overall, the challenges posed to longleaf pine restoration by natural regeneration in
loblolly pine stands should not be insurmountable with the proper use of prescribed fire and
adaptive management applied on a stand-specific basis.
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3.4. Effects of canopy density and cultural treatments on ground-layer and mid-story
vegetation

This sections addresses research objective O-3.
3.4.1. Introduction

The characteristic stand structure of frequently burned longleaf pine forests includes an open
canopy dominated by longleaf pine, conspicuously few midstory stems, and a ground layer that
is dominated by herbaceous species. This structure is important to the ecological integrity of the
system by providing high quality habitat for many of the endangered faunal species associated
with longleaf pine. For example, the gopher tortoise (Gopherus polyphemus) and many other
herpetofaunal specialists in longleaf pine habitats require open stands for foraging herbaceous
ground layer plants (Guyer and Bailey 1993). Perhaps the most well-known faunal species
associated with these ecosystems is the federally endangered red-cockaded woodpecker (RCW;
Picoides borealis), which uses live longleaf pine trees for nesting cavities and prefers open
stands for foraging (USFWS 2003). Moreover, recent research shows that RCWs defending
territories with predominantly grassy or herbaceous ground layers had higher fecundity than
nearby groups in shrub-dominated territories (James et al. 1997, Hardesty et al. 1997).
Herbaceous ground layers support diverse arthropod communities that provide food for RCW
populations as well as other faunal species (Folkerts et al. 1993, Hermann et al. 1998, Hanula
and Engstrom 2000).

Functionally, the ground layer vegetation serves as a critical fuel source for maintaining the
frequent fire regime required to sustain the longleaf pine ecosystem (Peet and Allard 1993). The
‘canopy’ of the ground layer is typically dominated by large bunchgrasses that create a matrix of
overlapping plant tissue and form an often continuous layer of well-aerated fuels. When
combined with needlefall from canopy pines, this fuel layer burns readily as low-intensity
surface fires (e.g. Clewell 1989, Noss 1989, Glitzenstein et al. 1995). Frequent surface fire
reduces encroachment from hardwood species and maintains the dominance of herbaceous
species. The importance of ground-layer vegetation (particularly large bunchgrasses) as a fuel
source, coupled with the dependence of the structure of the vegetation layer on a frequent fire
regime for self-perpetuation, represents a positive feedback system that becomes difficult to re-
establish once disrupted (Mitchell et al. 2009).

Existing loblolly pine stands often appear very different from that described above. Midstory
encroachment by hardwoods is a common occurrence in the absence of frequent fire, and the
presence of a midstory component can further reduce the pyrogenicity of a pine dominated
forest. As hardwood species gain dominance, herbaceous species such as grasses and forbs are
often shaded out and their contribution as fine fuels is reduced. In such cases, management
objectives must include the control of midstory hardwoods to shift the balance to an herbaceous
dominated ground layer.

Despite an understanding of the importance of ground layer vegetation in this ecosystem,

longleaf pine restoration efforts often focus on establishing longleaf pine seedlings. Restoration
must also consider other aspects of stand structure, and a complete understanding of how
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management actions prescribed to improve longleaf pine seedling establishment will affect
overall stand structure is required. This study was designed to determine how longleaf pine
restoration management affects ground layer vegetation during the first few years after
harvesting. Our specific objectives were to determine: 1) how canopy density affects ground
layer vegetation cover and biomass; 2) how cultural treatments used for longleaf pine ecosystem
restoration affect ground layer cover and biomass; and 3) how ground layer vegetation cover
changes through time in response to canopy density manipulation and prescribed fire.

3.4.2. Methods

A complete description of study sites, experimental design and treatments is provided in Section
3.1.

For this section, we only used the uniform main plot treatments (Control, MedBA, LowBA,
Clearcut) because the sampled area of uniform and gap plots had different coverages of the
herbicide split-plot treatment at Fort Benning. In all study plots, the March treatment of
hexazinone/sulfometuron methyl was applied in 1-m wide bands overtop of planted longleaf pine
seedlings. In uniform plots, sampling of vegetation cover was done randomly throughout each
plot, but in gap plots sampling was centered over the longleaf pine seedling rows. Consequently,
the herbicide treatment covered 100% of the sampling area within gap plots but only around 30%
of the sampling area within uniform plots.

3.4.2.1. Data collection

In each split-plot of each uniform main-plot, we randomly located two transects (each 20 m in
length) that ran parallel to one split-plot boundary (Figure 3.4.1). Along each transect, we
randomly selected ten numbers ranging from 2 to 17 to serve as starting points (m) for sampling
quadrats. Each randomly selected number represented a distance from the start of the transect (0
m). We did not sample from the edges of the transects to avoid potential disturbance from
transect establishment and plot layout.

At each randomly selected sampling location, we established a 1 m x 1 m sampling quadrat and
recorded ocular estimates of percent cover of all vegetation < 1 m tall that occurred within the
quadrat. We estimated cover as the percentage of the plot that would be shaded if the sun were
positioned directly overhead. Cover was recorded using the following cover classes: 1 = trace, 2
= 0-1%, 3 = 1-2%, 4 = 2-5%, 5 = 5-10%, 6 = 10-25%, 7 = 25-50%, 8 = 50-75%, 9 = 75-95%,
and 10 = 95-100%, and total cover for a quadrat could sum to over 100% if vegetation
overlapped. We estimated cover by functional group (graminoids, ferns, forbs, woody
shrubs/trees, and woody vines). Ground layer vegetation cover was recorded in October 2008,
2009, 2010, and 2012. A prescribed fire (described in Section 3.1) was applied to all study plots
in the dormant season before the 2010 growing season and a second prescribed fire was applied
to all study plots in the dormant season before the 2012 growing season at Camp Lejeune.

In August 2009, we destructively sampled biomass of graminoids, forbs, and woody vegetation

in the ground layer (< 1 m tall). In each split-plot (NT, H, H+F) we used the two sampling
transects (Figure 3.4.1) to randomly located five quadrats that were not used for measuring
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vegetation cover, and we clipped all vegetation that occurred within the quadrat. For individuals
rooted outside the quadrat, all vegetation that occurred within the quadrat was clipped. Estimates
of cover were also made for each functional group using the cover classes described above. All
plant material was returned to the laboratory, dried to a constant mass at 70° C, and weighed to
determine biomass.

During the vegetation sampling in 2008, 2009, 2010, and 2012, we counted midstory (> 1 m tall)
woody stems by species along belt transects. Each belt transect was 2 m wide and centered on
transect established for sampling vegetation cover (n = 2 per split-plot; each 20 m long x 2 m
wide = 80 m? sampled per split-plot treatment). In 2012, only four blocks (Blocks 1, 2, 5 and 7)
were sampled for loblolly pine stem densities at Camp Lejeune due to the high abundance of
midstory loblolly pines in the plots.

3.4.2.2. Data analyses

Cover data were converted to the mid-point of each class, and we calculated mean values at the
split-plot level for analyses. Mean midstory stem density was calculated at the split-plot level for
hardwoods (including shrubs), loblolly pines, and all woody stems. We used split-plot ANOVA
with a random block effect to test for main-plot effects, split-plot effects, and main*split-plot
interaction effects on total vegetation cover, herbaceous vegetation cover, woody vegetation
cover, vegetation cover by functional group, and the number of stems per hectare of hardwoods,
loblolly pines, and all woody species. Analyses were conducted for each year separately because
the timing of split-plot treatment application differed. In 2008, no split-plot treatments had been
applied and we tested for only main-plot effects, but in 2009 we applied the herbicide and
fertilizer treatments and compared NT, H, and H+F treatments. We used repeated measures
ANOVA with autoregressive order one covariance structure to test for year effects and
year*main-plot treatment effects. For the repeated measures test we used only NT split-plot
treatments because the split-plots were applied at different times.

Mean biomass for total vegetation, graminoids, forbs, and woody vegetation was calculated at
the split-plot level. We tested for main-plot effects, split-plot effects, and main*split-plot
interactions for vegetation biomass in each category using split-plot ANOVA with a random
block effect. To understand how closely estimates of vegetation cover and vegetation biomass
are related, we used simple linear regression to determine relationships between percent cover
estimates of vegetation and total vegetation biomass calculated at the split-plot level.

3.4.3. Results

Total vegetation cover was significantly affected by canopy density in every year at both study
sites, with the exception of 2012 at Camp Lejeune (Figure 3.4.2). Generally, vegetation cover
was greater on treatments with canopy removal than on treatments with intact canopy, with the
highest values of vegetation cover on the Clearcut plots and the lowest values on the Control
plots. By the end of the fifth growing season, only the Control plots were significantly different
from the other study treatments at Fort Benning, and there was no effect of canopy density on
total cover at Camp Lejeune. At both sites, we found significant split-plot effects on total
vegetation cover the first year after treatment (2009). At Fort Benning, H plots had significantly
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less vegetation cover than H+F plots, and NT plots were intermediate; at Camp Lejeune, both H
and H+F treatments reduced vegetation cover when compared to NT plots (Figure 3.4.3). We
found no significant split-plot effect at Fort Benning in 2010 or in 2012. At Camp Lejeune, the
split-plot treatments that included herbicide resulted in lower total vegetation cover through the
end of the 2012 growing season. The addition of fertilizer appeared to increase total cover when
compared to herbicide alone at Fort Benning in 2009 but had no other effects on total cover in
any year at either site.

At Fort Benning, there was higher cover of herbaceous vegetation than of woody vegetation in
each measurement season (Figure 3.4.4). There were significant main-plot treatment effects on
both herbaceous and woody vegetation in most years, with generally increasing cover for both
vegetation groups associated with canopy removal. There was no effect of canopy density on
herbaceous cover after three growing seasons at Fort Benning, but a treatment effect was
significant after five growing seasons. At Camp Lejeune, there tended to be greater woody
vegetation cover than herbaceous cover. Canopy density significantly affected herbaceous
vegetation in 2008 but only affected woody vegetation in 2009 and 2010 (Figure 3.4.4). There
were no effects of canopy density on herbaceous or woody vegetation in 2012 at Camp Lejeune.
Similar to patterns at Fort Benning, cover generally increased with canopy removal. Among the
split-plot treatments, we found that H reduced herbaceous vegetation compared to NT and H+F
treatments at Fort Benning in 2009, although we found no split-plot treatment effects on 2009
woody vegetation cover or on either group in 2010 or 2012 at Fort Benning (Figure 3.4.5).
There was a strong split-plot treatment effect on woody vegetation cover at Camp Lejeune, with
less vegetation cover on H and H+F plots than on NT plots in all years. In addition, there was
greater cover of herbaceous vegetation on H plots than on NT plots in 2012 at Camp Lejeune.

The analysis of functional groups indicated that cover of graminoids, forbs, and woody
shrubs/trees were significantly affected by canopy density at Fort Benning in 2008, but only
graminoids were significantly affected at Camp Lejeune (Table 3.4.1). Similar trends persisted in
2009 and 2010 for graminoids and woody shrubs/trees at Fort Benning and for woody
shrubs/trees at Camp Lejeune, where canopy removal generally increased vegetation cover for
each group (Tables 3.4.2 and 3.4.3). After five growing seasons, canopy density only affected
woody shrubs/trees at Fort Benning and none of the functional groups at Camp Lejeune (Table
3.4.4). There were no effects of split-plot treatments on vegetation cover of any functional group
in 2009 or 2012 at Fort Benning, and in 2010 only woody vine cover was increased on H plots.
At Camp Lejeune, H and H+F split-plot treatments significantly reduced vegetation cover of
graminoids, woody shrubs/trees, and woody vines when compared to the NT treatment in 20009.
In contrast, forb cover was greater on the H and H+F plots than on the NT plots. The effect of the
herbicide treatment on woody shrubs/trees persisted through 2010 and 2012 but was no longer
significant in 2012 for woody vines. By the end of the fifth growing season, graminoid cover was
higher on H plots than NT plots, and there were no longer significant differences in forb cover
among the split-plot treatments (Table 3.4.4).

The repeated measures ANOVA resulted in no year*main-plot treatment interactions for any
variable at Fort Benning or Camp Lejeune (Table 3.4.5). There were significant year effects for
total vegetation cover, herbaceous vegetation cover, and woody vegetation cover at both sites. At
Fort Benning, total vegetation cover gradually increased from 2008 through 2010, with a
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Figure 3.4.5. Herbaceous and woody vegetation cover (mean and one standard error) by split-
plot treatment in 2009, 2010, and 2012 at Fort Benning (A, C, and E) and Camp Lejeune (B, D,
and F). The same letter indicates no significant difference at p = 0.05.

80



18

Table 3.4.1. Mean and standard error of vegetation cover by functional group in 2008 for each main-plot at Fort Benning and Camp
Lejeune. P-values refer to each group of main-plot treatments, and different letters indicate significant differences among treatments

2008
Graminoids Forbs Ferns Woody Woody vine
Site Effect Treatment Mean SE Mean SE Mean SE Mean SE Mean SE
Fort Main Control 3.4 0.8 9.1 2.5 0.5 0.3 2.3 0.3 0.2 0.1
Benning plot MedBA 6.2 05 183*% 27 1.5 1.4 7.0 1.1 1.0 0.4
LowBA 6.8 1.4 198 50 2.4 1.7 1288 40 0.5 0.3
Clearcut  17.5° 4.2 26.1° 4.3 0.5 0.3 17.6° 5.2 0.8 0.4
p-value  0.0004 0.0066 0.5041 0.0032 0.1799
Camp  Main Control 16.5° 2.3 3.9 1.3 0.1 0.0 28.9 2.0 2.2 05
Lejeune plot MedBA 17.0% 4.0 24 0.9 0.0 0.0 41.4 5.7 3.1 0.9
LowBA 24.0° 3.0 5.2 2.7 0.1 0.1 37.8 3.7 3.8 1.8

Clearcut 25.0° 2.6 6.0 1.5 0.2 0.2 38.9 4.1 4.2 2.6
p-value 0.0109 0.2810 0.8188 0.1474 0.9100
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Table 3.4.2. Mean and standard error of vegetation cover by functional group in 2009 for each main-plot and split-plot at Fort Benning
and Camp Lejeune. P-values refer to each group of main- or sub-plot treatments, and different letters indicate significant differences
among treatments

2009

Graminoids Forbs Ferns Woody Woody vine
Site Effect Treatment Mean SE Mean SE Mean SE Mean SE Mean SE
Fort Main Control 115° 3.0 10.4 2.1 0.4 0.2 5.2 1.9 0.4 0.2
Benning Plot MedBA 14.6% 3.3 15.9 2.3 0.5 0.4 10.4% 2.0 1.0 0.6
LowBA 10.9° 1.6 16.1 3.7 1.9 1.5 18.7° 4.4 1.0 0.7
Clearcut 23.6° 5.9 18.1 3.4 0.7 0.3 18.4° 4.2 1.1 0.8

p-value 0.0235 0.1240 0.5134 0.0056 0.6198
Split NT 15.9 3.9 15.0 2.0 1.1 0.6 13.2 3.2 1.0 0.7
Plot H 12.7 3.2 13.4 1.6 0.8 0.4 11.0 1.7 1.0 0.4
H+F 16.9 2.1 16.9 3.3 0.6 0.4 15.3 3.1 0.6 0.4

p-value 0.2273 0.1668 0.2784 0.4161 0.3462
Camp Main Control 9.6 2.8 5.0 24 0.1 0.1 26.6" 4.5 1.3 0.4
Lejeune Plot MedBA 1.7 3.0 4.6 2.4 0.0 0.0 38.7% 7.3 3.3 1.4
LowBA 14.9 3.7 6.3 2.4 0.2 0.1 43.2° 5.3 3.1 1.1
Clearcut 23.3 8.6 5.7 1.6 0.3 0.3 46.5° 6.5 1.0 0.3

p-value 0.1792 0.5831 0.8654 0.0205 0.4722
Split NT 19.6° 4.2 1.9° 0.7 0.3 0.2 55.3? 2.6 4.6 1.4
Plot H 120° 36 6.8° 2.5 0.2 0.1 33.1° 5.5 0.6 0.1
H+F 148" 51 7.7 2.5 0.0 0.0 28.7° 5.3 0.9° 0.3

p-value 0.0004 0.0001 0.2435 <0.0001 <0.0001
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Table 3.4.3. Mean and standard error of vegetation cover by functional group in 2010 for each main-plot and split-plot at Fort Benning
and Camp Lejeune. P-values refer to each group of main- or split-plot treatments, and different letters indicate significant differences
among treatments

2010

Graminoids Forbs Ferns Woody Woody vine
Site Effect Treatment Mean SE Mean SE Mean SE Mean SE Mean SE
Fort Main Control 13.8° 2.5 11.7 2.9 1.2 0.7 6.8" 1.9 0.6 0.4
Benning plot MedBA 17.7%* 3.8 16.8 2.9 1.3 1.1 15.1%* 2.6 1.5 0.8
LowBA 15.8% 35 18.8 5.9 3.4 2.1 20.0° 4.2 1.2 0.8
Clearcut 23.6° 47 16.8 2.9 1.1 0.7 19.9° 3.9 1.1 0.7

p-value  0.0310 0.1390 0.5954 0.0070 0.6695
Split NT 18.4 3.2 16.0 3.1 2.1 1.1 14.9 2.4 1.0° 0.8
plot H 16.5 3.7 15.2 2.9 2.1 1.0 14.5 2.4 1.4% 0.6
H+F 18.3 3.0 16.8 4.0 1.2 0.6 17.0 2.7 0.9° 0.5

p-value  0.4662 0.6909 0.6783 0.6269 0.0187
Camp  Main Control 75 1.8 1.8 0.4 0.4 0.3 19.1° 2.6 1.7 0.8
Lejeune plot MedBA 7.3 1.0 3.8 1.7 0.0 0.0 23.7% 5.6 35 1.4
LowBA 9.7 2.9 3.2 1.0 0.5 0.2 37.4° 4.7 3.8 2.1
Clearcut 14.3 3.7 3.7 1.1 0.6 0.6 38.1° 5.7 2.1 1.1

p-value  0.2616 0.3375 0.8750 0.0217 0.6702
Split NT 10.6 1.9 1.5° 0.3 0.8 0.4 42.9% 2.5 4.6° 1.4
plot H 10.3 2.1 4.0% 1.1 0.3 0.2 22.6° 3.2 1.9 0.8
H+F 9.6 2.7 3.7%® 1 0.2 0.1 25.0° 3.4 1.2° 0.7

p-value 0.7479 0.0130 0.0563 <0.0001 0.0003
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Table 3.4.4. Mean and standard error of vegetation cover by functional group in 2012 for each main-plot and split-plot at Fort Benning
and Camp Lejeune. P-values refer to each group of main- or split-plot treatments, and the same letter indicates no significant
difference at p = 0.05

2012

Graminoids Forbs Ferns Woody Woody vine
Site Effect Treatment Mean SE Mean SE Mean SE Mean SE Mean SE
Fort Main Control 9.2 3.3 5.0 0.9 0.6 04 4.7b 0.8 0.6 0.3
Benning Plot MedBA 8.0 11 6.4 0.7 15 15 12.3%® 2.6 1.2 0.6
LowBA 16.1 3.2 11.0 4.9 2.1 1.7 16.0® 4.7 1.6 1.0
Clearcut 15.6 2.0 10.3 3.1 0.3 0.2 20.5° 5.3 1.0 04

p-value 0.0639 0.3675 0.5799 0.0148 0.8612
Split NT 12.6 3.1 7.3 1.0 14 0.9 11.8 2.6 1.0 0.7
Plot H 10.7 0.9 9.3 2.3 1.1 0.7 14.2 2.2 1.3 0.4
H+F 13.4 2.1 8.0 1.2 0.8 0.5 14.2 14 0.9 0.4

p-value 0.4383 0.7472 0.6918 0.4602 0.2027
Camp Main Control 9.5 2.0 4.7 15 2.5 1.6 20.9 3.8 2.6 0.8
Lejeune  Plot MedBA 12.2 1.9 3.3 0.9 3.6 1.4 24.1 5.1 4.6 1.4
LowBA 8.6 2.3 4.9 13 3.6 1.9 26.4 6.4 3.2 1.3
Clearcut 12.0 3.1 7.0 2.0 35 0.0 24.0 4.4 35 1.1

p-value 0.5808 0.3560 0.8098 0.6924 0.3110
Split NT 7.2° 14 3.6 0.6 4.3° 18 38.2° 5.6 4.2 1.3
Plot H 14.7° 3.0 6.3 1.1 1.5° 0.8 17.6 3.0 3.6 1.0
H+F 10.5° 1.8 4.8 1.2 2.5% 1.3 16.1° 3.3 2.4 0.8

p-value 0.0118 0.0539 0.0271 <0.0001 0.1034




Table 3.4.5. Results from the repeated measures ANOVA test for total vegetation cover,
herbaceous vegetation cover, and woody vegetation cover at Fort Benning and Camp Lejeune

Site Variable Effect ggm Den DF F-value p-value Transformation
Fort Total year 3 44.1 6.54 0.0009
Benning treatment 3 17 9.19 0.0008
year*treatment 9 44.1 0.87 0.5615
Herbaceous year 3 43.8 6.29 0.0012
treatment 3 12.7 3.45 0.0494
year*treatment 9 43.8 1.14 0.3578
Woody year 3 46.7 6.16  0.0013 xH?
treatment 3 12.8 4.08  0.0308 x'?
year*treatment 9 46.7 0.68 0.726 xH2
Camp Total year 3 59.6 8.36 0.0001
Lejeune treatment 3 26.1 6.38 0.0022
year*treatment 9 59.7 1.17 0.3301
Herbaceous year 3 60.9 3.26 0.0273 x*?
treatment 3 25.5 2.8 0.0604 x'2
year*treatment 9 60.9 0.78 0.6395 x*?
Woody year 3 62.7 11.23  <0.0001 X2
treatment 3 22,5 2.43 0.0915 x*?
year*treatment 9 63.1 1.98  0.0566 xH2
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reduction in cover in 2012 (Figure 3.4.6). Cover at Fort Benning was fairly evenly split among
graminoids, forbs, and woody shrubs/trees in each year. At Camp Lejeune, total cover was
significantly higher in 2009 than in any other year. Woody shrubs/trees dominated vegetation
cover at Camp Lejeune in each year (Figure 3.4.6).

Total biomass from 2009 followed similar patterns observed for vegetation cover. At both sites,
total biomass was significantly affected by main-plot treatments, with greater biomass on
Clearcut plots than on Control plots (Figure 3.4.7). At Camp Lejeune, graminoid and forb
biomass were not affected by main-plot treatments, but all vegetation groups were affected by
canopy density at Fort Benning. The H split-plots had lower total biomass than NT and H+F
plots at Fort Benning, but both herbicide treatments (H and H+F) had lower total biomass than
NT plots at Camp Lejeune. At Camp Lejeune, patterns of total biomass were largely driven by
biomass of woody vegetation (trees and shrubs) while at Fort Benning total biomass was more
evenly distributed among graminoids, forbs, and woody species. We found significant, positive
relationships between split-plot level mean total vegetation cover and mean total vegetation
biomass at both study sites (Figure 3.4.8), although the relationship was stronger at Fort Benning
(r? = 0.817) than at Camp Lejeune (r* = 0.518).

There were no interactions between main-plot and split-plot treatments on stem density of
loblolly pines, hardwoods, or all woody species in any year (p > 0.1385). At Fort Benning,
hardwoods were more abundant than loblolly pines on most of the treatments in each year, and
stem densities were higher on Clearcut or LowBA plots than on Control plots in most years
(Figure 3.4.9). Similarly, loblolly pine densities were highest on Clearcut plots and lowest on
Control plots in 2012. By the end of the fifth growing season, there were nearly 5000 woody
stems per hectare in the midstory on Clearcut plots at Fort Benning, with almost 4000 of those
hardwoods. At Camp Lejeune, shrubs were dominant in the midstory in 2008, but loblolly pine
densities increased over time. After the first growing season, canopy density did not affect the
abundance of hardwoods in the midstory layer, but loblolly pine densities were higher on
Clearcut plots than on Control plots in all years except 2012. Generally, midstory stem densities
were much higher at Camp Lejeune than at Fort Benning, with over 12,000 stems per hectare
compared to nearly 5000 stems per hectare in Clearcut plots for each respective site in 2012.

The split-plot treatment significantly affected hardwood stem densities at both sites in 2009 and
2010, with lower stem densities on H and H+F plots than NT plots (Figure 3.4.10). In 2012, the
same pattern was observed at Camp Lejeune but not at Fort Benning. At both sites, the densities
of loblolly pine were higher on H and H+F plots than on NT plots in 2012. Because loblolly pine
and hardwood densities were generally affected in opposite directions by the split-plot
treatments, total stem densities in 2012 did not differ among the split-plot treatments.

3.4.4. Discussion

Removal of canopy trees reduces direct competition with sub-canopy vegetation, typically
resulting in an increase in resource availability and greater abundance of ground-layer plants
(e.g., Anderson et al. 1969, Ares et al. 2010). Grelen and Enghardt (1973) reported increases in
herbaceous vegetation of longleaf pine communities that was proportional to the intensity of
canopy thinning. In 8- to 11-year old longleaf pine plantations at the Savannah River Site, GA,
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significant difference in total vegetation among years at p = 0.05.
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Harrington and Edwards (1999) found that forb, grass, vine, and shrub cover increased following
experimental reductions of canopy density in longleaf pine plantations. They determined that the
increased light availability strongly controlled increases in herbaceous vegetation but that
increased soil moisture was also important.

Results from our study support previous findings that canopy removal leads to increased growth
of ground layer vegetation in upland pine communities. We found this pattern for most
functional groups and in most years at Fort Benning and Camp Lejeune. However, canopy
density effects on total vegetation cover appeared to be strongest in the first year after thinning,
especially at Fort Benning. At Camp Lejeune, total vegetation cover was not different among
the MedBA, LowBA, or Clearcut treatments in 2008 or 2009, suggesting that even light levels of
thinning may stimulate increased ground layer growth.

The study locations differed in dominant forms of ground layer vegetation, with herbaceous
cover dominant at Fort Benning and woody vegetation cover dominant at Camp Lejeune. Such
differences in ground layer composition have long-term implications for stand development and
longleaf pine restoration management. Target stand structure for longleaf pine restoration
includes little to no midstory and a ground-layer dominated by herbaceous species. An
herbaceous ground cover provides important fine fuels for fire management, and the abundance
of shrubs at Camp Lejeune is likely to decrease the ability of land managers to apply frequent
prescribed fire to the stands.

Because longleaf pine restoration can be hampered by an abundance of woody vegetation,
previous studies have explored various methods of woody vegetation control for restoration (e.g.,
Provencher 2001, Haywood 2009). Herbicides that target woody vegetation can be used to shift
the dominance of ground-layer vegetation from woody to herbaceous species. Freeman and Jose
(2009) evaluated the effects of different herbicide treatments on a north Florida flatwoods
longleaf pine community and reported that imazapyr reduced initial shrub cover and increased
herbaceous cover (also see Jose et al. 2008). At the Savannah River Site in GA, Harrington and
Edwards (1999) found that herbicides successfully reduced woody vegetation but had variable
effects on herbaceous species over two years. However, forb and grass cover had increased
compared to untreated controls after two years following treatment, and total herbaceous cover
had increased by 16% in response to woody vegetation control.

The herbicide treatments used in this study were prescribed for hardwood control (imazapyr) at
Camp Lejeune and for both hardwood (imazapyr) and herbaceous control (hexazinone and sulfo-
meturon methyl) at Fort Benning. We used different prescriptions to address the vegetation
composition for each site, and it is likely that the site differences in dominant vegetation affected
the relative impact of the split-plot treatments used in our study. At Camp Lejeune, the persistent
herbicide effect on the dominating woody vegetation cover resulted in a reduction in total cover
on split-plots with herbicide. Because woody vegetation was not abundant at Fort Benning, it is
not surprising that we found no effect of herbicides on woody vegetation cover. We note that the
site preparation treatment at Fort Benning included an herbicide application that targeted (and
killed) woody vegetation, whereas the mulching treatment at Camp Lejeune initiated sprouting
rather than mortality. Because the composition and abundance of the ground layer vegetation
differed greatly between the two study areas, and the herbicide prescriptions for the split-plot
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treatments differed for the two study areas, the interpretation of the split-plot treatments
themselves should be considered within the context of each study location.

The herbicide treatments had strong effects on the midstory hardwood stem densities at both
study sites. The control of hardwood stems resulted in a concurrent increase in loblolly pine
densities, especially at Camp Lejeune. As a result, total midstory stem density did not differ
among the split-plot treatments after five growing seasons, suggesting that control of natural
regeneration of loblolly pine is critical for reaching vegetation structure objectives (Section 3.3).

The development of midstory woody vegetation often conflicts with longleaf pine restoration
objectives, and our results suggest that midstory development may be highly variable across
sites. In general, we observed at least twice the density of midstory stems at Camp Lejeune when
compared to Fort Benning, with a considerably higher amount of loblolly pine (see Section 3.3).
Previous studies have discussed the importance of canopy retention for suppressing the
development of woody plants in longleaf pine forests (Jack et al. 2006, Kirkman and Mitchell
2006, Kirkman et al. 2007, Pecot et al. 2007). Our results in loblolly pine stands generally
support these findings, although there are several important points to note from our research.
First, midstory stem densities were highly variable within and between sites. Within each study
location, there was high variability among the study blocks, which limited our ability to detect
treatment differences in some cases. Second, patterns of hardwood density in relation to canopy
density were inconsistent between sites. We suspect that differences in site preparation may
contribute to these different responses: at Fort Benning, the herbicide site preparation reduced
the initial hardwood population but at Camp Lejeune the mulching treatment resulted in vigorous
sprouting of shrubs. Because sprouts rely on carbohydrate reserves for initial growth, it was
likely that the woody stem density was able to recover quickly regardless of canopy density on
Camp Lejeune sites.

Interestingly, the herbicide treatment decreased herbaceous cover when compared to the
herbicide plus fertilizer at Fort Benning in the first year after application. Because the
herbaceous herbicide treatment was applied in bands over longleaf pine seedlings, approximately
30% of the measurement unit was treated. It is likely that untreated vegetation within the H+F
plots responded to the fertilizer application with increased growth. We would expect a broadcast
application of hexazinone and sulfo-meturon methyl to reduce vegetation cover more strongly
than what we observed in our study. However, band application may be desirable during longleaf
pine restoration to reduce competition at the local seedling level, while minimizing the reduction
of herbaceous cover at the stand level (Brockway et al. 1998).

We applied prescribed fire to all study plots in the dormant season between 2009 and 2010, and
again between 2011 and 2012 at Camp Lejeune. Although we cannot directly assess fire effects
on vegetation, our results suggest differential fire effects at Camp Lejeune compared to Fort
Benning, and we suggest that the differences are related to pre-fire vegetation structure. Total
vegetation cover was significantly reduced between 2009 and 2010 at Camp Lejeune but did not
change at Fort Benning. Measurements of cover vary with the time since burning, but unlike
herbaceous vegetation that does not accumulate secondary growth and dies back to the ground
every winter, woody vegetation accumulates biomass and increases in size every year post-
burning. If pre-fire measurements represent more than one season’s growth, it would be
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expected that post-burn measurements would show greater woody vegetation reduction than in
the herbaceous component (which can only ever accumulate one-year’s biomass). Unlike Fort
Benning with very little woody vegetation, the Camp Lejeune sites were dominated by woody
vegetation (shrubs), and their removal by fire drove the observed post-fire change. Similarly, the
herbicide treatment at Camp Lejeune had a significant and persistent reducing effect on woody
vegetation. Although fire did not increase the herbaceous layer after the first fire, it may have
contributed to the significant increase in herbaceous cover in the herbicide split-plot compared to
the NT split-plot after the 2011 fire. After a second fire, the shrub cover was further reduced in
the herbicide treated plots and herbaceous cover increased. Repeated fires are often required for
long-term changes in vegetation structure, specifically a shift from woody to herbaceous
vegetation (e.g., Glitzenstein et al. 1995, 2001; Brockway and Lewis 1997, Haywood 2001). In
our sites, early evidence suggests that herbicide treatments to reduce the woody vegetation will
support this desirable transition.

Studies of ground layer vegetation often use cover to quantify relative differences in vegetation
abundance, but biomass may more accurately represent measures of site productivity, vegetation
abundance, and/or competitive pressures provided by vegetation. We found good relationships
between vegetation cover and biomass, especially at Fort Benning, suggesting that estimates of
cover are an acceptable method for quantifying vegetation abundance. Moreover, treatment
effects were generally found to be the same from cover data and from biomass data. Total
ground layer biomass at Fort Benning was within the range reported from studies in
southwestern Georgia (McGuire et al. 2001, Pecot et al. 2007), but biomass in Clearcut plots at
Camp Lejeune was quite high. Mitchell et al. (1999) found that aboveground primary
productivity of ground layer vegetation in longleaf pine forests is strongly controlled by soil
moisture, and it is likely that the generally higher soil moisture levels at Camp Lejeune are
related to greater soil moisture at Camp Lejeune.

3.4.5. Conclusions

Ground layer vegetation is a critical component of the longleaf pine ecosystem, and restoration
efforts must work to reduce woody species abundance and increase herbaceous dominance. We
found that canopy removal increases vegetation cover and biomass at two ecologically distinct
study sites. On sites where woody vegetation is dominant, herbicide treatments may be used to
successfully reduce woody cover, but we found few effects of herbicides for herbaceous control
at Fort Benning. Prescribing herbicide treatments for longleaf pine restoration requires
consideration of site conditions; however, the herbicide treatments used in our study resulted in
persistent reductions in woody vegetation cover and an increase in herbaceous vegetation after
five growing seasons at Camp Lejeune. Although the herbicide treatments reduced the density of
midstory (> m tall) woody stems, the growing space was subsequently occupied by regenerating
loblolly pines (Section 3.3), indicating the importance of controlling natural loblolly pine
regeneration during stand conversion. Given the importance of prescribed fire in longleaf pine
management, we need a better understanding of how our prescribed fires interact with other
management activities to affect vegetation responses. Our results provide information on short-
term effects of our treatments on ground layer and midstory vegetation, but long-term studies are
required when considering management effects on vegetation response throughout stand
development.
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3.5. Ground layer vegetation richness and composition following experimental restoration
treatments

This section addresses objective O-4.

3.5.1. Introduction

The longleaf pine (Pinus palustris Mill.) ecosystem of the southeastern United States is
recognized as one of the most floristically diverse ecosystems in North America (Mitchell et al.
2006, Peet 2006). The characteristic stand structure of fire-maintained longleaf pine forest
includes a canopy dominated by longleaf pine and little to no midstory layer, and the exceptional
diversity of this system is found primarily in the ground layer vegetation. For example, Walker
and Peet (1983) identified over 40 species within 0.25 m? in the Green Swamp of the lower
coastal plain of North Carolina, and Peet (2006) described many areas with greater than 100
species occurring within 1000 m?. Such levels of diversity are comparable with those found in
the Smoky Mountain cove forests (Mitchell et al. 2006) and contribute to a unique biological
legacy of the longleaf pine ecosystem.

High levels of floristic diversity in the longleaf pine ecosystem are dependent on frequent surface
fires (Provencher et al. 2001, Kirkman et al. 2004). Fire exclusion and changes in land use have
resulted in widespread reduction and fragmentation of the longleaf pine ecosystem, with many
upland sites converted from longleaf to loblolly pine (Frost 1993). In addition to altered
structure (Section 3.4) the overall diversity of many of these sites has decreased and species
composition shifted. Treatments used to re-establish longleaf pine, like thinning the canopy and
burning, would be expected to benefit the ground layer; however, effects of cultural treatments,
for example, using herbicides to control competition, are not so clear.

This study was designed to determine the effects of silvicultural treatments for restoration on the
diversity and composition of ground layer vegetation at two ecologically distinct sites. Specific
objectives were to: 1) determine effects of canopy density on species richness of ground layer
vegetation; 2) determine effects of herbicides and fertilizer on species richness of ground layer
vegetation; and 3) identify factors affecting composition of ground layer communities following
restoration management.

3.5.2. Methods

See Section 3.1 for details on study sites, experimental design, and treatment installation. We
used only uniform treatment plots (Control, MedBA, LowBA, and Clearcut) and three split-plot
treatments (NT, H, and H+F) for this study.
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m?, 10 m?, and 100 m?.

96



3.5.2.1. Data collection

In each sampled split-plot, we used a nested-scale sampling design to quantify species richness
and composition at different scales (Figure 3.5.1). We established a 10 x 10 m (100 m?) at a
random starting location along Transect 1 from the ground layer vegetation cover measurements
(Section 3.4). In each corner of the 10 x 10 m sampling area, we established nested sampling
areas at 0.316 x 0.316 m (0.1 m?), 1 x 1 m (1 m?) and 3.16 x 3.16 m (10 m?). We sampled plots
at each corner starting with the smallest area (0.1 m?) and progressing through increasing sample
areas. We recorded the presence of each species occurring in the smallest scale and additional
species at each subsequent scale for each corner of the sampling area. All additional species
occurring within the entire sample 100 m? plot were recorded.

Species that could not be positively identified in the field were collected (from outside study
plots when possible) and immediately pressed for laboratory identification. We worked with
personnel of the Clemson Herbarium to identify field unknowns. Some species could not be
positively identified because they lacked the required features (e.g. flowering or seed structures).
In such cases, species were commonly identified to the genus and grouped for analyses; this was
most common for functionally similar graminoids such as Dichanthelium spp. and Rhynchospora

spp.
3.5.2.2. Data analyses

We calculated the total number of species (species richness) occurring at each scale for all
species, all woody species, all herbaceous species, and selected functional groups (graminoids,
forbs, ferns, woody trees and shrubs, and woody vines). Functional groups were assigned to
each species based on classifications from the USDA PLANTS Database
(http://plants.usda.gov/javal). We used split-plot ANOVA to test for effects of main-plot
treatments (canopy density), split-plot treatments (herbicide/fertilizer) and main*split-plot
treatment interactions, with a significance level of o = 0.05. We treated Block as a random effect
in the analysis. We used a series of t-tests to compare results from the site locations.

We used non-metric multidimensional scaling (NMS) to identify patterns in species composition
at Fort Benning and Camp Lejeune. The NMS procedure is an iterative process that orients data
in ordination space to minimize the dissimilarity between the original data and the data in the
reduced ordination space (McCune and Grace 2002). At the largest scale (100 m?), each split-
plot represented one point in ordination space (n = 72 at Fort Benning; n = 81 at Camp Lejeune).
At each other scale, we sampled four locations within each 100 m? area, resulting in 288 sampled
points at Fort Benning and 324 sampled points at Camp Lejeune.

In the analyses we considered explanatory variables that included measures of vegetation
structure, environmental parameters, and soil properties (Tables 3.5.1-3.5.4) and used bi-plot
overlays to represent the strength of the correlations between continuous explanatory variables
and the ordination groups. We used a non-parametric multi-response permutation procedure
(MRPP) to test for differences in species composition based on study block, main-plot treatment,
and split-plot treatment at each location. The procedure produces a T statistic that is a measure
of the grouping effect, and an associated p-value. We report the p-values; a significant p-value

97



Table 3.5.1. Block level summary of secondary matrix data used in non-metric multidimensional

scaling analysis at Fort Benning.

Fort Benning Block

Variable 1 2 3 4 5 6
Basal area (m/ha) 8.9 8.3 7.9 7.3 9.8 7.3
DBH (cm) 38.0 29.2 25.7 33.9 41.5 324
Gap light index (%) 63.5 61.5 67.9 66.1 60.6 65.2
Soil moisture 11.3 7.3 2.8 1.2 7.0 5.8
Soil temperature 30.8 33.2 33.3 33.0 31.2 31.9
Total vegetation cover (%) 73.6 48.2 31.8 34.2 45.0 38.2
Herbaceous vegetation cover (%) | 53.0 36.9 24.5 23.8 29.9 18.6
Woody vegetation cover (%) 20.6 11.3 7.3 10.4 15.2 19.5
Graminoid cover (%) 25.8 19.2 9.6 12.2 18.1 5.9
Forb cover (%) 26.1 14.9 13.6 115 11.8 12.6
Fern cover (%) 1.0 2.8 1.3 0.0 0.0 0.1
Shrub cover (%) 20.5 8.3 7.2 10.1 13.8 19.3
Woody vine cover (%) 0.1 3.0 0.1 0.3 1.4 0.3
Clay content (%) 16.1 10.1 7.5 5.8 9.9 6.8
Sand content (%) 66.7 75.9 87.2 88.7 76.1 86.9
Silt content (%) 17.2 14.0 5.3 5.5 14.0 6.3
Total soil N (%) 0.063 0.068 0.026 0.024 0.038 0.025
Total soil C (%) 1.084 1680 0.913 0.703 0.668  0.848
Soil P (ppm) 14.9 5.3 6.9 12.4 10.3 7.5
Soil K (ppm) 87.4 1275 48.0 53.3 76.5 55.6
Soil pH 55 4.7 5.0 4.9 5.0 5.1
Soil organic matter (%) 1425 1.700 0.863 0563 0.350 0.525
Cation exchange capacity 8.9 20.0 5.3 3.9 8.0 4.5
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Table 3.5.2. Block level summary of secondary matrix data (means) used in nonmetric

multidimensional scaling analysis at Camp Lejeune.

Camp Lejeune Block

Variable 1 2 3 4 5 7 8
Basal area (m/ha) 6.9 7.5 6.6 7.1 7.2 7.7 10.1
DBH (cm) 25.4 21.6 19.8 18.2 30.9 28.3 33.2
Gap light index (%) 72.8 66.1 71.7 71.8 70.5 68.9 62.7
Soil moisture 7.9 9.6 8.6 7.6 54 6.0 6.8
Soil temperature 25.7 27.3 27.0 25.9 26.4 25.9 26.8
Total vegetation cover (%) 48.2 45.4 51.6 51.4 39.4 35.3 57.6
Herbaceous vegetation cover

(%) 9.2 9.9 18.0 15.8 18.6 4.9 16.7
Woody vegetation cover (%) | 39.0 35.5 33.6 35.5 20.7 30.3 40.8
Graminoid cover (%) 5.3 7.7 12.7 13.3 15.9 3.4 10.9
Forb cover (%) 3.9 2.0 3.9 1.5 2.5 15 5.8
Fern cover (%) 0.0 0.2 1.4 1.0 0.2 0.0 0.0
Shrub cover (%) 34.6 32.6 32.9 34.9 20.3 28.0 34.0
Woody vine cover (%) 4.5 2.9 0.7 0.6 0.5 2.3 6.9
Clay content (%) 16.2 20.0 30.1 30.5 51 3.5 4.1
Sand content (%) 78.3 73.1 63.4 63.4 91.3 93.0 92.0
Silt content (%) 5.5 7.0 6.5 6.2 3.6 3.5 3.9
Total soil N (%) 0.043 0.043 0.050 0.043 0.034 0.044 0.036
Total soil C (%) 1.043 1325 1381 1.193 1.264 0.993 0.980
Soil P (ppm) 6.8 5.3 5.0 4.7 11.9 27.4 17.6
Soil K (ppm) 54.5 47.8 53.8 47.3 42.8 39.6 46.9
Soil pH 5.1 4.8 4.8 4.8 4.3 4.4 4.7
Soil organic matter (%) 1.100 1.025 1.375 1.300 0.988 0.845 0.900
Cation exchange capacity 6.6 12.3 8.2 9.2 10.3 11.1 6.8
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Table 3.5.3. Main-plot treatment level summary of secondary matrix data (means) used in nonmetric multidimensional scaling
analysis at Fort Benning and Camp Lejeune.

Main plot treatment

Fort Benning Camp Lejeune
Variable Control MedBA LowBA Clearcut Control MedBA LowBA Clearcut
Basal area (m/ha) 17.5 10.0 55 0.0 16.0 9.0 6.4 0.0
DBH (cm) 31.0 35.6 33.8 : 33.1 37.8 34.1 :
Gap light index (%) 385 55.1 68.5 94.5 48.2 61.4 69.4 94.3
Soil moisture 7.1 6.9 5.9 4.7 7.9 7.7 7.7 6.4
Soil temperature 31.2 31.9 31.8 33.8 26.9 26.6 26.3 26.3
Total vegetation cover (%) 27.9 42.3 48.5 61.9 31.7 38.4 54.6 58.8
Herbaceous vegetation cover
(%) 22.3 30.9 28.8 42.4 10.1 11.2 12.8 18.6
Woody vegetation cover (%) 5.6 114 19.7 19.5 21.6 27.2 41.8 40.2
Graminoid cover (%) 11.5 14.6 10.9 23.6 7.8 7.3 9.3 14.3
Forb cover (%) 10.4 15.9 16.1 18.1 1.9 3.8 3.0 3.7
Fern cover (%) 04 0.5 1.9 0.7 04 0.0 04 0.6
Shrub cover (%) 5.2 10.4 18.7 18.4 19.8 23.7 38.4 38.1
Woody vine cover (%) 0.4 1.0 1.0 1.1 1.7 3.5 3.4 2.1
Clay content (%) 11.0 8.8 8.7 8.9 15.7 9.7 17.0 16.7
Sand content (%) 77.4 814 80.7 81.6 78.8 85.7 775 78.5
Silt content (%) 11.7 9.8 10.6 9.5 5.5 4.7 5.5 4.8
Total soil N (%) 0.040 0.044 0.038 0.040 0.050 0.041 0.046 0.029
Total soil C (%) 0.987  0.923 0.982 1.038 1.373  1.167 1.366 0.754
Soil P (ppm) 7.8 9.1 9.6 11.6 10.4 115 8.8 14.8
Soil K (ppm) 71.0 65.9 83.5 78.4 50.9 43.2 46.8 48.6
Soil pH 4.9 5.1 51 51 4.8 4.6 4.6 4.8
Soil organic matter (%) 1.017  0.792 0.825 0.983 1.110 1.010 1.313 0.800
Cation exchange capacity 9.4 7.6 9.0 7.8 10.3 9.2 10.8 6.3




Table 3.5.4. Split-plot treatment level summary of secondary matrix data (means) used in

nonmetric multidimensional scaling analysis at Fort Benning and Camp Lejeune.

Sub plot treatment

Fort Benning

Camp Lejeune

Variable NT H HF NT H HF
Basal area (m/ha) 8.2 8.5 8.1 7.7 7.7 7.3
DBH (cm) 32.1 35.2 33.0 25.7 25.7 25.3
Gap light index (%) 63.6 65.2 63.7 68.0 69.2 70.2
Soil moisture 6.4 6.2 5.7 7.8 7.1 7.3
Soil temperature 31.9 324 32.3 26.2 26.7 26.5
Total vegetation cover (%) 46.3 38.9 50.3 58.5 40.1 42.0
Herbaceous vegetation cover

(%) 32.1 26.9 34.3 125 14.1 13.4
Woody vegetation cover (%) 14.2 12.0 16.0 46.0 26.0 28.7
Graminoid cover (%) 15.9 12.7 16.9 10.3 9.7 9.6
Forb cover (%) 15.0 13.4 16.9 1.5 4.1 3.7
Fern cover (%) 1.1 0.8 0.6 0.7 0.3 0.1
Shrub cover (%) 13.2 11.0 15.3 41.3 24.0 27.3
Woody vine cover (%) 1.0 1.0 0.6 4.7 1.9 1.4
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rejects the hypothesis of within group distance no smaller than expected by chance. We also
report the A-statistic that describes the within-group homogeneity of the group; A =1 when all
items in the group are identical and A = 0 when the heterogeneity in the group is equal to that
expected by chance. In ecology, values of A that are greater than 0.3 are considered fairly high
(McCune and Grace 2002). Indicator species analysis was used to identify species with high
importance values for treatments. We analyzed all data together at the 100 m? scale at each
location but found that the strong effect of the study blocks on composition (Figures 3.5.6, 3.5.7)
masked main and split-plot treatments. Consequently, we analyzed data for each block
separately at the 10 m? scale to demonstrate localized effects of study treatments.

3.5.3. Results

3.5.3.1. Treatment effects on species richness

Overall, total species richness and herbaceous species richness were significantly greater at Fort
Benning then at Camp Lejeune at each spatial scale, but woody species richness was greater at
Camp Lejeune than at Fort Benning at each spatial scale (Table 3.5.5). At Fort Benning, there
was nearly three times the number of herbaceous species as woody species in each of the spatial
scales, but at Camp Lejeune total species richness was split evenly between woody and
herbaceous species (Table 3.5.5, Figure 3.5.2). As a result, there were approximately 11 more
species at Fort Benning than at Camp Lejeune at the 100 m? scale, but the difference in
herbaceous richness was nearly 20 more species at Fort Benning.

We found no significant interaction effects at any scale for total species richness, herbaceous
species richness, or woody species richness at Fort Benning (p= 0.4556, p= 0.3932, and p=
0.4524, respectively) or at Camp Lejeune (p= 0.2783, p= 0.5255, p= 0.3506, respectively).
There were no significant main-plot treatment effects on total species richness, herbaceous
species richness, or woody species richness at either site (Figures 3.5.2 and 3.5.3).

The split-plot treatments significantly affected species richness at Camp Lejeune but had few
effects at Fort Benning (Figures 3.5.4 and 3.5.5). At Camp Lejeune, split-plot treatments that
included herbicide (H and H+F) resulted in significantly fewer woody species present when
compared to untreated plots (NT) at each spatial scale. The H treatment resulted in an increase in
herbaceous species richness at the 1, 10 and 100 m? scales, and herbaceous species richness on
the H+F plots did not differ from either NT or H at the 0.1, 1 and 100 m? scales. Total species
richness at Camp Lejeune was significantly lower on the H and H+F plots than the NT plots at
the 0.1 m? scale but only different between the H+F and NT plots at the 1 and 10 m? scales.
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Table 3.5.5. Results of t-test to determine differences between mean total species richness,

herbaceous species richness, and woody species richness between Fort Benning and Camp

Lejeune at each sampling scale

Fort Benning

Camp Lejeune

Variable Scale DF  t-value p-value Mean SE Mean SE
Total species 01m? 131 2.78 0.0063 5.27 0.12 4.66 0.18
richness 1m? 135 2.64 0.0092 12.63 0.30 11.25 0.43
10m? 148 450 <0.0001 27.32 0.64 23.26 0.63
100 m?> 135 6.66 <0.0001 55.93 1.36  44.55 1.04
Herbaceous species 0.1 m? 148 9.24 <0.0001 4.11 0.12 2.42 0.14
richness 1m? 148 10.05 <0.0001 9.90 0.26 5.76 0.31
10m? 148 1419 <0.0001 20.67 0.50 11.03 0.46
100m? 135 1412 <0.0001 41.33 1.07 2244 0.81
Woody species 01m? 141 -796 <0.0001 1.16 0.08 2.24 0.11
richness 1m? 131 -10.17 <0.0001 2.72 0.15 5.49 0.23
10m® 148 -12.95 <0.0001 6.65 0.28 12.23 0.33
100 m? 148 -10.58 <0.0001 14.60 054 2212 0.47
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Figure 3.5.2. Total species richness (number of species; mean + one standard error) by main-plot
treatment at spatial scales of 0.1 m?, 1 m? 10 m?, and 100 m? for Fort Benning (A, C, E, and G)

and Camp Lejeune (B, D, F, and H).
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Figure 3.5.3. Species richness (number of species; mean + one standard error) of herbaceous and
woody vegetation by main-plot treatment at spatial scales of 0.1 m?, 1 m? 10 m?, and 100 m? for
Fort Benning (A, C, E, and G) and Camp Lejeune (B, D, F, and H).
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Figure 3.5.5. Species richness (number of species; mean + one standard error) of herbaceous and
woody vegetation by split-plot treatment at spatial scales of 0.1 m?, 1 m? 10 m?, and 100 m? for
Fort Benning (A, C, E, and G) and Camp Lejeune (B, D, F, and H). Different letters indicate
significant differences within a vegetation type at o = 0.05.
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3.5.3.2. Factors controlling species composition

At Fort Benning, we determined that a 2-dimensional solution was most appropriate for
ordination of the composition data at the 100 m? scale. When plotted in ordination space, the plot
data was most strongly grouped by study block, and we found that sample units were not
aggregated by main-plot treatment or split-plot treatment (Figure 3.5.6). The MRPP test
confirmed these results, with significant effects of study block on the ordination of plots (A =
0.2071; p < 0.0001), but no significant effects of main-plot treatment (A = 0.0058; p = 0.1326) or
split-plot treatment (A = 0.0003; p = 0.4141). The variable from the secondary matrix that most
strongly affected the compositional similarity of study plots was the percent sand content,
accounting for 51.7% of the variability in Axis 1 (Table 3.5.6). The ordination analysis indicated
that a 3-dimensional solution best fit the data at Camp Lejeune, and the results from Camp
Lejeune were similar to those from Fort Benning. Study plots separated according to study block
(A =0.2268; p < 0.0001) but were not strongly affected by main-plot treatments (A = 0.0053; p =
0.1549) or split-plot treatments (A = 0.0059; p = 0.0973) (Figure 3.5.7). Soil texture, particularly
the silt content of the soil, was the variable from the secondary matrix that most strongly affected
the distribution of plots along Axis 1 (Table 3.5.7).

When each block was analyzed at the 10 m? scale, the MRPP analyses indicated significant
main-plot effects and split-plot effects on community composition in all blocks at Fort Benning
and at Camp Lejeune (Table 3.5.8). At both sites, plots were more homogeneous within main-
plot treatments than within split-plot treatments, as indicated by the higher A-statistics for main-
plot treatments. Ordination from the block with the highest A-value from each site is shown in
Figures 3.5.8 and 3.5.9. At Fort Benning, overstory basal area explained 71.3% of the variance
in axis 2, while soil phosphorus content explained the most variation in axis 3 (29.0%). At Camp
Lejeune, soil moisture was the variable that explained the most variation in axis 1 (36.3%), while
soil temperature explained 71.3% of the variation in axis 3. Ordination plots by main-plot and
split-plot treatment for the other blocks, as well as the correlation variables from their respective
secondary matrices, are included as Appendices A-3.5.1-A-3.5.26.

The indicator species analyses from Fort Benning included primarily perennial forbs as
indicators of Control plots, as well as the perennial graminoid Danthonia sericea (Table. 3.5.9).
In contrast, species associated with the Clearcut plots primarily included annuals that are
common following disturbance events. The majority of the indicator species at Fort Benning
were significant in only 2 of the 6 blocks, but at Camp Lejeune Mitchella repens was a
significant indicator of Control plots in 4 of the 7 study blocks. Other indicators at Camp
Lejeune included species with a range of growth form and duration habits; for example, Clearcut
plots included trees, low growing graminoids (Dichanthelium spp.) and one annual species
(Table 3.5.9). The importance values and p-values for each species identified by treatment in the
indicator species analyses are included as Appendices A-3.5.27-A-3.5.36.
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Figure 3.5.6. Ordination plots of species data at the 100 m? using non-metric multidimensional

scaling and grouped by A) study block, B) main-plot treatment, and C) split-plot treatment at
Fort Benning.
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Table 3.5.6. Summary of Pearson and Kendall tau correlations with ordination axes at the 100 m
scale from Fort Benning.

Axis 1 AXis 2
Variable r r-square  tau r r-square tau
Basal area (m/ha) 0.269 0.072 0.182 0.013 0.000 0.024
DBH (cm) 0.062 0.004 -0.084 0.155 0.024 0.188
Gap light index (%) -0.301 0.091 -0.180 -0.017 0.000 -0.057
Soil moisture -0.051 0.003 0.005 0.613 0.376 0.426
Soil temperature 0.068 0.005 0.070 -0.069 0.005 -0.306
Total vegetation cover (%) -0.278 0.077 -0.175 0.634 0.401 0.387
Herbaceous vegetation cover
(%) -0.250 0.063 -0.112 0.518 0.269 0.282
Woody vegetation cover (%) -0.180 0.032 -0.119 0.483 0.234 0.355
Graminoid cover (%) -0.161 0.026 -0.036 0.393 0.154 0.297
Forb cover (%) -0.320 0.103 -0.211 0.478 0.229 0.171
Fern cover (%) 0.238 0.057 0.153 -0.029 0.001 0.030
Shrub cover (%) -0.234 0.055 -0.153 0.480 0.230 0.340
Woody vine cover (%) 0.343 0.117 0.315 0.074 0.006 0.014
Clay content (%) -0.109 0.012 0.038 0.705 0.497 0.481
Sand content (%) 0.059 0.004 -0.035 -0.719 0.517 -0.547
Silt content (%) -0.023 0.001 0.001 0.694 0.482 0.562
Total soil N (%) 0.177 0.031 0.113 0.518 0.268 0.456
Total soil C (%) 0.404 0.164 0.253 0.081 0.007 0.048
Soil P (ppm) -0.556 0.309 -0.447 0.439 0.193 0.157
Soil K (ppm) 0.200 0.040 0.050 0.338 0.114 0.456
Soil pH -0.560 0.314 -0.435 0.469 0.220 0.240
Soil organic matter (%) 0.293 0.086 0.174 0.251 0.063 0.146
Cation exchange capacity 0.462 0.213 0.253 0.168 0.028 0.252
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Figure 3.5.7. Ordination plots of species data at the 100 m? using non-metric multidimensional

scaling and grouped by A) study block, B) main-plot treatment, and C) split-plot treatment at
Camp Lejeune.
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Table 3.5.7. Summary of Pearson and Kendall tau correlations with ordination axes at the 100 m scale from Camp Lejeune.

Camp Lejeune Axis 1 AXis 2 AXxis 3

Variable r r-square  tau r r-square tau r r-square  tau
Basal area (m/ha) -0.051 0.003 0.004 -0.061 0.004 0.060 -0.102 0.010 -0.071
DBH (cm) 0.108 0.012 0.211 -0.007 0.000 0.071 -0.140 0.020 -0.198
Gap light index (%) 0.050 0.002 0.010 0.065 0.004 -0.076 0.088 0.008 0.075
Soil moisture -0.440 0.194 -0.268 -0.475 0.225 -0.232 0.185 0.034 0.126
Soil temperature -0.173 0.030 -0.096 0.427 0.182 0.307 -0.008 0.000 0.003
Total vegetation cover (%) -0.182 0.033 -0.069 -0.156 0.024 -0.132 -0.102 0.010 -0.046
Herbaceous vegetation cover

(%) -0.073 0.005 -0.068 0.175 0.034 0.200 0.327 0.107 0.299
Woody vegetation cover (%) -0.151 0.023 -0.058 -0.260 0.067 -0.231 -0.279 0.078 -0.166
Graminoid cover (%) -0.054 0.003 -0.026 0.080 0.006 0.199 0.451 0.203 0.339
Forb cover (%) -0.023 0.001 -0.147 0.329 0.108 0.187 -0.145 0.021 0.010
Fern cover (%) -0.242  0.059 -0.297 -0.063 0.004 -0.031 0.384 0.147 0.355
Shrub cover (%) -0.150 0.022 -0.079 -0.285 0.081 -0.234 -0.197 0.039 -0.098
Woody vine cover (%) -0.151 0.023 -0.058 -0.260 0.067 -0.231 -0.279 0.078 -0.166
Clay content (%) -0.770 0.593 -0.550 -0.231 0.053 -0.080 0.391 0.153 0.368
Sand content (%) 0.792 0.628 0.602 0.241 0.058 0.098 -0.380 0.145 -0.337
Silt content (%) -0.822 0.675 -0.546 -0.274 0.075 -0.096 0.229 0.052 0.172
Total soil N (%) -0.220 0.048 -0.237 -0.299 0.090 -0.120 -0.052 0.003 0.019
Total soil C (%) -0.228 0.052 -0.177 -0.184 0.034 -0.008 0.255 0.065 0.141
Soil P (ppm) 0.693 0.480 0.584 0.053 0.003 0.183 -0.401 0.161 -0.286
Soil K (ppm) -0.517 0.267 -0.364 -0.068 0.005 -0.020 0.075 0.006 0.024
Soil pH -0.594 0.353 -0.402 -0.001 0.000 -0.029 -0.264 0.069 -0.158
Soil organic matter (%) -0.327 0.107 -0.192 -0.256 0.065 -0.035 0.265 0.070 0.145
Cation exchange capacity 0.113 0.013 0.030 -0.313 0.098 -0.118 0.190 0.036 0.056




Table 3.5.8. Results from Multi-Response Permutation Procedures testing effects of main-plot
and split-plot treatments on community composition for each block at Fort Benning and Camp
Lejeune

Site Block  Effect T-stat A p-value
Fort 1 main -14.345 0.139 <0.0001
Benning sub -9.808 0.077  <0.0001
2 main -16.256 0.118 <0.0001
sub -2.861 0.017 0.0081
3 main -16.502 0.128 <0.0001
sub -3.872 0.024 0.0011
4 main -16.635 0.136  <0.0001
sub -5.462 0.036  <0.0001
5 main -15.019 0.119  <0.0001
sub -2.838 0.018 0.0081
6 main -17.493 0.166 <0.0001
sub -3.097 0.024 0.0092
Camp 1 main -9.248 0.073  <0.0001
Lejeune sub -11.347 0.072  <0.0001
2 main -9.505 0.072  <0.0001
sub -7.795 0.048  <0.0001
3 main -15.019 0.128  <0.0001
sub -6.617 0.046  <0.0001
4 main -7.835 0.063  <0.0001
sub -6.205 0.050 <0.0001
5 main -15.311 0.144  <0.0001
sub -3.701 0.028 0.0023
7 main -13.309 0.125  <0.0001
sub -3.079 0.023  0.0046
8 main -12.935 0.106  <0.0001
sub -6.091 0.040 <0.0001
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Figure 3.5.8. Ordination plots of species data at the 10 m? using non-metric multidimensional

scaling and grouped by A) main-plot treatment, and b) split-plot treatment in Block 6 at Fort
Benning.
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Figure 3.5.9. Ordination plots of species data at the 10 m? using non-metric multidimensional
scaling and grouped by A) main-plot treatment, and b) split-plot treatment in Block 6 at Camp
Lejeune.
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Table 3.5.9. Significant indicator species in more than one block from each main-plot treatment

at Fort Benning and Camp Lejeune.

No. of

Site Treatment Species Growth form Duration blocks
Fort Control Ageratina aromatica Forb/herb Perennial 2
Benning Danthonia sericea Graminoid Perennial 2
Desmodium ciliare Forb/herb Perennial 2
Elephantopus tomentosus Forb/herb Perennial 2
Tephrosia spicata Forb/herb Perennial 2
MedBA Saccharum alopecuroides Graminoid Perennial 3
Ambrosia artemisiifolia Forb/herb Annual 2
Campsis radicans Vine Perennial 2
Eupatorium hyssopifolim Forb/herb Perennial 2
LowBA Campsis radicans Vine Perennial 2
Dichanthelium acuminatum Graminoid Perennial 2
Liquidambar styraciflua Tree Perennial 2
Smilax glauca Shrub/vine Perennial 2
Clearcut  Agalinis fasciculata Forb/herb Annual 2
Hypericum gentianoides Forb/herb Annual 2
Lespedeza stuevei Forb/herb Perennial 2
Polypremum procumbens Forb/herb Annual 2
Camp Control Mitchella repens Subshrub/forb/herb  Perennial 4
Lejeune Acalypha gracilens Forb/herb Annual 2
Carya pallida Tree Perennial 2
Centella erecta Forb/herb Perennial 2
Chamaecrista nictitans Subshrub/forb/herb  Annual/perennial 2
Chasmanthium sessiliflorum Graminoid Perennial 2
Elephantopus tomentosus Forb/herb Perennial 2
Rubus spp. Subshrub Perennial 2
Solidago fistulosa Forb/herb Perennial 2
MedBA Bignonia capreolata Vine Perennial 2
Dichanthelium aciculare Graminoid Perennial 2
Smilax rotundifolia Shrub/vine Perennial 2
LowBA Callicarpa americana Shrub Perennial 2
Clearcut  Quercus marilandica Tree Perennial 3
Dichanthelium acuminatum Graminoid Perennial 2
Dichanthelium commutatum Graminoid Perennial 2
Liriodendron tulipifera Tree Perennial 2
Pseudognaphalium obtusifolium  Forb/herb Annual/biennial 2
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3.5.4. Discussion

Patterns in species composition and richness emerged not from experimental treatments, but
from differences among treatment blocks. Tobler’s (1970) first law of geography states that
everything is [spatially] related to everything, but near things are more related than distant
things. The similarity among blocks at both Camp Lejeune and Fort Benning show this
relationship: blocks that are close in space are also close in ordination space. Various factors may
contribute to the spatial dependence of similarity (Nekola and White 1999), and in the context of
our study two are notable: (1) physical environments diverge with distance, and (2) sources for
species establishment (and persistence when infusions of propagules are necessary for
persistence) also change through space. At Camp Lejeune blocks 1-4 are adjacent (Figure 3.1.3),
carved from a large area where similar environments, e.g. soils, produced similar vegetation.
These blocks are tightly grouped, contrasting with the greater separation among blocks 5, 7, and
8. This latter group was more dispersed on the landscape and had more variable soils. They also
were areas that had experienced long periods of fire exclusion, so that any differences in the
physical environment plus happenstances of historical composition could have been magnified
without the “resetting” function of prescribed fire. At Fort Benning, the blocks nearest to each
other (Figure 3.1.2), blocks 1 and 5, and blocks 4 and 6 were closest in ordination space
indicating their compositional similarities. Their proximity could have ensured a similar species
pool as the communities were assembled, and the physical environments could be similar within
those pairs. Blocks 1 and 5 are located in the southwest portion of the base in the Upper Loam
Hills Subsection within the Middle Coastal Plain Section (Section 3.1.1; Bailey 1995); 4 and 6
are in the northeast part of base, well within Sand Hills Subsection of the Lower Coastal Plains
and Flatwoods Section the sandhills fall line area. Blocks 2 and 3 are intermediate in the
ordination, and location. While it is tempting to attribute Fort Benning differences to differences
in ecoregion, we have not sampled in a way that can support that idea. We are able to say the
proximity is associated with similarity, and the differences in composition are likely related to
both physical environment and history.

In addition to the similarity by proximity ideas of Tobler’s first law, species in the longleaf pine
ecosystem tend to be long lived, at least perennial, and canopy changes based on treatments were
conceivably within the range of natural disturbances in these systems. Thus, even if a treatment
favored some species over others, the loss of any species may take a long time to occur and the
relatively short monitoring period may have been too short to detect the extinction process. We
might look for evidence in substantial compositional changes if a treatment effectively
eliminated a species or group of species, or explicitly favored the recruitment of new species.
The inclusion of ruderal annuals as indicator species in Fort Benning clearcuts is an example of
the latter. The persistent and significant woody species reduction in herbicide treated plots at
Camp Lejeune may eventually show shifts in composition, especially with continued frequent
prescribed burning.

Previous research indicates that diversity of longleaf pine plantations is lower than diversity in
reference sites at small scales, with important differences in the composition of the stands (Smith
et al. 2002, Walker et al. 2010). In many stands requiring conversion from loblolly pine to
longleaf pine, it is likely that the ground layer composition has already diverged from that of
remnant longleaf pine stands, particularly in areas with a history of agricultural land use.
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Hedman et al. (2000) compared the composition of longleaf pine stands, including second-
growth forests, to loblolly pine and slash pine stands on International Paper land in southwestern
Georgia and found that longleaf pine stands had significantly higher herbaceous richness and
diversity than the other southern pine stands, but that a history of agriculture was most strongly
related to changes in ground layer composition. Clearly, the starting condition of the ground
layer must be considered when determining the intensity of management to use for restoring of
longleaf pine stands.

Overall, species richness was higher at Fort Benning than at Camp Lejeune, with a dominance of
herbaceous species at Fort Benning and woody species at Camp Lejeune. However, total
richness at each site was similar to levels reported in the literature for similar site types (Peet
2006). For example, Mulligan and Hermann (2004) reported mean species richness of around 12
species/m? in upland longleaf pine sites at Fort Benning. Although harvesting intensity had no
apparent effect on total, herbaceous, or woody species richness, it did affect the composition of
the study plots. Plant species strongly associated with Clearcut plots, particularly at Fort
Benning, included annuals that commonly occur on disturbed sites; at Camp Lejeune,
opportunistic species such as Liriodendron tulipifera and Dichanthelium spp. were associated
with Clearcut plots. In contrast, the variety of perennial forb species indicative of Control plots
suggests the association of these species with largely undisturbed forest canopies. Mulligan and
Hermann (2004) described species associated with reference longleaf pine communities at Fort
Benning, and identified Tephrosia spicata as a possible indicator of habitat quality.

Interestingly, Elephantopus tomentosus, another species listed by Mulligan and Hermann (2004),
was strongly associated with Control plots at both study locations.

3.5.5. Conclusions

The silvicultural practices used in this study had few negative effects on ground layer richness
and composition during restoration of longleaf pine stands at Fort Benning and Camp Lejeune.
The condition of the ground layer community should be assessed before prescribing management
treatments, as the initial condition will strongly control subsequent ground layer response. The
herbicide control treatment used in this study effectively controlled woody vegetation at Camp
Lejeune (see also Sections 3.4 and 3.6), resulting in potential concomitant increases in
herbaceous species richness. In general, we observed compositional shifts in the vegetation
communities associated with harvesting density, with ruderal, opportunistic species associated
with canopy removal and perennial forb species associated with uncut Control plots.
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3.6. Effects of gap size and within-gap position on ground layer vegetation cover

Results in this Section address research objective O-5.

3.6.1. Introduction

Previous research demonstrates that group selection may be a suitable management option for
artificially regenerating longleaf pine while retaining canopy trees for other ecological services
(e.g. Palik et al. 1997, Palik et al. 2002, Gagnon et al. 2003). Palik et al. (1997) reported that gap
sizes of 1,400 m? were large enough to maximize seedling growth at gap center, and similar
results were reported by McGuire et al. (2001) and supported by our study (Section 3.2).
Although relatively small gap sizes may be sufficient for increasing longleaf pine seedling size,
Palik et al. (2003) found that a few large canopy gaps within a stand will result in larger average
seedling size than many small gaps in a stand cut to the same basal area, suggesting that rapid
seedling growth may be realized through the use of fewer large gaps within a stand.

Canopy removal increases resource availability for ground layer vegetation as well as for
longleaf pine seedlings (Harrington and Edwards 1999), and the gap dynamics of ground layer
vegetation are not well-described. The removal of canopy trees reduces needle loading and
potentially limits the effectiveness of frequent prescribed burning in pine stands (Mitchell et al.
2006). Moreover, reduced competition with canopy pines has been found to increase the growth
of woody species, especially in the center of large gaps where root competition with canopy
pines is eliminated (Kirkman and Mitchell 2006). More woody species within canopy gaps can
further inhibit the ability of managers to apply prescribed fires and ultimately threaten longleaf
pine restoration efforts.

This study presents findings on the effects of canopy removal and additional cultural treatments
on ground layer vegetation response within canopy gaps. Our specific objectives are to: 1)
determine effects of canopy gap size on ground layer vegetation abundance; 2) determine effects
of cultural treatments used for longleaf pine restoration management (herbicide release, herbicide
release plus fertilizer, control) on ground layer vegetation response; and 3) determine effects of
canopy position (direction north vs. south and distance from forest edge) on ground layer
vegetation response.

3.6.2. Methods

This study was a part of the field experiment replicated at Fort Benning and Camp Lejeune.
Study sites, experimental design and treatments are described in Section 3.1.

For this section, we used the gap main-plot treatments (LG, MG, and SG). As detailed in Section
3.1, we selected three north/south oriented seedling rows for applying split-plot treatments.
Split-plot treatments were randomly assigned to rows, one per treatment.

3.6.2.1. Data collection
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We used longleaf pine seedling rows, which were oriented along north/south azimuths across
each gap, to locate split-plot treatment areas in gaps. Three rows were selected and split-plot
treatments were randomly assigned to each row. Along each row, we established ten 1 m?
sampling quadrats that were evenly spaced from gap center to the north forest edge and ten 1 m?
sampling quadrats that were evenly spaced from gap center to the south forest edge (Figure
3.6.1). At Fort Benning, we established additional sampling quadrats extending to 15 m beyond
the forest edge in 2009.

At each 1 m? sampling quadrat, we recorded ocular estimates of percent cover for all vegetation
< 1 m tall that occurred within the quadrat. We estimated cover as the percentage of the plot that
would be shaded if the sun was positioned directly overhead. Cover was recorded using the
following cover classes: 1 = trace, 2 = 0-1%, 3 = 1-2%, 4 = 2-5%, 5 = 5-10%, 6 = 10-25%, 7 =
25-50%, 8 = 50-75%, 9 = 75-95%, and 10 = 95-100%, and total cover for a quadrat could sum to
over 100% if vegetation overlapped. We estimated cover by functional group (graminoids, ferns,
forbs, woody shrubs/trees, and woody vines). Ground layer vegetation cover was recorded in
October 2008, 2009, and 2010. A prescribed fire, described in Section 3.1, was applied to all
study plots in the dormant season before the 2010 growing season. Prescribed fires were repeated
in all study plots at Camp Lejeune in the dormant season before the 2012 growing season.

3.6.2.2. Data analyses

We converted cover class data to the mid-point of each class, and calculated mean values at the
split-plot level for analyses. For the first analysis, we used split-split-plot analysis of variance
(ANOVA) to determine effects of gap size (main-plot effect), cultural treatment (split-plot
effect), and gap direction (split-split-plot effect) on total vegetation cover, total herbaceous
cover, and total woody cover. We ran the analyses with Proc Mixed and a random block effect
using SAS statistical software (version 9.1; SAS Institute, Inc., Cary, NC).

To determine the effect of gap position, we calculated mean cover values for each variable (total
vegetation cover, total herbaceous vegetation cover, and total woody vegetation cover) by
averaging across quadrats grouped within 10 m intervals and centered on each 10 m mark (e.g.,
seedlings located between 5 m and 15 meters were grouped into the 10-m group) across each gap
(Figure 3.6.1). Analyses on gap position were run for each gap size separately because each gap
included a different number of positions. We ran split-plot ANOVA to determine if interaction
effects existed between gap position (main-plot effect) and cultural treatment (split-plot effect).
In the event of a significant interaction (found for total vegetation cover in MG plots in 2010 at
both sites, woody vegetation cover in MG plots in 2010 at Camp Lejeune, and woody vegetation
cover in SG plots in 2009 and 2010 at Camp Lejeune), further analyses were conducted
separately for each split-plot treatment. We also used split-plot ANOVA to test for interactions
between gap direction (main-plot effect) and gap position (split-plot effect); no interactions were
observed and data were pooled across directions (north/south) for analyses. As a result, we used
repeated measures ANOVA with a random block effect and a first-order autoregressive
covariance structure to determine the effect of measurement year and gap position in 10 m
intervals from the forest edge to the gap center on total vegetation cover, total herbaceous
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distance between sampling quadrats differed depending on the gap radius
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vegetation cover, and total woody vegetation structure. For the repeated measures analyses, we
used data from 2009, 2010, and 2012 but excluded data from 2008 because split-plot treatments
had not yet been applied.

3.6.3. Results

We found no effect of canopy gap size on total vegetation cover in any year at Camp Lejeune
(Figure 3.6.2), with mean cover of 76%, 83%, 69%, and 50% in 2008, 2009, 2010, and 2012
respectively. At Fort Benning, we found that LG plots had greater mean cover (51%) then SG
plots (38%) in 2009 and the LG plots had greater mean cover (43%) than MG plots (33%) and
SG plots (34%) in 2012. Although the pattern was not consistently significant, we observed a
general trend of increasing cover associated with increasing gap size at Fort Benning. There was
a significant interaction between main-plot and split-plot treatments in 2010 at Fort Benning (p =
0.0016), in which there were split-plot treatment effects in LG and SG plots but not in MG plots
(Figure 3.6.3). There were no other significant interaction effects on total vegetation cover. In
2009, there were significant split-plot effects at Fort Benning and at Camp Lejeune; at both study
locations, H and H+F plots had significantly less total vegetation cover than NT plots. This
pattern was observed in 2010 at Camp Lejeune, but there were no longer significant split-plot
effects at either location in 2012 (Figure 3.6.3). We found no significant interactions of gap size
and direction (p > 0.4885) or cultural treatment and direction (p > 0.1592) at either location in
any year. Gap direction had no significant effect on total vegetation cover in any year at Fort
Benning or at Camp Lejeune (Table 3.6.1).

Similar to results from uniform plots (Section 3.4), we found that herbaceous vegetation
dominated ground layer cover in gap plots at Fort Benning, but herbaceous and woody cover
were more equally represented at Camp Lejeune (Figure 3.6.4). We found no effects of gap size
on herbaceous or woody cover in any measurement year at Fort Benning or at Camp Lejeune.
Herbaceous cover averaged 38%, 30%, 38%, and 19% in 2008, 2009, 2010, and 2012 at Fort
Benning and averaged 34%, 34%, 28%, and 23% over the same years at Camp Lejeune, while
woody vegetation cover averaged 15%, 16%, 19%, and 18% in 2008, 2009, 2010, and 2012 at
Fort Benning as compared to 41%, 49%, 41%, and 26% during the same years at Camp Lejeune.

There were significant effects of cultural treatments on herbaceous vegetation cover in 2009 at
both locations (Figure 3.6.5), and the H plots had significantly less cover than the H+F plots at
both sites. Although herbaceous cover was greatest on NT plots at Fort Benning, it was not
different from H and H+F plots at Camp Lejeune. There was no effect of cultural treatment on
woody vegetation cover at Fort Benning, but at Camp Lejeune woody cover was significantly
greater on NT plots than on both H and H+F plots in every year (Figure 3.6.5). We did observe a
significant gap size*cultural treatment interaction for 2010 herbaceous vegetation cover at Fort
Benning (p = 0.0080). Generally, we found slight reductions in herbaceous cover on H and H+F
plots when compared to NT plots for LG and SG gaps, although the treatment differences were
not consistent and likely responsible for the observed interaction (Figure 3.6.5e). There were no
significant gap size*direction or cultural treatment*direction interactions for herbaceous or
woody vegetation in any year at either location (p > 0.2162). Herbaceous cover was
significantly greater on the north half of gaps than the south half of gaps at Camp Lejeune in
2010 and 2012, but direction effects were not significant for herbaceous cover at Fort Benning
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Figure 3.6.2. Total vegetation cover (mean + one standard error) by gap size from Fort Benning
in 2008, 2009, 2010, and 2012 (A, C, E, and G) and from Camp Lejeune (B, D, F, and H). The
same letter means no significant difference in pair-wise comparisons at o = 0.05.
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Figure 3.6.3. Total vegetation cover (mean + one standard error) by split-plot treatment from
Fort Benning in 2009, 2010, and 2012 (A, C, and E) and from Camp Lejeune (B, D, and F).
Panel G shows differences among split-plot treatments within each main-plot with the significant
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Table 3.6.1. Vegetation cover (total, herbaceous, woody; mean and one standard error) by gap
direction in each year and associated p-values for a significant direction effect

North South

Site Year Cover group Mean SE Mean SE p-value
Fort 2008 Total 544 3.3 51.7 4.7 0.2035
Benning Herbaceous 382 29 385 44 0.8909
Woody 16.2 3.0 13.2 2.1 0.0090

2009 Total 43.8 5.7 42.8 6.0 0.7290
Herbaceous 29.1 45 289 4.2 0.9532

Woody 147 21 139 25 0.6102

2010 Total 55.1 5.9 555 7.1 0.8254
Herbaceous 372 5.0 375 57 0.8272

Woody 18.0 2.3 18.1 2.4 0.9495

2012 Total 36.6 3.5 36.5 55 0.9656
Herbaceous 19.7 35 18.8 3.7 0.6864

Woody 178 1.3 186 2.5 0.7477

Camp 2008 Total 75.5 3.6 76.3 1.9 0.6220
Lejeune Herbaceous 37.0 49 335 3.7 0.1968
Woody 385 3.1 429 2.8 0.0261

2009 Total 824 9.1 79.8 10.0 0.2804
Herbaceous 353 6.0 315 6.0 0.5528

Woody 471 5.1 48.3 54 0.6806

2010 Total 66.4 6.6 33.2 6.8 0.7575
Herbaceous 321 7.3 266 4.4 0.0131

Woody 343 4.2 39.6 5.6 0.0068

2012 Total 53.0 5.7 434 6.5 0.0281
Herbaceous 26.4 5.7 18.7 3.2 0.0194

Woody 26.6 4.2 246 5.0 0.4486
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letter means no significant difference in pair-wise comparisons at oo = 0.05;* = significant
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(Table 3.6.1). Woody cover was significantly greater on the north half of gaps than the south half
of gaps at Fort Benning in 2008, but we found the opposite trend for woody vegetation in 2008
and 2010 at Camp Lejeune.

The initial analyses found no interaction of gap size and cultural treatment in LG plots (p >
0.1185), so data were pooled across cultural treatments for the repeated measures analyses. There
were no interactions between year and canopy gap position in LG plots at either site for any
vegetation cover variable (p > 0.5022). At Fort Benning, total vegetation cover and herbaceous
vegetation cover increased from the forest edge into the gap center, but woody vegetation cover
did not differ among gap positions (Figure 3.6.6). There were no effects of canopy gap position
on vegetation cover in LG plots at Camp Lejeune. At both study locations, total vegetation cover
decreased between 2010 and 2012 in LG plots. At Fort Benning, the decrease was driven by a
reduction in herbaceous vegetation, and at Camp Lejeune there by a decrease in woody
vegetation between 2010 and 2012 (Figure 3.6.6).

In MG plots, both herbaceous and woody vegetation increased from the forest edge to the gap
interior at Fort Benning (Figure 3.6.7), but there were no significant increases from 10 m from
the forest edge to gap center. At Fort Benning, herbaceous vegetation decreased from 2010 to
2012 in MG plots, but woody vegetation did not change. There was no effect of gap position on
herbaceous vegetation at Camp Lejeune. At both sites, there were significant interactions
between cultural treatment and canopy gap position on total vegetation cover in MG plots. At
Fort Benning, total vegetation cover increased from the forest edge to the gap center for each of
the cultural treatments, but at Camp Lejeune there was no effect of gap position on either NT or
HF treatments (Figure 3.6.8). At Fort Benning, total cover decreased on each cultural treatment
between 2010 and 2012, but total cover did not decrease on HF split-plots between 2010 and
2012 at Camp Lejeune.

Total vegetation cover, herbaceous vegetation cover, and woody vegetation cover increased from
the forest edge to gap center in SG plots at Fort Benning (Figure 3.6.9). Total vegetation cover
and herbaceous vegetation cover increased between 2009 and 2010 but then decreased by 2012,
but woody vegetation cover increased each year. At Camp Lejeune, there was no effect of gap
position on the cover of total vegetation or herbaceous vegetation, both of which decreased
between 2010 and 2012 (Figure 3.6.9). There were significant interactions between the cultural
treatments and canopy position effects on woody vegetation cover in MG and SG plots at Camp
Lejeune. However, there were no significant effects of gap position on woody vegetation cover
for any of the cultural treatments in MG or SG plots (Figure 3.6.10). For each of the cultural
treatments, woody vegetation cover generally decreased from 2009 through 2012 in MG and SG
plots at Camp Lejeune (Figure 3.6.10).

3.6.4. Discussion

The expected association between the amount of canopy removal and increased ground layer
vegetation growth (Anderson et al. 1969, Grelen and Enghardt 1973, Ares et al. 2010; see
Section 3.4) was not consistently observed when we compared mean ground layer cover among
different sized gaps. At Fort Benning, such a trend was significant in 2009 and somewhat
apparent in the other years, but there was no pattern in vegetation cover among the gap sizes at
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Figure 3.6.6. Cover (mean + one standard error) of total vegetation, herbaceous vegetation, and
woody vegetation in LG plots by A) canopy gap position at Fort Benning, B) canopy gap

position at Camp Lejeune, C) year at Fort Benning, and D) year at Camp Lejeune. The same

letter indicates no significant difference within a variable at a = 0.05.
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A) Fort Benning - MG, Gap Position effect
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Figure 3.6.7. Cover (mean * one standard error) of herbaceous vegetation and woody vegetation

at Fort Benning and herbaceous vegetation at Camp Lejeune in MG plots by A) canopy gap

position at Fort Benning, B) canopy gap position at Camp Lejeune, C) year at Fort Benning, and
D) year at Camp Lejeune. The same letter indicates no significant difference within a variable at

o=0.05.
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A) Fort Benning - MG, Gap Position effect B) Camp Lejeune - MG, Gap Position effect
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Figure 3.6.8. Cover (mean * one standard error) of total vegetation by cultural treatment in MG
plots for A) canopy gap position at Fort Benning, B) canopy gap position at Camp Lejeune, C)
year at Fort Benning, and D) year at Camp Lejeune. The same letter indicates no significant
difference within a variable at a = 0.05.
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A) Fort Benning - SG, Gap Position effect

B) Camp Lejeune -SG, Gap Position effect
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Figure 3.6.9. Cover (mean + one standard error) of vegetation cover in SG plots by A) canopy
gap position at Fort Benning, B) canopy gap position at Camp Lejeune, C) year at Fort Benning,
and D) year at Camp Lejeune. The same letter indicates no significant difference within a

variable at o = 0.05.
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A) Camp Lejeune - MG, Gap Position effect
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Figure 3.6.10. Cover (mean * one standard error) of woody vegetation by cultural treatment at
Camp Lejeune by A) canopy gap position in MG plots, B) canopy gap position in SG plots, C)
year in MG plots, and D) year in SG plots. The same letter indicates no significant difference

within a variable at oo = 0.05.
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Camp Lejeune. Total vegetation cover in forest gaps was maximized within 10 m of the forest
edge or there was no significant effect of gap position on vegetation cover at Camp Lejeune, but
at Fort Benning vegetation cover generally did not reach the maximum until 20 m into the gap
interior. It is likely that the overall greater abundance of vegetation at Camp Lejeune and the
reduced importance of gap position on vegetation cover resulted in the lack of a gap size effect at
Camp Lejeune. In longleaf pine forests of southwestern Georgia, McGuire et al. (2001) reported
that mean biomass of understory vegetation increased with increasing gap size (intact canopy,
0.11 ha, 0.41 ha, 1.63 ha gaps), and aboveground biomass of ground layer vegetation reached a
maximum 18 m from the forest edge after two growing seasons. Their results are similar to that
observed at Fort Benning, which is geographically and ecologically more similar to the sites of
McGuire et al. (2001) than are the Camp Lejeune sites.

The morphology and growth habits of herbaceous and woody vegetation are likely to affect their
respective response to increases in resource availability. Pecot et al. (2007) used results from a
trenching experiment in canopy gaps in longleaf pine forests in southwestern Georgia to suggest
that the growth response of woody plants, with deeper roots than the herbaceous layer, is more
strongly controlled by competition with canopy pines for below-ground resources than for
competition for light. Herbaceous vegetation, on the other hand, was found to respond more
strongly to increases in light availability. Similarly, Harrington and Edwards (1999) found that
increased abundance of herbaceous vegetation following canopy removal was most strongly
controlled by increases in light availability and to a less extent soil moisture. At Camp Lejeune,
we observed higher cover of woody vegetation on the south half of gaps than on north half of
gaps in 2008 and 2010 despite higher levels of light on the north half of gaps (see Section 3.7),
suggesting that below-ground dynamics may be driving the observed differences. The increase
in herbaceous cover on the north half of gaps in 2010 and 2012 at Camp Lejeune is not
surprising because herbaceous vegetation is expected to respond to increases in light, especially
when woody vegetation is not an abundant source of competition.

Control of woody vegetation is often an objective of ground layer restoration in longleaf pine
forests, as the reduction of woody vegetation abundance is expected to increase the abundance of
herbaceous vegetation (Haywood et al. 2001, Provencher et al. 2001, Freeman and Jose 2009).
One concern with the use of patch cutting for longleaf pine restoration is the release and
subsequent dominance of woody ground layer species (Jack, et al. 2006, Kirkman et al. 2007),
especially if reduced needlefall limits the effective use of prescribed fire as a management tool
(Mitchell et al. 2006, Kirkman et al. 2007). Despite a general dominance of woody ground layer
vegetation at Camp Lejeune, we did not observe any significant effects of gap position on woody
cover. Although woody vegetation cover increased toward gap center at Fort Benning (with the
exception of in LG plots), herbaceous vegetation dominated the ground layer in all three years.
Woody vegetation encroachment is not increasing at Fort Benning. We think it likely that
herbicides used during site preparation killed woody stems and subsequent conditions did not
favor new seedling establishment.

Similar to our observations in uniform plots (see Section 3.4), the imazapyr herbicide used in this
study was effective at controlling woody vegetation at Camp Lejeune, with reductions in woody
vegetation that lasted through 2012. In 2009, the herbicide plus fertilizer treatment resulted in
greater herbaceous cover than that in herbicide-only plots, suggesting that herbaceous plants
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responded to the fertilizer addition with increased growth. However, effects of herbicides on
herbaceous vegetation were transient and no longer significant at either site after 2009. At Fort
Benning, the sulfometuron methyl treatment was applied to 100% of the sampled area in gaps
compared to only around 30% of the sampled area in the uniform plots. Consistent with the
difference in area treated, we found a stronger herbicide effect in the gap plots than in the
uniform plots (Section 3.4), where the fertilizer treatment increased herbaceous cover to similar
levels as the untreated plots. With the complete herbicide coverage in gap sample areas, the
response to the fertilizer was limited because there was scant live vegetation present to use the
fertilizer and cover was lower than that on untreated plots. The difference in herbaceous cover
between the uniform and gap plots represents different methods of application: broadcast, or
complete control, in gap plots compared to band-spraying in uniform plots. Managers requiring
control of herbaceous vegetation can use band-spray application to reduce competition with
planted longleaf pine seedlings at the local seedling level, while maintaining greater abundance
of herbaceous vegetation at the stand level.

135



3.7. Effects of canopy density and distribution on light availability, soil moisture and
temperature, and soil nitrogen in pine stands at Fort Benning and Camp Lejeune

Results reported in this section address research objective O-6.

3.7.1. Introduction

Land managers commonly use silvicultural techniques to manipulate growing conditions for
target species or individuals, often by removing canopy trees. Canopy removal generally
increases the availability of resources (light, nutrients, water) for planted seedlings and other
vegetation by eliminating competition from the canopy (e.g. Smith et al. 1997). Light
availability at the forest floor is closely related to measures of canopy density because canopy
trees are the primary source of light interception within a forest system (Battaglia et al. 2002).
However, increases in ground layer or midstory plants following canopy removal may
redistribute the level of light interception. Effects of canopy removal on soil nutrients are much
more complex; canopy trees provide nutrient inputs through litterfall, uptake nutrients for their
own use, and affect microbial activity, litter decomposition, and nutrient release through
moderation of soil moisture and temperature (Marshall 2000, Prescott 2002). Nitrogen is the
most commonly studied nutrient of forest systems, and previous studies have commonly reported
increases in nitrogen following harvesting (Matson and Vitousek 1981, Attiwill and Adams
1993, Titus et al. 2006). Past research has reported varying results of canopy removal on soil
moisture, with increases in soil moisture caused by reduced uptake and transpiration by canopy
trees (Elliot et al. 1998) and decreases in soil moisture associated with drying effects of increased
exposure to solar radiation (Redding et al. 2003). Increased solar radiation also commonly
results in increased soil temperatures following timber harvest (Londo et al. 1999, Redding et al.
2003, Moroni et al. 2009).

Natural longleaf pine regeneration is often most successful within canopy gaps, and patch cutting
has been proposed as a silvicultural technique for restoring longleaf pine while retaining existing
canopy trees for other ecological services. Canopy gaps as small as 0.1 ha have been found to be
sufficient for increasing longleaf pine seedling growth (McGuire et al. 2001, also see Section
3.2), suggesting that important changes in resources occur following relatively small-scale
canopy removals. Extensive research has been done on the effects of canopy gaps on the micro-
environment and site resources in tropical forest systems (e.g. Denslow 1980, Brown 1993,
Denslow 1998), where openings in the canopy create very different growing environments than
that under the intact canopy. Characteristics of stand structure, including tree height and density,
affect the distribution of resources within canopy gaps (Canham et al. 1990), and the relatively
open-canopied pine forests of the southeast represent a unique stand structure in which gap
dynamics are not fully understood. The smaller spatial extent of canopy gaps as opposed to
clear-cut areas allow for evaluation of positional changes in resource distribution following
canopy removal, and understanding the dynamics of resource distribution within gaps will
inform land managers interested in utilizing patch-cutting as a silvicultural technique for longleaf
pine restoration.

The primary objective of this study was to determine the effects of silvicultural treatments that
manipulate canopy density and distribution on resources (light, soil moisture, available soil
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nitrogen) in upland pine stands. Specifically, we were interested in understanding how: 1)
canopy density affects available resources; 2) cultural treatments (herbicide and fertilizer) affect
available resources; and 3) gap size and position along the north/south axis affect available
resources.

3.7.2. Methods

This study was a part of the field experiment replicated at Fort Benning and Camp Lejeune.
Study sites, experimental design and treatments are described Section 3.1.

3.7.2.1. Data collection

LiIcGHT—We used hemispherical photographs to quantify light availability at the main-plot level
in July-August, 2008. Hemispherical photographs use geographic information to calculate
direct, diffuse, and total light levels that reach a given point throughout the year and have been
found to be an accurate assessment of light availability (Canham 1988, Comeau et al. 1998,
Battaglia et al. 2003) Within each uniform main plot, we systematically located sampling points
at two corners of each split-plot measurement area, with one sampling point at the corner closest
to main-plot center and the other located diagonally across each split-plot (n = 8 for each uniform
main-plot). In all gap plots, we established sampling points at 10 m intervals along a transect
extending north/south across the center of each gap (the number of sampling points varied with
gap size). At each sampling point, we mounted a Nikon Coolpix 4500 digital camera that was
equipped with a 180° fisheye lens on a self-leveling mount at a height of 1.4 m (DBH). The lens
was adjusted to be level with the horizon, and an image of the canopy above each sampling point
was captured. To prevent glare and light reflection off foliage, all hemispherical photographs
were taken at dawn, dusk, or uniformly cloudy days when the sun was not directly in the image.

To determine effects of ground layer vegetation on light transmittance to longleaf pine seedlings,
we quantified photosynthetically active radiation (PAR) at the ground level using an AccuPAR
model LP-80 ceptometer (Decagon Devices, Inc.). Measurements of PAR we made only at Fort
Benning because we were unable to move the equipment between Fort Benning and Camp
Lejeune on a schedule that permitted measuring both locations. All PAR measurements were
collected in June-July, 2010. In uniform plots, we selected the longleaf pine seedling that was
positioned closest to each split-plot corner and the seedling positioned closest to the split-plot
center (target seedlings; n = 5 seedlings per split-plot). We measured PAR 15 cm above the
ground directly adjacent to each selected seedling, with care taken to avoid shade from the target
seedling. We measured PAR two times at each seedling, with readings taken along
perpendicular sides of each seedling. Immediately following seedling-level readings, we
repeated PAR measurements at 1.4 m above each target seedling to determine a proportion of
light that was penetrating the ground layer vegetation to reach the forest floor. Measurements of
PAR were only collected at Fort Benning due to logistics with equipment use, and all PAR
measurements were collected in June/July 2010.

SOIL MOISTURE AND TEMPERATURE—IN each uniform plot, we measured soil moisture and

temperature adjacent to the 5 target seedlings selected for light transmittance estimates.
Volumetric soil moisture was measured in the upper 6 cm using a ML2 ThetaProbe moisture
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meter (Delta-T Devices, Ltd.). The ThetaProbe generates a 100 MHz signal between stainless
steel rods extended into the soil, and impedance of the signal between the rods is related to the
water content of the soil. We took readings of soil moisture directly east and directly west of
each selected seedling. Soil temperature was taken at a depth of 10 cm using a digital
thermometer. In each gap plot, we measured soil moisture and temperature at each sampling
point established for hemispherical photographs, located at 10 m intervals along a north/south
transect through gap center. At Fort Benning, sampling points extended to 20 m into the forest
on either end of the transect; at Camp Lejeune, sampling extended to 10 m into the forest on
either end. All readings within a block were recorded within two hours to maintain consistent
ambient conditions, and no readings were recorded within 24 hours of a precipitation event.
Measurements were collected in both May and September in 2009 and in June, July, and August
in 2010, and the mean values for each year are reported here.

In each LG plot, we used a PR2 Profile Probe (Delta-T Devices, Ltd.) to measure volumetric soil
moisture at depths of 10, 20, 30, 40, 60, and 100 cm. At each 10 m sampling interval we
installed a thin-walled fiberglass access tube into which the Profile Probe was inserted for
measurement. The Profile Probe generates a 100 MHz signal that is applied to two stainless steel
rings at each soil depth, and the stainless steel rings transmit an electromagnetic field that enters
the soil around the access tube. The permittivity of the soil is determined by the water content,
and an output reading of voltage is converted to volumetric soil moisture through a calibrated
equation. Profile moisture was only measured within the large gaps.

AVAILABLE sOIL NITROGEN—We used ion exchange resins (IER) to quantify available nitrogen at
different positions within each large gap. The IER technique was developed by Binkley and
Matson (1983) and is an effective method for measuring ammonium (NH,") and nitrate (NO3) as
it moves through the soil and is thus available to plants (Binkley 1984, 1986). Each IER bag was
prepared by mixing 10 g of IONAC C-249 cation (Sybron Chemicals, Inc.) and 10 g IONAC
ASB-1P OH anion (Sybron Chemicals, Inc.) ina 5 x 5 cm nylon bag. Nylon bags were created
from stocking material, and the edges of the nylon bags were sealed with a heat sealer to prevent
stretching and to maintain the size and shape of the bags.

In each large gap, we sampled available soil nitrogen at specific positions on both the north and
south half of gaps: gap center (40 meters from forest edge), halfway between gap center and the
forest edge (20 m from the forest edge), at the forest edge (0 m from the forest edge) and 10 m
into the forest interior (-10 m from the forest edge). At each position, we sub-sampled soil N in
three locations: along gap center, halfway between the two longleaf pine seedling rows east of
center, and halfway between the two longleaf pine seedling rows west of center. In July 2010,
we buried one IER bag 5 cm below the soil surface at each sampling point at Fort Benning.
Resin bags were removed in October of 2010 after field incubation for 92 days. In June 2012,
we followed the same protocol at each study location, with resin bag removal in October 2012.
Care was taken to minimize impacts to the soil surface during installation.

Following removal, IER bags were immediately placed in a cooler for storage for transport to the
laboratory and kept in cold storage until extraction. During extraction, each IER bag was placed
in 100 ml of 2M KCI and placed on a shaker for 24 hours. The resulting solution was filtered

through ashless filter paper and analyzed colorimetrically using a Lachat Auto-Analyzer (Lachat
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Instruments) by the USDA Forest Service Rocky Mountain Research Station water lab in Fort
Collins, CO.

3.7.2.2. Data analyses

We used HemiView version 2.1 Canopy Analysis Software (Delta-T Devices, Ltd) to calculate
light availability for each hemispherical photograph. HemiView uses the longitude and latitude
for the study site to determine the diurnal and annual sunpath in each image. A user-defined
threshold of light intensity classifies each pixel as open sky or sky obstruction, allowing
HemiView to calculate gap fraction and the diffuse and direct solar radiation that reaches the
photograph location. For each image, we then calculated the Gap Light Index (GLI) or the
percentage of incident PAR transmitted to a point in the understory over the course of a growing
season (Canham 1988), using the following equation:

GLI = [(Taiftuse * Paiftuse) + (Toeam * Pbeam)] * 100

where Pgifruse aNd Ppeam are proportions of incident seasonal PAR reaching the top of the canopy as
diffuse and direct radiation, respectively, and Tgiuse and Tpeam are proportions of diffuse and
direct radiation reaching the hemispherical photograph. We assume that Pgituse and Ppeam are
equal to 0.5 (Comeau et al. 1998, Gendron et al. 1998, Battaglia et al. 2002).

We used the PAR values measured with the ceptometer to calculate the percent light
transmittance through the ground layer vegetation at each sampling position. Percent light
transmittance was calculated as mean PAR at the ground level divided by mean PAR at 1.4 m
(above ground layer vegetation) and converted to a percent. To integrate the effects of canopy
and sub-canopy vegetation on light transmittance to the forest floor, we multiplied the calculated
canopy light transmittance (GLI) by the calculated ground layer light transmittance (sub-canopy
transmittance; SCT) as a measure of total light transmittance (TLT) at the seedling level.

We calculated average GLI at the main-plot level and used Analysis of Variance (ANOVA) with
a random block effect to determine effects of all seven main-plot canopy treatments on light
availability. We determined differences in least square means using post-hoc pairwise
comparisons with Tukey’s adjustment. We calculated mean percent light transmittance through
the ground layer, soil moisture at 6 cm, and soil temperature at the split-plot level for uniform
main-plots, and we used split-plot ANOVA with a random block effect to determine main-plot
effects, split-plot effects, and main*split-plot interaction effects on response variables.

For gap plots, we used one-way ANOVA with a random block effect to determine the effect of
gap position on GLI, light transmittance, surface soil moisture, and soil temperature for each gap.
Linear contrasts were used to compare GLI at in the north half of gaps to GLI in the south half of
gaps at 10, 20, 30, 40, and 50 m from gap center. We used split-plot ANOVA with gap size as
the main-plot treatment and gap direction (north vs. south) as the split-plot treatment to
determine such effects on light transmittance, soil surface moisture, and soil temperature.
Because only LG plots were used for profile soil moisture and nitrogen availability, we used one-
way ANOVA with a random block effect to test effects of gap position and of gap direction
(north vs. south) on those variables. We used linear contrasts to determine differences in
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nitrogen availability (NH,", NO3’, and total) between positions within the gap (20 m from the
forest edge in either direction and gap center) and positions beneath the intact canopy (in either
direction).

3.7.3. Results

3.7.3.1. Light

Light availability at 1.4 m from the ground was significantly affected by the canopy treatments at
Fort Benning and at Camp Lejeune (Figure 3.7.1), with the lowest light levels on the uncut
Control plots. GLI increased in uniform treatments with decreasing basal area and was near
100% in Clearcut plots. The average GLI in gap plots was highest on LG plots and decreased
with gap size, although all canopy gaps had higher light levels than the uncut Control plots.
Within gaps, light levels increased from within the forest to gap center at both study sites, with
the highest levels of light slightly north of gap center (Figure 3.7.2). Regardless of gap size, the
north half of the gaps received higher light levels than the south half of the gaps at both study
sites (Figures 3.7.3-3.7.5). The direction effect was strongest (i.e. greatest difference between
the north and south sides) at the forest edge for all gap sizes, although we found no effect of
direction on GLI at distance from gap center in the SG plots at Camp Lejeune (Figure 3.7.5).

We found a significant main-plot treatment effect on light transmittance through the ground layer
vegetation at Fort Benning, where light transmittance was highest on the uncut Control plots and
lowest on the Clearcut plots (Figure 3.7.6a). There was no main-plot*split-plot treatment
interaction (F = 0.30; p = 0.9327) and no split-plot treatment effect (Figure 3.7.6b). Despite the
higher interception of light by sub-canopy vegetation on Clearcut plots, the Total Light
Transmittance was highest on Clearcut and lowest on Control plots, with no significant split-plot
effects on total light transmittance (Figure 3.7.6). Among the gap plots, we found no interaction
effect between gap size and gap direction (F = 1.38; p = 0.2455) and there was no effect of gap
size (F = 2.22; p = 0.1457) or direction (F = 0.01; p = 0.9390) on light transmittance. Although
all gaps showed a similar general pattern, with the highest levels of light transmittance within the
forest canopy and decreasing transmittance toward gap center, we only found significant position
effects in the MG plots (Figure 3.7.7).

3.7.3.2. Soil moisture and temperature

There were no significant interactions between uniform main-plot and split-plot effects on soil
moisture at a 6 cm depth in 2009 or 2010 at Fort Benning (p > 0.2908) or at Camp Lejeune (p >
0.0762). We observed a general pattern of increasing soil moisture with increasing basal area in
both years at Fort Benning, but we found no significant effects of main-plot treatments on soil
moisture at either site (Table 3.7.1). There were no significant main-plot by split-plot interaction
effects on soil temperature in uniform plots in either year at Fort Benning (p > 0.0650) or at
Camp Lejeune (p > 0.8572). There were no main-plot effects on soil temperature in either year
at Camp Lejeune, but we found that uncut Control plots had significantly lower soil temperatures
when compared to the LowBA and Clearcut plots at Fort Benning in 2009 (Table 3.7.1). In
2010, the Clearcut plots had higher temperatures than all other treatments at Fort Benning. We
found significant split-plot treatment effects on soil temperature in 2009 at Fort Benning and
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Figure 3.7.1. Gap light index (mean + one standard error) by main-plot treatment at Fort Benning
and Camp Lejeune. Different letters indicate significant treatment differences within a study
location.

141



100F  A) Fort Benning . k/%_ppi%%%oo11 ;
i — —v——  SG;p < 0.0001
90 ]
3 [
< sof 1
x 3
® [
2 70f .
= [ ]
2 60r .
Q i
m L
O 50f ]
aof ]
30 [ 1 L 1 1 1 1 1 L 1 1 1
50 40 30 20 10 0 10 20 30 40 50
South North
Distance from gap center (m)
i _ ——— LG;p<0.0001 ]
199 B) Camp Lejeune — — —  MG;p < 0.0001
[ - —%—— SG,;p < 0.0001
90t 7
X i
~ 80 ]
> |
£ y
£ 70r 7
£
=2 60f ]
Q i
© B
O s0r ]
a0f g
30 [ 1 L L 1 1 1 L 1 L

50 40 30 20 10 0 10 20 30 40 50
South North

Distance from gap center (m)

Figure 3.7.2. Gap light index (mean + one standard error) by distance from gap center for LG,
MG, and SG at A) Fort Benning and B) Camp Lejeune. The forest edge locations at each gap are
as follows: LG = 40m, MG = 30m, SG = 20m.

142



A) Fort Benning - LG

120} m=. South ' % * p=00419
L 1 North 5 @
: é 70
1001 =
I p=04189 . (ge7 8"
BQ : p= 0.0001 & South Narth
et L Direction
- p < 0.0001
()
©
£ a0k p = 0.0008 1
= ]
2 |
o 40f i
2 40¢
Qo
20f ]
5t
10 20 30 40 50
Distance from gap center (m)
B)Canu:Lqeune LG
120_— W South & %} p=0.0079
L 1 North Fe
: é 70
100f 5
. [ p=0.4079 p=01264 & B0
é p = 0.0051 2 South Narth
é 80 i p= 0.0069 Direction
T | p = 0.3300
= 60 ]
= [
2 |
o L ]
o 40T
)] [
201 .
o
10 20 30 40 50

Distance from gap center (m)

Figure 3.7.3. Gap light index (mean + one standard error) by distance from center to south and
north in LG plots at A) Fort Benning and B) Camp Lejeune. p-values are from linear contrasts
that compare south and north directions. Insets: gap light index (mean + one standard error) by
direction. Different letters indicate significant differences.
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Figure 3.7.4. Gap light index (mean + one standard error) by distance from center to south and
north in MG plots at A) Fort Benning and B) Camp Lejeune. p-values are from linear contrasts
that compare south and north directions. Insets: gap light index (mean + one standard error) by
direction. Different letters indicate significant differences.
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Figure 3.7.5. Gap light index (mean + one standard error) by distance from center to south and
north in SG plots at A) Fort Benning and B) Camp Lejeune. p-values are from linear contrasts
that compare south and north directions. Insets: gap light index (mean + one standard error) by
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Table 3.7.1. Volumetric soil moisture (%) and soil temperature (°C) by main-plot and split-plot treatment at Fort Benning and Camp
Lejeune. In 2009, measurements were taken in May, and 2010 values are the average of measurements taken in July and August.
Different letters indicate significant differences within a year, variable, and treatment group

2009 2010
Volumetric Soil Volumetric Soil
soil moisture (%) temperature (°C) soil moisture (%) temperature (°C)
Site Effect Mean SE Mean SE Mean SE Mean SE
Fort Control  17.84 1.84 24.26" 1.55 |7.07 1.68 31.16° 0.41
Benning MedBA 16.47 3.00 2456% 1.50 |6.89 1.84 31.87° 0.55
LowBA 14.10 285 25.81° 1.69 |5.93 1.75 31.85" 0.45
Clearcut 14.01 2.67 25.62° 1.28 | 4.66 1.42 33.84% 0.81
p-value 0.0810 0.0078 0.3966 0.0056
NT 15.28 2.59 24.76" 1.44 |6.20 1.59 31.98 0.33
H 16.40 249 2528 152 |6.01 1.55 32.42 0.49
H+F 15.14 232 25.15° 1.53 |5.49 1.35 32.28 0.50
p-value 0.2452 0.0053 0.4891 0.1673
Camp Control 14.18 1.25 22.53 049 |7.80 0.75 26.65 0.19
Lejeune MedBA 13.01 1.79 2244 0.89 | 8.29 1.31 26.37 0.29
LowBA 16.46 1.73 22.33 0.61 |8.16 0.78 26.05 0.42
Clearcut 15.21 4,05 22.12 0.58 | 6.52 1.16 26.20 0.46
p-value 0.8578 0.7486 0.3034 0.5691
NT 14.74 131  22.16° 0.53 |8.05% 0.65 26.21™ 0.23
H 14.74 2.33  22.66° 048 |7.12° 0.78 26.66% 0.29
H+F 15.17 154 2256 052 |7.16" 0.48 26.49% 0.23
p-value 0.8271 <0.0001 0.0064 <0.0001




Table 3.7.2. Volumetric soil moisture (%) and soil temperature (°C) by gap size and direction at Fort Benning and Camp Lejeune. In
2009, measurements were taken in May, and 2010 values are the average of measurements taken in July and August. No soil
temperature measurements were taken in 2009 at Fort Benning due to problems with equipment. Different letters indicate significant
differences within a year, variable, and treatment group

6v1

2009 2010
Volumetric Soil Volumetric Soil
soil moisture soil moisture
(%) temperature (°C) | (%) temperature (°C)
Site Effect Mean SE Mean SE Mean SE Mean SE
Fort LG 15.51 206 - - 6.74 1.80 32.84 0.49
Benning MG 15.27 291 - - 7.20 230 32.66 0.61
SG 14.02 3.76 - - 6.31 221 32.09 0.67
p_
value 0.8359 - 0.8812 0.2953
South 16.542 288 - - 7.942 222 32.01° 0.37
North  13.50° 210 - - 5.64" 1.43 33.02% 0.67
p_
value 0.0007 - 0.0041 <0.0001
Camp LG 18.35 1.05 22.64° 0.70 | 10.25 0.79 26.68 0.45
Lejeune MG 20.54 259 21.37° 0.58 |9.31 1.00 26.23 0.47
SG 16.90 1.89 21.75° 0.53 |9.14 1.19 26.01 0.29
p_
value 0.3426 0.0028 0.5425 0.5028
South  17.93 151 21.72° 0.59 |9.53 1.07 26.06° 0.27
North 19.41 2.01 22.20° 0.53 |9.34 0.77 26.48% 0.27
p_
value 0.4215 <0.0001 0.5821 0.0132




in both years at Camp Lejeune, with the general pattern of higher temperatures on H and H+F
plots when compared to the plots not treated with herbicides.

Among the gap plots, we found no significant interaction effects between gap size and gap
direction for soil moisture or soil temperature in either year at Fort Benning (p= 0.4682) or at
Camp Lejeune (p= 0.0932). Gap size had no effect on soil moisture at either site, but we found
higher soil temperatures in LG plots than in MG or SG plots in 2009 at Camp Lejeune (Table
3.7.2). At Fort Benning, soil moisture was higher on the south half of gaps than the north half of
gaps in both years, and soil temperature was higher in the north half of gaps in 2010. Similarly,
soil temperature was higher on the north half of gaps at Camp Lejeune in both years, but we
found no effect of direction on soil moisture at Camp Lejeune (Table 3.7.2). Despite the effect of
direction on soil moisture at Fort Benning, we found no differences in soil moisture by position
in any of the gaps at either site (Figure 3.7.8). Soil temperature in 2010 was strongly affected by
gap position at Fort Benning, with a general pattern of increasing temperatures associated with
distance from the forest edge. Although there were significant position effects on soil
temperature at Camp Lejeune, particularly in 2009, there was no clear pattern of positional
effects on soil temperature (Figure 3.7.9).

In the LG plots, we found that soil moisture increased with depth in the soil at Fort Benning, but
was similar through the first 40 cm at Camp Lejeune (Figure 3.7.10). At Fort Benning, we found
a significant direction effect on soil moisture at 10, 20, and 60 cm in 2009 but only at 10 cm in
2010 (Figure 3.7.11). There were no effects of gap direction on soil moisture at any depth at
Camp Lejeune (Figure 3.7.11), and we found no significant effects of gap position at any depth
in 2009 or 2010 at Fort Benning or Camp Lejeune (Tables 3.7.3 3.7.4).

3.7.3.3. Soil nitrogen

We found no effects of gap direction on extractable NH;" in 2010 at Fort Benning, but both NO3”
and total N (NH4 +NO3") were higher on the north half of gaps than on the south half of gaps
(Figure 3.7.12). Generally, levels of NO3™ were higher than those of NH;*. We found a
significant effect of gap position on NO3™ and total N, where the position 20 m north of gap
center had significantly higher levels of N than that at the southern forest edge (Figure 3.7.13).
There was significant differences between extractable N from positions beneath the forest
canopy and positions within the gap interior (Figure 3.7.12). In 2012, there were no significant
differences in extractable N between the north and south half of gaps at Fort Benning or at Camp
Lejeune (Figure 3.7.14). At Camp Lejeune, both NO3" and total extractable N were greater in
positions beneath the forest canopy than from positions in the gap interior, but there were no
significant effects of forest position on extractable N at Fort Benning (Figure 3.7.15). We found
no effect of canopy gap position on NH4*, NOs', or total extractable N at either Fort Benning or
at Camp Lejeune in 2012 (Figure 3.7.14).

3.7.4. Discussion

The amount of light that penetrates the canopy is invariably related to the density of canopy
structures that intercept light. Battaglia et al. (2002) and Palik et al. (1997) reported strong
relationships between canopy openness and GLI levels in longleaf pine forests of Georgia.
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Figure 3.7.8. Volumetric soil moisture (%) (mean + one standard error) by position along the
north/south transect in LG, MG, and SG treatments at Fort Benning (A, C, and E) and Camp
Lejeune (B, D, and F).
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Figure 3.7.9. Soil temperature (°C) (mean + one standard error) by position along the north/south
transect in LG, MG, and SG treatments at Fort Benning (A, C, and E) and Camp Lejeune (B, D,
and F).
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Table 3.7.3. Volumetric soil moisture by gap position at 10, 20, 30, 40, 60, and 100 cm at Fort Benning, GA

Distance Volumetric soil moisture (%)
from forest 10 cm 20 cm 30cm 40 cm 60 cm 100 cm
Year Position edge (m) Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
2009 South -10 . . . . . . . . . . . .
Forestedge O 20.21 3.56 | 26.80 6.60 | 30.97 7.24 31.19 7.11 35.08 6.09 | 35.14 4.95
10 18.23 4.28 | 24.70 6.31 | 26.31 7.06 28.05 6.55 37.34 6.40 | 37.24 6.06
20 18.33 4.17 | 25.90 6.23 | 31.97 6.56 32.58 6.67 34.99 5.78 | 38.28 5.08
30 16.48 6.16 | 27.48 7.51 | 31.57 10.76 | 34.43 12.35 | 37.15 9.32 | 42.65 5.94
Gap center 40 14.04 458 | 19.61 4,94 | 27.90 7.54 28.09 9.08 31.12 6.44 | 35.54 6.12
30 13.55 3.18 | 19.00 3.01 | 2461 6.33 25.74 7.75 32.50 7.36 | 37.98 5.58
20 14.23 2.13 | 21.33 5.68 | 26.88 7.66 29.56 8.44 33.15 8.02 | 37.86 7.18
10 15.30 242 | 21.60 411 | 27.22 8.09 29.60 7.67 32.36 7.24 | 35.63 6.18
Forestedge O 10.54 229 | 17.94 3.76 | 26.71 7.73 30.57 7.35 30.66 6.91 | 35.06 8.50
North -10 14.64 4.72 | 18.81 4.47 | 26.85 7.99 28.28 8.43 32.47 7.58 | 28.87 6.19
p-value 0.2754 0.3536 0.9349 0.8910 0.0862 0.2552
2010 South -10 8.61 2.07 | 10.32 2.37 | 16.69 5.15 17.76 5.49 22.69 5.49
Forestedge O 10.18 2.00 | 12.92 3.67 | 14.98 4.58 17.95 5.37 23.51 6.32
10 9.22 2.33 | 1174 264 | 1134 2.85 13.58 2.86 23.91 6.04
20 10.36 1.95 | 13.62 4.04 | 1761 5.25 16.80 4.21 20.67 5.23
30 9.00 1.50 | 13.47 3.06 | 14.67 4.46 16.80 6.04 22.38 5.89
Gap center 40 7.98 1.87 | 9.16 2.23 | 1591 5.07 15.24 5.37 18.81 5.39
30 8.15 1.31 | 10.08 1.95 | 14.76 4.37 16.58 5.39 21.65 7.37
20 7.61 1.35 | 10.18 1.94 | 14.66 4.36 16.88 5.30 20.29 4.99
10 7.61 1.66 | 12.41 3.02 | 18.47 5.24 20.35 6.15 23.49 6.58
Forestedge O 6.47 1.19 | 10.71 2.07 | 1791 5.01 20.83 6.07 22.67 6.40
North -10 7.76 2.11 | 10.62 2.23 | 17.16 5.07 20.13 6.81 25.59 6.99
p-value 0.4212 0.6144 0.5788 0.5121 0.6032
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Table 3.7.4. VVolumetric soil moisture by gap position at 10, 20, 30, 40, 60, and 100 cm at Camp Lejeune, NC

Distance Volumetric soil moisture (%)
from forest 10 cm 20 cm 30cm 40 cm 60 cm 100 cm
Year Position edge (m) Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
2009 South -10 18.30 3.11 | 21.65 1.80 | 20.70 2.81 | 17.44 4.35 | 27.05 2.60 | 40.20 1.01
Forestedge O 15.16 2.11 | 19.27 3.15 | 14.12 2.89 | 14.47 2.58 | 27.59 1.87 | 38.87 2.79
10 20.95 295 | 17.14 3.04 | 19.52 3.06 | 21.26 2.65 | 28.13 3.56 | 41.23 2.23
20 18.40 2.88 | 17.82 3.17 | 22.49 229 | 2311 3.31 | 29.59 2.34 | 39.83 0.93
30 17.15 2.66 | 16.38 2.55 | 23.12 1.71 | 16.34 3.95 | 22.16 3.79 | 39.85 0.89
Gap center 40 15.83 2.72 | 17.66 139 |17.31 247 | 18.23 3.05 | 28.77 451 | 41.27 1.92
30 19.27 0.93 | 18.45 1.29 | 13.30 2.73 | 20.08 3.02 | 28.32 1.46 | 40.51 1.73
20 16.37 2.07 | 12.44 2.86 | 14.60 3.77 | 19.92 416 | 26.51 446 | 38.25 2.40
10 17.25 2.49 | 12.94 1.84 | 15.60 2.02 | 18.77 292 | 2241 3.43 | 39.05 2.51
Forestedge O 17.44 2.69 | 17.71 243 | 17.67 1.36 | 15.02 3.23 | 24.72 3.09 | 36.00 1.10
North -10 19.38 1.90 | 1857 1.93 | 18.63 3.05 | 18.02 3.94 | 2491 4.09 | 37.97 1.26
p-value 0.9017 0.2058 0.1653 0.8537 0.6983 0.5612
2010 South -10 13.04 2.23 | 17.00 1.86 | 17.83 3.74 | 15.62 3.72 | 21.97 2.50 | 40.67 1.00
Forestedge O 13.93 155 | 15.94 290 | 12.78 3.01 | 12.04 1.79 | 23.19 1.42 | 39.50 3.74
10 17.06 2.12 | 16.16 2.65 | 17.68 3.84 | 18.97 2.78 | 25.32 3.67 | 38.77 2.07
20 17.09 2.16 | 16.16 3.18 | 23.26 1.40 | 20.03 4.03 | 22.54 2.76 | 39.89 2.78
30 13.39 1.78 | 14.22 1.76 | 20.71 2.24 | 1557 3.58 | 18.67 2.44 | 39.82 0.80
Gap center 40 13.20 1.60 | 17.16 139 | 15.87 155 | 15.33 2.49 | 23.74 442 | 41.62 1.67
30 16.71 1.32 | 16.87 1.74 | 14.32 2.24 | 18.92 2.46 | 25.82 1.47 | 44.01 2.74
20 13.66 0.92 | 13.60 2.63 | 16.30 449 | 16.95 3.78 | 23.53 4.19 | 38.36 2.95
10 16.69 2.63 | 12.48 2.15 | 15.10 253 | 17.14 2.87 | 20.50 3.52 | 38.57 3.14
Forestedge O 12.92 1.74 | 15.15 199 |17.39 2.69 | 13.31 3.30 | 22.13 291 | 33.77 1.84
North -10 17.73 0.95 | 17.81 2.30 | 18.90 221 | 16.53 3.35 | 20.46 3.95 | 38.10 1.33
p-value 0.1547 0.7638 0.4016 0.7956 0.7672 0.2761
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Figure 3.7.12. Effect of gap direction on A) extractable NH4", B) extractable NO3", and C)
extractable total N (NH;" + NO3) in LG plots at Fort Benning in 2010. Different letters indicate
significant treatment differences.
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Figure 3.7.14. Extractable N (mean + one standard error) by direction (north vs. south) in large
gaps at A) Fort Benning and B) Camp Lejeune in 2012.
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Our results also demonstrate this relationship; we found very low levels of variability in GLI
within each main-plot treatment, resulting in different levels of GLI related to basil area
differences with each uniform treatment. A reduction in canopy density increases light
availability for target species (e.g., planted longleaf pine seedlings) but also increases light
availability for other vegetation and often results in increased abundance of ground layer
vegetation (Anderson et al. 1969, Grelen and Enghardt 1973; also see Sections 3.4 and 3.6). The
ground layer vegetation provides additional competition for light and can limit longleaf pine
seedling growth in the absence of a canopy layer (Knapp et al. 2008). Our results suggest that
the greater abundance of ground layer vegetation on Clearcut plots may intercept nearly 40% of
the available sunlight before it reaches the forest floor. Similar results were observed in gap
plots, where vegetation cover generally increased from the forest edge to gap center (see Section
3.6). Although we found no effect of our split-plot treatments on light transmittance at Fort
Benning in 2010, we expect that light transmittance would have been higher on H plots than on
NT plots in 2009. By 2010, there were no split-plot effects on total ground layer vegetation
cover (Section 3.4), but we found that herbicides (H plot) had reduced vegetation cover the first
season after application. The dynamics of light distribution within gaps in the forest canopy have
long been of interest to ecologists in many different forest types (e.g. Denslow 1980, Poulson
and Platt 1989, Gray et al. 2002). In the northern hemisphere, where the sun moves across the
southern portion of the sky, solar radiation is predictably greater on the northern half of gaps
than on the southern the southern half of gaps due to shade provided by trees along the southern
gap edge (Canham 1988, Gray et al. 2002, Ritter et al. 2005). However, the stand structure of a
given forest type can play an important role in light penetration through canopy gaps (Canham et
al. 1990). In longleaf pine forests in north central Florida, Brockway and Outcalt (1998) found
no significant effects of gap position on the transmittance of solar radiation and postulated that
the low density (< 60% canopy cover) of the longleaf pine forest resulted in higher levels of
diffuse light penetration regardless of canopy position. However, other studies in similarly open-
canopied longleaf pine forests reported significantly higher levels of light in the northern half of
gaps than in the southern half of gaps (McGuire et al. 2001, Gagnon et al. 2003). Our results
support the findings of differences in light availability along the north/south gradients of canopy
gaps, with the highest light levels slightly north of gap center.

Gendreau-Berthiaume and Kneeshaw (2009) discuss the importance of gap size on the position
of maximum light within a canopy gap and suggest that discrepancies in the gap position that
receives the most light among previous studies can be attributed to the analysis of gaps of
different sizes. They report that the highest light levels occur closer to the center of large gaps
and closer to the northern gap edge in small gaps. Our results did not support this finding, but
the largest gap in their study was slightly smaller (994 m?) than the smallest gap used in our
study (1025 m?). We did observe clear differences in average light levels among gap sizes, in
which gaps ~ 0.1 ha (SG) resulted in average light levels similar to MedBA plots, but gaps ~ 0.5
ha (LG) resulted in average light levels similar to LowBA plots.

Canopy removal affects multiple processes that can influence soil moisture, and previous studies
have reported variable responses of soil moisture to harvesting. For example, numerous studies
have found increases in soil moisture following canopy removal, and such increases are
commonly associated with decreased interception and transpiration by canopy trees (Aussenac
and Granier 1988, Elliot et al. 1998, Son et al. 1999). Breda et al. (1995) directly measured soil
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moisture, interception, and transpiration rates in thinned and unthinned oaks stands and found
higher soil moisture levels, lower interception rates, and lower transpiration following thinning.
However other studies have reported that raised exposure to solar radiation increases soil
temperatures following canopy removal (e.g. Londo et al. 1999, Redding et al. 2003, Moroni et
al. 2009), resulting in increased drying of the soil and observed reductions in soil moisture.

Our results from Fort Benning support previous findings of increased soil temperatures
associated with canopy removal, but the results from Camp Lejeune indicate no canopy effect on
soil temperature. It is possible that the greater abundance of ground layer vegetation at Camp
Lejeune (Sections 3.4 and 3.6) insulated the soil surface from solar radiation and prevented
increased temperatures associated with main-plot treatments. This possibility is supported by the
observed split-plot treatment effects, in which treatments with herbicides increased temperatures
compared to those without herbicides. Herbicides reduced the abundance of ground layer
vegetation and likely increased the exposure of the soil to solar radiation. The increased
temperatures may have been associated with reduced soil moisture in herbicide split-plots at
Camp Lejeune in 2009, although we observed no other effects of cultural treatments or canopy
density on soil moisture in our study.

Previous studies have reported increases in both soil moisture and temperature in canopy gaps
when compared to the intact canopy (Mladenoff 1987, Denslow et al. 1998, Gray et al. 2002). In
a study in Douglas-fir forests of the Pacific Northwest, Gray et al. (2002) found soil temperatures
to be higher on the north edge of canopy gaps than on the south edge and associated increases in
temperature with exposure to solar radiation. Despite higher temperatures in the north half
compared to the south half of gaps at both sites in our study, we only observed a clear pattern of
increased temperatures associated with distance from the forest edge at Fort Benning. Soil
surface moisture was highly variable within our canopy gaps, but we did observe higher moisture
levels in the south half of gaps compared to the north half of gaps at Fort Benning. In longleaf
pine forests of southwestern Georgia, McGuire et al. (2001) found no consistent patterns of soil
moisture associated with canopy gap size or position and concluded that variation in soil
moisture was more prevalent than clear patterns.

The soils common to our study sites are very sandy and typically have low water holding
capacity and it is likely that soil properties affect the response of soil moisture to canopy
removal. Additionally, the surface measurement was taken at a depth of 6 cm, allowing the
possibility of differential responses at greater soil depths. However, results from the soil profile
moisture readings similarly indicate no effect of gap position on soil moisture at depths up to one
meter. The directional effect at Fort Benning was observed to a depth of 20 cm in 20009,
suggesting that the drying of the surface soil by solar radiation does not occur below this depth.

Nitrogen availability within the soil is strongly controlled by soil moisture, soil temperature, the
microbial community, and the quality of the organic substrate within the soil (e.g. Keeney 1980,
Myers et al. 1982, Knoepp and Swank 2002), with increases in any of the variables generally
resulting in increased mineralization and nitrogen availability. Canopy removal has been shown
to increase nitrogen mineralization in the soil following clearcutting (Matson and Vitousek 1981,
Kim et al. 1995, Prescott 1997), and Palik et al. (1997) found that decreased overstory basal area
resulted in increased nitrogen availability measured with IER bags buried in the mineral soil of
longleaf pine forests in southwestern Georgia. The conditions created by patch-cutting are often
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similar to that created by clearcutting, especially in the LG plots used for N analysis in this
study. Ina study in a longleaf pine forest in southwestern Georgia, McGuire et al. (2001)
reported that nitrification of N generally increased from the forest edge to 10-20 m into canopy
gaps of different sizes, although total mineralization was maximized in the smallest gaps of the
study (~ 0.1 ha).

The differences in extractable NO3™ and total extractable N between the north and south half of
gaps at Fort Benning in 2010 were primarily driven by the spike in NO3™ observed 20 m from the
north forest edge. Both the mineralization and nitrification of organic N in the mineral soil are
positively related to soil temperature (Matson and Vitousek 1981, Knoepp and Swank 2002), and
it is possible that increases in soil temperature related to greater exposure to solar radiation
resulted in greater nitrification. NO3™ is more mobile than NH," and may have transported more
readily to the IER bags (Binkley et al. 1986), resulting in the greater contribution of NO3” to the
total extractable N. However, the patterns in 2012 were different with a non-significant spike in
NOj3" at 20 m south of gap center at Fort Benning but no such pattern at Camp Lejeune (Figure
3.7.16). Our results suggest that NH;" and NO3™ concentrations are highly variable at small
spatial scales, with that variability likely masking possible effects of gap position. At Camp
Lejeune, however, we found that NO3™ and total extractable N were higher beneath the forest
canopy than within the gap openings. Following canopy removal, increased growth of ground
layer vegetation can quickly fill root space within gap openings and remove available N from the
soil (McGuire et al. 2001, Jones et al. 2003). The greater abundance of ground layer and mid-
story vegetation at Camp Lejeune than Fort Benning may be the reason that no pattern was
observed at Fort Benning.

3.7.5. Conclusions

The silvicultural prescriptions applied by land managers often manipulate stand structure to
change the distribution of resource availability on the site. Despite the relatively open canopies
of southern pine forests, forest gaps create distinct micro-environments that differ according to
position along the north/south axis. Changes in the distribution of resources will directly affect
the response of planted longleaf pine seedlings and the ground layer vegetation during longleaf
pine restoration. In general, canopy removal results in increased light penetration, although an
associated increase in ground layer vegetation may reduce light transmission to the forest floor.
In canopy gaps, light levels are highest just north of gap center, and the north half of gaps
consistently receives greater light exposure than the south half. Increased solar radiation
following canopy removal was associated with increased soil temperatures at Fort Benning, but
treatment effects on soil temperature at Camp Lejeune were limited to an increase associated
with herbicide cultural treatments. Soil moisture, either at the surface (6 cm) or within the
profile, was not strongly affected by canopy removal at either site; however, soil moisture was
typically lower in the north half of gaps at Fort Benning. Increased temperatures in the north
half of gaps may have resulted in greater nitrogen availability when compared to the south half
of gaps at Fort Benning, although variability in N concentrations suggest more research is
needed to understand effects of gap position on N dynamics in these nutrient poor soil.
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3.8. Effects of resource availability on planted longleaf pine seedlings through three years
following silvicultural manipulations

This section links the results of Section 3.7 to seedling responses (research objective 0-7).

3.8.1. Introduction

Developing silvicultural protocols for restoring longleaf pine to sites dominated by other species
requires an understanding of how management actions affect resource availability and how, in
turn, resource availability affects longleaf pine seedling response. Previous research that focused
on longleaf pine response to site resources/conditions primarily occurred within existing longleaf
pine forests (Palik et al. 1997, McGuire et al. 2001, Pecot et al. 2007), in the absence of canopy
trees (Knapp et al. 2008), or in a greenhouse setting (Jose et al. 2003). Loblolly pine trees have
shallower root systems than longleaf pine, with the majority of active loblolly pine root
concentrated near the soil surface in mature trees (Baker and Langdon 1990, Boyer 1990). Itis
not clear if morphological and physiological differences between the species will result in
different competitive interactions with planted longleaf pine seedlings.

This study relates measures of longleaf pine seedling responses to resource availability in
seedling specific microsites. Our specific objectives were to: 1) quantify relationships between
canopy density and microsite conditions; 2) quantify relationships between microsite/growing
conditions and planted longleaf pine seedling response; 3) determine the effects of management
practices (canopy removal, herbicide release, fertilizer) on foliar nutrient concentrations in
longleaf pine seedlings; 4) determine the effects of gap position on foliar nutrients of longleaf
pine seedlings; and 5) determine the effects of gap position on tissue water potential (a measure
of moisture stress) of longleaf pine seedlings.

3.8.2. Methods

This study was a part of the field experiment replicated at Fort Benning, GA and Camp Lejeune,
NC. A complete description of study sites, experimental design and treatments is provided in
Section 3.1.

3.8.2.1. Data collection

We quantified basal area of the study plots by measuring all trees within main plots immediately
following harvest, and we assume that additional tree growth since harvest has been negligible in
the context of these analyses. Methods for data collection of soil moisture at 6 cm, soil
temperature at 10 cm, and gap light index in uniform plots are described in Sections 3.4 and 3.7.
We used an Overstory Abundance Index (OAI) to quantify the competitive effects of overstory
pines on longleaf pine seedlings in the uniform plots. OAI is typically expressed as a unitless
measure that integrates the distance and size of canopy trees surrounding target individuals and is
calculated as:

0Al = Y1, A/d
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where A = the bole cross-sectional area of tree; in cm? and d = the distance from the target
seedling in cm. Trees closer than one m were given a value of d = 1 to limit excessive weight
placed on close proximity, and we measured all trees within a 15 m radius of each seedling
sampled for foliar analysis in uniform plots (Palik et al. 2003, Pecot et al. 2007).

To quantify the concentration of foliar nutrients in longleaf pine seedlings, we collected needles
from at least five seedlings per sample unit in 2009 and 2010. Foliar samples were collected
between November and February because nutrient levels are the most stable during the dormant
season (van den Driessche 1974). We composited needles by split-plot in uniform plots. Our
sample included needles from the seedling closest to each corner and the seedling closest to the
center of each split-plot. Because we were interested in determining the effect of gap position on
foliar nutrients, we established sampling zones across the north/south axis of each LG plot.
Sampling zones were positioned at gap center, 20 m north/south of gap center, 40 m north/south
of gap center (forest edge) and 50 m north/south of gap center. Seedlings that fell within a four-
meter wide belt (two meters north/two meters south) running east/west at each sampling position
were sampled for the foliar analyses. All foliar samples were placed into paper bags and stored
in a cooler until processing in the lab. Upon return to the laboratory, foliar samples were over
dried and analyzed for concentrations of N, P, K, Ca, Mg, S, Zn, Cu, Mn, Fe, and Na by the
Agricultural Services Laboratory at Clemson University.

To directly quantify effects of soil moisture on seedling response in different gap positions, we
measured foliar water potential of longleaf pine seedlings in LG plots in July and September
2008, May, July, and September 2009, and July and September 2010. In 2008, we tagged six
seedlings that fell within four meter wide sampling belts that ran east/west at each 10 m gap
position, extending 10 m into the forest on each end. During each sampling period, we removed
one current-year fascicle from two randomly selected seedlings at each position. The foliar
tissues were cleanly cut with a razor blade and needles were immediately loaded into a pressure
chamber to determine xylem water potential (PMS Instruments, Corvallis, OR). All water
potential measurements were taken prior to sunrise because tissue moisture is most strongly
related to soil moisture conditions before seedlings become photosynthetically active.

3.8.2.2. Data analyses

We used linear and non-linear regression models to determine relationships between canopy
density and microsite conditions (light, soil moisture, soil temperature). We determined
Pearson’s correlations between split-plot level means of longleaf pine seedling responses
(growth and mortality) and measures of competition or resource availability, and we evaluated
linear and non-linear regression models to describe relationships between variables. A
description of variables is provided in Table 3.8.1. At Fort Benning, soil temperature data were
collected within a three-hour period for each block, but data were collected over several days
during each collection period. To account for daily fluctuations in temperature, we standardized
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Table 3.8.1. List of variables and their abbreviations used in correlation analyses of seedling
response and environmental conditions

Variable Type Description
Mort08 Dependent Cumulative mortality in October 2008
Mort09 Dependent Cumulative mortality in October 2009
Mort10 Dependent Cumulative mortality in October 2010
Mort12 Dependent Cumulative mortality in October 2012
AnMort09 Dependent Annual mortality from October 2008 to October 2009
AnMort10 Dependent Annual mortality from October 2009 to October 2010
AnMort12 Dependent Incremental mortality from October 2010 to October 2012
RCDO08 Dependent Root collar diameter (mm) in October 2008
RCDO09 Dependent Root collar diameter (mm) in October 2009
RCD10 Dependent Root collar diameter (mm) in October 2010
RCD12 Dependent Root collar diameter (mm) in October 2012
Relative change in root collar diameter ((RCDQ9 -
RELRCDO09 Dependent RCDO08)/RCD08)
Relative change in root collar diameter ((RCD10 -
RELRCD10 Dependent RCD09)/RCD09)
Relative change in root collar diameter (RCD12 —
RELRCD12 Dependent RCD10)/RCD10)
OAl Independent Overstory abundance index
GLI Independent Gap light index (%)
BA Independent Basal area (m%ha)
Moist09 Independent Average soil moisture at 6 cm depth in 2009
Moist10 Independent Average soil moisture at 6 cm depth in 2010
Temp09 Independent Average soil temperature at 15 cm depth in 2009
Templ0 Independent Average soil temperature at 15 cm depth in 2010
NO09 Independent Foliar nitrogen concentration (%) in 2009
P09 Independent Foliar phosphorus concentration (%) in 2009
K09 Independent Foliar potassium concentration (%) in 2009
N10 Independent Foliar nitrogen concentration (%) in 2010
P10 Independent Foliar phosphorus concentration (%) in 2010
K10 Independent Foliar potassium concentration (%) in 2010
WP08 Independent Water potential (Mpa) in LG plots in 2008**
WP09 Independent Water potential (Mpa) in LG plots in 2009**
WP10 Independent Water potential (Mpa) in LG plots in 2010**

*Data standardized to account for collection on different days; see methods
**Data collected in LG plots only; all correlations determined from dependent variables calculated at each position in LG plots
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temperature data with the mean daily air temperature (obtained from the Columbus Metro
Airport weather station) for each collection day as follows:

where Temps is the standardized temperature, Tempy is the soil temperature reading from the
field, Tempga is the average air temperature the day the block was measured, and Tempra is the
average air temperature from all study blocks.

Because we had found significant split-plot treatment effects on seedling size (see Section 3.2),
we used analysis of covariance (ANCOVA) to account for additional variability in split-plot
means of root collar diameter. We used GLM in SAS to test the effects of herbicide split-plot
treatments (H and H+F) vs. split-plot treatments without herbicide (NT) on the relationships
between dependent variables and gap light index, soil moisture, and soil temperature.

We used repeated measures analysis of variance (ANOVA) to test for effects of year, main-plot
treatment, split-plot treatment, and interaction effects on composite samples of foliar nutrients
from uniform plots. Because we commonly observed interactions between year and other
variables, we used ANOVA tests for each year separately to present our results, and we focus on
N, P, and K as those nutrients are often limiting in forest systems and constituted the fertilizer
amendment treatment. In gap plots, we tested for effects of gap position on foliar nutrients. We
used ANOVA to test the effect of gap position and the effect of gap direction on the xylem water
potential of longleaf pine seedlings from LG plots and used linear and non-linear regression to
test relationships between xylem water potential and seedling response.

3.8.3. Results

3.8.3.1. Relationships between stand density and site conditions

Gap light index was strongly related to stand basal area and best fit with an exponential decay
function at each study location, with 98.1% of the variability explained at Fort Benning and
97.3% of the variability explained at Camp Lejeune (Figure 3.8.1). There were no relationships
between soil moisture and basal area at either location in 2009 or 2010 (Figures 3.8.2 and 3.8.3).
Soil temperature was significantly, negatively related to stand basal area at Fort Benning in 2009
(Figure 3.8.2), but there were no relationships between soil temperature and stand basal area at
Camp Lejeune in either year (Figure 3.8.3).

3.8.3.2. Relationships between growing conditions and longleaf pine seedling response

Although overstory abundance index has been found to be a better measure of competition from
overstory trees than basal area in longleaf pine forests with heterogeneous distribution of canopy
trees (Palik et al. 2003), the relationship between OAI and basal area was nearly one-to-one at
both Fort Benning and Camp Lejeune, with basal area explaining 98% of the variation in OAI at
both sites (Figure 3.8.4). Because of the strong relationship and the applicability of basal area to
forest managers, we focus on the relationships of basal area on response variables in this report.
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Figure 3.8.1. Relationships between stand basal area and gap light index at 1.4 m from the forest
floor in loblolly pine stands at A) Fort Benning and B) Camp Lejeune.
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Figure 3.8.2. Relationships between stand basal area and A) 2009 soil moisture, B) 2010 soil
moisture, C) 2009 soil temperature, and D) 2010 soil temperature at Fort Benning.
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Figure 3.8.5. Relationships between longleaf pine seedling size (root collar diameter) and
overstory basal area (m*/ha) at the split-plot level in 2008, 2009, 2010, 2012 at Fort Benning (A,
C, E, and G) and Camp Lejeune (B, D, F, and H).
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Basal area was significantly, negatively related to seedling size in each year at both study sites
(Figure 3.8.5). The best fit relationship was an exponential decay function for each year’s data at
Fort Benning. At Camp Lejeune, the best fit relationship was a linear function in 2008 but
changed to an exponential decay function for 2009, 2010, and 2012 root collar diameter data. At
Fort Benning, the relationship between basal area and root collar diameter increased from the
first growing season (R? = 0.2699) to the fifth growing season (R? = 0.7386), but at Camp
Lejeune the strength of the relationship varied little among the years (2008 R? = 0.2808; 2012 R?
=0.2854). Longleaf pine mortality in 2008 was negatively, exponentially related to basal area at
Fort Benning, but the relationship was not significant in 2009 or 2010 (Figure 3.8.6). However,
the incremental mortality between 2010 and 2012 at Fort Benning was positively related to basal
area. The cumulative mortality in each year was also significantly related to overstory abundance
each year (Tables 3.8.2 and 3.8.3), but those patterns were largely driven by the high first year
mortality at Fort Benning. At Camp Lejeune, incremental mortality was positively related to
basal area in each year other than 2012 (Figure 3.8.6).

Light availability was strongly, positively related to seedling size in each year at both study sites
(Figure 3.8.7). After the first growing season, light accounted for 26.3% and 22.9% of the
variability in seedling size at Fort Benning and Camp Lejeune, respectively. By the end of the
fifth growing season, the strength of the relationship increased at Fort Benning, accounting for
74.6% of the variability in seedling size, but not at Camp Lejeune, accounting for 23.2% of the
variability in seedling size. Relationships between seedling mortality and gap light index were
similar in magnitude but the inverse of those with overstory abundance (Tables 3.8.2 and 3.8.3).

Analysis of covariance indicated that separate regression lines were appropriate to describe the
relationship between root collar diameter and gap light index for herbicide and non-herbicide
split-plot treatments (Figure 3.8.8). At Fort Benning, the slopes of the lines were significantly
different (p = 0.0080), and at Camp Lejeune the slopes were not different (p = 0.8858) but the
intercepts were significantly different (p < 0.0001).

There was a significant negative relationship between soil moisture in 2009 and relative root
collar diameter growth during that year at both study sites (Figures 3.8.9 and 3.8.10), but we
observed no relationship between soil moisture and relative growth in 2010. Soil temperature
was positively related to relative seedling growth in both years at Fort Benning, although no
more than 13.8% of the variation was accounted for by soil temperature (Figure 3.8.9), and there
was no relationship at Camp Lejeune in either year (Figure 3.8.10). Total root collar diameter
size in each year was significantly, negatively correlated with soil moisture and significantly,
positively correlated with soil temperature in both years at Fort Benning (Table 3.8.2). At Fort
Benning, soil moisture was negatively correlated and soil temperature was positively correlated
with annual seedling mortality in 2010, although neither variable accounted for more than 10%
of the variability in mortality (Table 3.8.2).

3.8.3.3. Longleaf pine seedling foliar nutrients and water potential
The repeated measures ANOVA indicated significant year effects on foliar concentrations of N,

P, and K at Fort Benning and N and K at Camp Lejeune, although there was a significant
year*split-plot interaction for N at Fort Benning, year*split-plot interactions for P at Camp
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Figure 3.8.6. Relationships between annual longleaf pine seedling mortality and basal area in
2008, 2009, 2010, and 2012 at Fort Benning (A, C, E, and G) and Camp Lejeune (B, D, F, and
H).
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Table 3.8.2. Results of Pearson correlation analysis (Pearson’s r; p-values in bold) for longleaf pine dependent variables and growing
condition independent variables at Fort Benning. Variables are described in Table 3.8.1

Independent variables

OAlI GLI BA Moist09  Moistl0 Temp09 TemplO NO9 P09 K09 N10 P10 K10 WP08 WP09 WP10
Mort08 -0.5646 0.6383  -0.5732 -0.2685
<0.0001 <0.0001 <0.0001 . . . . . 0.0333 .
Mort09 -0.5466 0.6052 -0.5732  -0.0337 0.0687 0.4921 0.4332 0.2357 -0.3145  -0.0406
<0.0001 <0.0001 <0.0001 0.7669 . 0.5450 <0.0001 0.0001 0.0463 . . 0.0121 0.7503
Mort10 -0.2289 0.2806  -0.2552 0.1664 0.2330 -0.0825 0.1183 0.3662 0.3627 0.1783 0.4386 0.5011 0.0272 -0.4150 0.0320 -0.4188
0.0249 0.0062 0.0121 0.1402 0.0254 0.4667 0.2612 0.0016 0.0017 0.1340 0.0001 <0.0001 0.8220  0.0007 0.8017 0.0006
Mort12 0.1285 -0.0826 0.1271 0.1950 0.2516  -0.2684  -0.3404 0.1096 0.1692  -0.0042 0.1563 0.3784 0.0185 -0.5028  -0.1782  -0.4965
0.2558 0.4722 0.2614 0.1226 0.0283 0.0320 0.0026 0.4045 0.1962 0.9746 0.2331 0.0029 0.8882  0.0001 0.2018 0.0002
AnMort09 -0.0101 -0.0334  -0.0223  -0.2291 0.1102 0.0659 0.2256 0.2045 0.0025  -0.1156
0.9222 0.7492 0.8291 0.0410 . 0.3305 0.5824 0.0568 0.0846 . . . 0.9845 0.3631
$ AnMort10 0.2042 -0.1950 0.1938 0.2598 0.3035 -0.1908  -0.2825 0.0746 0.1637 0.0423 0.0987 0.2289 0.0328 -0.1456 0.0576  -0.0071
% 0.0460 0.0539 0.0585 0.0200 0.0033 0.0900 0.0064 0.5337 0.1696 0.7241 0.4128 0.0548 0.7858  0.2550 0.6511 0.9559
% AnMort12 0.5135 -0.5182 0.5279 0.2266 0.3662  -0.4652 -0.6221  -0.1462 0.0550 -0.1112  -0.2833 0.1151 0 2054: -0.1333  -0.0118 0.2945
z <0.0001 <0.0001 <0.0001 0.0718 0.0011 0.0001  <0.0001 0.2651 0.6763 0.3946 0.0283 0.3813 0.1154  0.3413 0.9332 0.0323
qC,; RCDO08 -0.5215 0.5144  -0.5116 0.2416
-8 <0.0001 <0.0001 <0.0001 . . . . 0.0564
[<5]
% RCDO09 -0.7612 0.7768  -0.7593  -0.4939 0.4982 0.3570 0.1221 0.3840 0.3682  -0.2154
(| <0.0001 <0.0001 <0.0001 <0.0001 . <0.0001 . 0.0002 0.3070 0.0009 . . . 0.0030 0.0874 .
RCD10 -0.7386 0.7559  -0.7423  -0.4990 -0.3273 0.5807 0.6040 0.3916 0.1696 0.3888 0.4667 0.3419 04148 0.3267  -0.1556 0.0080
<0.0001 <0.0001 <0.0001 <0.0001 0.0015 <0.0001 <0.0001 0.0007 0.1573 0.0008 <0.0001 0.0035 0.0003  0.0102 0.2273 0.9509
RCD12 -0.8096 0.8641 -0.8117 -0.3435 -0.2874 0.2923 0.6043 0.6022 0.4275 0.3839 0.5382 0.4870 0.3073  0.2020  -0.0996 0.0471
<0.0001 <0.0001 <0.0001 0.0055 0.0118 0.0191 <0.0001 <0.0001 0.0007 0.0025 <0.0001 <0.0001 0.0169  0.1469 0.4779 0.7376
RELRCDO09 -0.7302 0.7581  -0.7320  -0.3308 0.3680 0.3779 0.1313 0.3804 0.3757  -0.1617
<0.0001 <0.0001 <0.0001 0.0027 . 0.0004 . 0.0011 0.2716 0.0001 . . . 0.0024 0.2017 .
RELRCD10 -0.3240 0.3173  -0.3357 0.1496 0.1897  -0.0682 0.3835 0.2790 0.1171 0.2480 0.0779 0.1396 0.1698 -0.0084 0.0746 0.1044
0.0012 0.0020 0.0009 0.1882 0.0718 0.5506 0.0002 0.0185 0.3307 0.0370 0.5185 0.2455 0.1569  0.9490 0.5646 0.4194
RELRCD12 -0.4341 0.4963 -0.4181 -0.2784  -0.1950 0.0595 0.2440 0.3242 0.3570 0.0274 0.2239 0.3432 0 0156 -0.1503  -0.1572  -0.1021
<0.0001 <0.0001 0.0001 0.0259 0.0915 0.6408 0.0337 0.0115 0.0051 0.8354 0.0855 0.0073 0.9094  0.2827 0.2610 0.4670
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Table 3.8.3. Results of Pearson correlation analysis (Pearson’s r; p-value in bold) for longleaf pine dependent variables and growing
condition independent variables at Camp Lejeune. Variables are described in Table 3.8.1

Independent variables
OAl GLI BA Moist09  Moistl0 Temp09 TemplO N09 P09 K09 N10 P10 K10 WP08 WPQ9 WP10
Mort08 0.2792 -0.3257 0.2809 -0.2735
0.0034 0.0006 0.0032 . . 0.0288
Mort09 0.3528 -0.4319 0.3855 -0.0214 -0.1979 0.0578  -0.0585 0.1999 -0.3173  -0.0443
0.0002 <0.0001 <0.0001 0.8257 . 0.0401 . 0.6080 0.6041 0.0736 . . . 0.0106 0.7259 .
Mort10 0.3846 -0.4457 0.4130 -0.0129 0.1810 -0.1190 -0.0554 -0.0672 -0.1168 0.0700 0.1891 -0.1381 0.1333  -0.3767 0.0297 -0.4197
<0.0001 0.0007 <0.0001 0.8949 0.0608 0.2199 0.5693 0.551 0.299 0.5347 0.091 0.2188 0.2356 0.0022 0.8145 0.0005
Mort12 0.2601 -0.2830 0.2833 0.0889 0.2323  -0.1468 -0.2305 -0.0505 -0.0980 0.0815 0.2612  -0.1068 0.0471  -0.0028 -0.8979 0.1114
0.0215 0.0121 0.0120 0.4388 0.0407 0.1998 0.0423 0.6606 0.3935 0.4783  0.0209 0.3521 0.6824 0.9823 0.4769 0.3771
AnMort09 -0.3526 0.2858 0.3221 0.0337 -0.3343 0.0984 0.0173 0.1624 -0.1795 -0.0629
0.0002 0.0027 0.0007 0.7292 . 0.0004 . 0.3822 0.8782 0.1475 . . . 0.1559 0.6185 .
8 AnMort10 -0.3070 0.2819 0.2999 0.0038 0.1028 -0.0199 -0.0816 -0.1628 -0.1244 -0.0785 0.1800 -0.0806 0.0568 -0.1532 0.052 -0.0436
o 0.0012 0.0031 0.0016 0.9688 0.2897 0.8380 0.4011 0.1465 0.2684 0.4864 0.1078 0.4747 0.6148 0.2268 0.6805 0.7299
g AnMort12 0.1156 -0.1070 0.1195 0.1342 0.1344  -0.1894 -0.3124 -0.0341 -0.0286 0.0827 0.2288  -0.0137 -0.0437 0.0931 -0.9719 -0.0037
§ 0.3135 0.3510 0.2974 0.2415 0.2406 0.0967 0.0054 0.7667 0.8037 0.4716 0.0439 0.9054 0.7040 0.4608 0.4412 0.9769
c RCDO08 -0.5277 0.47825 -0.53017 0.247
% <0.0001 <0.0001 <0.0001 . . . . . 0.0491 .
GC) RCD09 -0.5093 0.4414 -0.5017 -0.3004 -0.0511 0.4338 0.5325 -0.0308 0.3712 -0.2114
8 <0.0001  <0.0001  <0.0001 0.0016 . 0.5992 . <0.0001 <0.0001 0.7849 . . . 0.0025 0.091 .
(@) RCD10 -0.5752 0.5341 -0.5709 -0.1564  -0.3737  -0.0602  -0.0463 0.4380 0.5041 0.0864 0.0268 0.4779 -0.1546 0.3301 -0.1510 0.0341
<0.0001  <0.0001  <0.0001 0.1059 <0.0001 0.5362 0.6340 <0.0001 <0.0001 0.4429 0.8338 <0.0001 0.1683  0.0088  0.2376 0.7911
RCD12 -0.5330 0.4888 -0.5282 -0.2998  -0.4676 0.0991  -0.0038 0.3290 0.4918 -0.0185 0 0995; 0.4949 -0.1470  0.3020 -0.0059 -0.1033
<0.0001 <0.0001 <0.0001 0.0073  <0.0001 0.3851 0.9739 0.0033 <0.0001 0.8723 0.3859 <0.0001 0.1991 0.0153 0.9634 0.4165
RELRCD09  -0.2826 0.2248 -0.2698 -0.3408 -0.3857 -0.1748 0.0612 0.4552 0.6328 -0.0335 0.3778 -0.1619
0.0030 0.0193 0.0047 0.0003 <0.0001 0.0704 0.5294 <0.0001 <0.0001 0.7665 . . . 0.0021  0.1975 .
RELRCD10  -0.4480 0.4722 -0.4529 0.1791  -0.1477 -0.0470 -0.0652 0.2233 0.2280 0.2295 0.0829 0.1253 -0.1885 0.0006 0.0729 0.1319
<0.0001 <0.0001 <0.0001 0.0637 0.1272 0.6288 0.5023 0.0451 0.0407 0.0393  0.4618 0.2651 0.0919 0.9965 0.5701 0.3027
RELRCD12  -0.2201 0.2188 -0.2234 -0.2658  -0.3199 0.2399 0.1307 0.0484 0.2729 -0.1813 0 2492' 0.3001 -0.1072  0.0605 -0.1271 0.0414
0.0513 0.0527 0.0478 0.0179 0.0041 0.0332 0.2510 0.6741 0.0156 0.1121  0.0278 0.0076 0.3504  0.6350  0.3171 0.7453
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Figure 3.8.7. Relationships between longleaf pine seedling size (root collar diameter) and gap
light index in 2008, 2009, 2010, and 2012 at Fort Benning (A, C, E, and G) and Camp Lejeune
(B, D, F, and H).

177



A) Fort Benning

70 @ Herbicide y=2.2978+0.4524x .
i p = <0.0001; R2= 0.8123 ]

O  Non-herbicide Y = 8.4403+0.3089x
p <0.0001; R2= 0.7608

(o2}
o

Root collar diameter (mm)
B
o

10}

20 40 60 80 100 120
Gap light index (%)

B) Camp Lejeune

70 B ® Herbicide ¥ = 13.7907+0.2558x 4
r p = 0.0005;R2=0.2152 1

[ O Non-herbicide Y= 9.3340+0.2367x ™ ]
60 p = 0.0002; R2= 0.4375 ™ .
i ®
501 o ]

30F

Root collar diameter (mm)
B
o

10} -

20 40 60 80 100 120
Gap light index (%)
Figure 3.8.8. Relationships between root collar diameter and gap light index by split-plot

treatment (herbicide treatments vs. non-herbicide treatments) at A) Fort Benning and B) Camp
Lejeune.

178



12 ; : : . ;
£ A) y = 0.4302 - 0.8321x S o5 B) y=0.1096 + 0.0896x ]
Z 10l p=00134,12=00779 | 2 . p=0.7675; 12 = 0.0014
=) * o>
. 04r
QO .l 1Q
& 08 @
-EJ' 4(6’ o .
© p4f ] ooz . . o *e
OD? ‘9. 0.1 - :. M -. L ..
8 0.2 -l % 3 : e :;.. . . . .
8 =) ..o - - . -
0.0f ‘ . ‘ , ] “oof % A , ]
0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20
2009 volumetric soil moisture (%) 2010 volumetric soil moisture (%)
= C) y =-0.3243 + 0.0262 £ osf D) y =-0.2754 +0.0118 ]
% 10f p=0.0008; r:=0.1380 1 % p=0.0061;r7=0.1119
ED . ) S 04 ]
L |
5 os g
o o
209 2
® @
D 04} ©
g' 0.2 =
o 021 o))
8 3
N gof o ]
22 24 26 28 30 32 28 30 32 34 36 38 40 42
2009 soil temperature (°C) 2010 soil temperature (°C)

Figure 3.8.9. Relationships between relative annual root collar diameter growth and A)
volumetric soil moisture in 2009, B) volumetric soil moisture in 2010, C) soil temperature in
2009, and D) soil temperature in 2010 at Fort Benning.

179



2008-09 relative RCD growth -

9]

2008-09 relative RCD growth

0.7

0.61

0.5¢

04r

0.3r

0.2r

01f

0.0r

0.2205-0.0069x 1
0.1068:1?=0.0243 1

Y
. P

2

B
12— ‘ ‘ ‘
. y = 0.4158+ 0.8821e-0:2090) =
1of p < 0.0007;r2= 0.3540 z
* o
|
08[ Q
4
g
06 e . . E
: @
04 o
0.2} : 3
o
™
0.0 ! - . -
1] 10 20 30 40 50
2009 volumetric soil moisture (%)
y = 0.8269 - 0.0148x .
p=0.1734,r2=0.0174
1.0f R 1
L] L
0.8 b

04r

0.2p

0.0

0.61

2009-10 relative RCD growth

18 20 2 2 26
2009 soil temperature (°C)

07

0.6

050

04r

0.3

0.2r

0.1¢

0.0p

24

2010 volumetric soil moisture (%)

y=0.3239-0.0059x 1
p = 0.6155;r? = 0.0024 ]

25 2 27 28 29 30
2010 soil temperature (°C)

Figure 3.8.10. Relationships between relative annual root collar diameter growth and A)
volumetric soil moisture in 2009, B) volumetric soil moisture in 2010, C) soil temperature in

2009, and D) soil temperature in 2010 at Camp Lejeune.

180



1.6F A) Fort Benning N . 2009; p = 0.0008 ]
t =1 2010; p =0.0001
141
T 12 A
S qaf
s [ B b B b
= t C b
o 1.0
&5 i
Q [
£ osf
fom
& 0.6F
© b
L g4
0.2F
0.0
Control MedBA LowBA Clearcut
Main-plot treatment
0.14 . ‘ | ; .
. W 2009;p=0.1091 |
C) Fort Benning P == 2010, p = 0.0002 ]
0.12F i
—_
& a
5 010 1
= b b
2 gogt b .
=%
g
£ 0.06¢ 1
a
£ .04 ]
5] 1
e 1
0.02F 9
0.00
Control MedBA LowBA Clearcut
Main-plot treatment
T T T ]
; HE 2009;p =0.0376
E) Fort Benning K =1 2010: p = 0.2058 |
0.81 1
£
g
= o7t
B
]
8
S}
o
g 0.6F AB ;
g AB
ﬁ
05

Control MedBA LowBA Clearcut

Main-plot treatment

B) Camp Lejeune N

N 2009;p=0.2219

1.6
t 1 2010;p = 0.0625
1.4f 1
§ 1.2 - 1
g 100 - ]
=] F
Q L
£ oaf ]
c [
@ 0.6 1
© Z
L ga4f 1
0.2 ]
0.0
Control MedBA LowBA Clearcut
Main-plot treatment
0.14r - ; ;
[ . W 2009; p = 0.0325
- D) Camp Lejeune P =1 2010 p = 0.0124
0120 1
)
E .
@ 010 a 1
E r b ab
S oo ]
o L
8 ¥
< 0.08f ]
o [
£ o4 1
© [
L L
0.02r 1
0.00"
Control MedBA LowBA Clearcut
Main-plot treatment
T T T T
. N 2009;p=0.1805
F) Camp Lejeune K == 2010;p = 0.3603
0.81 1
T
=
£
=
(‘f‘\ L
® 07
& _
©
o
8
© 0.6f
L
0.5 —

Control MedBA LowBA Clearcut

Main-plot treatment

Figure 3.8.11. Foliar nutrient concentrations (mean + one standard error) of longleaf pine
seedlings by main-plot treatment at Fort Benning and Camp Lejeune in 2009 and 2010.
Different letters indicate significant treatment differences within each year
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Lejeune, and significant year*main-plot interactions for P and K at Camp Lejeune (Table 3.8.4).
When each year was analyzed separately, we generally found that concentrations of N (in both
years), P (in 2010), and K (in 2009) were significantly higher in Clearcut plots than Control
(Figure 3.8.11). MedBA and LowBA plots had intermediate levels of foliar nutrients, suggesting
that the presence of canopy trees reduced foliar nutrient concentrations in longleaf pine
seedlings. At Camp Lejeune, the same pattern was observed for P in 2010, but no main-plot
effects were seen for N, P, or K in other years.

The split-plot treatments affected foliar N and P concentrations in 2009 at Fort Benning, where
both H and HF plots had higher N concentrations than NT plots and HF plots had higher P
concentrations than NT plots (Figure 3.8.12). At Camp Lejeune, only foliar N concentrations in
2010 were significantly affected by split-plot treatments, in which H had higher N levels than
NT. In gap plots at Fort Benning, there was a slight trend of increases nutrient concentrations
associated with distance from the forest edge, but we observed few significant differences
(Figure 3.8.13). Potassium levels were higher for seedlings in the north half of gaps than the
south half of gaps in 2009 (Figure 3.8.13e). There were no effects of gap direction on foliar
nutrients at Camp Lejeune, and significant gap position effects were limited to 2009 phosphorus
levels and 2010 potassium levels (Figure 3.8.13). Results for the analysis of the other nutrients
(Ca, Mg, S, Zn, Cu, Mn, Fe, and Na) are included as Appendices A-3.8.1—A-3.8.4.

At Fort Benning, we found significant relationships between relative longleaf pine seedling
growth from uniform plots in 2009 and foliar concentrations of N and K, where each nutrient
variable explained around 15% of the variability in annual seedling growth (Figure 3.8.14).
There was no relationship with foliar P or between any foliar nutrient and relative growth in
2010. Similarly, foliar N explained 18.9% of the variability in relative root collar diameter
growth in 2009 at Camp Lejeune, while P concentrations explained 37.9% of the variability
(Figure 3.8.15). There was no relationship between foliar K and relative growth in 2009 or any
nutrient and growth in 2010.

There was no effect of gap position on xylem water potential in 2008 or 2010 at either study
location (Figure 3.8.16). Generally, xylem water potential was highly variable within and among
positions. However, in 2009 there were significant effects of position at each site; at Fort
Benning, water stress increased (i.e. xylem water potential became more negative) at positions
beneath the forest canopy as opposed to within gap center, while at Camp Lejeune water stress
was higher (more negative xylem water potential) near the northern forest edge than at 20 m
from the forest edge on the south half of the gaps. Water stress was significantly higher on the
north half of gaps than the south half of gaps in 2009 at Fort Benning (Figure 3.8.16c¢).
Generally, xylem water potential ranged from -0.2 to -0.6 Mpa at the two study sites, but 2010
measurements at Fort Benning indicated higher levels of water stress, with values ranging from -
0.8 to -1.2 Mpa. Mortality was significantly, negatively related to water potential (indicating
higher mortality with greater water stress) in 2008 at Fort Benning, but the relationship was not
strong and explained less than 10% of the variability in mortality (Table 3.8.3).
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Table 3.8.4. Results of repeated measures ANOVA for foliar nutrient concentrations measured in 2009 and 2010 at Fort Benning and

Camp Lejeune. Only N, P, and K are shown.

Fort Benning

Camp Lejeune

Nutrient Effect NumDF DenDF F p-value Nutrient Effect NumDF DenDF F p-value
N year 1 60.2 8.21 0.0057 N year 1 69.5 28.75 <0.0001
trt 3 15.0 15.52 <0.0001 trt 3 18.0 2.24 0.1185
year*trt 3 60.2 0.88 0.4555 year*trt 3 69.3 2.24  0.0909
split 2 40.2 11.93 <0.0001 split 2 47.1 3.12 0.0535
year*split 2 60.2 7.27 0.0015 year*split 2 69.7 0.06 0.9450
trt*split 6 40.1 1.94 0.0983 trt*split 6 47.0 0.33 0.9159
year*trt*split 6 60.2 0.72 0.6388 year*trt*split 6 69.5 1.11 0.3680
P year 1 60.3 19.77 <0.0001 P year 1 70.3 240 0.1261
trt 3 15.0 8.33  0.0017 trt 3 18.1 4.60 0.0146
year*trt 3 60.2 1.36 0.2645 year*trt 3 70.3 3.64 0.0167
split 2 40.1 254 0.0917 split 2 48.5 9.16 0.0004
year*split 2 60.2 186 0.1652 year*split 2 70.9 8.14  0.0007
trt*split 6 40.1 0.48 0.8161 trt*split 6 48.5 2.13 0.0665
year*trt*split 6 60.2 141 0.2256 year*trt*split 6 70.8 1.26 0.2864
K year 1 59.7 15.08 0.0003 K year 1 72.2 28.75 <0.0001
trt 3 15.0 3.23 0.0524 trt 3 18.2 0.28 0.8357
year*trt 3 59.7 0.60 0.6173 year*trt 3 72.1 413 0.0092
sub 2 40.0 190 0.1622 split 2 48.4 155 0.2232
year*split 2 59.7 1.59 0.2123 year*split 2 72.4 0.70  0.4978
trt*split 6 40.0 1.19 0.3297 trt*split 6 48.4 1.03 0.4183
year*trt*split 6 59.7 1.36 0.2468 year*trt*split 6 72.3 0.75 0.6139
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Figure 3.8.13. Foliar nutrient concentrations (mean = one standard error) of longleaf pine
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Figure 3.8.14. Linear regression relationships between foliar nutrients (N, P, and K) in 2009
(panels A, C, and E) and 2010 (panels B, D, and F) and the relative longleaf pine root collar
diameter growth for each respective year at Fort Benning.
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gap position and direction (insets) in 2008, 2009, and 2010 at Fort Benning (A, C, E) and Camp
Lejeune (B, D, F). Different letters indicate significant differences.
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3.8.4. Discussion

The canopy treatments used in this study created very different light conditions at the ground
layer (see Section 3.7) because light is primarily controlled by canopy density. Previous studies
in longleaf pine forests have also found strong relationships between light availability and
various measures of canopy abundance, including gap fraction (Battaglia et al. 2002), overstory
abundance index (Palik et al. 2003), and basal area (Palik et al. 1997). Our results indicate that
the light conditions at 1.4 m above the ground in upland loblolly pine forests similar to those in
this study can be accurately predicted from measures of overstory basal area. However, despite a
significant effect of canopy density treatments on soil temperature at Fort Benning (Section 3.7),
the negative relationship between basal area and soil temperature was significant only in 2010 at
Fort Benning. Moreover, we did not observe any relationships between soil moisture and basal
area at either study location. Because our soil moisture measurements were limited to the top 6
cm of the soil, it is possible that effects of canopy removal on soil moisture occurred at greater
soil depths and were not observed in our study. However, we measured soil moisture to a depth
of 1 m in gap plots and found no effect of distance from forest edge (Section 3.7), suggesting that
soil moisture levels were not strongly affected by canopy density in the dry, sandy soils of our
study sites.

Previous studies have found that overstory competition strongly limits longleaf pine seedling
growth following a curvilinear function (Palik et al. 1997, Palik et al. 2003). Our results
demonstrate a similar growth response by seedlings at Fort Benning, and a slightly weaker linear
pattern at Camp Lejeune. Separating competitive effects of canopy trees into competition for
above-ground resources (light) or below-ground resources (water, nutrients) is often difficult
because of the complex interactions between competing organisms and resource availability in
field studies. Canopy removal directly results in increased light availability and reduced
competition for water and nutrients from canopy pines; however, ground layer vegetation
quickly responds to available resources and provides additional competition for longleaf pine
seedlings. McGuire et al. (2001) found that rapid growth of understory plants following canopy
gap creation in longleaf pine woodlands filled root gaps following canopy removal, and Pecot et
al. (2007) concluded that understory plants limited nitrogen availability to longleaf pine
seedlings regardless of longleaf pine overstory density.

Our results show that competition for light is a major limiting factor for longleaf pine seedlings
but that competition from ground layer vegetation additionally reduces seedling growth.
Increased light availability resulted in the same growth increase in plots with ground layer
vegetation intact and in plots with complete woody vegetation control at Camp Lejeune, and root
collar diameters were several millimeters larger on herbicide plots regardless of gap light index
(Figure 3.8.8). The response at Fort Benning, where differences in seedling growth between
herbicide and non-herbicide treatments were evident when light levels were high, suggests that
the competitive effects of ground layer plants became most important when ground layer
abundance increased following canopy removal. There results support findings of McGuire et al.
(2001) and Pecot et al. (2007) that ground layer plants provides important competition with
longleaf pine seedlings for available resources following canopy removal.
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The interactions between plants within an ecosystem can vary from competition to facilitation,
depending on the site conditions and response variable being measured (Holmgren et al. 1997).
The relationships between overstory competition and seedling mortality in 2008 at Fort Benning
and Camp Lejeune indicate that different processes are occurring at the two study sites: at Fort
Benning, we observed a facilitation effect of the canopy trees on seedling survival, but at Camp
Lejeune there was a competition effect. First year mortality was very different between the two
study locations (Section 3.2), and it is likely that site conditions interacted with a summer
drought to cause the observed mortality patterns. High levels of longleaf pine seedling mortality
have been observed in dry years, and facilitation from canopy trees increases seedling survival in
such conditions (McGuire et al. 2001, Gagnon et al. 2003, Rodriguez-Trejo et al. 2003).
Interestingly, the facilitation effect at Fort Benning was not observed in subsequent years, and
the incremental mortality between the third and fifth growing seasons was positively related to
canopy density. These results suggest that canopy retention can increase first year survival of
planted seedlings, but high levels of canopy density will result in increased mortality over time
(see Section 3.2 for repeated measures analyses of seedling survival).

Longleaf pine seedlings are well-adapted to dry, sandy environments (Sword Sayer et al. 2005),
and competition for soil moisture is generally not considered to be a limiting factor for seedling
establishment. In fact, in poorly drained sites on the coastal plain of North Carolina, Knapp et al.
2008 found that soil moisture was negatively related to longleaf pine seedlings size and that site
preparation treatments that improved soil drainage resulted in increased growth. Similarly, we
observed negative relationships between soil moisture and incremental growth in 2009 and total
seedling size in both years. However, in a greenhouse study using one-year-old seedlings, Jose
et al. (2003) found that seedlings watered 5 days a week grew better than those only watered
once a week, suggesting the importance of water limitation for seedling growth. It is often
difficult to compare greenhouse studies to field studies because the complex interactions of
factors in field studies; for instance, soil moisture levels may not have varied enough in situ to
strongly affect seedling growth, and micro-sites with increased soil moisture levels are likely to
support greater ground layer vegetation abundance (that is, greater competition).

Measures of xylem water potential in LG plots indicate that longleaf pine seedlings generally did
not experience high levels of water stress throughout this study. Sword Sayer et al. (2005)
reported xylem water potential measurements of around -0.5 Mpa for longleaf pine seedlings in a
no stress treatment, and water potential readings in our LG plots were generally greater than -0.6
Mpa in all years except 2010 at Fort Benning. Interestingly, results from 2009 at Fort Benning
showed greater water stress beneath the intact canopy than within canopy gaps, suggesting that
canopy trees can affect the ability of longleaf pine seedlings to access soil moisture and that
increased ground layer cover within canopy gaps does not necessarily have the same effect.
However, because these results were not consistent every year or at both study sites, it is difficult
to discern the role of canopy competition for soil moisture on seedling growth or survival
response.

Foliar nutrients provide direct information about the nutrient availability for plants (van den
Driessche 1974), and we generally found that the study treatments affected the levels of N, P,
and K in longleaf pine seedlings at Fort Benning but had fewer effects at Camp Lejeune. At Fort
Benning, competition from overstory trees and ground layer plants reduced seedling foliar N,
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and the fertilizer treatment increased seedling P in 2009. Few previous studies have used foliar
nutrient analysis to determine competition effects of surrounding vegetation on longleaf pines.
In a study in Louisiana, Haywood (2005) found no effects of herbaceous or woody plant control
on the foliar nutrients of six year old seedlings, despite significant differences in seedling size
caused by the study treatments. Our results from 2009 suggest that higher levels of foliar
nutrients, especially nitrogen, result in increased relative seedling growth. Because relative
growth rates were generally smaller in 2010 than 2009 but foliar nutrient levels were similar, we
believe that growth was limited by factors other than nutrient availability. Blevins et al. (1996)
list sufficiently levels for longleaf pine foliar N, P, and K at 0.95, 0.08, and 0.30%, respectively,
suggesting that retaining high levels of overstory density in loblolly pine stands will likely result
in nutrient deficiencies of N and P for planted longleaf pine seedlings.

3.8.5. Conclusions

Restoring longleaf pine to loblolly pine stands will require some degree of canopy removal in
order to change micro-site conditions and favor longleaf pine seedlings. We found light levels to
be strongly related to longleaf pine seedling growth and that overstory structure directly
controlled light levels at the ground layer. Decoupling the competitive influences of surrounding
vegetation on longleaf pine seedlings is difficult, but our results suggest that soil moisture is not
a limiting factor for seedling growth under conditions similar to those in our study. Light
availability exhibited considerable influence on seedling growth, both in the presence and
absence of competition from ground layer vegetation; however, at Fort Benning we found that
herbicide control of ground layer plants resulted in increased seedling response only when
canopy density was low and light was abundant. Although foliar nutrients were generally above
sufficiency levels, surrounding vegetation (both canopy and in some cases ground layer plants)
reduced nutrient levels in longleaf pine seedlings, particularly at Fort Benning. Managers
interested in increasing longleaf pine seedling growth must reduce competition from canopy
trees to levels below approximately 7 m*/ha basal area (found to be similar to OAI in this study)
to elicit seedling growth response. Because canopy pines may facilitate early seedling survival,
depending on site and weather conditions, retaining some canopy trees may increase seedling
establishment at the stand level.
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3.9. Effects of canopy and cultural treatments on fine fuel production, fire behavior, and
fire effects

This section addresses research objective O-8.

3.9.1. Introduction

A disturbance regime of frequent surface fires maintains the characteristic structure of longleaf
pine communities. In longleaf pine stands, the ground layer contains pyrogenic fine fuels such
as live and standing dead warm season grasses and pine needle litter (Gilliam et al. 2006). These
fine fuels play a crucial role in the longleaf system by providing a continuous fuel bed to carry
and maintain a frequent surface fire regime (Mitchell et al. 2006, Kirkman et al. 2007). Benefits
of recurrent surface fires include maintaining high floristic diversity by controlling competition
from other non-fire-adapted species, preparing a seedbed for longleaf seedling regeneration, and
reducing pathogens and harmful insects (Brockway and Lewis 1997, Thaxton and Platt 2006,
Mitchell et al. 2006).

The need for frequent fire application in the management of longleaf pine systems has been
widely documented (Glitzenstein et al. 2003, Gilliam et al. 2006, Mitchell et al. 2006, Kirkman
et al. 2007). Several authors have discussed the importance of pine needles for maintaining fuel
bed continuity and the subsequent spread of fire (Kirkman et al. 2007, O'Brien et al. 2008, Hiers
et al. 2009). Less is known, however, about fuel accumulation/composition and fire behavior in
areas that are being converted from loblolly pine to longleaf pine. Longleaf pine can be
successfully established by clearcutting and planting seedlings (Brockway et al. 2006). However,
that approach would remove an important fuel source, that is, the needlefall from existing adult
loblolly pines. In addition, clearcutting often releases shrubs and woody species in the ground
layer and midstory that must be controlled (often mechanically and/or chemically). Both
approaches can complicate ground cover restoration and reduce needle input. Without these fuel
sources, restoration of frequent surface fire regime is impeded by lack of fine fuels (Glitzenstein
et al. 2003, Kirkman et al. 2007). Therefore, when restoring longleaf pine, variable, partial,
and/or complete canopy removal could substantially influence the amount and type of fine fuel
as well as subsequent fire behavior and effects.

Fire behavior is affected by variables besides fuel, including weather and topography (Iverson et
al. 2004). Furthermore, fires burn heterogeneously at spatial and temporal scales, making
accurate measurement of fire behavior difficult. Field observations of fire intensity are often
based on flame length and rate of spread; however, these are highly subjective measurements
that can vary considerably across a study area and are difficult to obtain in the interior of fires
(Wally et al. 2006). Therefore, time-temperature measurement devices such as electronic
thermocouple probes and data loggers (logger-probes) have been employed to measure
temperatures in many ecological studies of fire behavior and fire effects (lverson et al. 2004,
Kennard et al. 2005). Logger-probes are a useful method of collecting quantitative and spatially
explicit measures of fire behavior, like temperature and time data that are linked to spatial
locations (Bova and Dickson 2008, Kennard et al. 2005, Iverson et al. 2004).
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As part of a larger study to evaluate various silvicultural techniques for restoring longleaf pine to
sites currently occupied by longleaf pine, this study focused on fire behavior and fuels. Our
specific objectives were to: 1) determine the effects of harvesting treatments that vary the density
and distribution of canopy trees on fine fuel loads, fire behavior, and fire effects; 2) determine
the effects of cultural treatments designed to improve longleaf pine restoration on fine fuel loads,
fire behavior and fire effects; and 3) determine the effects of gap direction and position on fine
fuel loads, fire behavior, and fire effects.

3.9.2. Methods

This study was a part of the field experiment replicated at Fort Benning and Camp Lejeune.
Study sites, experimental design and treatments are detailed in Section 3.1.

3.9.2.1. Data collection

DOWNED WOODY FUEL (1-, 10-, 100-HOUR FUELS, TOTAL FINE WOODY DEBRIS, 1000-HOUR FUELS)—
We measured downed woody fuels using the planar intercept method described by Brown (1974). In the
uniform canopy plots (Control, MedBA, LowBA, and Clearcut), one 15 m transect was established from
the split-plot center to each split-plot corner (Figure 3.9.1). Three split-plots in each main plot (NT, H,
and H+F) were sampled, yielding a total of 12 sample points in each main plot. Fuels were classified by
diameter size class: 1-hour fuels (0-0.6 cm), 10-hour fuels (0.6-2.5 cm), 100-hour fuels (2.5-7.6 cm), and
1000-hour fuels (7.6+ cm). Downed woody fuel intercepts were counted in the middle of each 15 m
transect (as opposed to the transect origins or ends) to avoid concentrating sample points at the center of
the split-plot and to avoid possible edge effects from the boundaries of the split-plots. The midpoint of
each 15-m transect was used as the midpoint for each size class count: 1- and 10-hour fuels were tallied
from 6.6 — 8.4 m (1.8 m) along the 15 m transect, 100-hour fuels were counted from 5.7 — 9.3 m (3.6 m),
and 1000-hour fuels were counted along the entire 15 m transect. 1000-hr fuels were recorded by species
(pine or hardwood) and decay class, and we measured the diameter of each log. Fuel quantities were
converted to weights using equations given by Brown (1974).

In the gaps, we established four transects, each originating at the gap center and extending to the
north, south, east, and west directions (Figure 3.9.1). Transects extended 10 m beyond each gap’s
radius to capture edge effects (LG - 50 m radius; MG - 40 m radius; SG - 30 m radius). In the
LG plots, the north and south transects were moved 2 m to the east to minimize effects from
human disturbance caused by repeated measurement along the center north/south row. Along
each transect, sampling points were established at 10 m intervals, yielding 12, 16, and 20 points
for SG, MG, and LG, respectively. Using each sampling point as the transect center, a 1.8 m
transect was used to inventory 1- and 10-hour fuels, and a 3.6 m transect was used to inventory
100-hour fuels. One thousand-hour fuels were counted along the entire length of each transect
and recorded by species (pine or hardwood), diameter, decay class, and sound or rotten
condition. Fuel quantities were converted to weights using equations given by Brown (1974).

FOREST FLOOR FUEL DEPTH AND FUEL COVER—In the uniform canopy, we measured depth of the
litter and duff layers and depth of the total fuel bed at 4, 8, and 12 m on each 15 m transect
(Figure 3.9.1). Fuel bed depth was measured from the bottom of the litter layer to the highest
intersected dead, downed woody material along 60 cm sections (30 cm on each side of the 4, 8,
and 12 m mark). Live and standing dead fuel cover was measured in three 1 m? quadrats
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centered on 4, 8, and 12 m along each 15 m transect. We used cover classes from the Carolina
Vegetation Survey methods (1 = trace, 2 = 0-1%, 3 = 1-2%, 4 = 2-5%, 5 = 5-10%, 6 = 10-25%, 7
= 25-50%, 8 = 50-75%, 9 = 75-95%, 10 = 95-100%) to visually estimate cover of live and
standing dead vegetation less than 1 m in height (Peet et al. 1998). Cover was recorded in the
following categories: graminoids, forbs, woody plants, broadleaf litter, pine needle litter, woody
litter (pine cones/pieces of bark), and bare ground. The midpoint of each cover class was used as
percent cover for statistical analyses.

In the gaps, we established three sampling points at every 10 m interval along each of the four
transects (Figure 3.9.1). At each 10 m position (i.e. 10 m, 20 m, 30 m, etc.), we measured litter,
duff, and total fuel bed depth at the 10 m interval position and at 1.3 m on each side of the mark
along the transect. For example, at the 20 m mark, measurements were taken at the 18.7 m, 20 m,
and 21.3 m points. For live and standing dead fuel, we established three 1 m? quadrats at each 10
m interval along each of the four transects with the quadrats centered directly on the mark and at
1.3 m on each side of the mark.

Following the prescribed burns, downed woody fuel, litter depth, duff depth, fuel bed depth, and
cover class were measured using the same methods and locations that were used for pre-fire fuel
measurements. Fuel consumption was calculated as pre-fire minus post-fire fuel measurements.
A “burned” category was added to cover class to estimate the cover of burned areas in each 1 m?
quadrat used for cover measurements.

LOGGER-PROBE INSTALLATION—Hobo® data loggers (Onset Computer Corporation) connected to
type-K thermocouple probes (accuracy +/- 4 °C; dimension 0.5 cm in diameter and 30 cm long)
were employed to record temperatures during the prescribed burns. The data loggers were
programmed to record temperature at 1.5 second intervals for a period of 12 hours. We placed
each data logger in an anti-static bag with a desiccant pack for transportation and burial. The
anti-static bags containing the data loggers were then placed in plastic Whirl-Pak bags and sealed
tightly before installation. Holes for the data loggers were dug very carefully to keep from
disturbing the litter. The thermocouples were buried at the base so that the probe tips were 25 cm
above the soil (Iverson et al. 2004).

We installed five logger-probes per split-plot in the uniform canopy plots, with one logger-probe
directly on the split-plot center point and four other logger-probes 7.5 m away from the split-plot
center point on the midpoint of each 15 m transect (Figure 3.9.2). Logger-probes were installed
in NT, H, and H+F split-plots, for a total of 60 logger-probes installed in uniform plots of each
selected block. In the gaps, one logger-probe was placed at each 10 m interval along each of the
four transects (Figure 3.9.2). We installed logger-probes in the LG and SG plots only, for a total
of 32 logger-probes in a block (20 in the large gap and 12 in the small gap). Due to the intense
time requirements of data logger preparation and installation, we deployed logger-probes in only
two experimental blocks at Fort Benning (5 and 6) and in one block at Camp Lejeune (2). In the
Camp Lejeune block, logger-probes were not installed in the SG plot due to lack of access prior
to the prescribed burns.
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3.9.2.2. Data analyses

We calculated fuel consumption as the difference between pre-fire fuel measurements and post-
fire fuel measurements. Equations provided by Brown (1974) were used to calculate plot means
for downed woody debris, and we analyzed fine woody debris (FWD) data by size class (1-, 10-,
and 100-hour fuels) and total FWD (1-, 10-, and 100-hour fuels weights combined). Data from
uniform plots were averaged at the split-plot level, and we used split-plot analysis of variance
(ANOVA) with a random block effect to determine main-plot effects, split-plot effects, and
main*split-plot interaction effects for each response variable. Data from gaps were analyzed with
split-plot ANOVA to determine significant effects of gap direction (main-plot effect), gap
position at 10 m intervals (split-plot effect), and direction*position interactions. Each gap size
was analyzed separately because the number of positions differed according to gap size.
Differences in least square means were determined with pair-wise comparisons and Tukey’s
adjustment, and degrees of freedom were calculated using the Satterthwaite approximation.
Transformations were used when needed to meet assumptions of normality and constant
variance. All means are reported in the original (non-transformed) units.

The time - temperature data captured by the logger-probes were processed to yield six variables
that described fire behavior and intensity:

1. duration of temperature above ambient temperature (DURAMB));

2. duration of temperature above 60° C (DURG60);

3. duration at maximum temperature (DURMAX));

4. maximum temperature (MAXT);

5. integrated area under the temperature curve above ambient temperature (AREAAMB);
6. integrated area under the temperature curve above 60° C (AREAG60)

Maximum temperature was defined as the highest temperature the logger-probe recorded.
Beginning time for DURAMB was defined as the last time that ambient temperature was
recorded by the logger-probe prior to the peak temperature increase, and end time for DURAMB
was defined as the first time temperature returned to ambient after the peak temperature increase.
DURG0 was calculated from the first and last times that the recorded temperature was above 60°
C. The area under the temperature curves was determined by summing all temperatures greater
than or equal to ambient or 60° C multiplied by the time-step (1.5 s) (Bova and Dickinson 2008,
Kennard et al. 2005). The duration of increased temperature, maximum temperature, and the 60°
C threshold (the temperature at which plant cell death occurs) have been utilized in many fire
ecology studies (e.g. Iverson et al. 2004, Kennard et al. 2005, Wally et al. 2006).

Pearson’s correlation was used to test the significance of several pre-fire independent variables
(PRE1HR, PRE10HR, PRE100HR, PRELITT, PREGR, PREPNDL, PREBARE) and fuel
consumption independent variables (D1HR, D10HR, D100HR, DLITT, DGR, DPNDL,
DBARE) on the fire behavior dependent variables (DURAMB, DUR60, DURMAX, AREAMB,
AREAG60, and MAXT) and on the dependent variable, BURNED.

We evaluated which combinations of pre-fire fuel load variables could predict fire behavior
measures by running multiple regressions with forward stepwise selection using each of the
logger-probe metrics (and burned cover class) in separate analyses.
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For correlation and regression analyses, logger-probe locations coincided spatially with fuel
measurements. For example, cover class and litter depth from the 8 m mark only (not the entire
transect) were compared with the logger-probe installation (at 7.5 m) in uniform plots. In gaps,
the mean of the three fuel measurements taken at each 10 m interval (for cover and litter) was
compared with each logger-probe installation, which was at every 10 m increment. Fine woody
debris measurements were centered on each 10 m mark in the gaps and on each transect in the
uniform split-plots and thus were co-located with each logger-probe. Logger-probe
measurements from the split-plot/gap centers were excluded from the analyses since we did not
take fuel measurements at the split-plot/gap centers. In addition, any logger-probes that failed
were excluded from analyses.

3.9.3. Results

3.9.3.1. Uniform treatment effects

At Camp Lejeune, main plot treatments significantly affected the total fine woody fuel load, with
the lowest amount on the Control plots (Figure 3.9.3; Appendix A-3.9.6). Split-plot treatments
significantly affected the pre-fire 1-hour fuel load which was lowest on the no treatment (NT)
split-plots (Appendix A-3.9.6). No other plot or split-plot treatments significantly affected
downed woody fuel loads at Camp Lejeune (Appendix A-3.9.6). At Fort Benning, there were no
significant split-plot, main plot, or main*split-plot effects for any pre-fire downed woody fuels
(Appendix A-3.9.1).

Fort Benning and Camp Lejeune had similar total fine woody fuel loading with mean total FWD
fuel loads ranging from 5.51 Mg ha™ in the Control treatments to 7.49 Mg ha™ in the MedBA
treatments at Fort Benning and from 5.46 Mg ha* in the Control treatments to 8.42 Mg ha* in
the Clearcut treatments (Figure 3.9.3). We generally found that 1-hour fuel loads were greater at
Camp Lejeune (means range from 0.387 to 0.437 Mg ha™) that at Fort Benning (means range
from 0.090 to 0.234 Mg ha™) (Figure 3.9.3; Appendix A-3.9.1).

Fuel consumption of 1-, 10-,100-hour fuels, total fine woody debris, and 1000-hr fuels were not
significantly affected by main- or split-plot treatments at either Fort Benning or Camp Lejeune
(Appendices A-3.9.1 and A-3.9.6).

There was a significant effect of canopy treatment on litter depth at Fort Benning (Figure 3.9.4;
Appendix A-3.9.1), where the Control plots had the greatest litter depth (mean of 3.3 cm). Litter
depth tended to increase with increasing canopy cover, and we observed the lowest litter depth in
the Clearcut treatments (mean 2.05 cm). Split-plot treatments did not significantly affect litter
depth at Fort Benning (Figure 3.9.4; Appendix A-3.9.1). There were significant effects of main
and split-plot treatments on litter depth at Camp Lejeune (Figure 3.9.4; Appendix A-3.9.6). The
Control plots had the greatest litter depth (mean 3.12 cm) while the Clearcut had a mean litter
depth of 2.00 cm. The NT split-plots had the greatest litter depth (3.17 cm).

At Fort Benning, there was a significant main-plot*split-plot interaction on duff depth (F = 3.59,

p =.0084) (Figure 3.9.5; Appendix A-3.9.1). In the MedBA main-plots, there was significantly
greater duff depth in the herbicide split-plots than in the untreated or herbicide + fertilizer split-

198



A)

OFort Benning
O Camp Lejeune

Total FWD (Mgha™)
I3}
'_

Clearcut LowBA MedBA Control
Main Plot Treatment

B)

OFort Benning

O Camp Lejeune
0.5

0.45 -
04 -
0.35
0.3 -
0.25 -
0.2
0.15
0.1 -
0.05

1-hour Fuels (Mgha')

Clearcut LowBA MedBA Control

Main Plot Treatment

Figure 3.9.3. Pre-fire downed woody debris loading (mean + SE) for A) total fine woody debris
(1-, 10-, and 100-hour fuels summed) and B) 1-hour fuels for Fort Benning and Camp Lejeune.
Different letters within a study location indicate significant differences at the a = 0.05 level.
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significant differences at the a = 0.05 level.
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plots (Figure 3.9.5). Duff depth was significantly affected by main-plot treatments at Camp
Lejeune with the greatest duff depths in the Control plots (mean 0.72 cm) and the least on the
Clearcut plots (mean 0.28 cm; Figure 3.9.5; Appendix A-3.9.6). Duff depth was not significantly
affected by split-plot treatments at Camp Lejeune (Figure 3.9.5; Appendix.A-3.9.6). Duff depth
was generally greater at Camp Lejeune than at Fort Benning (average of 0.5 cm compared to
0.15 cm, respectively).

We found no significant effects of treatments on pre-fire fuel bed depth (Appendices A-3.9.1 and
A-3.9.6).

Litter consumption was not significantly affected by main or split-plot treatments at Fort
Benning (Figure 3.9.6; Appendix A-3.9.1). However, there was a significant main-plot effect on
litter consumption at Camp Lejeune; mean litter consumption ranged from 1.8 cm in the Control
treatments to 0.7 cm in the Clearcut treatments (Figure 3.9.6; Appendix A-3.9.6). Litter
consumption was also significantly affected by split-plot treatments at Camp Lejeune; the NT
split-plots had greater litter consumption than the H or the H+F treatments (Figure 3.9.6;
Appendix A-3.9.6). In general, litter consumption tended to increase with increasing canopy
density at both study locations.

Duff consumption was not significantly affected by main or split-plot treatments at either Fort
Benning or at Camp Lejeune (Figure 3.9.7; Appendices A-3.9.1 and A3.9.6). Although there
were no significant treatment effects, duff consumption had a tendency to increase with
increasing canopy cover in the main plots.

Fuel bed consumption was not significantly affected by main- or split-plot treatments at Fort
Benning (Appendix A-3.9.1). At Camp Lejeune, there were no significant split-plot effects on
fuel bed consumption. However, Control plots had the greatest reduction in fuel bed depth
among the main plot treatments (mean 2.1 cm) (Appendix A-3.9.6).

At both Fort Benning and Camp Lejeune, abundance (cover) of graminoids, pine needles, bare
ground, and area burned were significantly affected by main plot treatments (Figure 3.9.8;
Appendices A-3.9.1 and A3.9.6). Patterns and responses were similar at both locations.
Graminoid cover and bare ground cover tended to decrease as canopy density increased while
pine needle cover and percent area burned tended to increase as canopy density increased.
Percent area burned ranged from 59.1% (Fort Benning) and 55.8% (Camp Lejeune) on the
Clearcut treatments to 82.8% (Fort Benning) and 78.3% (Camp Lejeune) on the Control
treatments. Split-plot treatment effects were significant for the percent area burned at Fort
Benning, with the greatest area burned in the NT split-plots with a mean of 79.3% compared to
73.3% in the H+F split-plots and 68.6% in the H split-plots (Appendix A-3.9.1). There was no
split-plot treatment effect on percent area burned at Camp Lejeune (Appendix A-3.9.6), and there
were no split-plot treatment effects on graminoids, pine needle, or bare ground cover at either
site (Appendices A-3.9.1 and A-3.9.6).

At Fort Benning, forb cover and woody cover were significantly affected by main plot

treatments. The Clearcut treatments had the highest forb cover (mean 12.1%) while the Control
treatments had the lowest (mean 4.6%). Woody cover was highest on the LowBA treatments
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Figure 3.9.6. Litter consumption (mean = SE) for A) main plot treatments and B) split-plot
treatments at Fort Benning and Camp Lejeune. Different letters within a study location indicate
significant differences at the o = 0.05 level.

A) B ) OFort Benning
B cCamp Lejeune

0.7 0.6
s 0.6 OFort Banr.\\ng - 05 ~|-
o O Camp Lejeune 2
] 0.5 L -|- T
c o 0.4 l J.
2 0.4 - £ l
Bg B~ 02l
EE o3 gE 03
] 3=
5 02 g 02
o m o
E 0.1 £ 0.1 |+ |+

o I—I—
0 0 3 ;

Clearcut LowBA MedBA Control H+F H NT

Main Plot Treament Sub Plot Treament

Figure 3.9.7. Duff consumption (mean = SE) for A) main plot treatments and B) split-plot
treatments at Fort Benning and Camp Lejeune. Different letters within a study location indicate
significant differences at the a = 0.05 level.

203



OFort Benning
DCamp Lejeune

45 16

40 §' 14
g 35 § 12
g X 8 3 10

-]

8 25 H a
@ 20 2
s <] 6
5 15 A ) . @

10 b a2 4

2
5 AB B =
0+ 0
Clearcut LowBA MedBA Control
Main Plot Treatment
DOFort Benning
ECamp Lejeune

80 90
70 80
= = |
< 60 a g 70
o 3 60 |
g 50 $
o a A 3 50
2 40 s
K] 8 40
@ 30 E
z 3 30
® @
&
o

Clearcut LowBA MedBA Control
Main Plot Treatment

20 | A B 20
10 ¢ k| - 10
0 == |

OFort Benning
BCamp Lejeune

[T

Clearcut LowBA MedBA Control
Main Plot Treatment

DFort Benning
DCamp Lejeuns

—F— ——
a [
ab
A
b1 as
B
Clearcut LowBA MedBA Control

Main Plot Treatment
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(mean 14.6%) and lowest on the Control treatments (mean 3.3%). Split-plot treatment effects
were significant for forb cover; the H split-plots had the lowest forb cover (mean 7.7%) while the
H+F and NT split-plots had similar, higher forb cover (mean 10.5% and 10.6%, respectively)
(Appendix A-3.9.1). At Camp Lejeune, woody cover and hardwood litter cover were
significantly affected by main plot treatments. Woody cover ranged from 8.3% on the Control
treatments to 21.8% on the Clearcut treatments. Hardwood litter cover ranged from 2.7% on the
Control treatments to 10.6% on the LowBA treatments. Split-plot treatments significantly
affected forb cover, hardwood litter cover, and woody litter cover (Appendix A-3.9.6). Woody
litter cover and forb cover were lowest on the NT split-plots (mean 2.4% and 1.0%, respectively)
while hardwood litter cover was highest on the NT split-plots (mean 14.4%) (Appendix A-3.9.6).

Consumption of graminoid and pine needle cover were significantly affected by main-plot
treatments at Fort Benning (Appendix A-3.9.1). Graminoid fuel consumption was greater in the
Clearcut treatments compared to the Control treatments. Pine needle consumption was lowest in
the Clearcut treatments and highest in the Control treatments. There was a significant split-plot
effect on forb consumption at Fort Benning. The H split-plot treatments had the lowest forb
consumption compared to the H+F and NT split-plot treatments (Appendix A-3.9.1). At Camp
Lejeune, there was a split-plot treatment effect on hardwood litter consumption. The NT
treatments had the greatest consumption while the H+F and H treatments gained hardwood litter
(Appendices A-3.9.6). Fuel consumption of all other cover categories was not significantly
affected by either main-or split-plot treatments at Camp Lejeune (Appendix A-3.9.6).

3.9.3.2. Effects of gap direction and position

At Fort Benning, pre-fire 10-hour fuels and pre-fire total FWD were significantly affected by gap
direction in the large gap only; the eastern transects had higher fuel loads compared to the other
transects (Appendix A-3.9.2). Pre-fire 1-hour fuels were significantly affected by gap position in
the large gap, with fuel loads gradually increasing from the gap center to the forest edge
(Appendix A-3.9.2). There was a significant direction*position effect on pre-fire 100-hour fuels
in the medium gap at Fort Benning. The pre-fire 100-hour fuel load at the 40 m gap position on
the east transect was significantly less than the 100-hour fuel load from the 10 m gap position on
the north transect. Pre 100-hour fuel load means by position showed a similar trend and
gradually increased from the gap edge to the gap center (Appendix A-3.9.3). No direction or
position effects were significant for any of the pre-fire fuel load categories in the small gap
(Appendix A-3.9.3). At Camp Lejeune, no pre-fire fuel categories were significantly affected by
direction. Gap position significantly affected pre-fire 100-hour and total FWD fuel loads in the
medium gap (Appendix A-3.9.8) and pre-fire 1-hour fuel loads in the small gap (Appendix A-
3.9.9). In fuel load categories with significant position effects, there was no detectable pattern to
explain the observed fuel load patterns at Camp Lejeune.

There was a significant effect of direction on fuel consumption of 10-hour fuels in the large gaps
at Fort Benning. The eastern and western transects had the highest 10-hour fuel consumption
(mean 0.576 Mg ha™ and 0.384 Mg ha™, respectively) while the northern and southern transects
gained 10-hour fuels (northern mean: -0.384 Mg ha™*; southern mean: -0.730 Mg ha™*) (Appendix
A-3.9.2). There was a direction*position interaction for consumption of 1-hour fuels in the large
gaps (Appendix A-3.9.2). In the medium gaps, there was a direction*position interaction for
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consumption of 1-hour fuels (Appendix A-3.9.3). There were no significant direction or position
effects in the small gap for fuel consumption of any of the downed woody fuel categories
(Appendix A-3.9.4). At Camp Lejeune, there were no significant direction or direction*position
effects for any of the downed woody fuel consumption categories in any of the gap sizes
(Appendices A-3.9.7, A-3.9.8, A-3.9.9, and A-3.9.10). There were significant position effects on
total FWD consumption in the large gaps (Appendix A-3.9.7) and on 1-hour, 100-hour, and total
FWD consumption in the medium gaps (Appendix A-3.9.8). There were no position effects on
fuel consumption of any of the downed woody fuel categories in the small gap (Appendix A-
3.9.9).

There were no gap size, direction, or gap size*direction effects on pre-fire or consumption of
1000-hour fuels in any of the gap sizes (Appendices A-3.9.5 and A-3.9.10

There were no significant direction effects in any of the gap sizes for any of the pre-fire forest
floor categories at Fort Benning (Appendices A-3.9.2, A-3.9.3, and A-3.9.4). Position effects
were significant for pre-fire fuel bed depth in the large gap fuel bed depths at the 30, 40, and 50
m positions were significantly greater than fuel bed depths at the 10 and 20 m positions
(Appendix A-3.9.2). Pre-fire litter depth in the medium gap treatments was also significantly
affected by gap position with the greatest litter depths (mean 3.42 cm) within in the forest
(Figure 3.9.9; Appendix A-3.9.3). Position effects were not significant in the large or small gaps
for any other pre-fire forest floor fuel category at Fort Benning (Appendices A-3.9.2 and A-
3.9.4). At Camp Lejeune, there was a significant direction effect on pre-fire litter depth in the
small gap treatments with the greatest litter depth on the western transects (mean 4.3 cm)
(Appendix A-3.9.9). Pre-fire litter depth in the large gap treatments was significantly affected by
gap position with the greatest litter depth within the forest (mean 3.1 cm; Figure 3.9.9; Appendix
A-3.9.7). There were no other significant direction, position, or direction*position effects on pre-
fire forest floor fuel categories in any of the gap sizes at Camp Lejeune (Appendix A-3.9.7, A-
3.9.8, and A-3.9.9).

Although duff depth was not significantly affected by direction or position in any of the gap sizes
at either study location, duff depth was greater at Camp Lejeune (average of approximately 0.8
across gap direction and position) than at Fort Benning where it averaged around 0.05 cm across
gap direction and position (Figure 3.9.10).

Litter consumption was significantly affected by position in the medium gaps at Fort Benning.

The 40 m position (within the forest) had the largest litter consumption (mean 2.89 cm)
compared to the other gap positions (Appendix A-3.9.3). Direction and position
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Figure 3.9.9. Pre-fire litter depth (mean = SE) by gap position for A) large gap B) medium gap and C) small gap treatments at Fort
Benning and Camp Lejeune. Different letters within a study location indicate significant differences at the a = 0.05 level.
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significantly affected fuel bed depth consumption in the medium gaps at Fort Benning
(Appendix A-3.9.3). The western transect had the greatest fuel bed depth consumption (mean 3.9
cm) compared to the other transects. The 40 and 20 m gap positions had the greatest fuel bed
depth consumption (mean 2.9 cm and 2.1 cm, respectively) compared to the 10 and 30 m gap
positions (Appendix A-3.9.3). Fuel consumption of litter, duff, and fuel bed depth were not
significantly affected by direction in any of the gap treatments at Camp Lejeune (Appendices A-
3.9.7, A-3.9.8, and A-3.9.9). Of the three forest floor fuel categories, only litter consumption in
the large gap treatments exhibited a position effect with the greatest fuel consumption at the 50
m from gap center position (mean 1.8 cm) (Appendix A-3.9.7).

At Fort Benning, cover of graminoid, pine needles, bare ground, and percent area burned were
significantly affected by gap position in all three gap sizes (Figure 3.9.11; Appendices A-3.9.2,
A-3.9.3, and A-3.9.4). At Camp Lejeune, the same cover categories were significantly affected
by gap position except for graminoids, bare ground, and percent area burned in the medium gaps
and bare ground in the small gaps (Figure 3.9.11; Appendices A-3.9.7, A-3.9.8, and A-3.9.9).
Cover of these categories exhibited a similar pattern at both locations. Graminoid cover and bare
ground cover tended to decrease as canopy density increased while pine needle cover and percent
area burned tended to increase as canopy density increased. In general, cover of each category
was higher at Fort Benning than at Camp Lejeune (Figure 3.9.11).

3.9.3.3. Fire behavior

The earliest fires occurred at Camp Lejeune on June 5™ and latest applied at Fort Benning on
April 5™ (Table 3.9.1). Weather conditions on the day of the burn varied among the burned
areas. For instance, the ambient temperature for the blocks that received logger-probe installation
ranged from 2.2° C to 24° C. Relative humidity also varied considerably between Block 2 in
Camp Lejeune (45%) and Blocks 5 and 6 at Fort Benning (26%).

Metrics calculated from the logger-probes reveal a wide range of fire durations and temperatures
(Table 3.9.2). The Clearcut plot in Block 5 at Fort Benning, for example, had a maximum
temperature of 259.30°C while the Clearcut plot in Block 6 had a maximum temperature of
53.92°C. Overall, Block 2 at Camp Lejeune had the lowest maximum temperatures and heat
index values (AREAAMB and AREAG60) while Block 5 at Fort Benning had the highest heat
index values, duration at 60°C (DURG60), and maximum temperatures.

The time-tem