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Early rooting of dormant hardwood cuttings of 
Populus: analysis of quantitative genetics and 
genotype x environment interactions 

Ronald S. Zalesny, Jr., Don E. Riemenschneider, and Richard B. Hall 

Abstract: Rooting of hardwood c~~ttings is under strong genetic control: altliough genotype x environment interactions 
affect selection of promising genotypes. Our objectives were (I ) to assess the variation in rooting ability amonp 21 
Popull~s clorles and (2) to examine genotype x environment ititeractions tc., refine clorial recommendations. 'I't~e clones 
belonged to five genomlc gtr>ups ((130plclus trichocnpa Ton: & <;ray x Popuius &ltoides Bartr. ex Mtush.) x I? deltoides 
'RC'; I? deltoidrs 'I)': l? delfoides x i'oj~rilus innri~t??orviczii A. Henry 'Dhf'; I? deltoides x I'opuluwzigr~~ L,. '1)N'; and 
I? nigm x F? nza~in~otviz-zii 'NM'). Cuttings, 20 ctn long, were planted in Iowa and Minnesota in randomized cotnplete 
blocks at 1.2 m x 2.4 m spacing, across three planting dates durins 2001 and 2002. We measured nine helowground 
and aboveground traits from har.vested cuttings after 14 days of growth. Percent rooting ranged from 22% to 86%. 
Broad-sense heritability for root anif top dry inass ranged from 0.09 to 0.11 and 0.31 to 0.38, respectively. There were 
genotype x envisonmetit intei-actions for tnost traits, wit11 helowground growing degree-days accounting for >54% of 
environtnental variation. Cllonal rooting was stable. except at West~x>rt. Minnesota, during 2002, \vhe~i root growth was 
relatively poor. 

ResurnC : L'enracinement des boutures cl'essences feuillues est une caractknstiyue txks hkritable, bien que les interac- 
tic3ns pktlotype x environnement puissent affecter la s2lection des p&not>ps prometteurs. Les objectiis de cette ktude 
ktaient (I) d'kvaluer la varlabilite de l'aptitude l'enracine~nent par~ni 21 clones de P(,yrilus et (2) d'evaluer les inte- 
ractions gknotype x environnement afiti de preciser les recommandations de sklection clonale. Les clones pir?venaient 
de cinq pmupes genomiques distincts ((iF)c)prclus trichot7arpa Rxr. & A. Gray x Populzcs deltoides Bartr. ex Marsh.) x 
I? deltoides 'BC7. l? deltoidt~.~ 'D'. I? iiettoides x A>prdus ma,\intowiczii A. Henry ' D M ' ,  I? deltoides x Populus 
nigm L. 'I)W'. I.'. nigra x P. mu.vin~ott:ic~ii 'NM7). Les boutures cle 20 em de long otlt etk plantkes err Iowa et au Min- 
nesota. aux fitats-llals, selon un dispositif en blocs alkatoires complets avec un espacetnent de 1,2 m x 2,3 m et B trois 
dates de plantation en 2001 et 2002. L.es auteurs ont mesur2 neuf caractkres sur les parties akriennes et souterraines de 
boutures r&coltkes apres 14 jours de croissance. Le pourcentage d'enracirie~nent variait de 22 % B 86 5%. L'h2ntabilit6 
au sens large pour le poids sec des racines ou cle la partie akrienne variait respectivement cle 0'09 h 0.11 et de 0,31 B 
0.38. Iles ~nteractions gknotylx x environnement ont kt6 retnarqukes pour la plupart des caractkres, alors que le nomhre 
de degrks-jouis de croissance dans le sol expliquait >53 % de la van ation d'origine environnementale. I,' enracine~nent 
des clones ktait stable except6 5 Westport au Minnesota en 2002. nir la cir>issance racinaire est apparue relativetnent 
modeste. 

['kad~tit par la KPdaction] 

Introduction duce and plant tt~itn any other propagule. Second. given con- 
comi ~9nt and well-balanced shoot development, rapid and 

'Ihe ability of cottonwoods arid their hybrids (Populrrs extensive rooting promotes early growth. thereby reducing 
spp., excluding the aspens, a3ld colloquially known as pop- the time to crown closure and vegettition management costs. 
1xs) to form adventitious roots from a dormant har-ocl 'Third, sapid and extensive rooting that is stable in the face of 
cutting is critical for econoniic and biological viabitity (jf varying envirmlmental conditions can increase operational 
poplar plantatio-ris, First. rapid and extcrisit7e aclventitious flexibility by lengthening the period during which successful 
rooting redtices establishment costs by permitting the use of planting can occur. 
unrooted cuttings as comll~ercial propagules. rather than These assertions, taken collectively, suggest that adventi- 
rooted stock. IJnroot ed cuttings are less expensive to pro- tious rooting of poplar cuttings merits substantial, detailed 
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study. Breediiig for enhanced rooting ability has been a key 
component of poplar clonal development for nearly three 
quarters of a centui-y (Stout and Scl~reiner 1933), because 
the ability of poplars to form adventitious roots from hard- 
wood cuttings is important for the commercial deployinent 
of intensively cultured plan tations iHeilimn et al. 1994b; 
Riemenschneider and Batrer 1997). Current breeding efforts 
in tile north central t Jnited States primarily focus on the fol- 
lowing four poplar species: Poplalus deltoides Bastr. ex Marsh. 
(eastern cottonwood), Pr;lplllus tl-ichocalpn Torr. & Gray 
( westeni black cottonwood), Populns nigr-a L. (European 
black poplar), and Poprrlus ma-xiri~owic.zii A. W enry (Japa- 
nese poplar). 

Studying the quan tiitalive inherit aiice of rooting ability 
should provide information for the development of iinproved 
cultural techriologies. Such practices may enhance the poten- 
tial lor success of coinmercial plantation deployinent. be- 
cause rooting is the first biological requirement in stand 
establishment, I11 addition, rooting is important because it af- 
fects stocking levels and ultimately rotation yield. The inllu- 
ence of rooting oil survival supports the use of greater-rooting 
clones on relatively stressful sites. Greater rooting affects 
cmying capacity, competition control, and the cost of har- 
vesting at rotation age. 

Certain relevant knowledge of rooting exists. For example, 
Wilcox and Fanner (1067) conducted rooting experiments of 
f! deltoides based on root diy mass, number of roots, arid 
root length and found rariges in broad-sense heritabilities 
(H) of 0.36-0.58, 0.44-0.56, and 0.33-0.52, respectively. 
Ying and Bagley (1977) estimated H for number of roots in 
?? de1tr;licEes to be S.80.  Rieinenschneider and Hauer (1997) 
reported H of 0.2fM.33, 0.15-0.18. and 0.23-0.28 for root 
dry mass, nuinber of roots, and root length in ?? trichoctrrpa, 
respectively. In addition, Cunningham (1953) reported that 
the proportion of cuttings tliat rooted in a population of 30 
I! (ielfoidas clones and 30 hybrid clones ranged from 3% to 
100%. 

'Ihe aforementioned studies showecl rooting of poplars was 
highly variable. and the extensive genotypic variation could 
result in substantial realized selection gains. I-lowever. high 
and unpredictable variation makes it difticult to predict how 
clones will perfom1 across sites. Prediction is especially dif- 
ficult because genotype x environment interactions may gov- 
em rooting (Haissig et al. 1992; Ilteilil~an et al. 1994~). 

'Iherefore. existing knowleclge is inadequate for our re- 
gional needs. Adventitious rooting clearly depends on spe- 
cilic genetic lineage and environmental conditions tliat lie, 
respectively, within ariy given set of c?ptiorial breeding strate- 
gies and within any given geographic zone of coinmercial 
deployment, Our set of options includes the varying environ- 
ments of the north central tJriitcd States and any poplar that 
is adapted to that region. Overall, we seek (1) knowledge of 
any factor that promotes or constrains rooting ability: and 
(2) guidelines that allow us to incorporate rooting ability as 
a selwtion ci-i terion in strategic (selection of parental species) 
ctr oJ;x.x-atiunal (selection within specified cgcnomic groups) breed- 
ing plans. Relevance of any genetic knowledge is further 
constrained because of the potentially interacting and main 
effects of regional environinental ctxiditions. 'Iherefore, the 
objectives of our current study were (1) to assess the varia- 

tion in rooting ability among 21 Popt11u.s clones planted in a 
field setting and (2) to examine genotype x environment in- 
teractions to refine clolial recommnendations. We believe that 
selectio~l writ hi11 the range of the aforementioned variation is 
iinportan t for acquiring knowledge froin which sound 
genotypic selections can be mde,  given specific deployment 
and utilization needs. 

Materials and methods 

Clone and site selection 
Twenty-one clones ('Table 1) were selected across tile cur- 

rent range of clones from five Poyulrts genoinic groups in 
I>ecember 2000, on the basis of their growtli potential and 
anticipated range of rooting abilities. Clones were treated as 
random in the analysis to calculate variance components, 
which were used for estimates of H. Shoots were collected 
from stool beds established at Hugo Sauer Nursery in 
Rhinelander, Wisconsin (45,6"N, 89.4"W). Cuttings, 20 cin 
long, were prepared during Tkcember and January of 2001 
and 2002. Cuttings were stored in polyethylene bags at 5 "C 
~intil each planting date in May and June of 2001 and 2002. 
Cuttings were soaked in water for 3 days before planting. 
'lhere were three planting dates for each combination of 
year 'and site. 'I'est plots were established at Ales, Iowa 
(42.ON, 93.6"W); Waseca, Minnesota (44.1 "N, 93 .jaw); arid 
Westport, Minnesota (45.7"N, 95.2"W). Sites were chosen 
because of their inclusion in a Populus regional testing program 
(Riemenschneider et al. 2001 u)  and because they represented 
a latitudinal gradient froin central Iowa to central Minnesota 
and a range of soil types typical of poplar plantations (I3anlon 
fine sandy loam at knes; Clarion loan - Webster clay loam 
at Waseca; and Estllerville sandy loain at Westport). The ex- 
perimental design comprised randomized complete blocks, 
with 12 blocks per planting date and one ramet per each of 
21 clones per block. Blocks were placed perpendicular to 
slope gradients, where possible. The spacing between cut- 
tings was 1.2 in x 2.4 m. 'Two border rows containing clones 
IJN3.1. and NM2 were established outside the blocks, except 
at Westpon in 2002, where only one border row of clone 
NM2 was planted because of spatial constraints. 

Measurements 
Environmental data were collected at 15-min intervals 

throughout each growing season. HOBO" H8 Pro Series 
data loggers (()nset Computer Corporation, Bourne, Mass.) 
were used to record relative humidity, soil temperature at a 
depth of 20 cm, and air temperature in the shade at 1 In 
above the ground. 

Zndividual trees were harvested 14 days after planting. A 
soil mass up to 65 cm in diancter and 40 cm deep was exca- 
trated around each developing cutting . Roots were isolated 
by washing and were photographed with a co~nputerized iin- 
age-capturing s ystein. hilages were stored on high-resolution 
(liicgli-8 fomiat) videotape and subsequen tl y converted to #-bit 
grayscale ugged image tile fomat ('TIFF). 'l'he 'l'1X;T; i~nages 
were analyzed with OpthnasTM 6.2 image analysis software 
t Optinxis Corporation. Bothell, Washington) to determine cli- 
rnensioiis and numbers of leaves and roots. Leaves, stems, lat- 
eral roots, callus, and callus roots were 'elissected froin each 
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P. deltoides x P. mn.rirnowiczii (DM) 
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Table 1. Genomic groups, clones, and thcir origin in an experiment test~ng the ability of poplar (Poprilus 
spp.) clones to develop roots finrn dormant hardwood cuttings. 

Genomic group Clone Orlgin 

(P. frichocurpta x P. dt~ltoides) x i? deltoides (13 t') NC 1 3563 D. Riernenschneider, USDA F:orest Service 

NC 1 3570 

NC 13624 

N(113 649 

NC'113686 

NC 14042 
111 10 C. Mohn. University of M~nrlesota 

1) 1 05 

Dl17 

1113-3 
25 V. S teenacker. Belgium ; 
DM105 C. Mohn. IJniversity of Minnesota, and 
~ ~ 1 4 1 0 3  11. Riernenschneider, USDA Forest 
NC 14105 Service 

NC 14106 
P. delfoides x 1'. rzig l-a (I)N )"" DN17 1;rance ('Robusta' ) 

DN34 Europe ('Eugenei' ) 
1)N5 Ne therllands ( 'Gelrica') 
IJN70 Europe 

P. rzigra x P. mn.rirniwiczii (NM) NM2 C'rennan y 
NM6 Ger~natiy 

"Euramerican hybrids w~th  the cuonlmon desxpnatxons of Popultts x eltrzlniet.icarrd Guxn. and Yoprtlus x ctnzucit?nsis Moznch. 

cutting, bagged, and dried at 70 "C for dry mass determina- ciated with belowground growing degree-days (GDD). We 
tion. Callus roots, which differentiate from callus at the base used soil temperature instead of air temperature because 
of tile cutting in response to wounding, were considered belowgrouiid teinperature had a greater influence on rooting. 
negligible, because only 15 callus roots were produced over ?he plant sciences use GDD to predict growth, harvest dates, 
the entire experiment. Thus, subseclueiit rooting variables re- itisect outbreaks, and other biological phenomena (Eisensmith 
fer to lateral roots only. Z'atcral roots differentiate from la- et al. 1980; Dunn et al. 1996; Zalesny et al. 2004). The GDI) 
tent pi-imordia distributed throughout the length of tlie value is the suin of the average temperature in a 24-h period 
cutting. A rooted cutting was defined as my cutting that ex- minus a base temperature: tile base temperature equals a 
hibited a root >1 inm in lengtli, that is, any root clearly dis- threshold that st~pports adequate plant growth over a speci- 
tinguishable from a nodule. 'The dry mass of cuttings was fied period. A commonly accepted base temperature in the 
tested as a potential covasiate in Ihe analysis and was negli- north central region is 10 "C (1-Imsen et al. 1987; Hansen 
gible for each dependent variable ( P  > 0.05). 1986; Wan et al. 1999). We converted our soil temperature 

Nine dependent variables kvere evzzltlatej: r-mt dry mass data to belowground GDD. assuming a base temperature of 
(milligranis), calllls dry mass (milligrams), top ctry mass 10 'C', and used it as a Factor in models 1 alld 11. 
(dry rnass of sic111 and leaves, milligrams), total leaf area Variance components were determilied for both inodels by 
(sum of individual leaf areas. square cetitimetresf, mean leaf tlsing restricted maximuin likelihood (UEMl.) estiniatioil 111 

m a  (total leaf area / riumber of leaves, square centimetres), PROC' VARCOMP (SAS Institute Inc. 2000). l'hese variance 
num her of roots, total root length (sum of individual root estimates were used to estitnatc: H, the prcentzge of phenotypic 
lengths, centimetres), mean root length (total root length / variation runong genolnic groups due to combined genetic 
number of roots, centimetres), and percentage of rooting. effects, on an ir~dividt~al-tree basis (Wilcox and F m e r  1968). 

rTlie specific equations used to estimate H were as fol- 
Data analysis lows: 

Data were subjected to analysis of variance according to 
PlKK (31 .M and PiKX VARCOMIE' ( S AS Institute Inc. 2000) q 

on multiple-year (inode1 I )  and sii~gle-year (model 11) bases, 0c 
~-IMODET, I = 

assumiiig all random effects (Table 2). interaction tenns with 0; + c~ii-~ + o:, + o&) + 6; 

Y 2 0.25 from the original all-effects model were pooled 
with the residual error term to illcrease precision of I; tests. 

Plantirig date was used for logistical efficiency and acted 
as a surrogate measure of soil temperature. Planting date a$ 

I~MODEI, II = 
sercred the purpose of creatiilg a classi1~"lction variable asso- 0; + (0& + o&) + 0; 
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Table 2. Degrees of freedom and expected mean squares in an exlxl-iment testing for clonal dif- 
ferences in pop1:tr rooting. 

( A )  Multiple-year analysis (model I). 

Source of vasiation df Expected mean squalt.s"-" 

Yew 1 0' + 1 2 ~ ; ; ~  + 1 0 8 ~ ; ~  + 210; + 2 5 2 ~ 6  + 7560;~ + 26803 

Site 2 & +  1 2 0 6 ~  + 72&+ 210; + 252ot; + 7560:-~ + 1512~: 

Year x slte 2 0% 120::~ + 210; + 2520;; + 756o$, 

CiI)D/pe~as x site 12 o2 + 120& + 210; + 2520; 

Block /fGUIl/year x site) 198 0' + 210; 

Clone 20 0% 112o&. + 720:~ + 108o:~~+ 2 1 6 ~ ;  

Yeas x clone 20 0' + 12u& + 1080;~ 

Site x clone 40 o' + 12u& + 72o& 

(C>DD/year x site) x clone 280 0' + 12o& 

Enor 3960 rrL 
'I'otal 4535 

( 13) Single-year atialysis (model 11). 

Source of vwiation df Expected mean  square^^^ 
Site 2 o2 + 12o& + 36&+ 2 1 4  + 2520; + 7560; 
C;IlI)/site 6 o' + 120::~ + 210; + 2520; 

Block/(GUD/si te) 99 0% 22f4 

Clone 20 0" 1120~i, + 360:~ + 108cr;- 

Site x clone 40 05 +20& + 360:~ 

(GDI)/site) x clone 120 0' + 120& 

EITC~S 1980 o" 
Total 2267 

Note: GDD. belougrcxnd gmowlng ciesree-days. 
"Llegrees of heedom and type III expected mean squares generated by uslng the RANDCYM state~nent in 

PRCX GL,M (SAS Inst~tute Inc. 2000). 
%2 1s the 17anance attributed to the tern, sn the model. Mode1 I: oh, year: 0;. site: C T ; ~ ,  year X slte: oh, 

GDf) wlthm pear and slte: oh, block wahin GC;L); erg, done; ~r ire, year x clone: G",. s ~ t e  x clone; o&, 
GDII x clone; of eelra. Model 11: 03. s~tz;  G&, G11D wttki~n site: 0;. block w ~ t h ~ n  GIII): 06, cloiie; o&, sste 
x clone; o&., GDL3 x clone: cr" emoi. 

where a& is the genotypic variance attributed to genetic dif- 
ferences anong clones; a:.(. is the variance attsibufed to the 
interaction between year and clone: a:,. is the variance at- 
tributed to the interaction between site and clone: a& is the 
variance attributed to the interaction between belowgrotrnd 
GI)D arrd clone; and a; is the environmental variance attrib- 
ut ed to experirriental error. 

Principal conlponents aiialyses (PROC PKINCOMP; SAS 
Institute Inc. 2000) were used to assess genotype x environmtnt 
interactions on multiple-yeas and single-yeas bases (Manly 
1086). 

Results 

Rlultiple-gear analysis 
?he portentage of cuttings that rooted after 14 days of 

growth was highly variable, ranging across yeass and sites 
from 22% to 86% (Fig. 1). The NM (81 % 'l and DM (66%) 
genomic groups exhibited the greatest percentage of rooting. 
followed by Ore DN (61%)): HC (57%), and I) (33%)) genomic 
grctups. Clones of the BC and 1) genomic groups exhibited 
the greatest variation in rooting percentage (38%-73% and 
22%-47% respectively). 

Genotypic erects 
Phenotypic correlations for all traits raged fro111 0.1 1 to 

0.80, whereas genotypic correlations ranged from -0.14 to 
1.00 (Table 3). Clones varied greatly in root dry mass and 
top dry mass, accounting for 8% and 27% of the total vasia- 
tion in each of tllese traits, respectively (Table 4). Estimates 
of H for root dry inass and top dry inass were 0.09 and 0.31. 
respectively. 

Cfr'tiles differed for root dry Iriass and top d1-y mass ('I'a- 
ble 4): root dxy mass ranged froin 1.0 to 1 I .5 mg (Fig. 2); 
clones NC13563 and NC13649 exhibited at least twice as 
much root dry rlrass as all other clones. 'The H C  genoilnic 
group expressed the   no st variation ai~ong clones. 'Trends in 
top dry mass differed frolit those observed for root dry mass. 
The DM and NM genomic groups had almost twice and 
more than twice the aboveground production. respectively. of 
tlre other groups. 'Top dry inass ranged ii-o~n 32.3 to 145.8 mg. 
Clonal va-iation within gerromic groups was low, except among 
IIM clones (02.3-134.1 mg). 

Siinilas rooting trends existed for number of roots (Y < 
0.0001), total root lcngtlr ( P  < 0.0001), and mean soot length 
(Y = 0.0016). Number of roots ranged fro111 0.7 (D105) to 
6.7 WC13563). Number of rt'tots for NC13563 was almost 
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Fig. 1. Percent rooting after 14 days of growth in doi~natlt hardwcwd pcrplas cuttings of clones belonging to five genomic groups (two 
gsc31zps it1 '4, three groups in B) at three sites in 2 years. Standard elms bars represent 1 SE (n = 216 cutti~lgs fc~r each clone). 

(I? aickocarpa x l? deIfokks) x Z! &hides 

Clone 

v v '7 

Clone 

Table 3. Pt~e~lotypic cuirelat~ons (above it~agonal) and genotypic correlations (below diagonal) mong  aboveground and 
helowgl\ound traits in an experinlent tes tinp for differences in poplar rooting. 

- - - -  

Cutting Root dry Callus Top dry Total Mean No. of Total soot Mean root 
dry mass txiass dry inass mass leaf area leaf area roots length leagtll 

Cutting dry mass 
Root rlry mass 
Callus dry mass 
Top dry rnass 
Total leaf area 
Merit1 leaf area 
No. of roots 
'Total root length 
Mean root length 

Note: All phenotypic (Pearson) ctw-elailon uoeffic~znts were generated using PROC CORR (SAS Ilistitute Inc. 2000) and were sigrut'icant 
at P < O.O@01. Genotypic cc>~-rel&ions zstirnated accoithng to Falcorizr and Mackay (1989). 
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Table 4. Anall-ses of vaiance, v:ir.imce co~nponents, and derived statistics in an experiment testing for differe~lces 
in mot dry mass and top dry mass among 21 ljoplas clones during 2001 and 2002 at Ames, Iowa (42.WSN, 93.6"w); 
waseca, Minnesota (44. I'W. 93.5 ,W); and Westl)or.-t, Minnesotz (45.7'N, 95.2- W !. 

Mean F variauce Variance Percentage of 
Source of vruiation d P  suuase ratio P value component" total variation HZ 

Root dry mass (mg) 
Year 

Site 

Year x site 
Gl3Illyear x sire 
Hlochl(GllD/year x site) 
Clone 
Year x clone 
Site x clone 
Clone x (GDT>/year x site) 
Error 
Total 

Top dry mass (mg) 
17eas 

Site 

Year x site 
GDDlyear x site 
RlocW(C;DD/yeas x site) 
Clone 
Year x clotie 
Site x clorle 
Clone x (Gl3lllyear x site) 
Enor 
Total 

Note: ", signxfiuant at P c 0.05 (shown m hddf; GDD. belowgroilnd growing degree-days. 
'Degrees c>f freedon1 generated hy wing the RASDOM statement In PKOC GLM (SAS Inst~tutz Inc. 2000). 
"eststnuted mnax1mum I~kelxhood estlnzates of variance comnponents. 
"Bt-oad-sense heritah~lity (M, zstilnatecl on an inc~v~clual-tree basls: oi, genotypic variance attnbutd to cocnbined genct~c effects 

o f  clone (G 1; o i, va lance attributed to phenotlpic effects; phz~ioty pz = genotype + (genotype x zlivironmnent ) + environment: that 
IS, 0t- i- {cr+<.. + o;,. + o&>+ 0;. 

twice as much as for all other clones, except NC13640 (5.X), 
NM6 (4.3, and NC 1 3686 (4.1 ). Clone Dl 33 (3.1) had more 
than twice the nwnber of roots of Dl10 (1.2) and I)1 I7 (1.2) 
and inore than three times the tluinber of roots of Dl05 
(0.7). The HC genornic group expressed the i~lost variation 
among clones (1.2-6.7). 'Total root length ranged from 1.2 
l'f)105) to 15.5 cm (NC13563). Clones NU3563 and NC13649 
had altnost twice the total root length of all other cloiics. 
Clones NC13570 (2.4 cm) and NC13624 (2.3 cm) exhibitert 
veiy poor root growth. Cl(>rie 13123 (6.1 cm) had excellent 

periolnic group had tlie inost variation (1.6-9.6 cm'). Mean 
leaf area mnged froin 0.2 (D105) to 1.9 cm"N~6). NM 
and IIM clo~ies expressed the greatest inean leaf area. Other 
trends were siinilar to those shown for total leaf area. 

Site effects 
Site effects accounted t'or ~ 2 %  of the total variation in 

root dry mass and top dry Inass ('Table 4). Differeizces be,- 
tureen sites were negligible for all traits (P > 0.05). 

root grow ti], despite beloilg ing to an erratic -rooting g eiiomic 
group. Meail root lerigtll ranged from 0.4 (I>lOS) to 1.5 cm 
(NC 13563). Meim root length of NC13563 aid NCl3CAO 
11.4 ctn) was at least 50% greater than for all other clones 
except NM2 (1.3 cm) and NM4 ( 1 .4 cm). Once again, clones 
of tlie RC genonlic group expressed the most variation 10.7- 
1 .5 cm). 

Cllones differed also for callus dry mas,  total leaf sea,  
and mean leaf area fP < 0.0001). Callus dry mass xansed 
froin 0,O (DIOS. NCllIt624) to 3.8 mg (NM2). 'fotal leaf area 
ranged frorn 1.4 f D105) to 1 1.1 cm2 (NM2). 'fl~e NM clones 
had three times the total leaf area of all other clones, except 
those belonging to the IIM gerioinic group. 'I'he DM 

Genotype x environment interactions 
Genotype x environmeiit interactions were highly vhable 

across all traits ('l'able 4). 1'he interaction of year and clone 
was significant for root dry mass and top dry inass, along 
with nuinber of roots fP = 0.0070), mean root length (Y = 
0.0002), callus dry Inass ( P  < 0.0001), total leaf area ( P  < 
0.0001), and mean leaf area (Y < 0.0001) but negligible for 
total root length (P = 0.1592). 'T11e interaction of site arid 
clone was significant for total root length fP  = 0.0551) and 
callus dry mass (P = 0.0026) but negligible for all remaining 
traits iP > 0.05). The inte,raction of belowground GD13 and 
clone was sisnificant for root dry inass and top dry mass, 
aloilg with all remaining traits f P < 0.0001 1. 
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Fig. 2. Root dry mass after 14 days of growth of dormant hardwood poplar cuttitlgs of clones belonging to five genornic groups (two 
groups in A, tllree groups in B) at three sites in 2 years. Stmdard enor bars represent 1 SE (t? = 216 ctittiugs for each clone). 

Clone 

Phenotypic correlaticxrs anong all sites for root dry mnass, 
~lu~nber of roots, total root length, and mearr root length 
were similar and unifonnl y significant Eig . 3). Cos~elatir~ns 
anoilg sites for root dry Inass were the most variable, rang- 
ing from 0.81 (between Ames and Waseca) to 0.94 (between 
Ames and Wrestport). All correlations suggested stable clonal 
pesfonnance across sites, I?rinncipal ctxxlponen t analyses cor- 
rcjborated our univariate interpretation of variance in the four 
rcwting tsxi ts. Pmkcipal comnponen t 1 loaded highly wlifosml y 
on all traits at each site, with associated eigenvalues ac- 
counting for at least 92% of tile variation. 

Single-year analysis 

clones were 10% and 31%, respectively; and in 2002, 7% 
and 30%. respectively, In 2001. H estimates for root dry 
mass and top dry IIY~SS were 0.11 and 0.32, respectively; and 
in 2002, 0.09 and 0.38, respectively. 

Clones differed in 2001 and 2002 ill root dry mass and top 
dry mass (P  < 0,0001). In 2001 root dry mass ranged from 
0.4 to 12.2 n~g, whereas in 2002 it ranged from 0.2 to 
24.4 mg. Clone NC17563 exhibited at least twice as mlluch 
root dry mass as all other cloires, given very high productiv- 
ity in Ames 2002. However, root dry Inass of NC13649 was 
co~nparable at all other sites and dates. The DC genomic 
group expressed the most variation runong clones (root dry 
mass, 1,412.2 mg in 2001; 0.2-24.4 mg in 2002). 

Genotypic efibcts Top diy Inass in 2001 ranged fronl 13.0 to 161.9 nlg, 
Clones varied greatly in soot dsy mass and top dry mass whereas in 2002 it ranged fro111 14.4 to 163.9 mg. 'I'he IIM 

during 2001 and 2002. In 2001, the percentqges of total vxi- and NM cgenomic groups exhibited the greatest top dry mass. 
ation of root dry Inass and top dry mass attributable to Clone NC13563 expressed top dsy mass similar to 11 clones. 
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Fig. 3. Pllenotypic correlations among Ames, Iowa (42.QcN, 93.6"W); Waseca, Mit~nesota 044.1 N. 93.5 W): and UTestyort. Minnesota 
(45.7 'Nt 45.2'W! for root dr j  mass (.A). number of iuots (B), total root lengtii (C). and mean rc>oi length (I)) in 311 experiment testing 
the ability of 21 poplar clones to develop mots from ciornmant hardwood cuttings (n = 21). All correlations slgnificant at P < 0.0001. 

Root dry mass Number of roots 

Total root length Mean root length 

Clones differed in 2001 and 2002 ill number of roots, total 
root length, mean root length. callts dry mass, total leaf aea, 
and mnm leaf area ( P  < 0.0001 ). Simiiar rooting trends existed 
for number of roots, total root length, and mean root length 
as for root dry niass, and similar abo)veground trends existed 
for total leaf area and mean leaf area as for top dry mass. 

Site eflects 
Sites accounted for no inore than 1%. of the total \rau-iation 

in root dry mass and top dry inass in 2001, and no more than 
6% in 2002. 'Thus, site effects were negligible for all traits in 
2001 alcl 2002 ( P  > 0.05). 

Genotype x environinent interactions 

2001 was negligible for all traits ( P  > 0.05). 'Ihere was a 
significant interaction between site and clone for root &y 
rrlass (Y = 0.0098) arid total root length (Y  = 0.01 21) during 
2002. but this interaction was negligible for all remaining 
traits ( P  > 0.05). 

'l'he interaction of belowground GTIII and clone during 
2001 was significant for root dly inass, illunher of roots, to- 
tal root length, mean root length, and calli~s dry Inass ( P  < 
0.0001) but negligible for top dry mass. total leaf area, and 
irtean leaf area (P > 0.05). In addition, the interaction of 
belowground GT3D and clone during 2002 existed for all 
traits: root dry mass, top dry mass, number of roots, total 
root lengtli, ineail root length, total leaf area, and mean leaf 
a e a  (Y < 0.0001), and callus dry inass ( P  = 0.0130). 

Genotype x environment interactions were high1 y variable Cha~iges in rank and scale of genotypic production across 
across all traits. The interaction of site and clone during sites defined the genotype x environment interact ions in 2001 
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Fig. 4. Root dry mass after 114 days of growth of the best five clones at tliree sites in 2 years in :in experiment testing the ability of 21 
poplar clones to rlevelop roots from clorrxlant 11ar~jwot~l cuttings (n = 108 cuttings for each clone). 

Clone 2001 Clone 2002 

NM2 4.4 NM6 

Clone 2001 Clone 

NC13649 12.2 NC13563 7.9 

NC14105 9.9 NM6 

NC13563 9.4 NC13649 7.0 

DN70 7.6 NM2 0 h e s ,  Iowa 

and 2002, Clonal ranks for root dry inas  of the top five 
clones at each site in 2001 and 2002 are given in Fig. 4. 
Clone NC13563 illustrates the rank and scale change, as 
NC13563 ranked first in both Ames and Westport in 2001 
and third in Waseca in 2001. ' h e  diffaence in root dry mass 
of NC13563 md the second-ranked done increased from 
0.9 mg in Arnes in 2001 to 1.7 xng in Westport in 2001. 

The greatest change in magnitude of scale occurred it1 
h i e s  in 2002, when NC13563 ranked first, with a 12.6 zng 
advantage o ~ ~ e r  the secc>rid best clone (Fig. 4). This advan- 
tage ltec~eased to 0.5 in$ in Waseca in 2002, NC13563 r'mkeit 
fourth in Westport in 2002. Clonal performance at Westport 
in 2002 suggests that clones may have responded differently 
to that site. Principal component analyses supported tllis in- 
tesprelation. Ilespite loading high1 y uniforinl y on number of 
roots for each cclmbination of site and year (0.40-0.42), 
pi+incipal coinponent 1 loaded highly on root dry mass. total 
root lengtil, and mean root length for each colnbinatioii of 
site and year, except for Westport in 2002 (0.34-0.43, 0.33- 
0.43, mld 0.28-0.45, respectively). I9incipal component 2 
loaded high1 y on root dry mass, total root length. and mean 
root length at Westport 2002, but weakly on all other combi- 
nations of site and year. 

Discussion 

Genotypic and environmental main effects, along with ge- 
notype x envirclninerit in terx tions. gctvesned rooting of the 
genotypes tested. Clones accounted for >8% (of the va-iation 
in all traits, and H for root dry inass ranged froin 0.09 to 0.1 1. 
Genotype x environment interactions were significant for 
inost uaits, with belowground oil accc>unting for >54% of the 
enviror~nientaf variation, Clone-mean coi~elatio~is and princi- 
pal component analyses showed that root dry mass, number 
of roots. total root length, a id  mean root length were stable 
across sites. Thus, the variability in rooting traits was due to 
a conlbination of broad genetic variation between and within 
genoinic groups, changing environmental conditions, and 
genotypic responses to conditions at ccxltrasting field sitcs. 

'Ike genetics a r ~ l  phy sicllclogy undei-lying the ability of cuttings 
to root ar'e poorly ~xnderstood (Haissig et al. 1903,; revieweci 
by IIaissig and Davis 1994). However, genetic differences 
between genotypes in their ability to root have outweighed 
genotype x tqvironment interactions (Cunningham 1953: Yiilg 
and Bagley 1977). Current i~lolecular genetic technologies 
provide tools for studying the plausible nlechnisms wntmlling 
sooting, which aid in identi-t'ication of promising genotypes 
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(Cel-vera et af. 2001; Yin et al. 2001). Although we did not 
apjdy molecular techniques in this study, the variation in 
rooting success of our RC genrxriic group iitost likely was an 
expression of broad genetic vtu-iation trsultii~g from backuoss 
breeding. Ilepencling on recombination. genotypes of the fist 
generat io~i following backcrossing may have alleles 
from the recurrent parent for a particular trait or only half of 
tlie alleles fio-111 the ~.ecurrent parent and half of tlie alleles froin 
the donor parent. Thus, clones such as NC33563 that exhib- 
ited >70% r(mting may have acquired alleles assocsated with 
rooting from the P. tP.iclzocaqja parent. Likewise, NCf 3,570, 
an erratic-rooting clone, may have more alleles from the 
Y. dcftoir2es parent, whicli is known for excelleni growth 
rates and disease resistance in tlie north central IJnited States. 

1)iffereilces amc>ng clones in tlieir ability to develop pre- 
formed root prirnordia throughout the prwent shoot during 
the preceding growing season likely contributed to the varia- 
tion in number of roots (Sniith and Wareing 1974: Fanner et 
al. 1989). Well-rooting genotypes, such as BC and NM clones, 
may have developed an abundai~ce of prefmed primordia. 
whereas pr-routing genotypes, such as D clones, inay have 
developed fewer prefornied prbnordia. Poptilt~s deltoides does 
not rtwt well from donnant hardwood cuttings in the north 
central United States. With the exception of T1133, I) clones 
were well below tl~e overall mean for number of roots pro- 
duced from the cfone,s tested. Therefore, most 13 clones inay 
not have as many preformed primordia, Root initiation and 
growth from I) ctittings inay be the result of induced primmtia, 
whicll emerge as a result of influence from environlnental 
stimuli (fiaissig 1974; reviewed by Haissig and Davis 1993). 
in a related study, the June survival rate of I) clones (78% at 
30 days of growth) was comparable to survival of clones be- 
longing to other genomic groups (Zalesny 2003). 'LAus, root- 
ing of the D genomic group in the cunent study likely resulted 
from induced pri~nordia that developed after 14 days, 

Another consideration is the distribution of prirnordia along 
the parent shoot. More prirnordia may be located near the 
base of the parent shoot than near the apex, and therefore 
differences in rooting iiiay be rela led to the location where 
the cutting originated on the parent shoot. A general trend of 
increasing survival and root growth from cuttings that origi- 
nated closer to tile base of the original stool plant lias been 
reported (Wloimberg 1959; EIanserr and Kristensen 1990; 
Zalesny et al= 2003). 

Genotypic differences in utilization of soluble carbohy- 
drates available in the cutting likely contribut ecf to variable 
rooting responses (Blooinberg 1963; Clkoro and Grace 1476; 
I'schaplinski and Blake 1089). Clone NC f 3563 exhibited 
high rooting, yet height growth at the end of the season was 
moderate (Zalesny 2003). Thus, NC13563 and similar clones 
may initially utilize more reserves for rooting and subse- 
quently invest more photosynthate in rooting than in above- 
grtmnd growth. 'Ihese restills agree with tliose of W-u et al. 
(1998). who reported that :in inbred I$ generation of poplar 
f R  fricittocnrpci x I? de1toidc.s) exliibited a broad amount of 
variation resulting in variable rooting success. T11ose geno- 
types with the best rooting consistently did riot have the best 
growth rates. Likewise, differences in carbohydrate metabo- 
lisrn anon2 I>N hybrids and hybrids between I? hulsumifiel-u 
and F? deltoides have been reported tTschap1inski and Blake 

1989). Although cutting dry mass was a negligible covariate 
in our anafysis, cuttings of larger diameter made from the 
base of the parent shoot may have had more available re- 
serves than sinailer cuttings made from the ripex of the par- 
ent shoot (Fege and Brown 1984). '[bus, early rooting may 
be attributed to the quantity of available reserves and how 
fast such reserves are utilized. 'The availability of reserves is 
important for deployment because smaller cuttings with 
fewer reserves may have a dec~eased ability to survive in 
stressful environments. 

Increased initial rooting suppcxts higher rates of planta- 
tion establishment aiid subsequent sunival zl(Nei1mai et al. 
1994b). 'Iterefore, rooting must be used as an initial selty- 
tion criterion fix clonal performance (Tschaplinski and Blake 
1989; Riemenschneider et al. 2001b). Likewise, highly signif- 
icant phenotypic correlations among traits suggested that a 
few dependent variables could be used to explain most of the 
variation in rooting ability among genotypes (Wilcox and 
Fanner 1968). Biological validity likely will not suffer if the 
number of variables evaluated is decreased. Our results cor- 
roborated those of Kie~nensdirieider and Bauer ( 1997) and 
Tschaplinski and Blake (1989), who also related root initia- 
tion and growth to early plant production. However, the per- 
centage rooting (22%-86%) anong clones in our study is 
lower than other poplar studies reportal. Fanner et al. (1989) 
reported tliat 53 of 100 clones belonging to four provenances 
of I? bulsumzfer-cr exhibited 100% rooting, whereas only 2 
clones showed 4 0 %  rooting. Cutininghan and Farmer 
( 1984) reported 13%-100% rooting of I? bulsa?ll@er-a cut- 
tings, with an overall mean of 70%. We attribute lower per- 
centage rooting in our study to the cuttings' being planted at 
three contrasting field sites. where the cuttings were sub- 
jected to different soil and air temperature, soil inoisture, so- 
l : ~  radiation. wind, 'and soil physical properties. In contrast, 
most previous studies were conducted under near-ideal con- 
ditions in growth chambers or greenhouses, where environ- 
mental conditions were controlled. 

Genotypic responses to different environinen tal conditions 
at our three field sites were also highly variable. Genotype x 
environment interactions are thought to have a major role in 
governing rooting responses (Zsuffia 1976). In the current 
study, significant gellotype x environment ititeractions existed 
for rnos t traits. However, our interpretation of univariate and 
niultivariate analyses showed that, despite such genotype x 
enviroi~inen t interactions, clonal pei-forniance for rooting traits 
was relatively stable across sites. Cloiies performed similarly 
for all conibinations of sites and years, except for Westport, 
Minneso ta, during 2002, whe,n rooting was relative1 y poor. 

Overall, from an operational perspective, we recommend 
selecting generalist genotypes that perfonn well over a brc~ad 
geographic range. Also, f'roin a research st andpoint, we recorn- 
inend additional testing for specific genotype x environment 
interact ions across regional scales to ilnprove the ref iabili t y 
of recoin mendations lor gel1 oiypes adapted to reg ioiial envi- 
ro~mlen tal conditions. 

?he iniportance of acquiring knowledge about early root- 
ing of poplars from dormant hardwood cuttings is highlighted 
by decreased establishment costs, time to crown closure, and 
vegetation management costs, along with the illcrease in op- 
erationriI flexibility that comes with broadened planting win- 
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dows. Tfle results of this study lead us to assei-t that the 
broad amount of variatio~l iMnong the genomic groups cus- 
rently utilized in tlie tlorth ccrl~all IJnited States proinises 
exceptional gains fsoin further breeding, testing, a11d select- 
ing of superior rooting clones, 
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