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Introduction 
Sonhcm red oak rQuerru5 rubra L.. :\R01 and >Ahtte oak IQ a/1-;.t L. 

\\'0) arc among the mo't \aluable oJ.k 'pecte-. in the ea,tem Unll·d State' and 
throughout the ea,tem prO\ mce' ol Canada. The~ ha'l.e a bwad gt.ographtc 
dt<;~nbutton. )Ct no 'mgle regenerauon mechani'm can e'platn thctr pre,ence tn 
cum:nt qands Both -.pecies are declimng in numbers and tmponance on htgh 
qualit) mc,tc 'ite\ throughout their range. Man)' -,cienll\b feel !'RO ma) become 
threatened or endangered on the'e -.ites unle" ne'' regeneration techmque, arc 
developed rKelli,on 1993) The \tatus ofWO is not a' criucal hccau ... e 11 can 
develop on poorer sites than "'RO 'evenheles~. Its compctnhe po~nion on high 
quality \IICS IS precanUU\ 

These two 'pecte~ ollen CDI!XN Ln natural stands in the LS. Man) oak­
dominated \land' originated because of human acth tty or biological cata,trophe~ 
-;uch as the chestnut blight cau~ed b) Cnphom•ctrw para.ltti('{l ((Murr.) Barr). 
Tht' dt,ea-..e rc,ulted 10 the decimation of American chestnut rCmtcmeo dt•ntata 
r~1ar,h. l Bonh.). Abo, pa~tland u e. hanesung pracuce,, and lire' ha\e enabled 
the...e oal...' tn occUp) bmad geogmphic and ph)'siographic r.111gc' (Abr.um and 
'of'Aad..i 1991>. Cum:ntl). \\.hether l'.'RO ~tand~ are hane,tcd. or >Ahcther the 

tree\ ha\c \UlCUmbed to other dt,turbance' 'uch a' g) P') moth rl.vrumma 
d11par L.), nc\\ ~t:u1d arc nor becoming e...t~bh,hed . Ho\\.e\er, a method used lor 
regeneraung the...: oak on lo" qualn~ 'lle~ cSne Index ~20m. hetght of 
dommant and co-donunant tree' at age 501 rehabl) produ c' ncv tand 
compmed of '-lUmp 'Prout~ and indi\iduah of ...eedling ongm Sander 19711 The 
plllCcdure consl\t~ of thmning the mature 'tand' to 'pccitic den'llle,, then 
allo\\ 111!,! oak -e~:dhng' to regenemte under the canopte' Onle the de, Ired 
'eedlmg denstue' and '''e' are obtained. the O\Cr\tOf) canop) '' remn\ed Thts 
'heltcrwood tech1114ue p1.1pulariLed the term "ad,-anced oak rcgeneruuun" and 
'pec1fied the >Atdel) Jcceptc:d mtmmum seedhng 'tern hctght of I m m the 
eastern and ~:cntral US Others tned to modif) Sander\ lo>A·qualit) site 
'helten\lood pre,cnpunn for u...e on high qualn:r me,ic \ltCs. The rc,ull\ ... bowed 
that shade tolcnmt o;pccie,. a' >A ell as yello\~ poplar r Lmoclt·ndmn tultptjem L.1. 
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re ponded well to these helterwooJ mo<.lifications, out oaks dtd nnt (l..oltt 1981) 
Sandc:r'., 119721 sy,tc:m pro,ed eiTecti\e nn the low-quaht) 'th:s. e'pe­

~lall> "nh WO, hecau'e taster gro" mg competitor' to the oak' were ah'>ent or at 
mmimalle\eb on these ~ite~ . A disadvantage wa ... thatut least 10-20 years might 
be needed to build up the neces'ary advanced oak regeneration. To 'horten tht~ 
regener.tuon cycle, auempt' were made to mcorpor.tte artificial regcnerauon on 
the low-quality upland ~ne .... as well a.s on htgh-quality me,ic 'He~ (Johnson 
19931. On high-quality 'ite\, howe\er. severe competition from faster grO\\ mg 
and/or more shade tolerant ~pede' (Barton and G1eeS<ln 1996; Crunktlton et al. 
19921 and the ab,ence of htgh quality oak planung 'tock prevented artificial 
regenerJtion from being a pracucal endea\or. A~ needs of d1\ersified manage­
ment option~ gained in importance. the declining numbers of these two Important 
spcctes became of considerable concern among forest manager~. Thb snuat10n 
has lead to a re~urgence of interest in oak management throughout the US 

Our goal in th1s oak research was to develop a rehuble regeneration 
technology for eMabhshing 'ever.tl specte of oak on high-quality me~1c sttes tn 
the southea.~tern LS National Fore ... t lands. The goal of th1s management 
technology placed equal constderauon to timber values and to mast pnxluction 
needed for wildlife managemc:nt efforts. As was amply demonstrated during the 
2003 lntemauonal Oak Soc1ety meeting, there are countless other land~cape uses 
ol oak that can employ other spec1fic morphologtcal attnhutes. These other 
attributes are not necessarily 'uitable for succe,sful fore't regeneration where 
vegetauon competition can he severe. 

Initia l research with northern red oak 
In the early 1980''· concern grew about the fwlure of 1\IRO and WO to 

regenerate on htgh quality ml!!>tc Sit~ through their range~ m North America. One 
of the question!> a'ked wa' whether ectomycorrh1zal fungi could tmpro\e 
c'tablishment of the e oak~ as much as has been repeated!) demon~trated wtth 
vmous comferous spec1es (Marx 1991). From the beginning, research clearly 
demonstrated that variou'o ectomycorrhizal fungi would readily coloni7e oaks 
under controlled. sterile conditions. Howe\er. the 1-0 stock produced did not 
attain the \ize destred fur artificial regeneration use. For several yean., countless 
oak seedlings were gro\\ n at the experimental n~ry maintained by the lnsutute 
of Tree Root Biology of the t.JS Forest Service under different nursery protocols. 
A' ... eedling qualtty gradual!) tmpro,ed. 11 became e"ident that a better method of 
e\aluaung ~eedhng qualtt) would have to be de\eloped The trad.iuonal mycor­
rhtL.ll index u'l!d 'o successfully in conifer studtes (Man 1991) wa~ inadequate 
for oak seedling quality evaluation. What was readily apparent wa!> that ...eedlings 
could ha\e comparable mycorrhiZal indices. hut be sigmficantl) difterent m 
...eeJhng development and outplanting performance. Gradually. 11 be.:arne clear 
that Yohile the percentage ol feeder roots coloni1ed by cctomycorrhtzal fung1 wa.~ 
tmportant to '\eedling dc,elopment. the number of ftrSt·order lateral roob (FOLRI 
wa.\ the e sential factor in determining eedling field performance Stmpl) ~tated, 
higher FOLR numben. re,uJted 10 more mycorrhwll short root' for 1b,orbmg sml 
moi,ture and nutnents. lloweo,;er, in '-Ptte of nursery sott... bemg artifictally 
moculated with specilic ectomycorrhizal fungi. the nuf'ery protocols used then 
rarely produced 1-0 oak o;eedhngs with the necessary mmtmum root collitr 
dtameters (8 mm) and hetghts (0.8 m) for outplanting. 
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De\ elopment or a nurser) base-line fertilit) protocol 
Dunng the imual pha'e of \I!Orking with oaJ.,, \Ooe tuunJ that ii:"' secdhng' 

had more than three growth nu .. he ... the ftN )Car'" the nUN:I') bed~. Tight 
termmal bud, \Ooere u'ually pre~ent b) late Jul). 0\er a penod ,,f three to lour 
)eM' \\e de, eloped a nUN:I') ba eline fertilit) protocol that charJcteri<.ucall} 
produ~;ed man) 1-0 seedling~ \\ith fi\e to ~\en flu,he~ Final he1ght' and root 
collar d1amcter. could e:\ceed 1.0 to 1.:?.5 m and I:! mm. re,pecU\el). With ,Jight 
mod1ficauon-.. th1s protocol i'> etfecti\e for mo t hard\\ood 'pedes and ha heen 
u.,ed on I 7 other ~pecie~ ol oaks Bnefl). the extractable ~011 nutrient concentra­
tion' are adju,teJ to maintam Ca at 500. Kat 130, Pat 100. Mg at 75, Cu at 0.3-
l, Zn at .~-8. and Bat 04-1.2 ppm. From 900 to 1350 l.:glha of r\ll)SO 1, top­
dre~~ed m increasing mcremenL'> over the growing 'ea'>on . From 50 to 170 l.:g N/ 
ha i., apphed at 10-14 da) intcnals until6 to 7 week' before the fiN fro\tls 
expected CKormamk et ul 1994). 

With th1\ ba,ehne fcnility procedure, approximately 30 to 35 days are 
requtred for the 'equencc of bud \Ct. bud swelling. bud break. 'tcm clongauon, 
leaf expansion, leaf maturJtion. and bud set in variou' oak 'flCCIC' m our area 
(Sung ct al. 2002. 2004>. Jmgauon is provided throughout the gro\\tng ... ea,on 
when rainfall1s less than 2 '5 em per \\eek and io; reduced alter m1d-Octoher. 
Irrigation i., stopped "'hen the leaf abscis.,ion zone de\elop' after se\ eral frn,h . 

Jmual attempts on up-<.c'aling 'eedling producuon to larger commerc1al 
fore't <.eedling nursenes proved difticult because nurse!') manager. \\hi' had 
succe,.,fully groY.n conifer.. lor man) }Can. "'ere reluctant to mod1f) the1r 
nursery procedures to accommodate the biological rcquircmenh of oaks. 
Currentl) commcrc1al up-~almg of this nurse!') protocol ha' been ucc.:e"full) 
u-.ed m thrl!e dillercnt lore;.t tree nur,erie;.. 

Biological coru.idera tions in oak seedling production 
Perhap;. the mo't common cause of nur..ery fa1lure., m producing ...eedhng;, 

meeting the standard fur outplantng 1S nushandhng of the acorn,. Only ;.ound. 
weevil-free acoms which have not been desiccated ;,houlo be u.,cd for seedling 
production. Acorns are recalcitrant and when permiued to de,1ccate. they w1ll 
either not gern1inatc or, if they do germinate. w11l produce infenor grade 
'eedhng,. Thl'> 1\ c~pcciall)' true for WO wluch rapidl} de,lccate;, upon rad1cll! 
protrusion. Th1s rap1d rad1cle elongation IS, of cour-.e. mo,t pronounced "-lth WO 
'ince no traulication penod IS reqUtred for germinauon. Funhermore. r.td1cle' 
that protrude and elongate m storage are readil) broken. a circum,tancc that can 
re«uh m muluple taproo ' Seedltng' eUtibtting th1;, condnion lrcquentl) dc\t.~lop 
poor!), both m the nur>el') .:.nd Jfter outplanung for at Iea't 1:>. )Car' !PP 
Kormamk. per'>Onal ob...enation). 

A maJor con,1derauon in producing qualit~ oal.. -.eedhng in our geographi­
cal area i- to mamtam the 30 to 35 da) ~ bud-to-bud C) clc m the nur;ery Oed unul 
the matn ~edling canop) i;. 0 .75 to 1.0 m. Bud' hould not he pcrmmed w 
become dormant unulthe de trable height j, obtained. II e1ther the 1rrigauon or 
nitrogen top dre"mg schedules are 1gnored. the buds can become dnnnant, and 
then it can be C'ttrcmely difficult to stimulate bud break agam. In tact , permuung 
premature bud set and so\\ ing acorns wh1ch may ha\ e been de\ICCated are the 
major cau'e' of substandard seedling s 1ze~. The de\elopment of WO 1\ ;,igniti­
cantl) slower than that of NRO and 'eedling-. frequent!) need more '>ea, onal top 
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drc~smg andtmgatton than l'\RO "---edltnj!~ Ill olltam stze, de,irohle for nntliual 
regc nerauon 

\huntenance of sod nwi tun: ha.' prmen to be e,o;enual t:\en long alter full 
leaf wloration occurs. In earl} December. e\en though the green chloroph) II 
coloration appear.. dunmi,hcd, photo,)nlhe'i' m NRO and WO cuminue' at JO 
to 6091 ol the 'ummcr aClt\ uy unul 4 to 6 week' after the ltr't fro,t. when 
ah'"'~'ion layers finall) de\elop ISS Sung. per-.onalolhcr.allon) During tht' 
pcnod. growth ha~ topped and '' rch i' being ~tored in taprooh and 'tent,. It 
,mJ motsture ts not ellccu' el) managed. the lea'c' n1.1y w th and the :u.:cumul.t· 
uon ot "larch re'cncs m:ec.lcd in the spring,.., -enou'l} tmpacted 

()(.'\ clopment of a hiolo~icall~ ha<.ed serolin~ ~:nding ~)\tern 
When consistent 'eedling production meetmg the destred st<mdard' W<h 

achtc\Cd. a biolngically·ha,cd ... eedling grading system W<h tJc,elopcd u'ing 
HJLR numhcr. ... imilar tu that used earlier lor loblolly pine <Pmus ICit·tla 1..) 
I Kom1.mtk et al. 19'Xll 11nd w.eetgum ILtqudumhar .\I\ rae tj1ua L l 1 Konnamk 
19X6). Hentahtlit) e'ltmate' lor FOLR number. were a' htgh a' 0.!!98 and 0.91H. 
wtth tandard em'r.; u low a' 0 15~ and 0.07J lor NRO ami \\0, rc,pcrtnel) 
(Kormanik et at. 1999) Seedling ... w tth more FOLR~ u'uall) grow more in hetght 
untl root·collar diameter than tho..e \\ ilh few or no f'OLRs. Thu,, w c de\ eloped a 
tntmmum acceptahle -eedllng morphologtcal grading 'tandard lor outplanttng tn 

a forest ttuatton. For hoth !':RO and WO the .. tandard i' 6 FOLR, S mm f!lt.ll· 

coll.tr dtam..:tcr, and 0.75 m height. There i~ a 'ignificant difference in morpho· 
lugtcal de\clopmcnl between the he't 20':k and the poore't 20~ of the 'cedling,, 
e\cn frnm among the he t half _,jbbng Chall'-~tbl prugen) groups a~ sho\\n tn 

Ftgure I. u,uall) about 40 to 60<k of seedling' from tnlht proper!) handled 
~dlots meet the 'pectlkation~. 

Figure l. 1-0 Qutrnl\ alba ~dling ... gro\1 n Wlth a nur'c!) ba~lmc lenl!ny 
protocol in the -,outhcastem US. Seedling' on the left ul the meter ~ttck \\ere 
-;elected lrom the he't ~Ol'i of a half.,ib famil). GFC·JO. Seedling' on the rtght 
uf the meter sttd. \\ere 'Cic~·tcd from the pl'IOTC'l ;:i()C~ ul the \Uflle famt)y 



Outplantin~ or northern red oab. and vvhite oak 
One of the mo,t frequent cau~' of JX10r grov.th and dev elopmem ot ;-\ RO 

and \\0 seedling 1 m:umrumng too den..e an overhead can p) There~ long 
been a ffilS(;Oncepuon that. even though tern development IS poor m understory 
wmhuon,, eedhng mot ') 'tenb arc rap1dl~ C\pandmg and v.1ll be of benefit 
v.hcn the -.eedhng' arc eventuall) released We have found thi~ not to be theca~ 
We have exanuncd countle 'oa.k -.eedhng' outplanted under dtfferem hght 
condnmn' and 1!\cav ated them to exanune root dcv elopment utter cv eral )can. 

One ot the tud1e i~ hnv.n in Ftgure 2 .... here one-)c:ar-nld (1-0) ~RO ~cdhng' 
.... ere plantc:d either under a hard\\()()d canop~ v.tth a 7 m· ha,al are.t \lf m a 
clearcut sHe:. The I OLR, of the: underplanted 'cc:dhng' began tn atroph) and 
v.Hhin a few )ear' on I) the taproot remamed I Figure 2A 1. ,\t till' JXllllt. c.mnp) 
removal may alford lillie benefit to the deterioraung scc:dhng • . md recentl) 
developing cumpcung vcgctauon w11l dominate thl! site after rl!lc:asc. In conu'a,t. 
\eedlings planted in a dcarcut \ite have grown imml!n\1! mot 'Y'tcm' Chgure 28 ). 

Figure 2. (A) Plants of Qunms rubra underplantl!d 111 a stand with a 7 m· ha,al 
area .tfter five years: (Bl Roots of Q. mbra planted 111 a clearcut 'He .liter 11\c 
)ear' Allmdlvtduab w~:re of comparable s11e as 1·0 planung 'toclo.:. 

In another c\pcnmcnt '\RO and \\'0 -.eedlm,!!~ gnmn 111 full 'un for l\loo 
)Cars allocated much more. baom;,.,s. in ab,olutc amount and 111 pcrcentagc:s ot 
total hiom ' tn <~tcral mob. and to leaves than d1J 'eedhng' groy.n under 70 
'hade cloth •Su1 'et al. 19'J8). In natural 'tand'. }otmg secdhng ~ohons 
grov\ mg 111 h ... •.1110e~tof) seldom \Uf\ i \ e more than JUSt a fey, ~ears b.amma­
uon ot the1r rofll ~ 'tem 1) pica! I~ ~hoy,' the 'arne root utn,ph) \\ e obsen ed m 
our undeNory planung tudae' 

On h1gh quaht) me,IC: 'lie'. mP,rures ol ;-\RO and \\ 0 donunatt• lhc 'lie 
11 overhead comp~:uuon b eliminated dunng the liN three )ears 1111er planung 
!Table I). D.:pcndmg on the 'He. if the Y.Oild) 'PWUt cornp~:tllwn 1' wntr111led 
tor three )Cars. annual \egetation may need only rnmunal wntrol hcc;,IU'-C the 
tree crown' \v 111 mp1dly cJo,e V\ hen 'ec:dling' are planted at 1.5 \ 1 5 m ~pal'lll£ . 
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Table l. l·ourth )Car perfornmm:c of,, mi:..ed Quetru\ ruhm !NROI and Qucn1o 
alha !WOJ 'land in Bm"lO"'n Ranger D1,trit:1 of !he Chauahoo;;hcc ;\alional 
Fore~!. BlaJ~\ille. Gcorg1a, USA. The 'tand wa ... e~tahli,hed w1th 1-0 <oeedling 
'lock 10 :0.1arch 1999. 

Height, em Oill!mttr at breast height., mm 

.\fean Ma:\ Mm Mean Ma~ Mm 

99 :!93 -140 45 :!~ 44 0 

95 :!46 410 10 15 w 0 

The ad\anJage of these rapidly growing oak 'eedlings i~ that their 
e"ceplional earl> 'igor may acuvatc gene~ that control flo.,.,ering re~pon!>t 
!Zimmerman and Bro\\.n 1971 ). Thu,, by selecting the largest indt\iduals with 
the large~t roo! '}"tern. \\e ha\e been able to develop 10dl\1dual seedling~ that 
begin acorn producuon ul a very early age. However, not all 10dtV1duals With 
large FOLR number.. an: preco.:ious acorn producers. We ha\e establbhed a 
'econd genernuon NRO seed orchard from an exiSting 20·year·old planting that 
contain, u number of md1~1dual~ that are consi,lent acorn producers. Appro:~:i­
mmely one thm.l of the half-,ib progeny from th1s second gener,uion planung 
ha ... e produced multiple acorn crop~ between year 6 and their current 01ge of II. 
Furthermore, good acorn production bas been achieved from a second genemtion 
WO planllng Some WO seedlings have been consi~tent acorn producer~ smce 
age 6. Half sib progen) from <..orne of these early acorn producers are no\\. well 
e~tablished 10 a third gener,Jtion seed orchard and are being monuored for 
precociou' acorn production. Mo~t 1mportantl). from a forest management 
per...pective in lhc US. trees thai have the best form and are fastest growing 
appear to produce acorn at an early age. Early acorn production " very cnucal 
for the management of NRO and WO on even 'mall woodland' Ill the US Wh1le 
oak timber ha' great economiC -.;aJue. much emphru.1~ IS nO\\ placed on hard ma~t 
producuon for w1ldlife management conslderdtlons. 

Conclu.sio~ 

Selecting oak ...eedling' po''t'-'lO& the be'>t root syslem' and the most 
de,IIUble ,tern charactemuc' for outplanung m natural fore~ted area' can al~o 
lelld to acorn production in le" than 10 )'eaTS. Major problems in obtaming large. 
\ 1gorou., seedling' are a.::orn de'!ccauon pnor to "O" 10g and alloy, 10!! earl) bud 
.,et in the nursery. The Iauer 1s caused by 10cons1'ilent top Ure\'tiOg and irrigation 
practice' followmg seed germination. Our re'>ulh indicate that RO and WO 
lhri\e be l m the ab...ence of competing vegetauon and in full unhght. The 
commonly held behef that )oung NRO and WO <.eedling' lhri"e m the under­
\lOI) pnor to O\.eNof) remo\al may not be \C!Cntlfica.lly accurdle and should be 
evaluated Y.orldw1de. Although more defining research 1~ needed to fully 
unden.1and oak carbon melabulism under 'arymg overhead canopy densities. 
current re,carch 10dicates that root atroph) occur' under o;ub-opumal light 
condmon . 
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