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AssTrRACT. Development 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-
maney (fall color retention) that indicates cold hardiness are important traits for turfgrasses. This study was initiated
to characterize variation in saltgrass [Distichiis spicata 1.. (Greene)] growth and time of fall dormancy velated 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 summer drying and fall cooling that explained ~50% of variability in morphological traits.
Variation in time of falt dormancy was related to longitude of clone origin and minimum winter temperature. These
two variables explained ~60% of the total variability in time of fall dormancy. Information obtained in this study may
help breeders identify the best environments for specific traits and suggests that cold tolerance could be a problem for

some clones from western sources if established toe far east.

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

Like many other native grass species. saltgrass has an
adaptation to particular niche environments. It is well adapted
to grow in very harsh soil conditions, and tolerates highly alka-
line soils and certain metals like selenium (Eppley et al., 1998;
Hauser, 2006), which enables saltgrass to become dominant in
environments with adverse conditions.

Correlations between variation in traits and environmental
factors of plant origiit suggest that natural selection has led to
adaptive variation to particular environments. Environmental
factors are commonly measured directly as climatic or indi-
rectly as geographical variables (St Clair et al., 2003%). It is
generally thought that adaptation to local environments has
generated variability within grass species (Casler and Duncan,
2003). Humphreys and Eagles {1988) found a strong positive
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correfation between perennial ryegrass (Lolium perenne L.)
freezing tolerance and mean temperature of the coldest month
at the ecotype origin. The amount of heterochromatin and
frequency of repeated DNA sequences of tall fescue (Festuca
arundinacea 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 (Dactylis glomerata L) in Japan has been related to the
increase in the mean summer temperatore 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
(Elvmus glaucus Buckley). Ram et al. (2004) determined that
large phenotypic variation occurred among 37 saltgrass eco-
types. but were not able to relate morphological 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 germplasm 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 useful to identify environments that
may be best suited for particular clones. This study considers
phenotypic variation of saltgrass growth and time of fall
dormancy (fall color retention) as a function of geographical



and climatic factors at the location of a saltgrass clone’s origin
as a first step in identifying potential new saltgrass turf
cultivars,

Materials and Mecthods

A total of 52 clones from 41 different locations were chosen
from a larger collection of saltgrass breeding material at
Colorado State University. Clones 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 ). Clones were established by transplanting in
Summer 2003 at the Horticultural Research Center at Colorado
State University in Fort Collins, CO. Each clone was estab-
lished in two 5 x 5-m plots in a randomized 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 summer by using a
linear move irrigation sprinkler system.

Latitude, longitude, and elevation were obtained for each
location of clone origin {Maps a la carte, 1999). The climatic
conditions for each location were obtained from 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 temperature and precipitation, mean minimum and
maximum monthly temperature, and the average dates of the
last and the first frost for 4 x 4-km grid cells (Daly et al., 1994).

Clone traits measured were time of fall dormancy (fall color
retention) and growth traits (canopy height, internode length,
leaf'length, and leaf width). All measurements were performed
by averaging two plants per clone. Time of fall dormancy or fall
color retention is an indicator of saltgrass freezing tolerance.
In freezing tolerance experiments performed in Colorado,
saltgrass clones with better freezing tolerance turned brown
(dormant) earlier in fall, whereas those less tolerant remained
green longer (Rukavina et al., 2007). Leaf color of clones was
visually evaluated in the fall using a 9-point color scale. On the
color scale, grade 9 represented completely green grass and
grade 1 represented completely brown, dormant grass. Grade 5
represented the stage when ~350% of the leaf area turned brown
(Rukavina et al., 2007). Color evaluation was periodically per-
formed in October and Nov. 2004, Growth traits were measured
in late August/early Sept. 2004. Canopy height was measured
from the soil level to the tip of the tallest leaf of plant in
centimeters. Internode length (in millimeters) was measured
on the three lowest internodes of three stems. Leaf length was
measured in centimeters on the three lowest leaves on three
stems from the stem 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; SAS Institute, Cary, NC). The experiment was
analyzed as a randomized complete block design with two
blocks or replicates. Analysis of variance (PROC MIXED) was
performed to determine the effect of location of clene origin on
measured traits. Analysis of variance included several models
in which 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 (PROC PRINCOMP) was
performed on the data set for leaf length, canopy height, and
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internode length. The first principal component (PC-1)
explained most of the variation in traits of growth and was
used as the estimate of “growth™ in further analysis. Relfation-
ships between measured traits and geographical and climatic
factors at locations of clone origin were determined using
correlation and regression. Simple and multiple regression
models were constructed by regressing growth (PC-1) and
average rating of time of fall dormancy (dependent variables)
on geographical and climatic 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, minimum, and maxi-
mum) as well as several seasonal rate variables identified in the
regression analyses: fall cooling (September maximum tem-
perature - October maximum) and summer drying (June mean
precipitation — August mean precipitation). Model building was
performed by using the R selection method of the PROC REG
procedure. The best model was assumed to be the one that
explained the greatest amount of variability with fewest terms,
Maps of the predicted values for time of fall dormancy and
growth were constructed 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-km grid. Retrieved data were then used in
the prediction equations to generate estimates for time of fall
dormancy and growth. Different colors were used to represent
ranges of predicted values in each grid.

Results and Discussion

Results from analysis of variance indicated that canopy
height, internode length, and leaf length differed among
locations of clone origin. Time of fall dormancy and leaf width
did not differ significantly among locations of origin (Table 2).
Because time of fall dormancy had a probability very close
to 0.05, it was retained for further analysis. Leaf width was
removed from the data set. An analysis of variance considered
a simple location effect that may or may not be associated with
environmental (geographical and chmatic) conditions present
al the location of clone’s origin.

The PC-1 from the principal component analysis explained
78% of the vanability in the three morphological characteristics
and had an eigenvalue of 2.35. The remaining two principal
components had eigenvalues less than one and explained only
a small percent of the total variability. Based on these results,
only PC-1 was retained for further analyses and was used to
represent a value for growth in these clones.

Growth was negatively correlated with summer drying (» =
—0.38, P = 0.014) and positively correlated with fall cooling
(r = 0.37, P=0.015). The initial correlation analysis between
growth (PC-1) and the climatic and geographical factors only
found significant negative correlations of growth with spring

precipitation. This type of association may be explained by
clone water use efficiency. The clones originally from arid
areas may generally use water more efficiently than the plants
from humid climates. In a common garden, water is equally
available to all plants, so the plants from drier locations may
grow more with the water applied than those from more humid
locations. A water use efficiency study with the arid land habitat
shrub Chrysothamaus nauseosus (Pallas) Britt. {Donovan and
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Table 1. Latitudes. longitudes. and climatic factors (mcan precipitation, maximum and minimum temperature) of sampling locations of saltgrass
clones used in the study that considered phenotypic variation in saltgrass growth and time of fall dormancy as a function of geographical and
climatic factors at the location of the clone’s origin.

Maximum Minimum
Latitude Longitude Precipitation temperature temperature
Clone Location (°N) (°W) (mm) (°C) (C)
1220 Ruby Valley, NV 40.360 115.447 482 13.34 -0.61
1250 Carlin, NV 40.714 116.103 238 16.57 ~-0.53
1260 Ruby Lake, NV 40.183 115.471 326 15.99 -1.15
1280 Deeth, NV 41.066 115.274 313 15.97 -2.92
1330 Wendover, UT 40.737 114.037 162 16.82 3.51
1420 Evanston, WY 41.268 110.963 316 12.17 247
1440 Green River, WY 41.529 109.466 203 14.88 3.01
1460 Sturgis. SD 44,410 103.509 550 15.12 1.00
1490 Chamberlain, SD 43811 99.330 538 15.99 2.54
1720 Ansley, NE 41.288 993831 626 16.20 1.60
1840 Lusk, WY 42.763 104.452 418 14.33 ~1.06
C1660 Humboldt Sink, NV 39973 118.606 136 19.61 1.36
CH100 Pueblo, CO 3R.254 104.609 322 19.65 2.10
Al1210 Denver., CO 39.739 104.984 413 17.59 2.75
A1350 Denver, CO 39.739 104.984 413 17.59 2.75
A1370 Denver, CO 39.739 104.984 413 17.59 2.75
A1390 Denver, CO 39.739 104,984 413 17.59 2.75
Al1410 Denver, CO 39.739 104.984 413 17.59 2.75
A1500 Aurora, CO 39.729 104 831 444 17.59 1.43
A1530 Aurora, CO 39.729 104.831 444 18.14 1.43
AT650 Aurora, CO 39.729 104.831 444 18.14 1.43
Al1970 Longmont, CO 40.167 105,101 356 18.16 0.79
AL1070 Longmont, CO 40.167 105.101 356 18.16 0.79
A11230 Wellington, CO 40.704 105.008 374 16.76 1.36
A112060 Timnath. CO 40.529 104.985 356 17.47 1.71
Al1370 Timnath, CO 40.529 104.985 356 17.47 1.71
130610 Cheyenne, WY 41.140 104.820 420 16.65 0.21
130630 Guernsey, WY 42.270 104.741 348 17.50 0.30
130760 Scotts Bluff, NE 41.838 103.697 383 16.97 0.71
130880 Chadron, NE 42.829 102.999 423 16.32 1.09
130920 Hay Springs. NE 42.684 102.689 495 15.91 0.21
130960 Gordon, NE 42.805 102.203 465 15.11 -0.17
131010 Cottonwood Lake, NE 42914 101.674 470 15.84 1.35
131020 Winner, SD 43.377 99.859 600 16.65 2.81
131130 O’Naill, NE 42.458 98.647 614 15.11 1.87
131140 Grand Island. NE 40,925 98.342 666 16.32 3.50
131350 Paxton. NE 41.124 101.356 471 17.09 1.94
131470 McCook, NE 40,202 100.625 545 18.09 2.93
131930 Lamar, CO 38.087 102.620 399 20.20 2.86
132090 Albuquerque, NM 35.084 106.651 219 21.86 5.93
132180 Garden City, KS 37.972 100.872 485 20.25 4.10
132220 Atwood, KS 39.807 101.042 568 18.15 1.89
132350 Grand Junction, CO 39.064 108.550 222 18.71 3.76
132410 Grand Junction, CO 39.064 108.550 222 18.71 376
132480 Twin Falls. 1D 42,563 114.460) 343 16.64 2.30
132500 Letha, D 43,894 116.647 296 17.82 3.36
132510 Alkali Lake, OR 42.977 120.027 211 17.04 -1.27
132570 Lakeview, OR 42,189 120.345 464 14.04 0.71
132630 Alwaras, CA 41.487 120.541 314 17.28 -0.76
132650 Burns. OR 43.586 119.053 277 15.44 -0.33
12320 Fresno, CA 36.748 119771 285 24.24 10.15
12560 Fresno, CA 36.748 119.771 285 24.24 10.15
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Table 2. The effect of the location of saltgrass clone origin on the traits
that were measured in the study that counsidered phenotypic
variation in saltgrass growth and time of fall dormancy as a

function of geographical and climatic factors at the location of

clone origin.

Trait F staustic P value
Canopy height 3.71 0.0127
Internode length 6.20 0.001
Lcaf length 3.16 0.022
Time of leat

browning in fall 245 0.055
Leaf width 1.23 0.38

“The level of significance was 0.05. Factors and interactions with
P < 0.05 were considered significant.

An analysis of variance determined a simple location effect that may or
may not be associated with envivonmental (geographical and climatic)
factors at the locations of the clone’s origin,

Ehleringer, 1994) determined that more water-efficient plants
were larger in a well-watered garden treatment when compared
with less water-efficient plants. That study also found no
significant differences between more and less water-efficient
plants in a limited -water treatment.

Time of fall dormancy had a strong positive correlation with
longitude (r = 0.65, £ < 0.0001) and a moderate negative
correlation with latitude (» = —0.335,
P = 0.0303). Winter minimun tem-

August precipitation [growth = ~11.65 + (2.66 x September
maximum temperature) - {2.66 X October maximum temper-
ature) - (0.09 X June mean precipitation) + (0.09 X August mean
precipitation)]. However, the sign of the coefficients varied
for each of the precipitation and temperature variables. This
suggested that rate of change was important for summer
precipitation and fall temperatures. As a result, the two
variables (summer drying and fall cooling) were constructed.
Of simple regression models. climatic variables such as summer
drying and precipitation during the spring and summer months
explained a similar amount of variability: 14% to 20%. Two-
variable regression models suggested that most of the variation
(=30%) in morphological traits was associated with summer
drying and fall cooling (R* = 0.493). Because both summer
drying and fall cooling were significantly correlated with PC-1,
it seems likely that they are important factors associated with
variation in saltgrass growth. The regression model described
earlier is shown by the map that summarizes variation in
saltgrass growth (Fig. 1). Saltgrass showed growth patterns
with low values along the coast and in the midwest, with high
values in the Rocky Mountains.

Regression analysis of time of fall dormancy indicated that
variation in that trait was a function of both geographical and
climatic factors. Longitude was the most important geograph-
ical factor and explained 42% of variability. Of climatic factors,
winter, as well as January and February minimum temperatures,

peratures were positively correlated
with time of fall dormancy as well (7=
0.7. P < 0.0001). This indicates that
lower temperatures during the winter
leads to earlier dormancy in the fall.
Longitude of clone origin and mini-
mum winter temperature were also
strongly associated (» = 0.59, P <
0.0001). Time of fall dormancy had
negative correlations with spring (+ =
-0.55, P =0.0001) and summer pre-
cipitation (r = —0.58, £ < 0.0001), but
correlations were positive with fall
(r =0.42, P = 0.005) and winter (r =
0.54, P = 0.0002) precipitation. Pre-
sumably, a high level of precipitation
in September and October may
increase the length of growing season
ot alter time of fall dormancy late in
the fall, thereby reducing potential
cold hardiness. Linden (2002) -,,,I'a"1
reported that a longer growing season B -1 - 1

LY
o Saltgrass locations

resulting from high precipitation lev- li] hea

els in fall is an important factor that e :’?

increases apple tree sensitivity to win- -
i ’ -9

ter injury.

Regression analysis of saltgrass
growth indicated that climatic factors

Fig. 1. Geographical variation observed in saligrass growih. The map presents a multiple regression model in
which growth is a function of fal) cooling and summer drying {growth = <1133 + | &0 < (September maxinmum

contributed to the variability in temperature — October maximum temperatuce) — 0.69 X (June mean precipitation - August inean pre-
growth traits much more than aeo- cipitation)]. Fall cooling presents a difference between maximum teraperatures in September and October. and
graphical factors. Initially, one of the summer drying presents a difference between mean precipitation in June and August. The numbers in the Tower

best four-variable regression models
included September and October
maximum temperatures and June and
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left corner present estimated values tor saligrass growth. These values were generated by retrieving the
independent variables from the regression equation in the geographical information system data tuyers. Color
groupings are n the units of an sp of the 41 original points of saltgrass clone ovigin. Each color represents a
range of different growth values.
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explained a similar degree of variability in time of leaf
browning (49% to 51%} in simple models. Of the two-variable
models, a number of two-variable combinations explained
60% of the variation. However, based on variability explained
in simple regression models, it was concluded that time of leaf
browning in fall is strongly related to the winter month min-
imum temperatures and longitude, but precipitation explained
some of the residual variation. The regression model in which
time of leaf browning in fall is a function of longitude and
February minimum temperature is visually illustrated by the
map in Fig. 2. As expected, as source locations move from
warmer sites in the West along the coast to cooler sites in the
eastern interior of the country, values for time of fall dormancy
decrease, and therefore potential cold hardiness increases. This
indicates that some clones from western locations may not have
sufficient cold tolerance for establishment on eastern sites.

This is the first study that provides information about
geographical and climatic factors that contribute to the varia-
tion in growth and time of fall dormancy (indicative of cold
hardiness) among saltgrass clones. The two variables in this
study, growth (PC-1) and time of leaf browning in fall showed
different patterns of variation relative to geographical and cli-
matic factors. Although morphological traits showed variation
associated with fall cooling and summer drying. variation in
time of fall dormancy was strongly associated with longitude
and minimum winter temperatures.

Seasonal climatic parameters of summer drying and fall
cooling are likely the most important factors for saltgrass growth

adaptation in the central and western United States. Decreased
precipitation during the summer has likely resulted in natural
selection for decreased growth during summer water defi-
ciency. This was presumably an adaptation to summer drought.
On the other hand, decreased temperatures in fall (or fall cool-
ing) seem to have resulted in natural selection for increased
growth as soon as conditions for growth become favorable. This
is probably because lower temperatures in the fall reduce water
requirements. Many perennial grasses in semiarid regions show
a very slow growth rate during the summer drought and start
growing faster in fall when temperatures and photoperiod
decrease (Pugnarie et al., 1996). This type of association be-
tween growth variation and climatic factors is also found in
studies with several evergreen woody species. Biondi and
Fessenden (1999) studied variation in lodgepole pine (Pinus
contorta Dougl.) growth characteristics relative to climatic
factors in California. They found a high negative correlation
between July temperature and growth of lodgepole pine. The
increased temperature in July caused greater water stress that
in turn resulted in decreased growth. In a similar study with
Douglas fir [Pseudotsuga menziesii (Mirbel) Franco] in western
Oregon and Washington, St Clair et al. (2005) found that seed-
ling sources with earlier bud burst produced increased growth
before water limitation, and generally came from areas with
higher summer temperature and lower summer precipitation.
Furthermore, some morphological features, like smaller leaves
in grasses that reduce transpiration, have a significant role in
adaptation to an arid environment (Erickson et al., 2004).
Geographical variation in cold har-

diness is generally considered an
adaptive response to environmental
factors, such as temperature, photope-
riod, and moisture (Balduman et al.,
1999). Many plant species have
shown latitudinal variation in cold
hardiness (Finne et al., 2000; Hannerz
and Westin, 2000; Hurme et al., 1997;
Yao and Tigerstedt, 1995) or in phe-
nological traits related to coild hardi-
ness, such as growth cessation and
dormancy (Ingvarsson et al., 2005).
In our study, the north—south interval
of tested clones might not be broad
enough to show strong latitudinal
vartation 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

Fig. 2. Geographical variation observed in saltgrass time of fall dormancy. The map presents a multiple
regression model in which time of fall dormaney is a function of longitude and February minimum temperature
[time of fall dormancy = —0.527 + (0.99 = longitude) + (0.33] x February mimmum temperature)]. The
numbers in the lower Jeft corner present estimated values for time of saligrass (all dormaney. These values
were generated by retneving the independent variables from the regression cquation in the geographical
information system datu layers. Color groupings are in the units of an sn of the 41 origmal points of saltgrass
clone origin. Each color represents range of different time of fall dormancy values.
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and western sites. The climate on
westem sites is milder than that on
eastern sites, and more of the rainfall
happens during the winter months.
Our results indicate that lower tem-
peratures, particularly temperatures
during the winter months, have




resulted in selection of greater cold hardiness (earlier fall
dormancy) in saltgrass clones from eastern sites. Greater
potential cold hardiness, associated with greater spring and
summer precipitation, occurs in clones from eastern locations.
Johnson et al. (2001) reported a relationship between buffalo-
grass (Buchloe ductyloides Nutt.) cold hardiness and longitude.
In that study, hexaploid clones with greater cold hardiness were
more common in the eastern areas. On the other hand, tetraploid
clones that are less cold hardy were only found in the westemn
parts of the collection area. Our results also correspond o a
similar study with scots pine (Pinus sylvestris L.) cold hardiness
(Anderson and Fedorkov, 2004). They found a strong associ-
ation between scots pine cold hardiness and longitude, and
interpreted longitudinal effects as the result of differences in
temperatures between East and West. Cooler temperatures on
eastern sites, especially in October (which is the most important
for gaining winter hardiness) enabled faster cold acclimation
and greater cold hardiness. In a study with Douglas fir, Baldu-
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 summary. seasonal climatic variables were better than
geographical variables in explaining variation in growth of salt-
grass ecotypes. Decreased growth may be an adaptation to
drought during the summer months in the central and western
United States. In the case of decreased growth, it seems 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 dormancy had a discernible pattern on the
landscape. Longitude of clone origin is likely associated with
different temperature regimes during the winter, which have
resulted in natural selection for cold hardiness in saltgrass
clones. Overall, our results indicate variation in saltgrass
growth (morphology) and time of fall dormancy are related to
the environmental factors of source location. A saltgrass breed-
ing program should therefore maintain geographical structure
with regard to those traits analyzed in 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 study has not determined genetic variation in measured
traits. Relations between molecular markers and traits exam-
ined in this study should provide a first step in finding specific
genes responsible for phenotypic variation in saltgrass.
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