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,~Rs~K:\ ( .T .  Developn~ent of' a new turfgrass cultivar requires an evaluation of numerous traits as well as an 
understanding of environmental factors influencing those traits. Growth or ability to fill in gaps and time of fall dor- 
mancy (fall color retention) that indicates cold hardiness are important traits for turfgrasses. This study was initiated 
to characteri~e variation in saltgrass [IXstichZis spicutrt 1,. (Greenr)] growth and time of fall dormancy related to 
climatic and geographical factors at  the source location (geographical location of clone origin). Growth traits and time 
of fall dormancy were measured on 52 saltgrass clones collected from 41 locations and established at  one location (com- 
mon garden) in Fort Collins. CO. Principal component analysis on the morphological traits extracted the first prin- 
cipal component that explained 78% of the variability. The first principal component and time of fall dormancy were 
related to climatic and geographical factors at the source locations. Variation in growth traits was related to seasonal 
climatic variables of sunllner drying and fall cooling that explained -50% of variability in morphological traits. 
\'ariation in time of fall dormancy was related to longitude of clone origin and minimum winter temperature. These 
trro variables explained --bO%, of the total variability in time of fall dorn~ancy. Information obtained in this study mag 
help hrecclers identify the best environments for specific traits and suggests that cold tolerance could be a problem for 
snrne clones from western sources if estahlishecl too fdr east. 

Increased population growth and periods of drought in the 
semiarid western United States have increased deniands for 
potable water. Consequently, Inany golf courses in dry western 
regions rely heavily on irrigation with nonpotable water 
(Hughes et al., 2002; Kopec and Marcum, 2001). As deniands 
for potable water increase in the West, there is interest in 
developing alternative turfgrass species that offer potential for 
reduced irrigation reqtrirements as well as irrigation with non- 
potable (often high-saline) water. C:olorado State Ilniversity is 
currently evaluating saltgrass and other nativc U.S. grasses for 
their potential use as turf. Saltgrass tolerates extended drought 
and irrigation with higli-saline water (Rukavina, 2006). 

Like many other native grass species. saltgrass has an 
adaptation to particular niche environments. It is well adapted 
to grow ill very harsh soil conditions, and tolerates highly allia- 
line soils and certain lnelals like selenium (Eppley et al., 1998; 
Hauser, 200h), which enables saltgrass to become dominant in 
environnients with adverse conditions. 

Correlations between variation in traits and environme~ltal 
factors of plant origin suggest that natural selection has led to 
~ldiipti~c variation to particular environments. Environmental 
factol.s are co~nniouly nleasured directly as cliniatic or indi- 
rectly as geographical variables (St Clair et al.. 2005). It is 
generally thought that adaptation to local environnients has 
generated variability within grass spccies (Chslcr and Duncan, 
2003). Htrmphreys and Eagles (1988) found a strong positive 
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correlation between perennial ryegrass (Lolilolz pcJrt.nne L.) 
freezing tolerance and niean temperature of the coldest month 
at the ecotype origin. The a~nount of heterocluomatin and 
frequency of repeated DNA sequences of tall fescue (Festucu 
a~-~oldincrcen L.) was strongly related to the latitude of clone 
origin (Ceccarelli et al., 1992). This suggests that structural 
changes in DNA have enabled tall fescue adaptation to different 
geographical locations. The decline in the presence of orchard- 
grass (Ductylis glonrcrcttu L,) in Japan has been related to the 
increase in the mean stnnnier teniperaturc: in southern parts of 
Japan as well as the decrease in the lowest temperature before 
snowfall in northeast parts of the country (Sugiyama. 2003). 
Erickson et al. (2004) reported that longitude of ecotype origin 
was the most important variable that explained morphological 
and physiological differences among three geographically 
distinct groups of the native self-pollinated grass blue wildrye 
(El~~mus g1aucll.s Buckley). Ram et al. (2004) determined that 
large phenotypic variation occurred among 37 saltgrass eco- 
types. but were not able to relate mo~~hological  traits to loca- 
tions of clone origin. In that study, the relationship between 
geographical and genetic distance of saltgrass ecotypes was 
very weak. indicating that genetic interaction existed between 
geographically distant saltgrass ecotypes. 

Efficient selection in a saltgrass breeding program neces- 
sitates characterization of germplasln in relation to environ- 
mental (climatic and geographical) factors. Determination of 
environmental factors that are most strongly related to variation 
in a specific trait can be uscful to identify environments that 
may be best suited for particular clones. This study considers 
phenotypic variation of saltgrass growth and time of fall 
donnancy (fall color retention) as a function of geographical 



and climatic factors at the location oCa saltgrass clone's origin 
as a first step in identifying potential new saltgrass turf 
cullivars. 

Materials and .Ilrthods 

A total of 52 clones fi-om 41 difkrent locaticlns were chosen 
from n larger collection of saltgrass breeding nliiterial at 
Colorado State University. Clolics were selected with the inten- 
tion of covering a broad range of environmental conditions over 
which saltgrass is distributed in the central and western United 
States (Table I) .  Clones were established by transplanting in 
Summer 2003 at the Horticultural Research Center at (hlorado 
State University in Fort Collins, CO. Each clone was estab- 
lished in two 5 x 5-m plots in a raridomizetl complete block 
design. The soil was a Nunn clay loam (mesic Aridic Argiustoll). 
No fertilizers were applied and the field was left unmowed. 
Irrigation was applied weekly during the surnmer by using a 
linear move irrigation sprinltler system. 

Latitude, longitutie: and elevation were obtained for each 
location of clone origin (Maps a la carte. 1999). The climatic 
conditions for each location were obtained fi.om geographical 
information system (GIs) layers generated by the PRISM 
(parameter elevation regressions on independent slopes model) 
statistical geographical model, which estimates mean monthly 
and annual teinperature and precipitation, mean ~ n i n i ~ n u ~ n  and 
inaxnnuni nionthly texnperature. and the avcrage dates of the 
last and the first frost for 4 x 4-km grid cells (Daly et al.. 1993). 

Clone traits nieasured were time of frill tlormancy (fall color 
retentionj and growth traits (canopy height, internode length, 
leaf length. and leaf width). All measmenlents were performed 
by averaging two plants per clone. Time of fall dormancy or fall 
color retention is ;in indicator of saltgrass frcezing tolerance. 
In freezing tolerance experinients perforrned in Colorado, 
saltgrass clo~les with better freezing tolerance turned brown 
(dormant) earlier in fall, wllereas those less tolerant remained 
green longer (Rukavina et a]., 2007). Leaf color of clones was 
visually evaluated in the fall using a %point color scale. On the 
color scale, grade 9 represented completely green grass and 
grade 1 represented completely bro\+~n, donnant grass. Grade 5 
represented the stage when =50?:0 of the leaf area tul-ncd brown 
(Rukavina et al., 2007). Color evalr~ation was periotiically per- 
fonned in October and Nov. 2004. Growth traits were measured 
in late Augustiearly Sept. 2004. Canopy height was measured 
from the soil level to the tip of the tallest leaf of plant in 
centimeters. Internode length ( i ~ i  millimeters) was nieasured 
on the tllree lowest intenlodes of three stems. Leaf length was 
measured in centimeters on the three lowest leaves on three 
stems from the sten1 to the tip of the leaf. Leaf width was 
measured in millimeters at the base of the three lowest leaves on 
three stems. 

All statistical analyses were performed with SAS software 
(version 8; StZS Institute, Cary, NC). The experinlent was 
analyzed as a randonlized coniplete block design with two 
blocks or replicates. Analysis of variance (PROC' MIXEI)) was 
performed to deterniine the effect of location of clone origin on 
measured traits. Analysis of variance i~icluded several models 
in ivhich each trait of interest presented a function of three 
random factors: source locations. clones nested within loca- 
tions, and blocks or replicates. 

Principal component analysis (PKOC PRINCOMP) was 
performed on the data set for leaf length, canopy height, and 

internode length. The first principal cornponenl (PC-I) 
explained most of the variation in traits of growth and was 
~ a e d  ;is the estimate of "growth" in ftuther analysis. Relation- 
ships between measured traits and geographical and climatic 
factors at locations of clone origin were detcinmined using 
correlation ant1 regression. Simple and multiple regression 
nioclels were constructed by regressing growth (PC- I ) and 
average rating of time of fall dormancy (dependent variables) 
on geographical and clinlatic factors (independent variables). 
Geographical factors included latitude, longitude, and elevation 
as well as the interaction term between latitude and longitude. 
Estimated climatic variables included monthly and annual 
precipitation and temperature (mean, n~inimum, and maxi- 
~ntum) as well as sevel.al seasonal rate variables identified in the 
regression analyses; fill1 cooling (September maximurn tem- 
perature - October nlaximuni) and summer drying (June mean 
precipitation- August mean precipitation). kli~tlel building was 
13. erfolmed by using the R' selection niethod of the PRO(': KEG 
procedure. The best model was assu~ned to he the one that 
explained the greatest amo~111t of variability with Fewest terms. 
Maps of the predicted values for time of fall ciorrnancy and 
growth were constru~cted for the selected regression models. 
Map construction was performed by retrieving the relevant 
independent variables from the regression equations in GIs  
data layers on a 4 x 4-kn~ grid. Retrieved data were the11 used it1 
the prediction equations to generate estimates for time of fall 
dor~nancy and growth. I>ifferent colors were used to represent 
ranges of predicted values in each grid. 

Resr~lts arid Discussion 

Results tiom analysis of variance indicated that canopy 
height, internode length, iind leaf length differed among 
locations of clone origin. 'I'ime offall dormancy and leaf width 
did not differ significantly among locations of origin (Table 2). 
Because time of fall dornlancy had a probability very close 
to 0.05, it was retained for further analysis. Leaf width was 
reinovecl from the data set. An analysis of variance considered 
a simple location effect that may or niay not be associated with 
environmental (geographical and climatic) conditio~zs present 
at thc location of clone's origin. 

'flie PC.'-] from the principal conlponent an:\lysis explaineti 
7XO.i) orthe variability in the thrcc morphoiogical characteristics 
and hiid an eigenraluc of 2.35. The remaining two principztl 
coniponents haid eigenvalues less than one anti explainell only 
a small percent of the total variability. Based on these results, 
only PC-I was retained for furtlier analyses and was used to 
represent a value for growth in these clones. 

Growth was negatively correlated with summer drying ( r  = 

-0 .38 ,  P = 0.013) and positively correlated with fall cooling 
(Y = 0.37, P = 0.015). The initial correlation analysis between 
growth (PC:-I) and the climatic and geographical factors only 
rotmd significant negative correlations of growth with spring 
(r = -0.39, P = 0.000) and early summer (r  = --0.41: P - 0.006) 
precipitation. This type of association may be explained by 
clone water use efficiency. The clones originally from arid 
areas m;iy generally use water more efficiently than the plants 
from humitl climates. 111 ii common giuden, water is equally 
available to all plants, so thc plants from drier locations lnuy 
crow more wdh the water applied than those from more humid .., 
locations. A water use efficiency study with the aridlantl habitat 
shrub Chq;sotl~umnru nuluc:oslrs (Pallasj Britt. (Donovan iind 



'lablc 1 .  Lntitudcq. longitudcs. ant1 climatic factors (111can prccipit;ltic,n. niauin~um and niini~num tc~npcrature) of sampling locations of saltgrass 
cloncs used ill  ~ l i c  study that consitlel.ed phcrlo~yp~c variation in saltgrass growth and timc of fall doniiancy as a function of geographical and 
clin~atic f'acrors a t  rllc location of the clollc's origi~l. 

Maximu111 Mini~morn 
Latitude Longitude Prec~pitation temperature temperature 

Location (c,xj ( O h ' )  (mnl) ("0 ("C, 
Ruby Valley, NV 40.360 1 15.447 482 13.34 -0.6 1 

Ruby Lake, KV 
Ileeth, NV 
Wendover. UT 
Evanston, WY 
Grecn River. W Y  
Sturgis. ST) 
Cha~nbcrlain. SD 
A~~slcy,  N E  
L.usk, WY 
tlun~boldt Sink, NV 
l'uehlo, C:O 
Denver. CO 
Denver. CO 
Denver, CO 
Denver, C'O 
Ilenver. CO 
Aurora, C'O 
Aurora. CO 
Aurora. ("0 
I.c>ng~nont. C : O  
Lo~ig~nont. C'O 
Wellington. CC) 
Timnath. C:O 
Timnath, CO 
Cheyenne. WY 
Guernsey, WY 
Scotts Bluff, NE 
Chadron, NF. 
IJay Springs. NE 
Gordon, XE 
Cottonwood Lakc, NE 
Winncr, S1) 
O'Ncill, NE 
Grand Island. NI;. 
Paxtoii. NE 
McCook, YE 
Lamar, CO 
Albuqnerque, NM 
Ciardcn City, KS 
~\twood. KS 
Grand Junction. CO 
Grand Junction, CO 
Twin Falls. 11) 
I.ctha. 11) 
hlh;~li I..nkc, OR 
L.akcvicw, OR 
~ilturas, C j 1  
Rums. O R  
Frcsrio. CA 
Fresno. CA 



Table 2. The effect of the location of saltgrass clone origin on the traits 
that were nieasured in the study that considered phenotypic 
variation in saltgrass growth and tirnc of f i l l  dormancy as a 
functiolr of geographical and climatic factors at the Incritiou of 
clone c11,igin. 

Trait F statirtic f' \?11ne 

C:anopy height 3.7 I 0.01 7' 
Internode length 6.20 0,Ool 
1-caf length 3.16 0.022 
Tirile of leaf 

broiwning in fall 2.45 0.055 
Leaf: width I .23 0.38 

'The level of signiticance was 0.05. Factors and interactions with 
P < 0.05 were considered significant. 
,411 analysis of variance deterixined a si~nplc location effect that may or 
niay not he associarcd with environmental (geographical and cli~natic) 
factors at the locations oftlie clone's origin. 

khleringer. 1991) determined that more water-efficient plants 
\itere larger in ii well-waterecl garden treatment tvhen comparetl 
with less water-efficient plants. That stucly also found no 
signilicant differences between more and less water-efficient 
plants in a limited -water treatnient. 

Time of fall dorniancy had a strong positive correlation with 
longitude ( r  = 0.65, P (- 0.0001) and a moderate negative 
correlation with latitude ( r  = -0.335, 
P == 0.0303). Winter n~inimunr tem- 
peraturcs were positively correlated 
wirh tinle ofi'all dormancy as well ( I .  =- 

0.7. P < 0.0001 ). This indicates that 
lower temperatures during the winter 
leacls to earlier dolmancy in the fall. 
1-ongih~de of clone origin and mini- 
mum winter temperature were also 
strongly associated ( r  = 0.59, P <: 

0.0001). Time of fall donnancy had 
negative correlations with spring (r-  = 

--0.55, P = 0.000 1) and summer pre- 
cipitation ( r  = -0.58, P < 0.0001): but 
correlations were positive with fall 
( r  == 0.42, f' = 0.005) and winter ( r  = 

0.54, P = 0.0002) precipitation. Pre- 
sumably, a high level of precipitation 
in Sep tember  and October  m a y  
increase the length of growing season 
or altcr t ~ m e  of f i l l  dormancy late in 
the fall. tllerel~y reducing potential 
c o l d  h a r d i n e s s .  L i n d e n  ( 2 0 0 2 )  
reported that a longer growing season 
resulting horn high precipitation lev- 
els in fall is an important factor that 
increases apple tree sensitivity to win- 
tcr in j~uy .  

August precipitation [growth = --- 1 1.65 + (2.66 x September 
nlaxinium temperature) -- (1.66 x October maximurn temper- 
ature) - -  (0.00 x June mean PI-ecipitation) + (0.09 x Augwt nlean 
precipitation)]. Hoivever, the sign of  the coefficients varied 
for each ot' thc precipitation and temperature variables. This 
suggeste~l that rate of  change was impo~taiit  f ix  strlnnler 
precipitation and fill1 temperatures. As i i  result, thc tk8o 
vari;tbles (sumn~er drying ant1 f:lll cooling) were constr~lcted. 
Of simple regression n1odel.s. climatic variables such as summer 
drying and precipitation during the spring and summer n ~ o n t l ~ s  
explained a similar amount of variability: 1 4 O 4 ,  to 20%. Two- 
variable regression models suggested that. most of'the variation 
(=z50'!6) in n~orphological traits was associated with summer 
drying and fall cooling (R' = 0.4'35). Because both slrmnier 
drying and fall cooling were significantly correlated ~vi th PC-I, 
it  seems likely that they are important factors associ:tted with 
~m-iation in saltgrass growth. The regression model describeil 
earlier is shown by the niap that suriimarizes variation in 
saltgrass growth (Fig. 1 ) .  Saltgriiss showed growth patterns 
with low \!slues along the coast and in the nliclwest, with high 
values in the Rocky Mountains. 

Regression analysis oftinlie of fall clonnancy indicated that 
variation in that trait was a function of both geographical and 
c l i~~la t ic  factors. Longitude was (he most important geograph- 
ical factor and explained 42'!/;, of  variability. Of climatic factors. 
winter. as well as January and Febn~ary  minimum temperatures, 

~ - 

Regression :ulalysis of saltgrass 
F I S  I. (;c.ograplitcal \ar ia~~trn  iibscnctl lri aal~pr;rs.; sroivth The map preseirta a rriultiplr. rcgrcssion oiodel in growth indicated that c'inl"tic factors wh~cli growth is ;I fi11ie11or1 of Pi111 co(11t~ig anti surnlncr dryilig [growth = -1 1.33 -- I XO x (Scpren~b~!~- liraxirriuln 

contr ibuted lo the  variability in ie~~ipcr ,~t t~rc  o ~ t o t , c ~ -  tl l i~~lnlllt~l tcmnerarur?) O . ~ Y  x ( J L I ~ I *  Ineait ~ireclr)!~arlon -- I I I I Z I I S ~  Illcan nrc- . . 
growth traits much more than geo- cipitalron)] 1-all ~ ( ~ o l ~ n ~ :  presclilh a J I I ~ ; . I C I I C C  hctw'e~~ iilaXttliuln tCllil>eT:Iti11'Llh ~ i i  S ~ ' p ~ c i ~ i h ~ r  a~lil O C W ~ C ~ .  and 

grapllical t;dctors, ~ ~ i t i ~ { l ~ ,  one of the sun~~i~erdrylngilrc.scn~s il tlifrerctlcc. hc.l\vcun me..;irr prccip~cariori in Jirnc and  Atrgusl. Tl>c nitliibcrs 111 rhc. Ioucr 
left c<rrni.s prcselic ~.sritiiarc.d va1uc.s ior s:iltcras\ g n ~ n ~ l i .  l-l,i:\e \.slues were generittcd hy rc.lricving 1111: foul'-variat)le regressioll lnodels 
iodcpcndc.111 \aliablcs Sroni the r e g r c s s ~ ~ ~ l  tq11;111011 in rhc ce~gr~p l l i ca l  ir~li>rm:+rioli syste111 data Ja\~crs. ( 'o10r 

included S e ~ t c n l b e r  and October  gi-oupings al-e in tllc units of an s11 o r  ~ l i c  41 originill polnts of  sa1tgl.a~~ clone orisin Each c ~ ~ l o ~ .  I-cprcsents a 
maxinlum temperatures and June and ranse ordifkrcnt growtlr ~ a l u c s .  
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explained a similar clegrce ol' variabilily in time of leaf adaptation in the central and western United States. Decreased 
browniog (4955 to 51%) in sinlple lnotlels. Of the t~vo-variable precipitation during the summer has likely resulted in natural 
niodels. a number of two-variable con~b~nations explainetl selection for decreased growth during summer water defi- 
60'!/n of the varialion. klo~vever, based on variability explained ciency. This was presuniably an adaptation to summer drought. 
in simple regression models, it was concluded that time of leaf On the other hand, decreased temperatures in fall (or fall cool- 
browning in fall is strongly related to the winter month min- ing) seem to have resulted in natural selection for increased 
inlunl temperatures and longitude, but precipitation explained growth as soon as conditions for growth become favorable. This 
some of the residual variation. The regression model in which is probably because lower temperatures in the fall reduce water 
time of leaf browning in fall is a function of longitude and requirements. Many perennial grasses in semiarid regions show 
Febl-uary minimum temperature is visually illustrated by the a very slow growth rate during the summer drought and start 
map in Fig. 2. As expected, as source locatio~is move from growing faster in fall when temperatures and photope~.iod 
warmel sites in the West along the coast to cooler sites in the decrease (Pugnarie et al.. 1990). This lype of  association be- 
eastern interior of the country. values for time of fall ciorniancy tween growth variation and clin~atic factors is also found in 
decrease, and therefore potential cold hardiness increases. This studies with several evergreen woody species. Biondi and 
indicates that some clones from western locations may not have Fessenden ( 1999) studied variation in lodgepole pine (Pillus 
sufficient cold tolerance for establishment on eastern sites. contonn Dougl.) growth characteristics relative to climatic 

This is the first study that provides information about factors in California. They found a high negative correlation 
geographical and climatic factors that contribute to the varia- between July temperature and growth of lodgepole pine. The 
tion in growth and time of fall donnancy (indicative of cold increased temperature in July caused greater water stress that 
hardiness) anlong saltgrass clones. The two variables in this in tun1 resulted in decreased gsowth. In a similar study with 
study, growth (PC-1) and time of leaf browning in fall showed Douglas fir [P.~eudotsugo menziesii (Mirbel) Franco] in western 
different patterns of vasiation relative to geographical and cli- Oregon and Washington. St Clair et al. (2005) found that seed- 
matic: factors. Although niorphological traits showed variation ling sources with earlier bud burst produced increased gowth 
iissocialeci with fall cooling and surnl~~er d~ying. variation in before water limitation, and generally came from areas with 
tilne of fall dornlancy was strongly associated w i ~ h  longitude higher summer temperature and lower summer precipitation. 
nncl r s ~ i ~ ~ i n ~ u m  winter temperatures. Furthesmore. some morphological features. like smaller leaves 

Seasonal climatic parameters of summer drying and fall in  grasses that reduce transpiration. have a significant role in 
cooling are likely thc most in.~pc)~lanl factors for s;iltgrass growth adaptation to an arid environment (Erickson et al.. 20041. 

Geographical variation in cold har- 
diness is generally considered an 
adaptive response to environn~ental 
factors, such as temperature, photope- 
riod, and moisture (Baldun~an et al., 
1999). .Many plant species have 
shown latitudinal variation in cold 
hardiness (Finne et al.* 2000; Hanuerz 
and Westin, 2000; Hunne et al., 1997; 
Yao and Tigerstetit: 109.51 or in phe- 
nological traits related to cold hardi- 
ness, such as growth cessation and 
dornlancy (Ingvarsson et al., 20051. 
tn our study, the north-south intellfa1 
of tested clones might not be broad 
enough to show strong latitudinal 
variation in time of leaf browning in 
fall. Time of fall dormancy showed 
east-west variation. which was asso- 
ciated with minimum temperatures 
during the winter months and rainfall 
pattern. which were highly correlated 
with longitude. Cold hardiness was 
greater in clones from eastern loca- 
tions, which is likely the result of the 
differences in winter temperatures 
and rainfall patterns between eastern 
and western sites. The climate on 

Fie. 2. Geo~lr.iphical variation c,hscrved in znltgraw linlr of fall <iorn)aficy.  he map pwsents a ~ ~ I l i p l e  westenl sites is milder than that 011 

rrprrssiol~rnndel in which ti~neof Tall dormancy is o runctiot~ nf Inngi~r~dc ant1 Fehruq uvrl~inir~~um tcmpemhlre eastern sites, and more of the rainfall 
[lillje of f ~ l J  dnm~ancv = -0.527 + (0.99 r longitude) + (0 331 x Fchruiry minin~um re~~lperarnre)]. T l~c  happellS during the months. numbers ir~ thu lower Ictl comor prescllr csiimawd vnlucs l i ~ r  lime tr~sal~gmss I'nll du~mancy. Thest values 
were genc~n~cd hy re~r~cving 111e indcpcndrri~ i.arinhles h ) t i r  the rcgreuior~ vtli~a~~otl rrl ~ h c  geographical Our results indicate that lower tem- 
~ n f ~ ~ r r n a r f n ~ ~  syqtern J;lt:r l a p s .  C U I ~ > ~ . ~ I . I I U ~ ~ ~ L ~ $  ill 1 1 1 ~  units , f  oitllr 41 oriFmol p,r,ll,h of=1tynss peratures, particularly temperatures 

E I ~ Q I I C  rjripn. F.nch color represenis range ~~Tdii'Tcrcnt little dl' 611 da~m;rucy values. during the winter months, have 

J .  Akirrt. Soc. IIORT. SCI. 1 3 ( 1 ) :  127.- 132. 200X. 131 



resulted in selection of greater cold hardiness (earlier IiiII 
donnancy) in  saltgrass clones from eastern sites. Greater 
potential cold hardiness, associated with greater spring and 
suinmer precipitation, occurs in clones from eastern locations. 
Johnson et al. (2001) reported a relationship between buffalo- 
grass (Buclrloe LJLIc1~:1ojc/c~,~ Nuit.) cold hardiness and longitude. 
I11 that study: hexaploid clones with greater cold I1 al .d' ~ n e s s  were 
more common in the eastern iireas. On the other hand, tetraploid 
clones that are less cold hardy were only found in the western 
parrs of the collection area. Our results also correspond lo a 
similar study with scots pine (Pinzu .sylve.srr.i.s L.) cold hardiness 
(Anderson and F:etlorkov, 2004). They found a strong associ- 
ation between scots pine cold hardiness and longitude, and 
interpreted loiigitudinal cffects as the result of differences in 
lemperatuu-es between East and West. Cooler temperatures on 
eastern sites. especially in October (which is the most important 
for gaining winter hardiness) enabled faster colt1 acclimation 
and greater cold hardiness. In a study with Douglas fir, l3aldu- 
man et al. ( 1999) found greater east--west variation in cold 
hardiness compared with north--south variation. In that study, 
cold hardiness increased with lower winter temperatures. 

In sulnnlary. seasonal climatic variables were better than 
gcographical variables in explaining variation i n  growth ot'salt- 
grass ecotypes. Decreased growth may be an adaptation to 
drought dwing the summer months in the central and western 
United States. In the case of decreased growth: it seenis likely 
that natural selection has resulted in morphological traits that 
relate to drought avoidance. On the other hand. selection for 
increased growth during fall cooling, and therefore a period of  
lower drought, have also resulted in variation among saltgrass 
clones. Time of fall dorn~ancy had a discernible pattern on the 
landscape. 1,ongitudc of clone origin is likely associated with 
differelit temperature regimes during the winter, which have 
resulted in natural selection for cold hardiness in siiltgrass 
clones. Overall. our results indicate variation in saltgrass 
growth (morphology) and time of fall dormancy are related to 
the crib ironmental fitctors of sourcc location. A saltgrass breed- 
ing program should therefore maintain geographical structure 
with regard to those traits analyzed i n  this study. Traits of  
saltgrass growth and time of  leaf browning in fall (cold 
hardiness) showed a relationship with environmental factors 
at the source location, indicating that these traits may be of 
adaptive importance. 

This s t~ idy  has not determi~~ecl genetic variation in measured 
traits. Relations between n~olecillar marke1.5 anti traits esam- 
ined in this study should provide a lirst slep in finding specific 
eenes responsible for phenotypic variation in saltgrass. - 
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