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Abstract 

To investigate the evolution of dinal VMJatlOll in an invasive planr, we com

pared cold hardiness in the introduced salt cedar ("I'amarix rwn,HI.ISlI'rri, 

"l"al1iorix chillemi>, and hybrid;;) and the native plams cottonwood (Populus 
delrojde> subsp. monj/Uerel). In d shadehollse in Colorado (41°:'-J), we grew 

pI-lIlts collecLed along ;\ latitudinal gradient in the central Umted Std!C; 

(29-48'1\'). On J7 ()cCJ~i()n;; between Septcmber 2005 and rune 2006, we delfr

milled killing temperatures using freeze-induced dectrolyte leakage and dirc'ct 

llbservation, Ln midwinter, cottonwood survived cooling to -70°C while salrc

edar was killed ,It -33 to -47°C. Frost sensitivity, therefore, may limit nortb

ward expansion of saltcedar in North America. Both species demonstrated 

inherited latitudinal variation in cold hardiness. For example, from SqHember 

through ).lnuary killing temperatures for s,lll"cedar from 29.18°N were 5-21°C 

higher than lhose for saltcedar from 47.6OC':", and Oil September 26 and Octo

ber J I, k.illing 1cmperatures [or COWHlwol)d from 3J,(J6°N were >.1J c C higher 

lh.m those for cotl"Onwood from 47.60°N. Analysis o[ nine microsdtellite loci 

,howed that ~ollthfrn saltcedars arc more cJosely rc]ated to T, chillfJ'/si5 while 

northern plants arc more closely rdated to "1'. ramosissima. Hybridization may 
have introduced the genetic variability necessary [or rapid evolution of the cline 

in saltced,lr cold hardiness. 

Introduction 

Nil live woody specie'S oftcn demonstra!e inherited la tilll

dinal vnri,nion in [he timing of gro,vt!1 cessation and cold 

hMdiness in response tll the latitudinai gradit'llL in tem

perature (l)illdey and Perr~' 1954; Howe et al. 19(5). Can 

an intrclChtCc'd specie, devel\lp such a pattern in a century 

or two (Weber and Schlnid 199f1)? Development or dinal 

variation could be accelerated by multipk introductions 

or populations from different latitudes (Novak and MdCk 

2001), by hybridi7atioD berween closely relatecl species 

from different climates (Hurk'l et aL ;()03), or by epige

nelic inheriunce of cold hardiness (S,lXe et al. 20tH), This 

question can be .lddressed by sLudies comparing dinal 

\'lll i.tlion in 1l.llive and inrroduced species. 

'dIC diplvid genus Fame.p·lx W,I, introduced lei North 

America in the mid I8or):, to control erosion ilnd to servc 

as a drought-tolerant omamental tlowering shmb or In;e 

(Robinson 1965). Although there are now several Tamarix 

species in the United Slates (USA), Trunfui.t t'!-/lnerlsJs 

Lour. and TtJl11tnix ramo5issima Ledeb. Me b)f (;r the 

most abundanl (Caskln and Schaal 20(3), TrAirlUrJx 

rhiut'/lsi5 is !llllive 10 China, Korea, and Japan al Idtitude 

23--42°N and longitude 79- 1J00E, whereas T. rumosi5sinw 
'lCcurs rnon: widely acros;; temperate Asia at 1,)1 itude 3()

53°1\: and longitude 42-127°£ (Hilum J978). AJ:hough 

these r,.vo species <Ire morphologically disti.nct in Asiil 

(Baum 1978), North American specimens cannot allvdys 

be readIly distinguished (Crins 1989). Hereafter, we refer 

to the complex of T. ramosissiml1, T. chineriSlS, and their 

hybrid, ,); saltcedar. In a study of a single nucle'lr locus 

in saltcedar, Gaskin ,wd Schaal (2002) IQund thai the 

1110st common gellorypc' in North America is a hdcfcl 

zygote: containing one allele thar in Asia is round only 1n 
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Variation in cold hardiness 

T. ramO.,iS5I1na dnd another aJleJc that in A8ia is found 

only in T. r:hil1cmis. In ot.her words, these 0:orth Ameri

can hett'fOzygotC'S [lav,," " hybrid genotype thai has not 

been fou nd in Asia. Although homozygotes for either of 

the t,,'o alleles arc '11so common in North I\merica, it is 

no; pm'Jbk using a single IOCllS 10 determine whdher 

Ihey are lrue 1'. chinl.'nsis <lnd T ramosi5sima or cryptic 

hybrids. For t.his reason, t.here IS a strong need for analy

sis of addition.ll loci to charaetenzc the taxonomic status 

of North American saltccdar. 

S,llrcedar is now the second most abnndanl riparian 

woody pla1li in the interior wesrefll USA (Friedman et al. 
lUOS), occupying 470 000·-650 000 ha (Z,\Valeia 2000). 

3ecause rep1.lcemenr of native cotton'Yood·willow (Popu
lus-Salix) communities by saltcedar can be associated wirh 

degradation ui habirat for yert.ebmtes dnd increased water 

10;s from evaplliranspiralion (Shafroth <:l aL 200S), lhere 

i, ,In inkn;e interest in controlling its spread (Hart et al. 
2005 I To inform such dforts, it is important to know 

\vhat factors limit sail cedar distribution and to under

stand how that distribution would h<? alt<?red by changing 

temperatures. :;,!thougb tbe cold hJrdiness of saltcedar is 

unknown, tbere is evidence Ihat cold iempaatures may 

Jimit irs expansion in Nllrth America. In the US north of 

about i'9 G N htitude, saJtcedur is relativelv scarce, individ

LL,\J, ,tre small, and dieback is frequent (Lesica and Miles 

2001; hieJrnan et al. ZOOS), sllggesling [hal cold sensiliv

ity I1My limit llorthVI',lrd expansion. Oil the other 1' ..lI1d, 

son;e populatiom of saltc~dar in I'v10ntana arc growing 

rapidly (Pearce aud Smith 2003; Sexton et ,IL 2006), sng

~;esting th,lt there mav be genetic yariabilirv in cold hardi

ness. l"urrhennc)fe, grOWth chamher experiments 

comp,uing northern and sOllthern saltcedar have demon

Slratedinherited lempcrature-depend~nt differences in 

rooL-shoot ratio (Sexton et at. 2002). Genotypic difter· 

ence, among '1'. chllJ.l'i1si.!>, '1". ramosis5imCl, and lhtir 

hybnJ, <.:ould (,1USe yariatil)n in cold hardine>s ,Kross 

North }\meric,l. 

ff a brief r,~si(knc~ in Nortb America has limited 

Jevdoprnem of clinal vori,uion in ,altccdal, we migbt 

exp<?ct .1 stronger cline in J comparable narive species. 

'rhC' native riparian tree plains cottonwood rPopulus 
ddtoides M,lrshall subsp. mOrlili/era (Aiton) Eckenw,llder] 

is an important competilor of saltcedar ranging from 

northern Texas to .>outhan Manitoba, Saskatchew'ln, 

;Ul<1 AlbenJ al latitude 30-55°t( JIlJ longiLltde 96

[14°W lV,ln Haverbeke J990; friedman et at 2(05). 

J'()pIlILl5 dc:lw;l1t's i, known to be cold harJy; bud, and 

steins collected in winter can surviyc chilling to ~-IlO°C 

(S,1kai ,lJ1d 'vVeis,~r 1973'- Common-garden studies of 

cottonwood including P. delt"ides have shown inherited 

lM!tudindJ \rariatioL1 in the timing of fall growth ceSSJ

lion (Howe et a1. 1999), When grown in Massachusetts, 

;Oijfrla~ {on~DiI~tlor' r.:.- LOOt: eJJc(v~'ell PUOIISt'1I'KJ Ltri 1 f20L'm ~98· G0/ 

~~G C;Ur', (Q orlg"'aIIJS 9Qve.-nmeilt works 

P. del/oine.' from 4Y to 46°N ceased growing an ,wer,1ge 

of 1 monlh earlier than P deltoides from 30° to 32°N 

(Pauley and Perry 1954). 1\'onhern corronwood, there

fore, may develop cold resistance earlier in the fall than 

southern cottonwood. 

We used a common-garden approach LO wmp,lre cold 

hardilles~ in plains cottonwood and saIlcedar collected 

along a latitudinal gradient in the central USA. \:'li e' 

hypothesized that plains cottonwood is mort' cold toler

ant than saltcedar, and that the physiological limits 

imposed by cold temperatures arc consistent with the 

northern limit to saltcedar distribution in th<? U~A. We 

expecled to find strong latitudinal variation in cold hardi

ness in plains cottonwood, but not in saltcedar, because 

there has been little time for evolution of such \'ari<.ltion 

in this introduced species. finally, we used microsatel1ite 

analYSIS in plains co1tonwood and silltcedar to investigate 

genetic variation along rhe latitudinal gradient, I.n sail 

cedar, it was necessary to develop the microsatellite prim· 

ers to perform the analysis (Caskin et a1. 2(06). This 

work is especially important in saltcedar, a widespread 

dominant tree in North America whose taxollomi( status 

is still uncerrain (Gaskin and Schaal 200:;), We hoped to 

deLermine to whal extent salrcedar in North America 

behaves as a single population as opposed to t.wo or more 

isolated populotions. 

Methods 

\Ve collected plains cottonwood ,md sahcedar from 15 

sites aJong a latitudinal gradient from 29" to 48";« in the 

central USA (Tahle J l. Ln Febru,1ry and p,'larch of 10(J5, 

we co11e<"ted samples trom 25 (or more) distine:t genel ic 

individuals of each species at e;](h site, except tor the 

three southanrnosL Sill'S where plains cottonwood was 

scarce or absent lTable I). The sampled populations 

occurred as hJnds 2-200 m wide along the shore of ,I 

river or reservoir. We walked <llong the band and sampled 

the first 25 plants that had young, rapidly growing stems 

sujtable for vegeta.tive propag'ltion. Co[lectlons were stem 

cUlIings 25 cm It'ng and about 1 em in diameter. \Ve 

stored cnttings in pl'lstic bago in a rdr.igeraroL On :vlarch 

17, 200S we planted the cuttings in pots (top diii

meter = 7 eIn, depth = 25 ern) filled with Fafard F2-SV 

growing medillm with 25% pedire and no ,Hided t"ertllit.er 

or rooting hormone. \\le raul'ed the cuttings under In!) I 

in a greenhouse in l;orl Collins, CO. OIl ~lay 31, we 

mowd the pLmts to a. shadt'home in Fort Collins at lati· 

tude 40.5BoN and longitut.le 105. 14"\:,/, The shadc'housc is 

~m outdoor space with no walls ond a roof of wide!} 

spaced boards to reduce dJrect SUllo We provided suppJe

mental water two to tbree limes per week to elimimlte 
drouglu stress. 
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Table 1. Col!('c,'on locatio;'·5 for pla:ns cottorwoods and salteedars grown In tne 'art Collins shadehollse AI,o sh<:lwn dre tr,f I'·umb,·( (>f InOI'lld

I;a's collecte:' a\ eacr IOCiE:O:l and the nurlDe c tested for CO!:' nardlness <:1(1 Apr·1 17. 2006. 

Il1d'VldudlS coPected Individuals le)ted 
Ldtltudp LZlr19'tudp Ele,·"tlofl 

)Ite !),:lmE' (CI'i 
__'~"'~_'~'_R_'R'R_R_'___ .~_._. __._. __ ._._._. _______. ____•_______..__••__•__ 

("W1 (rn) 5alKedar Cottorlwood S,llKeejdr CmIGlr~;ood 

I-e'l t <:::pck Re;.€ (Vo!! , He:1 (r~~k Arm, I'v1T 

Mu:J~E-;~)t1\:'!j qlver near Rounoup, ,·;1T 

4760 

4645 

106.90 

108.53 

683 

962 

25

",<.~ 

25 

25 

3 

20 

9 
3 

;>o\A"jer R:vet Cledr Broddus, ''vlT 4543 10541 927 25 25 9 8 

'<eyhole R.('s~rvolr, \NY 44 37 10-<179 1254 25 2B 20 18 

50J"}c') Rfs€'rvolr, \NY 43 ?2 108 18 1379 25 25 19 18 

Llke M,Co(\;U,lhy, Cedar Vl:e Carnpg rOll"d, NE 41.29 101 93 988 25 25 18 20 

Cache la Poudre River, Fort Collin), CO 4056 10501 1504 32 25 23 15 

[lomv ResNvo", CO 39.62 102.19 1120 25 25 5 18 

':;'karo5as R·ver, GfI!nada 5tart' Wildllf~ Area. CO 38.09 102 29 1053 25 25 14 22 
CI '~~,a rron RIVE-i') OK 37 12 101.89 1035 25 25 1-1 18 

l.ake Merec;lth. /'v1w iina"li'/ C<"cek. TX 35',3 101 7i 896 25 2S ':) 1,1 

3u rfalo La,c ~~at:Q,al W' :'I'fe Re7ug0. rx 31.190 102 12 1105 25 25 I? 18 

>-(Jb) :~Icn I lenl'J. TX 3305 101 (J4 6~9 25 12 10 6 

( D·ry d:J\,) i,I~Jcr 'N€S: uf S,iver. lX 3202 10074 581 25 () 10 0 

i"o;f1,I!c (.'f'f.'k, B 9 BE-n~j Natl()[idl Park., TX 29 18 10301 5&8 25 0 0 

\Ve determined the change in cold hardiness over time 

by periodically tesling pJdlliS from four species-latitude 

combinations: northern and soulbern plains cottonwood 

,HId sallcedar. To conduct a lesL W~ selected" single indi

vidUal from each of the four species-latitude combina

tions; diHerellt individb{is were sdec<ed for each lest. We 

performed the lest 17 time~ from September Ll, 2005 to 

Jun,' ::;, 2006. For the fir,1 eight tests, ending with Jal1uary 

:13, 2006, the' s-:lected ~I'-:;:ie$--1atitudf cOJ1lbinati()n~ were 

pLlim cottonwood from laritudes 33.06° and 47.60oN and 

s;lltcedar from latitudes 29.J8" and 47.60 0 N; f(lr the final 

nine tests, beginning with February 6, 2006, we used 

plain$ COltOllwood ,wd sallc~dar from latitud~s 34.90" 

and 4S.43°X The ch,wge in latitudes was neco;>ssary to 

providc sufficient stem maLerial to perform the tests. 'Ne 
measlIr"d cold hdrJiness oC the seleckd individuals using 

ftcac-induced electrolyte leakage (Burr ct 31. 1990; Cal

kill'; and S,v,m;on 1990; Lerrrransson and Ogren 2(02). 

This mdnoJ i, ba,;ed on the bCl rhat fret'zing of $tem tis

,ce., cau,es lCdLigc or <?l"ctrolytes, which (an be quanti

n"d b:/ me.l'LHel11enl of dccrrical condu~livity. To 

periorlro ,1 tcst, We' collected ,1 _)6-cm piece of (urrenl-vear 

.tem from e,lCh of thc lour selectee individuals, Wi:: cut 

each pi.ece into l-cm samples and placed each s3mple in 

8 vial (Of Lest tuhe) with j mL or deionized waleI' and a 

pi~cC' or lead shot to promote nucleation oi i.:e crystals_ 

Jhe Jo samples from eHch selected individual were 

divided ioto six ~ets of ~ix tube., (or viab). We placc'd one 

~d (con troIs) in a rdrign<lt<'d water hath (rail) or an icc 

w;,tcr biHb (sprilig), Vy'C placed the remaining rIVe ~ets in 

a programmabk temperature cbamber (TcstEquity Model 

11.\ Thou,and Oaks, C,';), beld them ,n -2°e: (fall) or 

-4"C (spring) ol'ernight to ensure that all were frozen, 

600 

<Hld then exposcd them to gradu<1lly declining tcmpera

tures (5°C per hour). At five different temperatures, Wf: 

removed a set of the samples and temporarily ,tored 

them at ".FC until all were removed from the cbamber. 

The fiye tern peralurcs varied se<lsonally ~nd were d,0$ctl 

10 be close 10 the warmest letbal lemperalure, for aJl of 

the sekcted individuals, After addl11g 10 rnL ("iab) or 

4 mL (tubes) of deionized water, we agitolted sampks ftlr 

20 h on a shaker tahle, measured the conductivity or each 

vial or tube llsing an Amber Science, conductivity mett?f 

Model 1056 (Amba Sciellc~ IIlC., Eugene, OR), bo.i1cd 

samples for 20 min, agitatcd again for 20 hand rcmc<t

sured the conductivity. The jndex of injury (Flint et al. 
1967) for a frozen I-em sample was 

where 1{ is index of iJljurv resulting from eXpOSI1fe IL) 

temperatLlf~ t, L, is specifIc conductance of leachate frO!n 

sample frozen at lemperature ~, Lk is speedi( conductance 

or leachak from sc1mpJe rro'z.cn al I'cmperalure r and then 

heat-killed, Lo i~ specific conductance of leachate from 

unrrozen control sample, and L,! is specific conduetanct' 

of leachate frow unfrozen sample, beat killed. 

The index of injury is designed to correct for error 

introduced by variation between sam pies in the qU<lntity 

of dectmlytes available for leaching following injury I,Flim 

et al. 1967). for an individual plant on a given da~·, [hi~ 

par~m~kr displa)'ed a sigmoid l~-sh,\ped) relHlionship 

wilh temperature. It ilvproached a lower a,yrnplolc of () 

ar warm temperatures thal did not harm the sample, and 

approached an upper asymp10te between 0 and I <It wid 

temperatures that killed the sample. Comparison to 

Journal comp:;atI0fl (~ 2008 BI<)C:i(well PlJbllSI"'II"'g Ltd 1 (2(3081 SS"B·· :2:07 
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Variation in cold hardiness 

frmen steins held for 2 weeks ar room temperature for 

direct ob~ervation o[ cold-induced mortality indicated 

thai stem SMl1pics died when I r reached ,1 point midway 

bctwc<'I1 the low and high dsymptOtes. We designated the 

tt-mpa"lllrc .tt this point aii the killing ttmpcratllre. For 

eacb of the [our illcilvlduah selected in a lest, Ive deter

rl1lned the killing temperatun: using a nonlinear sigmoiJ 

regres,ion of the form 

wher~ t i~ temperature; a, ii, and (; arc estimated para

lllder" such that a is the upper asymptote and (In(b))/c, 

tho: inHecljOI1 point tlf the CUIVe, is the killing temperature. 

\\:c derennined 95'Vo cnnfidencc intervals using inverse 

prediction. Wt' eslimMed these jntervJl, for the nonlinear 

mod~l rojJowing the format for linear models ,·"here an 

inverse preJiction interv,t! for ,I new value or the inde

pendenl v;uiable (here temperature, t) trIkeS the (-orrn of ,I 

pr,'diction interval for a new ,)bservation of the depen· 

dent variable (here index of injury, I,) diVided hy the 

$lopc estimate (Neier et a!. 1996:167-169). Hecaust' the 

nonlinear functional form prohibited this simple algebraic 

manipulation, we estimated 95(~'O prediction intervals for 

a new observation of I, in the nonlinear model fllr iln 

lll(cr\·,,1 of ...'alll<'s of , and determined the smallest ,md 

I.\rgesl \;dt't~S o[ I thAt h,ld 95% prediction inter\'als [or II 
that induded rh<' estimalt'd killing temperature. 

We m<'dsured lhe variation in cold hardiness o ... er lati

lude by comp;Hing all individu,lh .....·jlh 235 on of stem 

(cottollwoocL 11 -0 187; saltcedar, /I =- (92) on April 17, 

2006. Tnt' nUlJlber~ of individudb tcsted by species and 

latitude are shown in Table I. We cut a 35-cm stcm piece 

from each illdividllal, cut each piece into sevell 5-cJn 

"amples and distribllted the samples into zip-Jo(k plastic 

bags, FOT each latirude, there were seven plastic bags, each 

cont;li!ling 011<: 5-cm sample from each of the selected 

indj\idudls (rolll thaI. J,lutude, V.... e pl<lced one h~g from 

,.'.Icll i,1Iituck' (";Qnlrol) in an ice waler bath and the 

T<:il1ainin~ bag, in the tcmperature chall1bC'r ,:1 20'C. We 

reducc'd lhe tempnatllrc to -3.3'·C in lS min and heJd 

the chamber at that t<'mpcr,lture for 14.5 h to en~ure tha.t 

all rwig, were frozen. Wc then lowered the tempei'aturc 

5e C per hour to --71.1 ~C and held thi.> temperature for 

11.5 h. \Ve removed one b~g from each latitude at -8.5. 

-20.3, -29.4, -41.9. -55.4, ,l)ld -71.1°C (at the end of 

the 11.5-h hold). V·le then placed sall1ples upright in moist 

s,md ,11 room temperature ['11' 2 weeks before determining 

survival [1,. ....isual obscrV.Hion (Calkins ~nc1 S...... ,ubon 

j')Yll), Llh' ',lInplcs h;,d moiSt bright grecn inne! hark, 

dIld nft-:n ~~rcw ncw Toots and kave~_ Dead samples h,ld 

hrown-·-grcen inner Dark, which I-\I;\S oftcn dT...., ,\Ild gre\-,! 

no root> or leaves. For a given ,pecics at a given latitude, 

I~." r..::1 compo ()L or '';; 20CB [~i(lci(·:.)ell 1\.Jbh5nlng U..-J 1 (LeOS) 598 ·oJ J 

No de lr Ie or glnal US gvV2rrm~nt works 

there was ,I sigmoid rclatiClnship bctween temperature 

and percent survival similar to the sigmoid relationship 

observed in the conductivity trials. This <IHowed \15 to 

use an analogolis approach designed ior categoncal (live 

or Jead) data. in which We defined thc" killing ternpera

tllfe as the tempcral'ure at whi.;h half of ,t::01 sample.'> 

were killed. foor each specie~-!atitudc" combination, we 

used PROC PRO flIT in SAS (SAS Institute, Jne., Cary, NC) 

to calculak the killing tell1peraturt' (II =- 3-23 individtl

als, depending on spccies and latitude, Table J). Finally, 

for each species. we performed a multivariate pro bit 

analysis on all individuals combined using temp~rature 

<lnd latitude as independent variables. This allowed us 

to test the sigl1itic~nce of the latitudinal effect for each 

species. 

We assessed genetic similarity among plant.,> using 

neighbor-joining allaly~is t){ rnicrosatelhte loci {()r each 

spede.';. Extraction of DNAs. peR ;lInplica.tions, and frag

ment analysis were performed as in Gm,kin el al. [2006l. 

For saltcedar, we used t.he nine microsateliites from 
Gaskin et al. (2006), and for plains corronwood we u~ed 

the nine microsatellites: PNIGC 6], PMGC 223, PMGC 

667, PMGC 2060, PMGC 2088, PMGC 2105 and P\'IGC 

2573 (from International Populus Genome Consortium 

SSR Resource 2007. http~/1\'i'Ww.ornl.gov/scifipgcissr_ 

resource.htm); WPMSI4 (Smulders et al. 2001); anJ 

PTH2 (Dayanandan ct a!. 1998). For each specie&, ...ve 

calculated chord distances (Cavalli-Sfor;!,,1 and Fdward, 

1967) among l<lritlldcs and used tbe,e In prepare an 

unrooted dendrogram. The saltc<'dar Jendrol;ram 

included 15 populations (369 individuals) from North 

America and two populations (12 individuals) from Asia. 

The 369 North American individuals \\Cere all the sall

cedar introduced to the shadehouse. Tht' 12 individuals 

collected in Asia (six 1'. ramosi:isima and SL'X T. chillemis) 

were never inlrodllced to the shr)ddlO11Se or used lor 

cold-hardiness testing. bUI were includt'd in this 'Hl<,Ij'sis 

to explore genetic relatedness between f\'onh Americ-an 

and Asian ~altceJar. '111c plains cottonwood dendrogrJm 

includt'd 13 ropulatjnm, (,dl 304 cotto[lwood individuaL, 

introduc<'d [0 the shadehouse). All calculdtioas were 

carried out using t.h~ programs Sf,QIIOO r. t;E:->lll ,", 

1'/£tGHIWR, ,Hld CONSE:\SE from the PIIYUP ver. :\.6) 

package (http://evolution.genetics.wilshington.edu/phylip. 

html; felsens\'ein 2004). Analyses of molecular v~riance 

(AMO\'A) were C<lrried out for bot.h specie, using the 

distancc method (Weir and Cockerham 1984; Excoffier 

et .1.1. 1992; Weir 1996). 

As a dioeclOus species, plains cottonwood i, an ohliga

tory OLIL·crosser (Vall Haverbekc 1990). SahcedJr hdS p<,r

feet flowers and has been categorized as self-compatible 

(Brotherson and Winkel 1986), but Ste\'cns (1989) III An 

ZOIl~, found no seeds produced by flowers enclosed in 
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FIgure 1 Fali ri\) "nd SPrl'1g (Bi tNop{Yal var:atloo ,n kill,ng ter1peralUre for tWigs of ~orthern dnd southern pliH'1s ':Oltorw'<Jod :.OopllIU:' dc-Ito'de, 

::iUOSP mcndde'C1) and sa!tce:-c1ar (Tamar/x ramOSIS5/{'(';3, Tarr7dnr: Cfllrrt1(",S/S, Cind hybnds) ';)i'O'Nfl If) Fort Colilrls. Colorado L.at tude of Origin IS gl'10n 

11"' O('(I,,'a' dcgl'(2-" S<i1tcedar (SO data are soild 1111('5. and cottonWOOD (eW) d,lta are dashed irnes r~orthem (southern) populat'ors ar(' ,oclcated 
by ,Illck (Ihlr) lines Diff('r('nt Incl'I,duals were used on t>aCil sampling datt> Not(' that c1,ff('rem I"tltudes w('rt> used ,~ the sprli"g a'-d 'a' D,lliy 
rnjr:ll'f1un1 !en)perij!ure data are frOITl the (t~dSHntln Fle~d \f'/eillher Statjol~ ((oforado (hln~te c.enten about 1 kin from r.n~ ~hadehou>~ E"rQI b~(s 

i'.'e 95% wrr,den';e '1",Ie''Idl; ior an 'ndivldual sample 

V~riation in cold hardiness 

mesh bJgs w exclude Pl1l)iuators. Using saine of our 
shadehome individuals planted in a nearby garden, in 
ron Collins, Colorado, we also observed no seeds pro

duced hI' bagged f]ow<'rs even wben we attempted to pro
J1lote :;eil-pollinalion u:;iug bees on a slick (A, Blair, 

Colorado ~t3te University, personal communicalion, 
20(7). Therefor", bo,b plain:; cottol1wood and sall-cedar 

appear to be obligatory ()ut-Cft)s~ers. 

Results 

Both pl'lim cottonwood and ~altcedar were more rtsistant 
to coid temperature:; in the winter rlMn in the summer, but 
thi, :;easonJl cycle was more extr"me in cottonwood 
(Fig. 11. Although saltcedar was slightly more cold hardy in 
the early fall, collonw()od hardened off more rapidly and 
deeply (fig. lA). In early September, northern dlld south
ern individuab of both species were kilkd bv temperatures 

rilllging from '-4 to --19'"C. By mid October, both northern 
.111d ,()uthcrll cott.onwood survived cooling to -70"C, the 

coldest temp<'ratlJf<' d.ttainahle in our temperature cham
h~l. Even ""heD we e>;rended tbe coldest treatment by hold
ing tht' dlamher at -70cC for 13 h, we ohserved no cold 
damage to cottonwood during tbe winter (November 
tbrough f.ebruary, data not shown). f.reezing temperatures 
warmer than -70n e did not kill (onOl1w()od again until 
'''!.nell {hg. lEi. Iii contra,t, even in mid-winkr saltced<lr 
W", killed at telnpelature~ ranging from --33 to -47°c' 

Fnedmdr ~( of. 

from Septcmbt'l' through January, there was latirudi
nal variation in cold bardiness of saltccdar lFlg. 11\). 

During this flt'riod, the killing ttJIlperature ior salrcedar 
[rom 29.18°N latitude was 5-21°C higher than thaI for 

,altcedar from <l7.60"N. Latitudinal variatio,' in salt,edar 
\vas llDt apparent in the time sequence of cold !Jarclines, 
me'buremenl:; from Febru;\ry to May (Fig. l B). This 
may he becausc of we<.lker latitudinal variation in the 
spring or hecanse the latitudes tc:;ted in the spring were 
not as extreme as those tested in the faU (Fig. l)' 

Although latitudinal variation was nOT apparent in the 
spring at this coarse sc"le (Fig. 1), rh.e detailed data 
from April i7 showed latitudinal "ariation l'l1r saltced,n 
(Fig. 2), .U\(] lllu1rivariMe pI obi: analysis demonstrated 
that this latitudinal effect was significant (P < U.0001, 

Table 2). 

There was strong latitudinal variati0fl in wid hardiness 

of cottonwood during the f'lll and spring (Hg. 1)- For 
example, on September 26 and October 11, killing tem

peratures for cottonwood from 33.06°N were -'>53 '\fld 
'><l}OC higher than tbose for wttonwood froln 47.60"N. 

From Nlwemher II to March 13, however, cortonwOl1d 
from all latitudes survived temperatures down Tl) -7OVe::. 

the coldest temperat ure attainable in onr temperature 
clwmher, whicll prevented ohservations of latitudlllal V~\r
idlion during this period (Fig_ 1). ,"'1l,1ti~'3fiale pfobit 
analy,is of tbe detJiJcd data set Irorn plants collected 
on April 17 ~Il()wed a significant effect (P < U.OOOI) (lr 
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Variation in cold hardine5s 
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Figure 2 r,llll1g temperatJrc for tWigs of plains cottonwood :Popu/us 

oeltolc.le~ ~:",:;;~p. (r)onr,~ferr.l~ ariO sallC0cbr (Tamdox: rarr)Os,'sstma. 

!arr;.3frX ch!'icnsJS, ano hi'cno5) as a runctlDl' ot latitude ot cngln on 
;., ..)! I 17, 2·:,)06 Tt~·::, I'Ji110c'l (rf :r,:;lvidIJcb. !ncluced is ~hol"'m by Idtl

latItude of origin on the kiJJing temperature for cortOll
wood (fig. 2, Table 2). 

Overwinter stlrviv;~l of whole sJltcedar planls in the 
sllaciehouse was mostly below 0.4 and slrong;Jy correlat~d 

wilh l,lUlude of origin (1« = 0.58, P =- 0.0009, Fig. 3), 

whie]' ii> COllSiS[fn[ wilh the hypothese, that h·O$l dam
8ge l~ ,111 import~Dt source of mort~lity in ~altccdJr, Hl1d 

that ~()lI\hcrn p"'nt, are mon~ sLlscq.ltihk to cold th'\l1 

i)onhc·; n 1'1JIH~. J11 ~,)J1t!·J,t. ovcrwint021 .,urvlvaJ of 

whole (ottOI1\\,ood plants iJl rhe shadehoLlse was mostly 
above OA and uHc'1flTldted to latitud(' (1' -=c 051, l·lg. :;), 

sLlgg~sting tiHl frost dilmagc W8S r.:lativelr unimporldnt 
in pl'lins cottonwood in rhe winter of 2005-2006. Heilvy 

winter nwrlality of southern saltced8r is inconsistent 
with tht' hlel lhal temperatures Cram SeptefIlha 2005 

0.8 

ro 06 
> 
2: 
OJ 

U) 04 

02 

0 

o Cottonwood
 

·Saltcedar
 o a 
o 

a
" ..C!. ... -o .... -.. -..--

0 • a 

0" 
• 

0 • 

• • 
30 35 40 45 50 

Latitude ('N) 

Figure 3 Ovelwlrlter sUNlvai for whole plants of plains conon'....ood 
(Populus delto!des SL;bsp. 'DOn/lifer;,) and saltcedar (Tarncfflx (amO.lIS5

imd. TarnallX c/;'nensis. and hybr,ds) In ,~lP ~hadt'hDu;P a; 2 lunct:Gn 

of id titude of origin 5lJrviva! I; tl'2 pl"()p()rt.lon of f;l;wb dl,v", 01' !we

1, 2000 Sur;wal 'Nas lOrr",lated 10 Idl.l1udf' In 'dlt,,,,r;al iP =0 0009. 

pi " 0 58), bLle 1101 In plains cottonvlIDod (P = :) 51. R' '" 0 :)4~ 

,{\ure~ we measured lor twigs 01 these specie6 (Fig. I), 

suggesting eilher thai s<lltced~r rools ~re more ,ensitivt' 

to cold than _~tenlS, that prolonged exposur.: to cold i.\ 

more damaging than the hrief exposures in our freezing 
trials, or tllat our application of freeze-induci.'d electro
lyte leakage Llllderesrimated killing temperatures t<:'lr 
saltcedar. 

Microsatellite analysis dernonstmted that neither S<llt 

cedar nor c:ouonwood have strong barriers to gene flow 

in the central USA. Fixation index (f\T) '\'..:6 low Illr both 

,pecies (0,049 for pl8ins collonwood and 0.075 for SJIt 

cedar), indicating that genetie variatj·on within pO)Jula 

tions is large compared to vJriatioll between populatiom 

(T8hk J). The dendrogf<llfi £cJ"r ~a!tcE'd.1r sho'''s 8 gradual 

l1orth-south genetic gradient with the Eur<lsian parC'nr 
POpuhilions as approximate end memhers (hg. 4/\ 1. 

Northern saltcedar is most similar [0 T rmnosiSSllnn and 

southern salLcedar is most similar to T. chil1ensis. There 
through ;viay :2006 were al"....ays ahove the killing lemper- is no evidence of dislillct populations jn the USA. Tbe 

T3ble 2. '-\1"iIS.' of pdrametE'r estlc~'<Jtes for m"ir ,arlate prOlll! analYSIS of the etfects of t"mperature and latitude 01; surv:val of stems 0' plains 
,_otl (In'~":~.:'.)G :; 8~1 nc 1',/ dL3 i:., \ arld S~l 'tceddr !.1 CJ2 Inj:VIOlJ,::l !s) en Ap~d 17, 2006 

S;a',oa:d ('nl·iC,"flCE' IIITlI\;
 

Prlrd l"leter 2stllndte error {9So/u) ;.' Prob2l):!:ty
 

Interc€-pt 096 0788 -0.58 2.51 1 5 0.22 

TEmperarc"" 018 0013 015 0.20 204.6 <0.0001 

lat. tude -0.13 0021 -0 17 "-009 376 <0.0001 

IrI[~rcefJt 044 0563 -066 1 55 06 043 

l'Qmoeratu re 013 0.008 011 0111 290.3 <0 COOl 

LatiTude -011 0015 -0.14 -··008 51 2 <0 UOO·I 
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Variation ;n coid hardiness	 rrl~l1mall ",t al 

Table 3. Ar~lys's of lTlolecuJar variance (AilAOVA) calculated uSing the distance mett)od for plains cottonwood (POpUitl' d[!lloJdes ,ub,p r'Kl/,Ji;;
e'3. 3G4 i..div'duals) and sa1tceda' (Tamanx ram05/SSlma, Tama(lx chinensis, and hybr,ds, 369 'nd'vldualsi colle(t~d along a 'aliweI nol grad;"!'l, In 

tl;(e (('rtla: USA 

)JI(lOf V<ll'1rJoCe P€rr_~!'tdge 

d I. ~Quares compar;enlS of 'Jdrodllor' 

"12 129.056 o 16298 i,90 

595 1881.365 3 15196 9510 

607 2010421 3 32494 

14 200.899 023357 75" 

723 2071 795 2.86555 9246 
737 2272 £>94 309912 

Cottonwooc	 ;;"'Cr'g popu1atlo'1s 
V'/ilhlf) popuiatlcns 

TOtd: 
.o,mong populatoo'1s 

\lVinlln POpuldtions 
TOLal 

.t-
r-.. 

476 

4548 

T r~n'r)k)~"n:'l	 4~ 4 
."'ISI3 

454 

4~ 2 
'D 4' 3,..-1 

39.6 

r  40.6 

34.9 

38.1 

H 
35.5 

371 

33.\ 

I	 0.0'13 
O}o~s 0.0 0.01 002 00-1 00'1 

ere-nell{ dl<;l~r.{.e GeneLJc dJ$lanCc 
'lD c' 

Figt~rc 4 Unl(Joir:u del~dr09rarn Df (nord Lji~ta'icC:j ~Cavalli' Sforza dnd EOV'iards I 967j inferred from r~e!ghbor-)OlnlT'g analysis. at n'ICJosalelllt~ loCI 
datz. 80:;rstr2p "'clUES :30011(: SO~{. ~vl?ftically onented} ~)?'e shown to the lef! oj t~e fespectlv0 nodes. and were denved from a con~ensl.;S of 1000 
(,et's ub"n;;(", rj.;r·d'oor'Jr!' brJnch(:, a'e POOul<ltlors icent'f,ed by latl1ude (Tabl" 1) t.A) Dend, ogr"'Ti of I 5 US populations (359 planLs) 0' S3IllP

dd: ~Ta"~~dr;) CI)jnen);~ Td1f1iJnX fdnlO)/55Jfna. and hybrics) based on nme rnl::ro~tell;le ICCl (Ga~k;n et 01 2(06). POpL!e:itlons of SIX T c!unenSfS 

fram Chl~,; and >'X r rd:m.J~ISSlllla florn A,la were also ,ncluded '11 the dr1dlY;IS lor cOrnpdrlSOI1 (B) Dendrogram oi 1] US papulations (301 p!.~nbi 

of pldm cottOllwood (POpU!liJ deitolde:c: SIJUSP mO[1iilfer,,) based on nine iP,crosarelilLI' loci (!rnernationa: Populu:, GE'florne (onsortiVll SSR 
r,p>()urfe 2007, htl.p·i/'NW\-/ or"i gO..../SCl/ipgdssr_re'Ol.lfce hUn. SrnLlder:. ct a' 2001. drd Dayandr,ddl1 et <11. 1998) 

CGi"tonwood dendrogram shows" similar gradl18J north 1emperatllre range of the northern Gte'll Plains. [n -,lddi

~o\lth lrend wiLh TlO distincL break.-> (fig. 4B). tion, thfre was heavy mona!iry in tht sh"dehou;,e o[
 

sOHthcrn :.altcedJr (but no!. cOLtonwood) during lht'
 

winLer of 2005--2001i (Fig. 3 l. Whereas salt.:edar grows to
Discussion 
large size in the Stlllthcrn USA, nnr1hern stems 3re sm,,1l 

All of our piain~ cottonwoods sun-iwd cold<:r [l'lJlpera· in ,In and often older below ground than 'lbove \1 ('sica 
[Ures than ,lre known to occur Ll1 the range ot this spe ,1I1d Mib 2001 i. suggesting that winler c1ic-bJCk may be 
cie" suggesting that short-tam ~xposme to ~.:<trl'me cold common in the nonh. Finally, saltcedar is much nlllre 
ill mid-wimer is not all lmponaIll mortality factor. Other ,lblllldant in the south than in the north, and i1S OCCllr

studies ha\'e reported extreme cold hardiness in Populus renee is strongly correlated to mild winter temperawres 
\~(ikai and \Veiser 197:1). Cold-rd;Hed mortality is still (friedman et ai. 2(05). We conc.lude thJt winter cold is ,\ 
po~sibte in cotTonwood when plants thaL are not com significant facwr intluencing distribution of saltced.H· in 

iplt'leiy hardened orr encounter suddtn ex1rerne drops in the USA. [tlcrcase~ in winter low 1cmperatures LouJd 
tcmpcratlllc. In fa;:t, riains CO,f(1i)wood ll1ay be more sus· promote northward spread of saltced,lr in the future. 
"ept!bk- III wid Jamil~e lh,\I1 sa[lc.:d'lr in "'ady fall ,\lid We observed latitudinal vuiation in cold hardlnc" in 
Lltt' ."Iprin~ {f 19. 1J. both plain, ;:ottonwood and s"ltcedar. This van~tJ()n 

S,l!l<:cdar, <:vcn wh<:n .:ornpkldy hardened off. did was expected fOJ the na1ive Couotlwood, which is 
not SUf\ri\-e below --3.1 to -47"C, which is within the known ro exhibit inheri ted latitudinal variation in the 

JO~/1"'2' corrpi!JllCn ~; 2008 alacKw€,} PLJoli:)i'llnq Ltc 1 ~20C8) 59&·-60,' 
604 No cl.:SJIi" to Qr'9:n;o! US gove-r-·ment \;'."Clks 



Var; ation in (old hardiness 

tlmin!.; of gr,wnh C,'~s'lli,)n (Pauley ,Hld Peny J954; 

Kaszkurewiez 'llld Fogp, 1967; HllWO:: et dl. 1995, '999; 
Dunlap ,\lid Stettler 1996), but not for saltcedar, a woody 

Sf'~cles thal has b<'e;l present in North AmeriGl for only 

"bOlll JSO yc:;;rs (Robinson 19(5). Sucb latlludinal vari.\

lio)] 111 an imroduced species may be a teslll! of multi· 

~'lc inlruductlOns of genotypically and phenot)'picaJly 

Jl~LJnci individuals or popul.ltiom, ur or rapid evolution 

,lfter introduction (Man)J) d a1. 20041. The dominance 

in th,.' t(orth American invasion of byhrid~ cr. ram()siss~ 

1n/Cl x T. chineilsi5) rhat have lIot been t<)und ill Eurasia 

((;dSk,ill ,llld Schul 2(02), the absenc~ of genetic i.sola

rion in tbe i'oil)rth American poptLialion (Fig. '1), and tbe 

filCt thdr North Amaican T{,/marix are more similar to 

each oth<~r rhan 10 Eurdsian 'tmnar;x (Fig. 4) SUppMt 

the hypothesis tll,it the observed latitudinal gradient in 

North AmeriG\ evolved ,\fLer introductIOn. Hybridization 

involving 'J'. mnwsi.;sirHrI., T d:inellsis dlld possibly oth"r 

'P~LjCS may have acct'lel-ateJ thi~ proces~ by producing 

a popubtion that was mor~ heterogeneous wilh respect 

LO cold hardiness I hall ,111y of the originally introduced 

populatiom. 

i\l1 '1]tnnatjvr explanarjon for the observed Idtitudinal 

gr,ldient in s,l!tcdM cold hardillcs, is a carryo\'er effect. 

Cl:iting., mighl }uYe <l chemical memory or the climate of 
,hc' ~()urc(> plant that idlucnces tbe phellology and cold 

IMrJine>~ or lb<:' clone' grown in our Colorado sh,lde· 

hOllsl' (\f,m Zandt and l'vloppl'r 2002; Heide 20(3). If a 
(;jrryol'~r cff,'(t cxi,ts. it could be expected to t-adt' over 

time <I., rhe pii\l1f) Me influ('nced by th~ Colorado climafl'. 

Tht,[", is a ne"d for 111111d-ycar common-garden studie~ of 

(old hJfdi}l"~S to investigate whe(h.:r the observed latiru

dinal variation frtde5 over time. Developmenr of elinal 

l'ariatiol1 in sallcedar cold hardiness could be acc"lerat"d 

by m,ltt'rIJal d'kets (Galloway and Ellcrson 2007). For 

example, in Picco abic,_\ (Norway sprue,,) temperature and 

pllOtoperiod experienced hy a tree during st'ed production 

can ,\ff~(t Iht' culd hardincs, of progeny (Saxe: et al. 200]; 

lnhmcll et aL 20(J5). 

Spread of introduc.:d spt'des ,(cro,s long environmental 

grctdieurs I'; commonly attributed ro phwoiypic plasricity 

Jnd multiple introductions (Neu fter and Hurka 1999; 
Novak and ~<'la,:k :WOl). The results of this and other 

studies, hOll!ever, sug!i.est thai invasion can ,1150 be fdeili

iakd by rapid evolutioll of dinal variation (Weber dnd 

Sd'iluic1 i 998; Se\l(ln et aL 2002; 1\·laron et aJ. 20(4). Om 

micros,lLelLte data show a ['lek of slmng genetic isoldtion 

,iinUllg Tmnarix popubrjol1S in the centra.! USA, and a 
!!r'ldll,l! trend from individu<lb that re"emble Asian 

.,.. (liiJ1t'II.,is in tbe south to individuals that rescmble 

'-\';1<\)1 T. ramo:;issima in the north. This resuh argues 

against '.hf pos"ibility I.hat [he observ.:d latitudinal varid

lion in cold hardiness reli"cts multlple introductions of 

.·O'irro.:li C';..!'Tiodz,tion :i~, !008 2Io:iC{;,,:ell ~~ubI15i1In,-; ur:l 1 12GD131 :,98· 60/ 

~~c· claH" W :'{I9,nill ..;j 9m,e'i"'rrS:-'lt ....voils 

reproductively isolated taxa, and ag'linst t.he possibility 

that hybrid Tamarix in North America are reproductively 

isolated from sympatric popuiations of either parent. Our 

results are consistenr with the possibility of ,Idaplive r"di· 

,trion frolll a single, mostly hybrid POpublioll> and with 

the possibility of hybridization and backcrossing following 

introduction 0(' T. rmnosissi}f/{/ in the Ilorth and T. chi,l

emi5 i.n the south_ Thcrefore, some of tbe JatitlldLnal gra

dient in saltcedar cold hardiness m,ly be a result of 

patterns of introduction a~ opposed [() natural selection. 

Future genetic work should focus first on anill)'7jng addi· 

tional Asian samples of T. chinensi,' and T. rmTJOSi5Sinw 
and other Twnarix species to pinpoint the locatiollS of 

origin and genotypes of material brought to Nort.h Amer

ica, scLOnd 011 developing additional genetic loci tl) fur· 

ther quantify the genetic structure of the s,\llcedar 

population in :'\orth America, and I'hird OIL c:haractenza

tion of specific genes related to cold hardin~ss (McKay 

and Lan,} 2002.). 
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