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Abstract: A trenching study XVAS used to investigate above- and below-ground con~petitiotl ul a longleaf pine (Pinus ynl- 
usiris P. Mill.) woodland. Trenchal and nontsenchtxi plots were replicated in the woodland matrix, at gap edges. md in 
gap centers representing a range. of overstfisy stocking. One-half of each plot received a herbicide treatment to remove the 
understory. We monitored pine survival and growth, unclerstory productinty, light level (gap f~action), and soil resources. 
- 7  

1 he overstory facilitated pine seeriling survival. Pine sectling growth was reduced as overst c3ry st<wkiilg increased. Re- 
duced g1.owt1l of seallings was also obsewed in paps when the understory was left intact. Understory plants cornpeted 
with seedlings by filling the root gaps that developed as a result of overstory ~tisturbance. I-tardwood growth increased 111 

gaps. ow~np to decreased belowground corngetition adult pines, while growth of herbaceous plants and pine seedlings 
increased with light czvailabllity. Large oveistcx-E gaps are not required to imtiate regeneration in longlerif pine woodlsnds. 
Retaming overstory dispersed tl~rougl~out the stand but variable in density, through single-tree selection approaches, may 
be an rtltemative to gap-based approaches. This app~x>ach would allow for tlie fuel continuitjl needed to sustain the ke- 
(pent fire required to maintain the diversity characteristic of t h~s  type of woodland. 

R6sumi : 1 Jn dlsl3ositif de t1rtnchees a kte utilise pour ktudier la compCtition akrienne et soute~raiile clans une station for- 
estiere dorninke 1 ) ; ~  le pin des marais (Pinzks yalustris P. Mill.). Des placettes avec ou sans tmnchies ont kt6 rkpktkes dans 
une matrice fc>restiese, en bordurt: de tsou@es et au centre de tsouees. ce qui corresponclait u11 gractlent de densit6 relative 
du couvert. La moitib de chquc  placette a 6td. hrlitke ii I'alde d'un herbicide pour &liminer les plantes du sous-6tage. Nous 
avi?ns suivi la survie et la croissance des pins. 13 pr~ductivitti des ylrtntes du sous-&rage, la lumiere (ouverture du couvert) 
et les ressoulres ciix sol. Les ouvertures ctatis Ie couvert doininant ont augmetite le taux de survle des semis de pin. La 
croissance des semis dc pi11 a kt6 r&luite par une augmentation de la dellsite lehtive du couvel-t dominant. Une dimitiution 
de la c~oissance des seinis a aussi 4tk observke dans les tsoukes oil les plantes de sous-&age n'avtuent pas Ctk kliminees. 
Les plantes du sous-&age vex~aient en comfx5tit1on avec les sein~s en comt>lant les espaces exeinpts de l.;tcines yui sorit ap- 
p:irus apses la perturbation de I'etage dominant. I,a crtxssance cl'esg&ces feuillues a augment6 dans les t~.ou&s i la suite 
d'une diminution de la cosnp6tition racinaire avec les plns rrdultes, alors que les plantes herbackes et les semis cle pm ant 
augment@ leur croissance wec une augmnentation de la disl>on~bilitk de la lumiere. Les grandes trouees dans le couvert 
dominatlt ne son1 pas n6cessalues pour l'etablisseinent de la r<pdn6ration dans Ies stations forestikes dominkes par le pin 
cfes maais. I,e maintien d'un couvert disperse B travess le peuplement. mais de densite variable. a I'aide d'unc approche 
de jardinage par pled d'arbre peut constituer une solution de remplacement aux approches basks sur les trou2es. Cette ap- 
p~vche favorlstrait la production r&gul~&re des combustibles tlecessaires pow- soutenlr les fcux friquents requis pour main- 
ten~r la diversit6 caractiiristique de ce type de for&?. 

[Eaclui t pilr lii Rkdaction] 

Introduction Michx.) woodlands in particular is not well undeistood. Ihe  
mechanisms regulating seedling gsowtli and survival in 

' b e  extclit to which competition and facilitation regulate longleaf pine woodla~ids have been the subject of recent de- 
the slructurc of woodlands in general, m d  longleaf pine bate (Hrockway aild Outcalt 1998; McGuise et al. 2001; 
(Pinus pnlidsu-is P. Mill.) - \viregsass (Ar-istida stl-ictu E'alik et al. 2003) and have given rise to cjpposing views of 
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adult-juvenile interactions. The furst view, which we refer to 
as the hypothesis of belowgrttund co~npetitive seedling ex- 
clusion. suggests that strrvival of naturally regenerated long- 
leaf pine seedlings (those not exhibiting height growth) in 
sandhi11 ecosystems is large1 y contsoll ed by competition 
with adult pines' root systans, resulting iil a seedling corn- 
pctitive exclusion zone extending 12-16 m from the adults 
(Rrtxkway and Outcalt 1!3{)8). This hypotl~esi>; is based on 
obsematiuns that light levels were riot corre1atr:d witli seed- 
ling growth or survival response. It was speculated that 
overstosy competition for soil moisture was high owing to 
the xeric nature of the soil and the density of pine roots 
within 15 nl of mature trees relative to their dellsity in areas 
of lower overstory abundance. However, no measures of soil 
moisture or seedling water stress were reported. 

The second view of adult-juvenile interactic-vris in longleaf 
pilie woodlands, which we call the hypothesis of light- 
limited seedling response, is based on recent reports sug- 
gesting that grtwth of longled pine seedlings is largely re- 
lated to light availability, Abundance of adult lctxigleaf pine 
strongly influel~ces the variation in tlie arnount of light 
reaching the understory, both spatially (Battaglia et al. 
2002 McGuire et al. 2001 ; Palik et al. 199'7, 2003) and 
temporally ( Rattaglia et al. 2003). Helowground gaps that 
develop as a result of disturbance to the overstosy, 11ow- 
ever, have been reported to be ixlctistinct and ephemeral 
(Jones et al. 2007). This is due, in part, to the growth re- 
sponse of established understr~ry (botli herbaceotis and 
woody) filling the root zone of seedlings and preempting 
access to available resowes (McGuire et al. 2001). 
Though seedling growth has been reported to be controlled 
by competition for light, some studies report that survival 
is il~inirnally facilitated by tile overstory (Allen 1954; 
McGuise et al. 2001: Rctdsiguez-Trcjo et al. 2003). 

Both views speak to flow the overstory inight influence 
coinpetition with seedlings, but no study disectly addresses 
the mechanisms of coinpetition and the importance of the 
understory in mediating seedling survival and growth re- 
sponses. Morec)ver, the v,arious views of coinpetition lead to 
different i~nplications for managing longleaf pine wood- 
laxlds. 'I'he belowground seedling exclusion view inandates 
gap-based approaches (Brockway et al. 2005) because seed- 
lings are unable to establish without the complete removal 
of adult trees. 'I'his has led to recoxrunentiations of cle,arings 
for group selections of tip to 2 ha (Brockway et af. 2005). 
Since these gaps have fuel characteristics very different 
from those of the iimst matrix, difficulties in applying pre- 
scribed fire can be exacerbated IMitclielf et al, 2006). 'I'he 
light-limited seedling response sees the forest as a contin- 
uum of' light coriditions in which seedlings 1-espoi~d to var-y- 
ing light availability (If3ecot et al. 201)s). In this scenario a 
portion of the stand has little to no seedling establishment 
(gap fraction (GI?) 30% or less) hecause of low light avail- 
ability, slowing growth such that seedlings do not survive 
the flrst fire. 'I'hc largest poilion of the stand has enough 
light iGF 3302~-60c/t) for regeneration to establish, but 
growth is limited. These seedlings stay in the grass s t ap  as 
advaftccd regenerat ion that can be released upon future dis- 
tusbances. Lastly, the portion of the stand where C;I: exceeds 
60%) allows for the establishment and accelerated growth of 
longleaf pine seedlings (Mitchell et rd. 2006). ?'his allows 

for single-tree selection apprwaches that view the forest as 
continuous over time and spce  (Mitchell et a1. 2006). The 
pcl-petual fiwsts created using single-tree selection allow 
for forest influences to regulate forest dynamics, such as 
fuels able to sustain a 1- to 3-ycas fire-return interval, but 
forests are continually renewed through regeneration within 
the woodland ti~atrix rather than in aseas where the influence 
of adult pines is absent {Mitchell et al. 2006). 

IJnderstanciing how ot~erstosy structure regulates forest 
dynrunics, particularly the extent to which above- and 
below-ground co~npetitictri (2) restricts the establishmeilt and 
growt h of seedlings and (ii) influences undess tory 171 ant 
coinmunities ( such as herbaceous plmts and hru<twood seed- 
lings) that grow with establishing seedlings, is ciitical to re- 
sc>lving which of these competing hypotheses is correct. 
Trenched plots have been used to einpirically differentiate 
above- and below-ground interactions. providing a more di- 
rect means of testing the contrasting views concerning eco- 
logical contrrtls on regeneration. 1;recluently burned longleaf 
pine w cx)dlands are coinposed primarily of two distinct plant 
growth forins: a discc)ntiiiuous layer of trees in the overstory 
and a crtritinuoiis uriderstc~ry hyer of grasses, forbs, and 
hardwood trees and shrubs kept at low stature (Jacqinain et 
al. 1409; Scholes and Archer 1997). It has been suggested 
that these two layers respond differently to belowground 
resources. Thus, these systems provide a goctd rnodel for 
testing differences between above- and below-grotlnd coili- 
peti live effects and responses. 

Water use by the various growth fonns is hy~otllesized to 
vary because of different rooting deptlzs fWalter 1971). For 
ex,m~ple, when burned frequently f 1- to ?-year bu1-11 interval), 
longleaf pine woodlands typically consist of a monotypic 
overstory of longleaf pine and ari understttry comprising 
do~niriailt C4 builchgrasses (wiregrass, A~drt~yogon spp., 
S i i  spp., and Pnizicrm spp.) and co-occurring her- 
baceous species, as well as woody plaits (Quercus spp.. Dio- 
spyros spp., aid Sassafras spp.) (Glitzensteiri et al. 1995; 
Kirkman et al. 2001: McPherstm 1997). If soil niche differen- 
tiation exists hetween woody and herbaceous plaits in woc>rf- 
la~lds, we would expect that overstoiy tree removal to result 
in an increase iii herbaceotls plait bio~nass, mostly thug11 
increases in light availability. The opposite should be true 
for uiiderstoi-y woody plants, i.e . , decreased root cornpe ti tion 
will have a stronger effect than int~eased light availability it' 
wtmcty plants are more shade-tolerant but more deeply rooted 
than their herbaceous counterparts. 'The pine seedling growth 
and survival response should therefore be determined, in part, 
by the understory response to overstory re~noval. i.e., the in- 
crease in growth of the understory herbaceous and woody 
coinponents may fill root gaps created by the overstory dis- 
turbance (McGuire et al. 2001 ). 

Soil trenching is a field-based approach that can directly 
isolate mechanisms of plan t-plan t interactions t Coo~nes and 
Grubb 2000: I.,ewis arld '1'aitner 2000: Ttturne y 1929). With 
trenching. belowground coxripetition is re~noved but above- 
ground compt=tition for light persists. We carried out an ex- 
periment using trenching and understory removal to better 
understand the influence of above- and below-ground com- 
petition on longleaf pine regeneration across a gradient of 
overstory longleaf pine. The regeneration response is related 
not 0111 y to co~npetitive interaction from adult pines, but also 
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to the resource-capturing ability of understory plants (Mitchell 
et al. 190917). To investigate this, we examined the response of 
loilgleaf pine seedlings in the presence and absence of under- 
story vegetation within our trenching experiment. 

I11 this experiment we tcsted the following hypotheses: 
( 1 )  facilitation by the overstory has a stronger inlluence oil 
survival of longleaf pilie seedlings than coinpetitiotl for 
water, (2) sldlow-rooted shade-iutolerant herbaceous plants 
respond psilively to i ~ ~ ~ ~ e a s e s  in light, whereas deep- 
rooted shade-tolerant understory hardwoods respond mostly 
to the re~noval of overstory belc3wground coii~pe ti tion, and 
( 3 )  in the absence of unclerstory vegetation, growth o f  
loiigleaf pine seedlings is related to light level and avail- 
ability of soil N, and when the understory is left intact, be- 
lowground gaps ase filled rapidly by the understory, so 
loiigleaf pine seedling gruwtl~ is related to light only. 

Materials and methods 

Study site and experimental approach 
The research was conducted at the Joseph W. Jones 

E~colugical Rescarch Center, a 115 krn2 reserve located in 
southwestern Georgia in the Coastal P1;tin region of the 
southeastern United States. 'Ihe clilnatc is subtropical with 
mean daily temperatures ranging from 11 to 27 'C. Annual 
precipitation averages 1320 intn/year and is typically dis- 
tributed evenly throughout the year. Soils at the study site 
are of the Wagram series, a loamy, kaolinitic, thermic 
Arenic Kandiudult. The site is dominated in the overstoty 
by 70- lo 90-year-old cutover longfeaf pine. 'I'he canopy 
of the longleaf pine woollland in this study is inherently 
open, wit11 basal areas railging from 0 to over 30 m2/ha 
(mean 12 m3/ha). The understory is large1 y composed of 
wiregrass, but other C4 grasses, herbs. and woody (Qrkeruis 
spp.) plants contribute to the species-rich ground cover 
(Kirhnm et al. 2001 1. I~recluent prescribed bunling for 
inore than 60 years has maintained a woodland structure, 
where deciduous txees and shrubs are low in stature arid 
associated with understory vegetation. During this experi- 
ment the entire treatment area was burned in Januarq. of 
1998, 2000, and 2002. 

Treatment plots 
'This work is part of a larger study, begun in October 

1997. which was described previously (Battaglia et al. 
2002. 2003; Jones et al. 2003; Palik ct al. 2003). For the 
present study, only the iic~nharvest :mcS large-group (0.2 ha 
circular gaps) tr-eatment areas were used. 

After the ovmstory tree harvest in the larger study. all re- 
maining trees were surveyed into Univc:rsal Transverse Mer- 
cator (1 JTM) coorr3inates in a GlS, We overlaid a 1 In x 1 in 

and qumti-tjed overstory ctnpetition at each intcrsec- 
tion using an overstory abundance index (OAI), a distance- 
weighted measure of basal area within a circumscribed area 
if ones et al. 2003; Pdik et al. 2003; Stoll el al. 1994): 

n 

111 O A I = ~ A I ~  
i= l 

where OAI is measured in square centitnetres yer square 

metre but is typically expressed as a dimensionless value, 
A is the cross-sectional area of tree i (a"), and d is the 
distance (m) of tree i from the grid p i n t  d was con- 
stsained to be no less than 1 ti1 to prevent giving unduc 
weight to trees in very close proximity to the sampling 
point. OAI is a better index of overstory competitor abun- 
dance than basal area because it gives greatest weight t o  
trees  tost st l k l y  to conlpete with a target plant (Stoll et 
al. 1994). We chose 15 m as the radius of our circum- 
scribed area (Jones et al. 2003; Pallk et A. 2003), since 
most plant responses to the overstory effects of longleaf 
pine have ken  observed within that distance (Bswkway 
and Outcalt 1998; McGuire t=1 al. 2001). 

Our e x p r i ~ ~ ~ e n t  consisted of a co111plete randomized 
block, split-split plot design with three replicates (?'able 1). 
In each replicate we established ten 8 mz plots (4 rn x 2 ln) 
along north-south trmsects (Fig. 1 ). The tirst transect (the 
plots) was established through a randomly selected 0.2 ha 
overstory gap: starting at the intact (uncut) woodland matrix 
and enco~npassing the southern gap edge, gap center, north- 
cnl gap edge, and intact matrix. l'he second transect (five 
plots) was established by raridomly selecting a starting point 
in the nonharvest-tsea~nerlt area and spacing plots similarly 
to those in the gap. A trench was dug around the perimeter 
of each plot to 1.5 m depth using a Ditch Witch@ trenching 
machine (Perry. Okla.). 'This depth captrues almost all of the 
fine-root biomass observed in longleaf pine woodlands 
(Hendricks et al. 2006). We placed 4-mil plastic sheeting 
(doubled for 8-mil thickness) in the tre~ich to prevent over- 
story roots from growing into the lreament area over time. 
'The trench was then filled with soil, leaving a small amount 
of plastic sheeting above the ground. OAI was then calcu- 
lated for all trenched plots. Pairs of nontrenched control 
plots with OAI values (~5'2,) similar to tilose for the 
trenched plots were chosen from the larger study. Our 
trenching met hod overcane previous1 y reported limitations, 
including incomplete severing of competing roots (1,e wis 
aid ']Tanner 2000), ingrowth into the treated plot once 
trenchizig is completed (1-1011 1998), and the illability to ad- 
equately separate effects in the licglit and below ground ios- 
tertag 1908). 

EAch plot was further subdivided into 2 rn x 2 m subplots 
and randomly assigned a11 understory / ground layer herbi- 
cide treatment that consisted of spraying the subplot in July 
1008 with a 45% cglyphosate solution to kill all understory 
vegetatic>n. We planted ten I -year-old containerized longleaf 
pilie seedlings (judged to be healthy froin the color of the 
leaves, 'and with a rcxlt collar diameter of 8-11 mm) in tile 
central portion of each subplot in January 1909. Seedlings 
were plaited such that there was at least 20 cm between in- 
dividuals. Over the course of the study we controlled com- 
peting vegetation tlirt>ugli hand-weeding or careful 
application of herbicide with a brush when there was little 
to no wind. Wrow11-spot needle blight caused by Sci;r-rhia 
acic.010 (Deiun.! Siggers was not detected on any seedlings 
tlisoughout the study. 

Resource measurements 
Available light in the u~iderstory was estimated using 

hetnispherid photographs (Battaglia et al. 2003; Rich 
1990; van Gardingen et a]. 1999). Ilnages were taken at 
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Table 1. Results: of ANUVA. 

Soil N Soil mnoistu~u: (0-30 Ilnclcrstai-y Seedling Se~ding,  
Sorrrce co~~cn. and 0-90 cm depths) bicjmass survival biomass 

1, 2 
b ( I - )  3 
?R 1 
E? (TK) 2 
UK 1 
b (UR) 2 
I, x 'TK 2 
P (L x TK) 4 
I, x tJK - 3 

b (L, x tJR) 4 
'TR x UR 1 
b (TK x ITR) 2 
1, x TR x IJR ,Se 7 

b (L x '1'R x UR) 4 
TM 6 
O (('TM) 12 
T M x L  12 
E? (TM x I,) 24 
TM x 'l'R 6 
O ('I'M x TK) 12 
TM x TJR 6 
b (TM x UR) 12 
TMxL,xTR 12 
b (TM x L x TK) 24 
'TM x L x UIi 12 
h (TM x I- x ITK) 24 
TM x 'X'R x UK 6 
b (TM x 'TR x IJK) 12 
'TM x I, x TR x ITK 12 
b (TMxLxTKxI!K)  24 

- - -- - - -- - 

Note: Sources of variance are as follows: locatioil (L): trenching (TR); understory iemoval (1-R): t ~ m e  (T'M); and 
replicate Mock (bl.  Dashes cfenote effects not used in the specific analysis. 

1 m height in the center of each plot under uniform sky con- 
ditions during the summer of 1098. Images were edited us- 
ing Adobe PhotoShop-D (version 6.0. Adobe, San Jose, 
Calif.) to increase the contrast between the foliage and the 
visible sky. Each image was analyzed using the image- 
analysis program XTemiView,c, (version 2.1, 1)el ta-T 13x4- 
ces, I,td., 128 Low Road, Bunvell, Cambridge. UK) to 
yield estirriates of GF. We chose to use GlI: based on the 
work of Battaglia et af. (2003, who fotrnd that it was lin- 
cast y correlated with light transmittance to the understosy 
and overstoxy of longleaf pine forests. and this estimate 
was relatively unbiased, i.e., it fell on a 1: I line with per- 
cent growing-season caiiopy light transm itIrtnce. 

Soil N (NH4+ and NOT) concentration was measured in 
each subl3lot during 1999 (May. July. August, and November) 
and 2000 (February, April, and May) using ion-exchange 
sesin membranes :tccosding to t l~e methtxis described by 
Hinkley and Matfon (1983) and I3;tlik et al. (2003). The 
inern hranes consisted of sturdy surgical cloth impregnated 
with one layer of either cation or anion beads, 'The inem- 
branes were prepared by shakii~g them in 0.5 m o K  
NaHCOl for three 20-min periods and triple-rinsing in de- 
icxiized water after each charging. We installed two cation 

and two anion membranes in each subplot at 5 cm depth. 
The membranes were retrieved after 7 d, rinsed with de- 
ionized water, and extracted with 25 mi., of 2 mnoVLd KC1 
per membrane, N concentrations were estimated using a 
Lachat QuikCl~em 8000 flow-injection ailaly zer (Lachat In- 
stminerits, Milwaukee, Wis. ). Soil N concentration for each 
subplot was calculated as the sun of NE-14+ and NO3- val- 
ues for each period and standardized to a 7 d sampling in- 
t eitral . 

We monitored voluinefsic soil moisture using time do- 
main reflectometry Ct'opp et at. 1980) in each subplot across 
two soil depths (0-30 and 0-90 till). For each depth, one 
pair of 30 and 90 cm long stainless-steel rods was placed 
vertical1 y in the soil. Volumetric soil ~~ioisture was meas- 
ured biweekly from January 1999 to Dece~nbes 2001 using 
a cable tester ('Tektronix 1502B. 'rektronis, Iilc., Richard- 
son. 'Tes.). 

Plant-response measures 
Seedling survival was assesse,d inortthly throughout the 

study (January 1999 to Decenlber 2001). We counted a 
seeding as alive if we could set: any live foliage. In Decem- 
bcr 2001 we measured total (above- and below-ground) 
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Fig. I. Ercper~mrient~l desrgn for the study. ?'rvcnty plots (111 each of 
three replicat~ons) were installed in luge-goup-selectioi~ (0) and 
nonhxvest ih) treatment are:is to isolate above- and below-ground 
effects on seerihns and understory re~ponses. Onc-half c\f the plots 
recelvecl 3 trenching treatment (thick solid outl~nes). One-half of 
each plot raerved an u~lderstory herbiciclc: treatment (shaded squares) 
or servcci as a control (ope11 squares). For brevity. ~31ily one of the 
tlmx replications is includcd (aclapted from Kiegel et ill. 1902). 

seedling biomass in 40 raidonily selected plots, leaving 20 
plots for future biomass ~neasuremenls. For eiich seedling, 
we measured root-collar. dirutletex to the nearest 0.1 mm 
with digital calipers and height to the top of the bud to 
the nearest 3 nim with a field tape, We carefully exca- 
vated arid collected each rcmt system, retfieviiig all strwc- 
tural roots and as many medium to fine roots as possible. 
The seedling colnponents (foliage, stem, and roots) were 
tlien dried at 70 "C to a constant mass (at least 48 11) 
and weighed. Finally, we calculated the 111ean of total 
(above- and below -ground) seedling bit~mass for each sub- 
plot. 

We rneasured standing understory bioirlass at the end of 
the first growing season fl999) before leaf senescence in 
subplots where the txxiderstory had not been removed. A11 
understory biorriass within a railcto~lzly selected 0.75 m k i r -  
cular area adjacent to the subplot was clipped at grou~~d 
level and sorted into three classes (wiregf-ass. other herba- 
ceous, and woody). 'T'his inaterial was dried at 70 'C for 
48 h to a constant mass and weighed. 

Data analysis 
'Tbe expcrimeiltal unit for this study was the plot, We an- 

alyzed data using a mixed-moriels analysis of variance and 

nonlinear regression with SAS System for W irlclow s ver- 
sion 9.1 iSAS Institute Inc.. Carp, N.C.). Prior to all analy- 
ses, we dctennined if eacb variable met tile asstmptior~ of a 
nornlally distributed variable. We transforined total seedling 
biomass and st~il N concentration using the natural log and 
square-root traiisformat ions. respectively . Statistical differ- 
ences for a11 tests were accepted as signiikxint at c~ < 0.05. 
Where interactions were present, contrasts were pesfmned 
to further test for specitlc differences. 

We used a repca ted-measures mixed-ii~odels (logistic) 
analysis of variance using the %GLIMMIX macro to test 
for wwxlland location, trenching, understory removal, and 
time efSects on seedling survival+ soil N concentration, and 
soil rnoisture level. We determined the most appropriate co- 
variance matrix to use for each test by niaximizing a likeli- 
hood function 'and comparing Aka&e's information criterion 
among potential repeated-measures structures. Consajuentl y , 
survival data were fit using a spatial  power) covariruice 
structure that acct>unted fix the unequal sampling intervals 
(I.,ittell et al. 1996). Since sampling irttesvals were not 
eclually spaced throu@~ tune, ortllogr)nal polynomial coeffi- 
cients were calculated using the Interactive Matrix Language 
(PROC IML) to generate treat~nent, time, and treatment by 
time coe fficient s for contrasts. 

We used nonlinear resression to relate GF to OAI at the 
whole-plot level (a = 60) and a mixed-models analysis of 
covariance to test if trenching signiticaritly affected the rela- 
tionship between soil N concentration aiid OAI for each 
understory treatment. ?'he effect of trenching on soil N con- 
cen trat ion was significant when the understory was r e~~~oved  
(Y < 0.001) but insignificant wfie~i the understory was left 
intact (Y = 0.320). As a result, we regressed soil N concen- 
tration and OAI for each trenching treat~nent separately with 
understory removal aiid we poled data for the intact under- 
story treatment. 

Mixed-moilels ma1 y sis of vaiance and linear regression 
were used to test for treatment effects on understory and 
seedling biomass. We first tested for location and trenching 
effects on understory biomass (separate tests for herbaceous 
and woody plants) using light level (GF) as a covariate. 
Light le\rel was significant as a covariate for the herbaceous 
plants (Y < 0.0001), but trenching was not (Y = 0.93). As a 
result, we tested the relatio~iship of understory herbaceous 
biomass and GF using linear regression of the pooled 
(trenchecl aid nontrenched) data, GI: was not significant as 
a covariate for understory woody plants (Y = 0.88), so we 
conducted the analysis to test for location and trench effects 
only. Next, we exiuniried whether seedling biornass was re- 
lated to light level and soil N co~lcentr-ation with different 
understory treatments using linear regression. All regression 
~nodels were selected mi the basis of our expectations of re- 
source and seedling responses to changing overstory abun- 
3ance, eramination of residual plots, arid die statistical 
significance of model coefficients f13alik et al. 2003). 

'L'o tcst predictions of clistributiori of seedlings relative to 
that of adults obtained fro111 this experimental study, we 
measured recruitment of naturally regenerated seedlings 
from two monitoring prograns in October 2005. We ran- 
domly selected 300 longleaf pine seedlings (less than 
1.37 m tall) froin a ~nesic site (Jones Research Center) arid 
100 seedlings from a xeric site (Eglin Air Force Base in 
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Tahle 2. Survival of finus ynllcstr-is seedling when the ut~derstory was removed and in 
xeas of lower overstory abundance. 

Type 3 tests of fixer1 effects 

F P 

1,ocation 
Trenchi tig 
Ilnderstorj rerncwal 
1,ocation x tyenching 
Location x understory remnoval 
Trenching x understc~ry removal 
Location x rrenching x understory removal 
Time 
1,ocatiun x time 
'Trenching x time 
I.Jnders tory removrtl x time 
1,ocatiun x trenching x time 
Locatlon x understcjry removal x time 
Trenching x understory retnoval x t h e  
1,ocation x tse~lclung x unclerstory removal x t h e  

Note: The output przse~~ted is from a repated-measures ANOVA using logistic mixed models. Data 
are from a 70- to 90-ycx-old secc>nd-growth longleaf pine forest in Baker County. Georgia. USA. 

Fig. 2. S~lrvival of Pirzlrs ycrIis.ssris seedhngs in the intact wood- 
land, the gap edge: and the gap center ( a )  and when the undersrc>rry 
was undisturbed (b).  Letters above the bars denote significant dif- 
ferences in survi~al rate ( ( 1  < 0.05). 

Intact Gap Gap Undisturbed Understory 
savanna edge center removed 

northwestern F3oridq). The xeric site is a Lakeland soil 
('Typic Quat'tzipsamment), similar in soil-drainage class to 
tliat described in Brockway and Outcdt (1908). The clistance 
from edch seedling to the nearest adult pine was measused 
to the nearest 1 m to determine whether ally exclusion pat- 
terns could be discerned. 

Results 

Hypothesis 1: Facilitation by the overstory is a stronger 
influence on survival of Iongleaf pine seedlings than 
competition for water 

After three growing seasons and two prescribed burns, 
survival of planted lotgleaf pine seedlings declined throtrgh 
time and was significantly related to wncx.ilarid location aild 
undesstosy removal ('1'21ble 2). Mean secdling survival over 
thrre growing seasons was greatest in tile intact woodland 
and at die gap eclge, lowest iri the gap center (Fig. ?a), and 
greater when the understory .ct.as left intact (Fig. 2b). Re- 
moving belowground competition fro11ln mature pine trees 

through trenching did not affect pine seedling survival 
('Table 2). 

'l%e response of soil moisture to we~lching and understory 
removal was generally opposite to that of seedlit~g survival 
('Table 3). Soil moisture increased with tsenching at both 
soil depths (Fig. 3) but did not vary with Irxation or under- 
story ueatment (Table 3). I-Iowever, there was all interaction 
between understory removal md time at 0-30 and 0-90 cln 
depth, with greater soil moisture in the understory-removal 
treatment (data not shown). 

Hypothesis 2: Shallow-rooted shade-intolerant 
herbaceous plants respond positively to increases in light; 
deep-rooted shade-tolerant understory hardwoods 
respond mostly to a decrease in belowground competition 
through removal of overstory 

We observed opposite growth responses of the two main 
understory plant guilds of herbaceous and woody (mostly 
Qttercus spp.) plants to competition in tl~e light arid below 
ground. Abovegrotrrid l~erhaceotis biomass increased signifi- 
cantly with light level (r2 = 0.33, P < 0.0001) (Fig. 4a) but 
not as a result of trenching (Table 4). The opposite was true 
for woody untlerstory plants. whose responses did not vary 
with light level ( P  = 0.47) but increased with trenching 
(Fig. 46; 'I'able 4). With trenching, woody bio~~tass increased 
sevenfold in the intact woodland ( P  < 0.0001) and fivefuld 
at tile gap edge (P = 0.02), but no differences were noted in 
the gay center ( P  = 0.92) (Fig. 419). 

Hypothesis 3: In the absence of understory vegetation, 
growth of Iongleaf pine seedlings is related to levels of 
light and available soil N, and when the understory is left 
intact, belowground gaps are filled rapidly by the 
understory, so growth of longleaf pine seedlings is related 
to light only 

When underst oiy coin petition was removed, a signit5cant 
curvilinear relationship accounting for 55%. of tile variation 
was observed between overstory stocking and soil N avail- 
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Table 3. Effect on helowgtr~und resources (soil water snd N) of removal of belowgrouod 
competition ar~d with time and location. 

Volt~metric soil moisture at 0-30 cm depth (5%) 
L,ocatioxi 
Trenching 
Unclerstor y remo v.dl 
1,ocation x trenching 
1,ocatiotl x understory removal 
'Trenching x understory removal 
L.ocation x trenching x unilersiory rmuval 
Titne 
140c3tion x time 
'l'renching x time 
I!ndei-stcxy removal x time 
l,ocation x trenching x titne 
Location x understory removal x time 
'f're~iching x undesstoly re~noval x time 
1,ocatiotl x tsetichinp x understory removal x titne 

Volumetric soil moisture at 0-90 cm depth f %) 
1,ocation 
'I'renching 
I lnclers tory rcmo val 
L.ocation x trenching 
1,ocatioti x understory re~~loval 
Trenching x understory removal 
Location x trenchit~g x understory removal 
I'irne 
1,ocation x time 
Trenching x time 
I!ndei-stc>r;r retncjval x titne 
L,ocation x trenching x tune 
I,ocation x unclerstory removal x time 
Trenching x untlcrstory removal x time 
I,ocatioti x t~etich~np x understory removal x time 

Type 3 tests of fixcxl effects 

E' P 

\ (Soil N (NHlt + NOi))  (jrg-rnernbrane-"7 hl) 
Location 2.66 0.0746 
Trenching 5 1.92 <0.0001 
'Clnderstory removal 105.73 <0.0001 
I,ocation x trenching 3.35 0.0386 
I,ocatioti x understory retr~oval 1.35 0.2624 
Trenching x understory removal 29.68 <0.0001 
l,ozatlon x trenching x understory removal 2.13 0.1229 
Time 62.03 <f> .000 1 
1,ocrttion x time 2.18 0.0020 
'l'senching x time 1 1.86 <0.0001 
I Jnderslory removal x time 13.97 <0.000 1 
1,ocation x trenching x time 1.75 0.022 1 
I,ocation x understory removal x time 1.30 0.1696 
'T'renchlnp x understory removal x time 7.38 <O.OOOl 
I,ocatiot~ x trench~ng x understor) re~novdl x titne 2 A0 0.0005 

Note: The output presented 1s from a rcpzated-measures nlixed-mmlels analysrs of \-anancz. IJata 
ale from a 70- to 90-yea-old second-growth longleaf p ~ n e  blest ln Baker Ccwnt). 

ability (P < 0.0001). with an exponeniial increase in soil N did not vary with overstory stocking (P = 0.83) (Figig. 51,). 
concei~tration occurring at low overstory stockiilg (Fig. Sn). When r he u~~derstory was left intact, soil N concentration did 
When all understory coinperitioo was removed. in combina- not vary with either overstory stocking ( P  = 0.52) (Fig. 5c) 
tion with Irerlching, soil N concentrrttion was elevated and or trenching treatmen( i P  = 0.32: data not shown). Ideveis 
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Fig, 3. Effott of severing competing roots throu~h trenching on vo- 
llmetnc soil moisture at depths of 0-30 cm ( a )  and U-90 cm (h ) .  
1,etkrs above tile bass denote sipniflcant differences in soil moist- 
n1-e level (0 < 0.05) by trenching treatment. 

Untrenched Trenched Untrenched Trenched 

Fig. 4. t!t~derstory biotni~~s response to overstory disturbai~ce and 
severins of competiog roots through trenching In a P. pnlzcsfris 
woodla~~d. (a )  Response of herbaceous biomass to llght level (bio- 
mass = -0.549 + 0.0M0.7 x GF, 3 = 0.33, P < (1,0001 1. (h)  Response 
of aboveground woody biomass (mean -t- 1 SE! to locaticx~ and 

30 40 50 60 70 80 Intad: Gap Gap 
Gap Fraction (%) savanna edge center 

of light reaching the understory were inversely correlated 
with otrerstory stocking (r2 = 0.67, Y < 0,0001) (Fig. 6). 

The bic311ias.s of longleaf pine seedlings increased with de- 
creasd overstory stocking (Table 5) and was related to the 
ainount of above- and below-ground resources (Fig. 7). 
Seedling biomass increased exponentially across tile range 
of GF values in our study (Fig. 7). 'The greatest gl-owth re- 
sponse o c c u r ~ d  in areas where f;F values were approxi- 
inately 60% aid greater. Forty -t hree percent of seedlings at 
this degree of openness had initiated height growth by the 
end of the study. Between approximately 35% and 60% GF, 
longleaf pine seedlings were able to establish and strrvive, 
hut only 13%- had begun height growth. No seedlings w7ere 
observed in areas with GI7 below approximately 35%. 

The response to above- and below-ground resources de- 
pended on the preserlce of an understory. tJn(lerstory re- 
moval increased seedling biomass at all woodland 
ltwat ions, regardless of the trencliing treatment ('l'ahlc 5). 
The lasgest inmase in seedling hionlass was noted wlien 
the understory and helowground competition were re- 
moved. These patterns were consisten t at all three tvood- 
Iancl locations (?'able 5). When tlie understory was 
removed. seedling biomass irlcrcased with both light level 

= 0.27, P < 0.001) and soil N concentration (r2  = 
0.42, P < 0.0001) (Figs. 7n and 70). When the understory 
was undisturbed however, seedling biomass i~icreased with 

Table 4. liesponse of woody understory biomass to removal crf 
overstory belowgroutid competition: response of herbaceous un- 
derstory biomass tc> removal of overstory aboveground competi- 
tion. 

Type 3 tests of 
fixed effects 

Wuody aboveground biomass (Nldha) 
1,ocstion 0.42 0.6588 -. l renchinp 11.58 0.0013 
l,ocatttion x trenching 3.42 0.0406 

Herbaceous aboveground biomass (Mgha) 
1,ocation 10.30 0.00Cf2 
. 7  1 renct~itlg 1.37 0.2376 
L,ocation x trenching 2.82 0.0685 

Note: Type 3 test3 of fixed effects (mixed-moclels analysis of variance) 
are presented (n = 60). Data are from a 70- to 90-year-old seconii-growth 
longleaf pinz forest in Raker County. 

light level (r2 = 0.25, P < 0.001) but not soil N concen- 
tration ( P  = 0.73) (I;'lgs. 7c and 74. 

Finally, patterns of natural distsibution of longleaf pilie 
seedling relative to proximity to overstory trees for both soil 
types (mesic and xeric) were nearly all within the seedling- 
exclusion zone pre viousl y proposed by 13rockway arld Out - 
calt (1998). All of the seedlings tallied at the inesic site - 
and 06% of those tallied at the xel-ic site - were found 
within 16 m of overstory longleaf pine (Fig. 8). 

Discussion 
?'he direc tion ( conipetiticm versus facilitation) and magni- 

tude of' interactions between adult longleaf pine and regener- 
ating longleaf pine seedlings influence the manner in which 
the overstory can be managed to sustain regeiieratioii. In this 
study, facilitation by the overstory and understory signifi- 
can tly illcreased sumi val of plant ed long leaf pine seedlings. 
While Pacilitatior~ int~eased survival of longleaf pine secd- 
lings by only 6(%, it is biologically signilicant in that this is 
contrary to the prediction of the hypothesis of belowground 
competitive seedling exlusioii (Brockway aid Outcalt 
1998) that seedlings would be excluded from a 12-16 m 
zone near adult longleaf pine trees. 

Several patterns in the data suggest that competition for 
water did not control plant-plant interactions between adult 
pines and pine seedlings in our study. First, survival was 
greater in both the intact woodland and at the gap edge than 
i11 the center of tree gaps, suggesting that the overstory fa- 
cilitatcct surtiival (Fig. 2). In Pact, survival was greater well 
within the zone of exclusion noted in Brockway ant1 Outcalt 
(1998). Second, removal of the uncierstory resulted in sig- 
nificmtly decreased survival of pine seedlings. suggesting 
that the understory dst:, facilitated s~mival (F:ig. 2). Third, 
soil moisture level responcted differently than seedling sur- 
vival: we observed greater soil moisture at 0-30 cm depth 
with trenching and understory removal, but survival was 
not influenced by trenching. Finally, this work was con- 
ducted duling tlie most severe regional drought experienced 
in tlie past 50 years (Gollahy and Battle 2002) with below- 

Q 2007 NKC Canada 



642 Can. J. For, Res. Vol. 37, 2007 

Fig. 5. Respunst: of soil N ( N I P  + NO3-) coricentlation to overstory and understtx-y distr~rbance and severing of competing roots in :I P. 
prrlzisft-is woodland tllrouph trenching. ( a )  'She unde~xtoty way retnovtxl and the plots were not trenct~al (% [sod N] = 0.6352 + 0.5573 x 
exp(-2.5585 x OAI: r! = 0.55, 1> < 0.0001). (b )  'The uniierstory was rctnovtxl and plots were trenched. fc) 'The understory was left unclis- 
tur beif. 

OAI (Mfd) OAl @A/d) OAl ( W d )  

Fig. 6.  Response of light level (pap fi-action (GF)) to overstory 
stocking in a P. palustris wood1:ind ( n  = 60). The equation for the 
fitted line is GF = 35.56 + 32.92/(1 + (0.87 x OAI)) (6 = 0.67. 1' < 
0.0001). 

average precipitation for 19 months between November 
1998 aid January 2001. 'I'lius, exen though the site used in 
this study has greatel- water-holding capacity than that used 
by Rrockway and Outcd t ( 1998), if con~petit ive exclusion 
of seedlings due to water stress consistently reduced sur- 
vival, then it likely would have been manifested during this 
&ought. 

Increased survival of planted longleaf pine seedlings in 
the presence of an ctverstory and understory may bc partly 
explained by plant-plant interactions that ease the effect of 
drought conditions (Callaway and Walker 1997; Miller and 
Werner 1087; Mitchell et al. 1099b). Facilitation by the 
overstory or understory lllay only wcur when the cost of 
maintaining adequate plrutt water status is greater than the 
ph y siological and mo~pliological costs incui~ed under low 
light lcvels associated with greater plant cover (Holmgren 
et al. 1997). For example, Belsky and Canham 4 1994) sug- 
gest that heterogeneity in light conditions under savanna 
trees iu Africa resulted in stomata1 fluctnrrtions that re- 
duced transpiration and increased water-use efficiency in 
unilersto~y plants relative to the open-grassland matrix. A 
silnillu result was reported by Kiiapp and Smith (1989) and 
Knapp et al. (1989) in alpine regions of Wyoming. owing to 
light variation associated witli clouds. l'hc light environ- 

ment o f  long leaf pine woodlands is heterogeneous spatially 
and temporally (Hatbglia et ai. 2009, and the extent to 
which variation in the understory light environment in 
long leaf pine wc~ndands con t sols physiological processes 
sufficiently to affect survival during drought needs further 
investigation. 

Facilitation was ctbserved with respect to seedling sur- 
vival. while coinpetiticx~ significantly influenced the growth 
of both herbaceous and uroody vegetation. tfowever, the 
mechanism by which growth was regulated between under- 
story guilds differed substantively. T11e herbaceous com- 
munity responded mainly to light. i.e,, there was a positive 
correlatir~n between biomass and GI-: (Fig. 4) and a statisti- 
cally insignificant trenching effect (Table 4). The response 
of understory woody plants, however, was opposite to that 
of herbaceous plants, i.e., there was a significant trenching 
effect (Fig. 4) and insignificant correlation with light level. 
'The absence ctf a trendling effect on woody plants in the 
gap center may have been due to plot location. The gap cen- 
ter was approximately 25 m from the gap edge, well beyond 
the zone of influelice noted for mature, overstory longleaf 
pine (Brockway arld Outcalt 1998; Jones et at. 2003; 
McGuire et at. 2001). 

While understory -cornmunit y productivity has bee11 
sliowii to be limited by soil water level at the ecosystem 
scale (Mitchell et a1, lW9if), arid &ought exacerbated water 
limitations in this study, we found no positive effects of 
shade oil productivity of herbaceous plants. Within its range, 
wiregrass is the dominant miderstoly plant of natural long- 
leaf pine ecosystems, inakirig up nearly 50%- of understory 
net primary productivity (Mitchell et al. 1999n). Wiregrass 
growth response increases with light level until nearly full- 
light conditions are reached (McGuire et al. 2001), but 
cc~inpetition with unciers t ory cover can decrease wiregrass 
seedling survival ruid biomass (Kindell et al. 1996). Similar 
to our findings. Tiedemanm et al. (1971) reported that 
grtttvth was positively correlated witli light levels (20% - 
tSOC4, of tit11 sunlight) in four grass species in the southeast- 
em United States, Monk and Gabrielson (1985) found that 
only 1 of  14 understctry species common to old-field sites 
iii Sotltli Carolina responded positively to shade. Positive 
effects of shade on grass productivity have been linked to 
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Pecot et al. 

Table 5. Response of 1'. pcrlrrsfris seedlltlg biomass after three prcwing seasons to tsencliing with understory 
removal. 

Woodl and lixat~on 

LTnctcrs tor) reatment l'senching re:jttnent In tact woodlrttld Gap edge Gap center 

IJndisturhed Nonh.enchec1 1.978aA (0.210) 2.757bA (0.280) 2.708hR (0.301 ! 
Undisturhtvl -Trenche~I 1.873a.A (0.245) 2.347abA (0.339) 3.3WcA f 0.33 1) 
Rernoved Nontrcnched 2.7iISaB (0.208) 3.327abB (0.264) 4.582cB (13.3763) 
Re111oved 'I'rencl~ed 4.28&(: f 0.262) 5.61 2bC (0.434) 6.132bcC (0.370) 

Sote: Values show Idmean seedling biomass) in grams. l%e ~alucs In pentheses show 1 SE. Values followed by a dlf- 
feuelkt lower-case lette~ drtfer sigiuficantly (tr < 0.05) among locations for each treatment. Values followed by a diffetent ca- 
pltd Xettei differ s~gn~ficar~tiy (o < 0.05) among treatments at each location. 

Fig. 7. Response of 1'. pnlustris seedling b~omass to increasing light and soil N concentrat~on when the undeilstorj was removed (a. and b! 
hut to llght alone wl~en thc undel-stoiy was undist~~rbcd ( c b  and d) .  Equat~ons are as follows: ( r r )  In(biomass) = 1.06 + 0.056 x (2' ('1' = 0.27. 
P = O.i>C)(>SI; (b)  log(b~om~qs) = 2.04 + 1.71 x soil N ( r 2  = 0.42. P < 0,0001 ); ((.I ln(biom;tss) = 0.60 + 0.035 x GF (I' = 0.25, 1' = 0.0005); 
(dl there was 110 relationshi between seedling biomass rind soil N when the understory was undistusbed (1' = 0.7339). 
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increased nutrierit cycling due to animal Ltroppirlgs under tree 
crowns in savannas (Belsky 1994) and litterfall and tlxough- 
fall inputs under blue oak trees (Quercrls ilougtasii Hook. & 
IAsn.; Callaway et al. 199 1). Shading in wcwdlands and sav- 
annas inc~cases grassland prcx1uctivity by also reducing soil 
and leaf temperatures, which reduces transpiration and iin- 
psoves water relations of u~~derstosy plants (Welsky 1994; 
Smith et al. 1987; Tiedemann aiid Klernmedsorr 1977; Welt- 
zin and Coughenour 1990; Wilson lSIX41). 1-lowever, we 
found no increase in productivity of grasses associated witli 
savanna tree crowns, vrily arl increase in survivril of longleaf 
pine seedling. It appears that even when tliese systems are 
water-limited (Mitdiell et al. 1'300a), shade does nut gcner- 
ally increase tinderstory productivity. 

'The contrasting growth responses of herbacenus aid 
woody plaits to overs tory coiizpetitio~i suggest tliat thesc 
plant types niay be coinpcting for different rcsourucs (herba- 
ceous plants for light arrd ~vocxSy plants for soil N). While 
the impact of understory plants on pine seedling growth is 
readily seen, hc-tw each understcz~y type (herbaceous and 

woody) controls seedling growth is more difficult to discern. 
Our study could not isolate the individual effects of herba- 
ceous and understory woody plants on longleaf pine seed- 
ling survival aiid biomass. The increased growth of pine 
seedlings in trenching and herbicide treatments in the gap 
centers compared with that in tlie intact woodland and cgap 
edge ('Table 3, however, sucggests tliat advanced hardwood 
regenera tion is preeinpting soil resources with established 
root systems, as plots in the gap ceiitcrs were more tfiari 25 
in from the nearest canopy trees. Future work that is able to 
separate thesc understory components would Izelp elucidate 
factors that regulate tlnckrstrzry growth and the extent to 
which herbaceous and woocty plants differentially control 
longleaf pine seedling growth. 

Walter (1972) proposed a two-layer model tr-t describe 
savanna structure, which generally fits the patterns observed 
in this study. TKlzis inodel suggests that niche differentia tion 
in root zones, i.e., more superficial rooting of Iierbaceons 
plailts and deeper rooting of woody plants. alters cornlxti- 
tive responses (Bragg et al. 1903; Brown aird Archer 1990: 
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Fig. 8. Natuml regeneration of Y. palidstris u~lder parent trees on 
tnesic sites at the Joseph W. Jones Ecological Kesearch Center in 
sor~thwestczn Georgia (a) ancl senc sites at the Eg11n Air 1;oscc. 
Base in nc~rtllwestern Florida (b). 1 {a) JosephuW. Jones Ecological 

5 20 Research Center, Georgia 

3 

I (6) Eglin Air Force Base, Florida / 
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Distance from nearest 
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Scholes and Archer 1997; Vetaas 1992). This root partition- 
ing has been shown in annual grassland systems dominated 
by grasses and Sorbs (Gordon and Rice 1992). In longleaf 
pine savannas and woodlands. wiregrass roots ase dispropor- 
tionately found in tile upl3er 30 crxt of soil fSaterson and Vi- 
tousek 1084): whereas pines and hardwoods are Inore deep- 
rooted (Jacqmain et al. 1999; Pessin 193%). In this study. 
the deeper rooted shade- tolerant hardwood understo~'y was 
more strongly influenced by belowground competition with 
adult pines than ole understory of herbaceous plants, wit11 
as much as a sevenfold increase in biomass ill the intact 
woodland with trenching (Fig. 4). 

I ,ongleaf pine woodlands appear to func tion differently 
t ha11 other open-canopy ecosystems noted in the literature. 
Rather than trees facilitating productivity under~~eath the 
canopy through greater fertility coinpared with the open ma- 
trix (Helsky 1994), longleaf pine root gaps show increased 
soil nutrient availability either when adult pine rotjts are 
severed or in the center of large gaps when understory 
plants ,?re not present (Jones et al. 2003; IWik et al. 1997). 
This is similar to a report by 't3,?rsons et al. ( 1994) on 
closed-canopy lodgepole pine f Pinus contorfa Dougl. ex, 
1,oud.) forests. lt' the understory is left intact, however. root 
gaps are ephemeral and indistinct (Jones el al. 2003; 
McCiuise et al. 2001), even when adult tree roots are sev- 
ered (Fig. 5). 

Forest management implications 
Ikrecl uentl y bunted long leaf pi~ze woodlands with rut unrlis- 

ttu-bed grass-dominated uxtderstot'y are rich ill terms of 
species diversity, with as marly as 50 plant species/m2 

(Kirkinan ct al. 2001: Walker and Peet 1984). These wotxi- 
latds ar-e also home to many endemic species (Iiardin aid 
White 1080). Frequent sui.t'ace fire is important for creating 
the conditions that sustain these species (Kirkman et al. 
2004). Moreover, sufficient long leaf pine canopy cover is 
ixnportant for sustainislg the diversity of this ec'osyst em 
(Sinlberloff 1999) and providing enough longleaf pine nee- 
dles as the fine fuel sousce that carries frequent tire 
(Mitchell et al. 2006: Williarnsou and Black 1981). Yet ap- 
proaches to harvesting of adult pines, even on lands where 
conserving biodiversity is ari importarit goal. have often 
bee11 based 0x1 an even-aged structure f Rudolph and Con- 
ner 1996) or large gaps, i.e,, patch cleascuts (Brockway et 
al. 2005), where lack of pine fuels makes frequent surface 
fire inore difficult to maintain. 

Partly based on the hj~otllesis of belowground cosnpeti- 
tive seedling exclusion (sensu Brockway and Outcalt 1998), 
it has been reported that gap-based approaches are necessary 
to establish longleaf pine regeneration while maintaining an 
uneven-aged structure (Hrockway and Outcalt 1998; Hrwk- 
way et al. 2005). Gaps at least 40 m in diruneter (0.125 ha) 
(Brockway and Outcalt 1948) and up to 2 ha in size 
(Brockway et al. 2005) have been suggested. Data presented 
in this study and those of Palik et al. (21103) demonstrate 
that gap-based approaches increase seetlling growth arid 
may be warranted when timber-producticxl objectives are of 
greater priority than conservation or on sites in which the 
understory has been damaged through previous land use 
(EIedman et al. 2000). In this case, further intensive site 
preparation to contsol vegetation does not impede the attain- 
ment of other objectives, 

The release of hardwoods in longleaf pine woodlatds can 
be problenlatic when management objectives include the 
conservation cjf biodiversity. Hardwoods respond imledi- 
ately to a reduction in belowground co~npetition with the 
overs tory and can quickly capture a site . Long leaf pine, 
however, requires an adequate seed year for reproduction 
(7-15 years between regional masting events) arid an addi- 
tional 2-10 years to begill height growth. owing to the stem- 
less, grass-strtge period of growth (Royer 1990). If no 
seedlings are established before the gap is created, it may 
take a decade or longer before longleaf pine regcneration 
captures a site. Because hard?t~oods are released i m e d i -  
ately f'oliowirig overstory rexnoval. chemical ctr intensive 
nlechanical vegetation management may be required, which 
snay coinpromise conservation objectives (ZIedman et al. 
2000). 

Accelerated gro.r-tlth of hardwoods in large gaps negati~ely 
influences the ability to appIy prescribed burns in longleaf 
pine woodlands. Fire acts as a selective force against 11ar.d- 
wcmds, killing the aboveground portion of the plant (Wil- 
lianson and Black 1981). Increased fire intensity is 
positively related to pine litter accumulation (I'erguson et 
al. 2002) and decx-eases with distance from adult pines 
(Grace and Platt 1995). Iilcreased tire intensity is also nega- 
tively related to hardwood density (Glitzenstein et al. 1995: 
Willianlsori and Black 1481). The lack of pine fuels in the 
gap center coupled with the significant increase of 1iardwoc)d 
bioinass inay reduce fire intensi t y (Mitchell et a]. 2006). 
This increases the probability of hardwoods capturing gaps 
either wilolly or partly. 
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Fig. 9. The back of a pine fine-fuel source coml>rr.mjses fire conti- 
nmty and, combined ~ t h  hardwood release from overstory compe- 
tition. results 111 haidwood prproljfe~;lt~on in a sap ( a ) .  D~spersed 
retention that 1s variable In dellsit?; al1c.w~ for fire continuit> across 
the landscape. maintains low-sta ture hardwoods, encourages long- 
leaf pine scgeneriltion, and ensures 3 h~gh diversity of flola and 
fa~ina (b). Photogt-aphs by S .  Pecot. 

We also showed that the presence of understory liard- 
woods aiid herbaceous plants influenced the growth of long- 
leaf pine seedlings (Fig. 7). The growth reduction resulted 
from the ability of established undersgory plants to rapidly 
exploit root gaps c~eated by overstory disturbance, thus at- 
tenuating seedling growth, Inc~eased growth of seedlings by 
control of herbaceous and woody plaits has been demon- 
strated for longleaf pine wuodlands (L3oyer 1989; Pessin 
1938, 193%) as well as several other forest systems (Brown 
aiid Archer 1989 Gordon et al, 1089; Mc1)liersoii 1993). 
IAotigleaf pine has long been considered to be intolerant of 
competition (Hoyer lC>90) 114 as a result, vegetative control 
(chemical and mechanical) has been suggested as a meatis 
ctf optimizing its growth (Boyer 1'39 1 ; Rrockway and Out- 
calt 2000; Broci;way et al. 2005). While undcfstoly reduc- 
tion can increase growtli of longleaf pine seedlings, the cost 
inay be a loss in biodiversity as well as the ability to apply 
firc across tl~e landscape if it lowers fine-fuel loadings 
(hlitchell et id. 2006). 

The iibility of scedlings to survive and establish in a ma- 
trix of open-cant,py piiies suggests that retaining adult 
stands that vary in density, which is acc'omplisherf through 
single-tree selwtion. may be useft11 iil establishing 1oiigle;kf 
pine regeneration without adversely affecting the ability to 
manage prescribed burning or favoring hru.dwtx)d develop- 
ment, as with large-gap-based apprc~aches. tJsing light- 
distribution data from a larger study (the large-group and 

no-havest plots were shared with this study), Battaglia ct 
al. (2003) estimated the proportions of three light levels 
(<359i.. 35';540%. arid >60% GI:) in single-tree. sniatf- 
group, and large-group treatmeiilts. hi ahnost two-thirds of 
the a c a  in the single-tree treatment, sufticient light was 
provided in the untterstory for the establishmelit of ad- 
vanced longleaf pine regeneratioii f35%-60% GF). Once 
established.-these seedlinis can be released in future har- 
vesting operations or by natural disturbances to the over- 
story. In addition, nearly one-tliird of the stands ill the 
single-tree treatment had aseas that were open enough to 
release seedings into the rapid-growth phase (greater than 
60% <;E;). Orlly 2% of the stand contained light levels that 
were tcx) low for establishment of advanced regeneration or 
seedling release. Retaining adult pine stands that vary in 
density, i.e., single-tree selection, allows fos a continuous 
supply of fuels over space and time, reducing the need for 
chemical and mechanical control of hardwoods while pro- 
vidirig sufficient resources for seedling regeneratiitii. We 
suggest that this approach is a viable silvicultural tool for 
longleaf pine woodland management. 

t3ifSerences in experhien tal approach (such as using dif- 
ferent seedling types and sites) inay explain the opposing 
results between studies which wxggest &at co~npetitive ex- 
clusion of seedlings requires gap-based silvicu1tut-e 
(Brockway arid Outcalt 1098; Brocbway et at. 2005) and 
tliose wliich suggest that single-tree-selection approaches 
might be suitable for loligleaf pine woodlands (McGuire et 
al. 2001; I'alik et al. 2002). tJsing data froin monitoring 
programs, we found that nearly all naturally regenerated 
longleaf pine seedlings were within 16 131 of an adult long- 
leaf pine wee, regardless of site (Fig. 8). These regenerttion 
cohorts resulted primarily fmm t ~ ~ o  inasting events, in 1987 
and 1096, and have persisted tlirou~h severe &ought condi- 
tions (Golladay and Battle 2002) and three to seven pre- 
scribed burns. Thus. it appeass that differences in neither 
regeneration type (natural versus artificial) nor site (mesic 
versus xeric) can explain the differences between the re- 
pttrts. 

'To summarize, (i) the presence of an overstory and under- 
story Facilitated survival of longleaf pine seedlings during a 
severe drought but lessened their growth: (ii) understory 
hardwoods co~npeted below ground with the overstory, 
while herb:c=eous plant growth was regulated by light; (iii) 
a seedling exclusion zone caused by the longleaf pine over- 
stoq~. proposed in previous work (Brockway and Outcalt 
1998), was not observed; (ill) gap-based approaches to long- 
leaf pine management may be best when timber objectives 
are Inore important than conservation of biodiversity, but 
these approachc s iiicl~tde the possibility of liartdwood ref ease 
within gaps (Fig. %i); and (v)  an overstory that varies in 
density call be retained in longleaf pine wcmdlaiids when 
the iiiipo~Talce of attaining conservation obsectives is high, 
because it allows for establishing regeneration, sustaining 
frequent fire. and producing timber Fig. Ob). 
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