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Absgract: Growth md water use efficiency were d e t e ~ n d  for 2-yea-old white oak 
(Quercw a h ) ,  swamp white oak (Q. hicolor), shingle oak (Q. lmbricaria) and pin oak (Q. 
palnnstris) seedlings grown under shade maments (30, 55 and 73%) md two ~ g a ~ o n  
regimes jcontkner capacity and mild Mugha;). With species md water redmes combined, 
the dry weight increment, mot, stem, leaf, shoot c%rgr weight md water use efficiency of the 
oaks decreased significantly as shade level increasd from 30 to 73%. Shade had no effect on 
height increment, whille shoc~urmt dry weight ratio incheased with incmasing shade. '$White 
oak rand swamp white oak cbseXy foHBowed this overall pattern, but the only Pevnse  shingle 
oak and pin oak exhibited to increasing shade levels was rn increase in shmgrrnt ratio of 24 
a d  26%, respectively. 

With species and shade levels combined, expe~en ta l iy  imposed drought =due& the oak 
seedling dry weight increment, rmt, Beaf, and shmt day weights, caliper increment and water 
use effxciency. The drought Eeatment had no effect on s e d i n g  height incxment, but 
increased the shoour-oot dry weight ratio. Under the dnought regime, white oak and shingle 
oak had the highest water lase efficiency values (1.65 and 1-73 mg csmpmed with 
vdues of 1.46 mg ern-' for pin oak rand 1.01 mg cm-3 for s w m p  white oak. White oak and 
shingle oak also had the lowest shwt/robdt ratios (8.m d 0.87) when connlp;~~:& with pin oak 
(0.96) and swamp white oak (1.08). 

Upland white oak and shingiie oak s d i n g s  had the Io~west specific leaf amas (158.7md 
157.7 cm2/g) while the boaadand pin oak (176.1 and swmp white b)& (174.8 cm2fg$ 
had the highest. Pin oak and shingle oak sedings flushed more times (2.5 and 1.9) during 
the growing season than swarnp white oak (1.6) and white oak (1.0). &ought reduced the 
number of flushes of all the tested oak species with the exception of white oak, whille shade 
had no detectable effect on oak; seedling Rushing. 

The effects of shade on growth and developnnent of o& s d i n g s  have been ex&& in 
numerous studies by growing sedings under sh&lo& or sirnaikaly altering rdarion levells 
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(Shirley 1929, McGee 3968, h a c h  1969, MusseBImm and Gahemrn 1969, ITi-rms i971, 
F m e r  1975, Johnson 1984, Gotlsch* 1985). The results sf these srucaiies have sowtimes 
k n  inconsisrent with one mother. For exmple, in same cases height goweh increased with 
increasing shade (Shirley 1929, Musselmm and Gaakemm 1959), in other cases it &creased 
with shade (McCee 3368, Johnson 1984). mhem studies indicated that shade had no effect 
on oak height prowth (Fitnner 1975) or that peak ~ o w t h  sccu~erH at interndate HnMdiaace 
levels with height deereases in both direcaions (Phares 1971, Shirley 1929). One reason for 
such inconsis~ncies may be the use of fist year seedings inmost of these studies. Exty 
s w i v d  and growth of oak seedlings is strongly influencd by the stored carbon and nutrient 
reserves of the hypocotyldons (Crow '1988). However, once seedlings es~blish root systems 
&equate for supplying water and nutrjients to the plant, increased .inra&mce levels will 
ansudly result in increased growth rates. A m ~ a  factor not considered in many of these 
studies is the possibility of interac~on between hdanace md soil moisture. Toge&er witb 
shade, competition for water and nunients in the: understsy of forest smds  with an 
abundance of dominant me roots in suficial soil can mduce seedling vow& (Camell and 
Tryon 1961, Fern11 1953). Oak seedings will benefit h m  light shade because it mderdtes 
temperauses and water use (Krmer and Kodowski 1979). Exposrase to full solar kddimce 
can induce severe water stress in plants, especially during times of &aught. Raot growth of 
nofienn red oak ((Quercw r&ra L.) is pdculas.Pliy sensitive to even modemte drought. Red 
oak sedings subject to vzuisus degrees of draught did not regenerate new roots at -0.6 MPa 
(-5 bars) (Larson a d  Whitmore 1970). However, white oak roots have been reported to be 
able to continue growth when the sunounding soil water potential was -1.2 MPa (Teskey et 
al. 1978). Farmer (1980) found that white o'ak seedlings have bwer shwrlroot ratios than 
nofiem red oak and it has k e n  mpoed that white oalr dso has a deeper root system than 
northern red oak (Stout 1968, Hineklley et al. 1980). 

F;ew studies of iiny ctak species have eexminect the combined effects of shadng md &ought 
on gmwth and water use of seedlings (Gatheaum er ab. 1963, Musselmm and Ga&emm 
1969). Cmseqkienaly growth md water use of four oak species under vwing shade and soil 
moisrure conditions were examined in &is study. Two s f  tIae oak species stucEi4 Mong to 
&c subgenus bucohaimus, the white oaks (swmp white oak (Qtrercus bicolor Willld.) and 
white oak (Q. aiRa E.)] and two belong to the subgenus EaytArobalmus, the red oaks [pin oak 
(a. palstris Muenchh.) md shingle o& (&. idricaaia Michx.)] f9aah1ow g a. 1979). 
Within each stlbgenus a bottomiland species (swmrp white oak ;and gin oak) and an uplmd 
species (white oak md shingle oak) were included in this shdy. Shingle oak md swamp 
white oak were seiected because they have been litole s&c%i& to date. 

Baause v~oaxs  siivicuiturrah methods call for the ducaion of overseoq canopy to stimulate 
oak ~~&uc t io rn ,  &ere is a mad to more precisely detenmine which ha&mce levels provide 
the best survival md g~owth tpon&tions for s d n g s  of a given oak species. Since 
compk:titism by roots for soil m o i s m  is often severe in the mderstory of forest stands, and 
since this eonapetidon dso limits h e  ability of plants to tolerate understoq conditr:ons, this 
study was designed to &tennine the cornbind effects of jreducd Uxadimce and soil moisture 
on growth and i-ievelopmena of oak seeaazgs. The cabjectaPres of this study were to deteirnnine 
if &ere are differences in p w t h  and water use efficiency (mdcm-') wi&in each o& species 



mong three shade levels and two soil water regimes md to determine if differences were 
associated with oak species, oak subgenus, or ecological niche of a species. 

The study was conducted during the s m e r  of 1989, in ra greenhouse conseucted with 
b n - h x  glass located at the University of i lhois  in Urbma-Chatnpaip~~. Iron-he glass 
d b w s  penetration of solar radiation of a spectral quality more similar to natural radiation in 
comparison with the glass normally used in greenhouses. Temperatures in the greenhouse 
m g d  from 23-26°C during the day and 2Q-23°C during the night. The gs were p m  
under natural light hotoperiod between May 22 and October 16. One hundred 2-0 
bare-root dormant gs each of white oak, swamp white oak, pin oak, and shingle oak 
were obtained from comescial nurseries in the midwestem U. S.. All seedlings wen: in the 
15-30 cm shoot height class, with the exception of white oaks which ranged &om 30-46 cm 
in shoot height. The seedings wese r n e a s d  for initial stem height and caliper (diameter) at 
1 cm above the root collar and then planted in a s t e m  pasteurized 1:1:1 fertile loamy soil: 
perlite: sphagnum peat moss mixture (pM of 5.5) in 60 cm tall by 10 crn diameter cylinecal 

The pH did not change appreciably during the s study. No fertilizers were 
d to the soil mixture. The initial fresh weights o ngs and pot weights were 
d. In each pot, a seeding was planted in 2.6 kg of the air dry soil mixture. The 

xngs then were watered ah aap water and allowed to h x k  bud and p w  for five 
weeks. After five weeks, 30 gs of white oak, 25 seedlings of swamp white oak, and 
20 seedlings of pin oak and (unequal replicates due to morality) we= placed 
under each of three shade tents with advestid shade vdues of 3W, 55%, and 7396 of 
hc ihn t  light, The advertised shack percentages of these tents were found to cornspond 
exactly with the percenrage reductions in PAR &I%) md with a Ei-Cor Integrating 
Phommeter at noon and 4 p.m. (M&l El-188B with q u m m  sensor, Li Cor he., Lincoh, 
N e h k a ) ,  The shade tents were wide x 1.67 an long an8 had 1.33 m walls on each 
of four sides. An d t i o n a l  thw gs per species weae &smctively measured to obtain 
an estimate of total, root, stem, leaf and shoot (sum of leaf and stern) fresh and dry mass. 
These ratios of initial dry weight to k s h  weight rrmeasmrnena we= used to obtain a value of 
seealliing dry weight at this stage of the smdy. Dry weight increments were esemated by 
&fe~nce: lfom the dry sw&g weights at the end of the study. The propodoras of dry to 
h s h  weight o b k w d  fa the gs per s p i e s  were highly consistent, differing by 
no more than 5% in any c m .  Tfae estianatd initial dry weight mems and SWIM 
&via~ons were 33.34 29.76 g for white oak, 8.13 2 2.20 g for swamp white oak, 7.48 2 
3.33 g, for shingle oak, and 7.51 2 1-82 g for pin oak ~ ~ g s .  

gs were grow41 fop 2-3 weeks with ~ p l a r  w a k h g  to m to acclimte to 
Then all pots wen: watered $0 the dgip p k t ,  d b w d  to 24 h, and 

weighed to detepmaine contiairaer water capwiq, (the M e ~ e n c e  between total got wd@t 24 h 
dter wate~ng md the sum of container, dry soil &m, mci ~ d d  plmt fresh weights). 

of the s d i n g s  of each s p i e s  under each shade mament were m & h &  at W95% 



Tlnrce pcois with serrilirlgs rnairre;cin*.d at ci.~rri;Ut~cr water ciipacity fur eac?~ sktade :srlcl species 
cermhinittit.!n wcrc sttanpied rnnt$c>r:~ly cvt:r): 2-5 days and wcighccf :r, rr;i,niton. the w;itzf librir 

fr6zna rhc pol:;. A l i  pcru wcic rhcrr %:ateacd afc.r~r&ingly :;, rertoix ct~nrai!scr-cap:tc~i~- wcigttl 
and ifre: alfxatini i f f '  water ;i~Edcd ;tr each wanrririg avrts recnrc.!etl. Three pt>;s without setr~-llitlgs 
for c:nclr sh:rdc r.rc;imlenr and watering rcginre were mixed iir.. with zhc ~,tltirrr seedling pi*ts, 
weighed. ;and w;lteri:ri pcrit.wlicaliy ln  the S~PIW nlanncr as rhc rcspeclive pots corltair~ing 
smdfirrgs in ~rctlcr t o  es~ianate ii'c" ev~aranior~ .  Water lase fax- each pErann betwecrt bimonihjy 
weighinga was calcailnted as rhc change from initial weight of waterred pots conlairring 
seed.lrflicmgs plus tfre arxrunrmt of w;rrcr adcfcrt deariang rhc incervai minus rhc water j t jss of eke 
c~>~-$c:sp>sg,m~ding i:tleck pots lacking seccflings. ?he water in  ahc system etue to Inu~:ising 
se.c&!ing weigl~t w;~.; rrtrt ctrnlridcrcd because it  cnnseirtred an insign6ficr.lrrt pa?p>nhn of' 
traa~spircd wakur. 

'I%e dry ivcigkrts t t i  sc8dlirrp.s at the beginning of the rrc;atp.rlcnt pcricd were. csri.rarated by 
rfcsm3ci!vcly s;trr~~9ling :a sr:cond set of flrrve scedings of clictl 5pecier; just yxior to rsctitfncnc 
initiiitictn. Ir.iiti:ii tstir~~rt!cd dry wcigi?rs o f  str;c!linps wcrc iricrcased ;according to mean 
pnrgorGoxrarc ine:rt:.;rsc in riry weigh! catcizi.mrcd for the sarraylcs crf rhc  ~cspecrive oak spccics. 
TIa prr~pclr~iitr~atr irit~ei;sc in dry weight for a spceics did not vary by ;.nrm than 4% fmm the 
mean g~roporii<$n. A ch;!ngc i i u  wkolc pisrrt day wcigla: for t t ~ c  final Iwr,-n~ontfr ueatrrxat 
phicd w;rs esti-rnittctl by subt~trtirtg the estin.irtted IIP)' weig!rts of srediii~gs at %he bt:r,gi~aiiirrg o f  
rhc rrx:arrraratt pct-i(x! fmln the Ikslitl dry w ~ i g h ~ s .  A water use efli~icricy valiie was ciilci.ilatcd 
frcbnxz t'crc csritrr:iecii ~.ll;tnrge in1 wttolC pZairr <fay wcig;lat divided by thi: extitai;ttc:cl wxter. use izver' 
rhr? fiaaiai 2 tnrri~th ir.c;rkial.icrar pcriczij. 

The [was rhnr wcrc allowed to dry fkr the drrlupht ~ g i r r x  wcre weighed every 2-3 weeks after 
the iitliri;d 2 -LVCC~ ;%cciilli~fic~n PCT~CKI :ttld watered with raxasiareed atnounrs of ray water when 
rrr:ed& cia t-nriirtrain 25-.76)5% relativc water capacity (RWC), which was found la, be an c?r just 
above fhat which caused p:mi;tl sactmat:rl closurc in red, whiti: and bur n& scediir~gs grown 
tirtdrr thc s;rntc ccanst!itit)ns (rrnp~thiished ctatrt). This r;ange alsir ctwwsp,ndv ao pxdzwn Iertf 
water pa~renrirr?~ of rirc s:ttnc red, white, ant3 hur oak seetilings. oaf - l.0.k 0.3 MISa dctennincd 
with tile ~ I S C  of ;\ ~ P F ~ . S S U ~ ~  Ibornb (Soilmoisnrrst: 3 l a - t ~  Water Sraatis Console M d e l  SCX35, Saratzi 
BtastPrtr;t. C;tlifttn:i:r). 

'B'he ik~ii'lci;ali~ irtrposcd drt3ugirt rcgiawlc lasted for two naonrhs. Appsoxin-iateiy 1 month was 
reeccssisy %to rc;tch 255.3Oc% RWC 3118 seed8ings we= mrsin~ai~cd for an additional month 
under ntild drc>ugf~t cooditions ctf -1.0 ;S 0.3 MPa ~P&V*'II se&tIirrg wares potenrials. The 
fin~al scctitil~g isrights and ca8ipcs wen: also anseasurd ar this tinlsz. Then 311 seedlings were 
h a v e ~ t c d  by gezltIy wirshing the soil n-lixrairc: f i r m  the rcxxs ia water rmd roo!, shoot, and 
fb'oliags Sicsh :ia!ri oven-dry 470°C for 24 h) weight$ were <leleranEoed. 

Annlysis of vari;insc was tnwtd 161 hfcter~nil~~ V ; I X ~ B ~ ~ ~ P I I  dair to  specie?^, s!iiidt' arlii inignrion 
xgiar:e.s in a 4 ~ 3 x 2  On~tnri;nl t.c.arrrtenr: dcsigna with ltle use of the Genem-;b.i E-lneu Mcdeis 
p w d u r e  of SAS (SAS Inscruae 1982). $ha: expfimnul design was a systematic splin-splin 



plot with s!l:riir. i ts  r rx t i r t  plcst:; i i t i i i  sgccics artd irrigat.icin as siihiilinr; rt~rd :<ah-silhusriis 
p.e.specdvc!y. Tr:ii!s-icP!i;ii seedlings wcsc sar:d~r~riy ;issigned P,O snh-siil:units ;ir~d r~.s;at~dort.tizt:d 
twice diarirxg ~ h c  ut.;irmcilr pcritd. 'irtii:racrie::ls ficnwkteol tB:cr;e thrcc viariabie?; wzle idso 
included imr the ~-t?c~Jcl. Scl-ieffe"'~ rnuiripic..ca~:1>p;3ri~io~ p ~ ~ : a d ~ : m  was U S C ~  an cfetenl;.ninc 
cgffexxlcc.i. of nil rwln2i.a rff'ecl..; {SrczI anti 'Tcmic 19KBj. 

The raurt-ibcr of firr~%;cs (?i>tisr growr!~ am4 cxp;ir:sion heween g~te~-atnfs of hut? sctj per tree we:% 
 SO d~biilnted ~he.i,fligilollt the N I L I { ~ ~ .  Sj)fcif?'i~ Ih:;kf ;tre;t was deefn"a'fn~d 95. riac end of h i s  
stmdy by :-iatt.ir;g :i eolal of' 60 icaf discs f -cnt an cfiamcrer (froram t i i l y  expanricd itaves 
randsnlly sctecrcri (rum seeiilii~gs i rr  cacft csf six xhadc s r2rnught trcrrtrnennt;) for crrcta species 
md dcrrn-rnining rtlc ~wen-f:Iry wcig81ri;. Thc tt,%;i,l :sw;t of tlae leaf disc.; were the11 divide"ledby 
the total iiry tr;r.~~ii t  citxain the spccifiic ir;lf' arcit (i':x~'/g). 

Grawth trf oick sr:z;iiiing~ of ;.all species corr:b!ned variet& signiSlcarntly with irr.:rdial~ce levcis 
fTabIcs X :encJ. 2). Mcan dry weigt~t incresmca~r, caIipz- increanenl, rcwt ahad shoot dry weights, 
and water ti= t*f ' f ici~~~cy c%ecre:ascd significantly iis shade levels increa1;eti frt:tram 30% 10 73%. 
The shc~?nidn-cx)r r:itio increriseri a s  shade Icvels inc~ased  from 53% to 73%. '81se calilxr 
incrcmcntr; wcrc similar for the 55% 1knd 72% shade Lcve!s, which were 20 percent 1~31;  than 
those rat rhc 30% sltadc Icvel. 'X'hc mean dry weight incrcn~cnt at the 73% shark Hcvcl was 56 
axrtf 42 pcrcc:it itrss illan ;tr t k  30% and 5.576 shade. Icve!s rcspctivcEy. 'T'ht: water last: 

cR5ciertr.y decQi:~eif 42 irerccart t~etwcern thc 30% <and 73?h1 shde  8evcis. Shadirig In;& no 
signific;inr efkct or1 leaf dry weight: car height ii~cremenn. 

T$"nc effect of in;tiliience, or shade levels, on 6x.hiirc oak kitowed the sat~se wends as for the 
regression anmfei with species and in;igaeiorl ",=Is imjled, except thrtn. shading did nan: ;rffcct 
the shcar~qrmt ~;irio (Tabit: 3:). The dry w~ighri inc~ment  far white oak was 83%) less at the 
73% s h d e  ii-cvel cc~nap;*rcd wirh ?Kc 30% shada: IcveB. There wcm cronsister-ts: incseascs at the 
55% ssl-iade !eve! for rchcwrr, rwr and stem dry weight. ?*he increases we% not statisticdly 
signic'icanr, k~owcvcr, but may have bcct-r due to an inkem~diate-shBde ~2.duction of 
evapotr~nspirdri~jn, 

The effect of izadianct: on the p w t h  and water use of' swaarip white oak diffc:r& f ~ m i  the 
overall pattern for all oak species ccbmkined iiz, that oniy mean dry weight incremnt, dry 
weight and shmr day weight were afft=6784;1$. The mem dry trdeigtnt itlcrennenn. declinetcl 52 
p@rcstnt from rhc :8CBQ; tn the 73% shade ievei. 'ghe rwrt i ~ n d  shcxjt &gr \$?eights were feast, 
though nor sigr$ificar.ttIy so, az thc intrm~*~ncbfiah (558;)  shade level f8'able 41, 



Table I.--Analysis of variance for growth and water use variables of four oak species grown under wet and dry irrigation regimes and three shade levels. 

Source of 
variation 

Degrees of Mean squares f ~ r  
freedom - 

Dry WL Water Use Root Stem Leaf TOP 
'increment Efficiency Dry WL Dry Wt. Dry Wt. Dry Wt. 

Oak Species 
Shade Regime 
Spec. x Shade. 
Irrigation Regime 
Spec. x h. 
Sl~ade x Irr. 
Spec. x Shd. x In. 
Enor 

Source of Mean squares for 
variation 

Sboot/Root Caliper Hdght 
Rarjo Increment Increment 

(~1000) 

Oak Species 
Shade Regime 
Spec. x Shade. 
lnigation Regime 
Spa .  x In. 
Shade x h. 
Spec. x Shd. x h. 
Fmr 

* Significant at the 0.05 level 
** SigniIicant at the 0.01 level 



Table 2.--Mean gowth and water use vdues for oak s d i n g s  gown at three sh&levels, 
wi& four oak species mxn6-l two soil moisture levels p l d .  

l3-y Brdeight 
Increment bg) 

Water Use Efficiency 
(nag crai3) 

Root Dry Weight 

Stem Dry Weight 

Hxaf Dry Weight 
(€9 

Shoot I>ry Weight 
(8) 

S h o o ~ o o t  Ratio 
(dry weighQ 

Caliper Increment 
( m i  

Height Increment 15-02 13.72 13.57 
(cm> ns 

* ~Wans within a row followed by the same letter are not sigax%cmBy &ffemte:ne at 0.05 level 
accsrding to Scheffe's test. 

The shmurwt ratio was atre only growth variable sigarjificmtly affected by sha&ng in gin oak 
and shingle oak seedlings. The: shmt/rmt ratio inmased 25 gexernt h m  the 55 to 73% 
shade level for both pin md shingle oak (Fdbbs 5 and 6). 
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Mean grow& vaIi~es for all oak &seedlings cs~nbined (Table 1) md ira&Gsidual a& spcles 
(Table 7) varied signi6canely with irsigatiow regimes. Experlmenfalty-imposed &ought 
rer%uced the m a n  dry weight irscrera~ent, root, kaf and shoot weights, caliper increment 
and water use efGclency, while it increased the shma/mt ratio. There were reductions of 65 
~ m n t  in mean weight increment, 42 percent in water use efficiency and 31 percent in 
caliper increment for dl oak species cornbind ovcr the course of th i s  study. The cornbind 
shwa/root ratio tnem increased by 22 percent in the alrought stressed oak seedlings compwed 
wi& those at cont&ner capacity. Oak height increment was not significanay affected by 
h u g h t  in this study. 

mought decreased the mean dry weight inc~ment  of white oak by 67 pcercent and the dry 
root weight 25 percent, while it increased the shosurmt ratio by 17 percent relative to 
seedlings grown with an adequate water supply (Table 7). Drought had no statistically 
significant effect on water use efficiency, caliper incxment, stem, leaf and shoot caty weight, 
dtfaough the values for these variables decreased due to drought at each shade level (Table 3). 

The effect of h u g h t  on swamp white Q& (Tdble 7) followed the pattern for all oak species 
combined with the exception ahrzr clrought did not significmtly affect the stern, leaf, and sl'~(o8t 
dry weights. Declines were 66 percent in mean dry weight inmement, 43 percent in water 
use eficiency and 87 percent in caliper increment. The mot drgr weight declined 37 percent 
and the s h o d o t  r~ t io  incrct-ased 42 percent ~ l a t i v e  to well-watered swamp white oak 
seedlings. Growth md water US& values declined with &ought, while shoodratio kcre& 
with drought for nll shade levels and stem elsgt weight increasd with h u g h t  at the 73% 
shade level rFdb.tble 4). Flnder the &ought regime, water use efcciency i ~ ~ c ~ a s e d  with shade, 
but this irstemcriom was not significmb. 

For pina a&, drought had no detectable effect an stern, leaf, and shoot drgr weights (Table 7). 
Reductions of 67 percent h mean dry weight inctement, 42 percent in water case efficiency, 
27 percent in caliper incremnt and 41 percent in rwt dry weight w c u d  relative to well 
w a t e ~ d  pin wak seedlings. The mean shmr/mt ratio increased 30 percent overall due to 
&ought. 

The effect of h u g h t  on shingle oak (Tabhe 7) was to decrease the man dsy weight 
increment by 57 percent and water use efficiency by 59 gexent. 'khe diry root weight 
dsilined 30 percent and the shor?ndrmt ratio increased 21. percent with b u g h t .  Decreases in 
dl u&atPles except shwtlrwt ratio were found due to &ought at all shade: levels (Table 6). 
Shh>ot,rmt ratio increased due to &ought at each shade level. 

A shade x  gati ion interaction seemed for Phe mean dry weight hcmment of swamp white 
oak. The mean dry weight increment decreasd with shade at container pot capacity, but 
inmean;& (non-sigrmificantt) with shack under the &ought regime ('Table 8). 







Table 8.--Hnt:raction of shade and h u g h t  on the dry wei&ht incaement (g) of s w m p  white 
oak. 

Irrination 

Conrainex Capacity 

Bought Regime 

* Means within a raw followed by the same letter we= not sipificatty &ffemtat at 0.05 
Ievel according to Scheffe's test. 
** Means h the colum are significantty mmnt at 0.85 bvel according to the F test. 

There is a possibility that size and shwUroot ratio m y  be x : l a a  and that areaments 
influencing seedling size inf luend  this ratio. However, &e slolpes and in 
regressions of final dry weight and shmu'rmt ratio we= &flexlent for Kgation c o m p d  with 
shade matments. This indicates that the mamen& iaanmncd shootfmctt ratios iindepnkaptly 
from any tomi plant dry weight relationship. 

W e r  vslriables measmd were number of flushes md e leaf area. Pin CP& B u s M  &e 
most ~ t h  an average of 2.5, follow& by shingle oak (l.9X swamp white o& (Mi), and white 
oak (1.0) (Table 9). Tfne specific leaf m a  was greatest in b o t t o d d   pi^ oak (176.1 cm2/g) 
md swamp white oak (174.8 ca2ig) and Iiowe~t for the u p l d  shingle oak (157.7 cm2/g) mdl 
white oak (158.7 cm2/g). 

TFRe results of this smdy rn cansistent, for the m s e  pan, with the FuIdings of MusxILnnm m d  
Gahemm (1969), who found that ste- leaf, shoot, md root dry weight & m m d  with shade 
and wi& t"eCIuCYjons ia av~labBe soil aaoism for norehem red oak s gs. h coneast With 
the Musselman and Gatherum results, we did not find my si-caaht increase in height d 
four oak s p i e s  with increased shade. es in s h m m t  ratio with &mass h soil 
Pmsisme were also reported by Gathemw e% d. (1963) for s w i e s  of two h d w d  and 
con8emus seedlings. Norby and O'NeiB11 (1989) epd a greater water use efficiency 
whire oak (6.3 mg cm3) than our ov (1.82 this dsmepmq 
may be dole to their use of first year m&eg 
nursery stock as employ& in this study. 



Table 9.--Ti?c efiecr of i ~ g a t i o n  regime on tire observed number of flushes of ~ O L X  oak 

Ob.iemed Hushes 
-"""dm-- 

Confai rier Dr~ughr 
Speclei Capacir y Regime Mean Rmge - -- 
Whifc oak i .a3 1 .C% 1 I .M 1-2 

WllErc oak is gctter;iliy conside~d intermediate in shade xslermcr: and is more tolerant fihan 
the: red oxks (Fowctls 1965). Swamp wtmirc o.&, a member of the white oak group, is dso 
crbnsiitdcmd intcrnrediate irr shade B ~ ? I C ~ ~ R C C  (Fowells 1965). Pin oak, in the red oak goup, is 
comznon assmiatin of swamp white oak. f.fowe\ier, pin wdk is c~tnside~d to be intolermt of 
%hate an.ic% ir is rccomt~andcd rhar pin oak, ~eceive at leas? 213 of full solar inadiance Em 
stxcccssful ~cgcrrcrtltion (1;crwells IY65). ShingIe oak, atlother mernkr af the red oak goup, 
cccrnrs irrl :r v:tricty of simcs, from dry upland ridges 80 rich and rrloist river bank soils (nes 
1988). Alr.'srorig!l there is Liltlc ptlbiished research on the biology of sfiinglc oak, it is 
c$tnsidcre;d I C ~  bc sotncwh;ik i n t ~ d e ~ i n t  of sh;!dc (CElias 1980). 

In this sklrrdy ['f'rii~lcs 3 ;nnc% Lf ), 55% shade did WE mzkedIy reduce gmwth or water use 
rl'ficicney crf rhr: wt~irc 0;4s rclrstiarc. to :30% st~attr;:, kToweves, rducticm i~ inadPam cmse.&i 
by the 72% shisrling did r-educe gn~wrla and water use crb"ficiency significantly in c o m p ~ s o n  
with Ittwcr sh:~dr: levels. Hencas. i~cnases in ssa!fur indiance above 45% wilt pr~bdbly not 
knefir g~pwrh ;IS ~rr;x.-biedly 8s decreases in solar inadiarce below 45% will inhibit growth. 
This sruijy ri:vcnlrrtl few diffesences nnnong shade levels k tween 30 and 73% on growth a ~ d  
water use cfficiclncy of sttingle anti pirn oak (Tables 5 and 6) in cornpasison to the white o&s. 

AI~htaugh ~Iringle o;iL and pin ortk at: considered shade intolerant, she only Esponse these 
spa@cies cxhi hi teii to the tested shade fcvets was to inc-txase shmriroot r'itio with shack (Tables 
5 and 6). 'g'his response is indicative of shade intdermt uees such as jixk pine (Pinm 
bmnbi~~ric~)(Kirm t~ins  t 987) and yellow pczplar CLbsir~dedrosa tutipifercz)&oach 1970). Shade 
into1cr;rnt fxtes siaow it greater i n c ~ a s e  in shot~f/r(x~t ratio as shade increases &an do more 
zc..aletanr specie::. Newhouse and Madgewick (19681 have found that rapid shoot growth in 
me specks is rrs.i;ociate.d with intotiermce of shade. Other aurhws have not& that the more: 
tcriecnr rrce species sm ct~aracrerized by the maintcncnce of a uniform pattern of p w t h  over 
a abpiil~ rarlgr: of t;l;iide (Bakcr 1915, f,oach 1967 and Ido%ctcfi 1970). Consistent with these 
ginrtersas: stiir~g!~ txa.k :irtd pin oak ('B'abEcs 5 and ti) showed rn inc~ase  in  shmt/aaos ratio with 
i nc~as ing  slrijdr wf~ i ie  the IBOR t<>1er;int white rnk and $wimp wtlite oak Biid not (Fbles 3 



and 4). Additior.raity, shade intolerant ami faster growing shingle oak rr.nd pin oak f7ushed 
more ti.mes than the rwre tolerarnr white oak and sviraarp wkaite oak seedlings, Reictn et tab. 
(19803 stated rhaa multiple fltlstlcs KCUT i n  whire, bur and p s c  oak seedlings during the 
spring under conditions of favcrrable light and rrtoisture, while single flushes occur when 
unfavorable coi~ditics~~s xi: present. Shingle oak and pin oak seem to be able rcl flush 
repctatedly, and r2rnor-c tirnes than the white oaks, even when conditions X.K@ oaaly tn;irglaznlly 
f'auejrahie for growti). 

White odk and shingle oak seecSaings seem "6o be more drought roBerm;tt %ha81 pin oak imd 
swamp while oak sedings .  Four irnpornarat cl~asacterisrics that can be used ro help iwrflcaw 
drought tolerance in a eree species are higher water use efficiency, lower sh~~rurmt ratio, 
lower specifk leaf area, and less stem diameter inhibition than ilPr,agha intolerant species 
(Gotrschalk 1985, Lxcher 1980). WIlite oak aiorne exhibited an ability to nniaintain similar 
warer use efficic~rcy vnBues ualder either ikgatiorn nginle (Table 7). Uncfer "LC dmught 
mgime, mkings for warer use efficiency fmnr highest to lowest were: sllingle a;& ( f  -73 mg 
car-3), white oak (1.65 mg cm""), pin o;ak (1.46 mg ~ r n . ~ )  and swamp white oak ( X . 0 1  mg 
~ r n " ~ ) .  The rankings fss skttx~nlrcwt ratio under drought from lowest (enosa advantageous) to 
highest were: white oak (11.60), shingle w5tk (61.871, para cmk (0.96), ard swlimg white oak 
(1.08). Wittk mcti.srure and shade trcatnrerlts combir~cd (no significant diffe~nces arr;ol.rg then1 
in area to weight ratio), nfre upta~ld white oak and shialgle o;rk had the lowest specific leaf 
seas. Such low specific tcaf arcas am chiziactefislic of rdra~vghr cvcsiders (!.-archer 1980). 
Cdiper incremen: or radial stern growth of oaks is rnsucfi xrtore sensitive to smss  and lirxaihng 
factors than other variables such as height grr~wrfm (Gottschalk 1985). The bottomland 
species, pin oak and swluxnp white o,&, were the only s ~ c i e s  that showed a significant 
dlegxase in caliper inc~mcnt  due to drought, Swrmp wtaiee oak was the nlosr sensitive of the. 
two ;as its caliper increment declined 86 percent, while pita oak's dwl ind  only 35 per-* ~ e n t  
relative to the radial stem gowth inc~ments of well watered sedlirags. 

Urtder &ought condiiioris, ~gecies that maintain a low shc~Qr0c)a ratio axe able to maximize 
water uptake by %laving a greater root sufface to exploit scarce soil water and ~~ix~i~nize 
evap=~nspirzt~ura through ra1uceel kiiage quantity. Plants with a high warer use efGciemcy 
onder dry so i l  cond~tions can more efficiently use available water in prducing phytonaass 
(-her 1980). The two upland s p i e s ,  white srrik md st~ingle oak, differed in ~ h e k  
physisiogical responses to &ought. Ovenall, white oak had a nnack lower shooa/'root ratio 
((4.56) than shingle cr& (4).816), whiie shingle oak had a moch gRater water use efEciency than 
white woak (Table 10). ahese differences may reflect diffexnt ;arfapGve swdtegies to h u g h t :  
of these two upland oak species. The more shade into!em.nt shiragle oak, with its high water 
use efficiency and high shoatlrmt ratio, is better q u i p p d  to compte  both on haughty soirs 
and on fertile sites where both soil moisme and imdiance may be limited due to corngetition 
from fast growing plants. 

The two white oak species in this experiment exhibite<$ higher vhade tcrlerance and Iower 
water usc: efficiencies :han the two red oak specks studied. 

Pin oak and shingle oak art: species which inhabit sites ektae may expemdence Wodng and 
drought during the same gowing season. Thus high water; use efficiencies may be a 



Table ~ ~ ) . - - ~ O U F C ~ S  of vwiation arnongr; specizs., with sfldc and irti~afion levels pmScd. 

Species 
Water Use ShmnbRmt Caliper 
Effi~ienc y Ratis increment 
(mg cn1") (mn) 

* Means wihir, a column followed by the s m e  Ierter were not significmdy dfferent at 0.05 
Ievef accorcling to Scheffe's test. 

physiological! adaptation alllowing pin and shingle oaks to grow on sites with dtemabiaag wet 
anand bry periods. High water use efficiencies md high shwt/mt ratios together d10w a tree 
to compete well for sofar radiation while at the same time efficiently using lirraitd soif water 
resomes on good sites where vegetdve competition is flat. Our resuits hdicate that 
shingle oak is better able to mai~ltain a high water use efficiency under &ought con&tions in 
con~parisun with pin oak. Furshemore, shingle oak does nut drasticaly increase its shmt/rmt 
ratio in response to drought as does pin oak. This may be due in part to the coarse: root 
system of shiragle oak which is more sensitive to smss than the highly fibrous root system of 
pin oak (Struve and Moser 3984). Shingle oak is found moxr: on day upland sites than is pin 
a&, pcrhaps owing to the nored differences in function& md sfnrctural response to hugtbt 
between these two species. 

Of the white oaks, swamp white oak seems to be ehe most site specific. It itad the lowest 
water use efficiency rtrrd highest sl'~oot/rmt ratio for my of the oc& species in this study 
(Table 10). This is consistent with its x~tzrnral occunence on poorly dr&Pleb-ugland 
depressions, swamp magins, stre~m bmks and moist, peaty flats (Fowels 11965), sites which 
rmly  undergo drotnght. Swanlp white oak exhibit& an iadiance x dpought interdctian 
(Table 8) in t\at at conrziner water capacity the dry weight incremnt decreased with shade, 
bat increased with shade under drought conditions. This interntion is probably due to a 
rtxlustion in evapouranlipirat-iora of this ddtolerme oak species caused by shade under drought 
co~ditions. 

The extension of these data to ecob@;icial behavior of these oak species requihes caution. Iw a 
f m s t  not only it; the cguantity of Iight changd, but dso the qudity d light as the overstory 
canopy differentially absorbs md m n s ~ t s  vakious wlavelengths of PAR and other scllak 
r d d o n .  Also, frqlaent dieback or hwsirag of advmce oak regenemtion will influence 
shwtirwjt ra~iajs in nhc field. Iknce the results of this study relate more to early 
establlshinent and growth of or& seedlings in forest understories than to the longer-tern 



patterns of growth and development of advance oak regeneration, md should be extrap1aM 
to field conditions with caution until co by field studies. 

This study has shown that bsth increasing shade and drought se the growth and water 
use cfliciency of four oak species of the central United States, Ovefatf, she red oaks (shingle 
md pin oak) had the highest water use efficiencies and fished mom than whi& oak and 
swmp white oak, consistent with the generally faster juvenile p w t h  rates of intolermt 
species. Shingle and pin oak also increased markedly in shoo-t ratio in response to shade, 
which is a characteristic of shade int01ermt trees. Swarnp white oak and white oak have the 
characteristics of midtolerant species, ~~g similar shoothoot ratios under a range of 
intermediate sha& levels, exhibiting fewer flushes and smaUer caliper increments overall in 
coragarison with the two red oaks. 

Under drought conditions, white oak and shingle oak had the lowest shoodrmt ratios, highest 
water use efficiencies and smallest specific baf areas, appropriate to their observed ability to 
p w  on dry sites. However, both white and shingle oaks seem to have broad ecological 
anplitudes with respect to soil water availabiliry, growing on mesic sites and, in the case of 
shingle oak, adso on moist soils and on p l y  drained flats with pin oak and post oak. Pin 
oak, whish was between white oak and swamp white oak in s h w m t  ratio and water use 
efficiency values under drought conditions, and similar to swamp white oak in specific leaf 

occurs in bottomland mas  subje~t to g md in pin oak-post oak flats with a 
fragipan mating alema~ng wet and dry conditions. Swamg white oak and pin oak, the 
bomdmd species, were h e  only ones to exhibit a signscant demase in caliper inarttent 
with drought. Swamp white oak was the most sensitive of the four oak s p i e s  to &rough& 
consistent with its ecologicdly n m w  niche d wis t  sites. 

T h i s  study examined two of the most a: factors iduencing forest regeneration, 
S m c e  and soil moisture. The res that the two white oaks were more shade 
toliema: &an the two d oaks and will, therefore, more successfdy survive in smaller 
openings and under denser canopies than pin and shingle oak, The data show a tendency 
suggesting that on sites where soil nmsisnue may be fimiting part of the season, shade levels 
fmw 5573% may reduce evapotranspiration and increase growth of swamp white oak 

gs corny& with more opn conditions on the same site. Shkgle oak may be a 
suiaanble nafj,ve tree for &ne~pi l  r~latnation augd wban planting due to its drought tolerance 
andl high water use efficiency 6l1&&W in this study combined with its rndraaely fast 
growth me, mast production for wildlife and tolerance of wide pH mges @es 1968). 

The au&gbfi hmk Wilkiam HwknIer for twRnied assism=. This =search was pdal ly  
by USDA Mch[ntyre-Steruais b j ~ t  56545. 
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