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Abstract

Squirreltail [Elymus elymoides (Raf.) Swezey] is a native cool-
season grass that has been observed to invade rangelands domi-
nated by the weedy annual grasses, cheatgrass (Bromus tectorum
L.) and medusahead wildrye [Taeniatherum caput-medusae (L.)
Nevski]. Our objective was to determine if growth characteristics
could account for this squirreltail trait. We used growth analysis
to examine differences in seedling growth and tissue allocation of
5 squirreltail entries, 2 long-lived perennial grasses ('Goldar’
bluebunch wheatgrass [Pseudoroegneria spicata (Pursh) A. Live]
and 'Hycrest' crested wheatgrass [Agropyron desertorum (Fisch.
ex Link) Schult. X A. cristatum (L.) Gaertn.]), cheatgrass, and
medusahead wildrye. We monitored the 9 entries in a greenhouse
for mean relative growth rate, net assimilation rate, leaf area
ratio, specific leaf area, leaf weight ratio, root relative growth
rate, specific root length, root-to-shoot dry-mass ratio, and root
length-to-leaf area ratio beginning 10 days after sowing at 9
destructive harvests at 3-day intervals. Cheatgrass had high rela-
tive growth rate for both shoot and root. Only medusahead
wildrye equalled the shoot relative growth rate of cheatgrass, and
only Hycrest equalled its root relative growth rate. Cheatgrass
seedlings were larger than squirreltail seedlings by 2 to 3 weeks
after emergence. Few differences were detected among perenni-
als and medusahead wildrye. Cheatgrass displayed the highest
leaf area ratio and specific leaf area of the 9 entries but was simi-
lar to medusahead wildrye and Red Deer River squirreltail for
specific root length. Growth characteristics cannot account for
squirreltail's observed ability to invade annual grass stands.
However, the combination of high specific leaf area and specific
root length in squirreltail germplasm, as found in cheatgrass,
may enhance squirreltail survival under competition with annual
grasses, especially medusahead wildrye.
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Growth analysis is a useful tool to evaluate species or popula-
tions for pattern of relative growth rate and biomass allocation.
Monitoring of growth components has been broadly applied in
comparative plant ecological studies (Higgs and James 1969,
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Resumen

Squirreltail [Elymus elymoides (Raf.) Swezey] es una graminea
de invierno nativa, la cual se ha reportado que invade pastizales
dominados por gramineas anuales indeseables cheatgrass
(Bromus tectorum L.) y medusahead wildrye [Taeniatherum
caput-medusae (L.) Nevski]. Nuestro objetivo fue determinar si
las caracteristicas de crecimiento de squirreltail pudieran estar
involucradas en su capacidad de invadir planteles de gramineas
anuales. Su uso andlisis de crecimiento y distribucion de biomasa
para examinar diferencias en crecimiento de plantulas de 5
poblaciones de squirreltail, 2 gramineas perennes de vida larga
(‘Goldar’ bluebunch wheatgrass [Pseudoroegneria spicata
(Pursh) A. Live] y ‘Hycrest’crested wheatgrass [Agropyon deser-
torum (Fisch. ex Link) Schult x A. cristatum (L.) Gaertn.]), cheat-
grass y medusahead wildrye. En condiciones de invernadero,
registramos en 9 ocaciones a intervalos de 3 dias, la tasa relativa
de crecimiento, la tasa neta de asimilacién, la relacién del drea
foliar, el drea foliar especifica, la relacién del peso foliar, la tasa
relativa de elongacidn de raices, la longitud espectifica radical, la
relacién entre raiz y véstago, y la relacién entre longitud radical
y area foliar. Cheatgrass mostré la mas alta tasa relativa de crec-
imento en ambos el vastago y la raiz, aunque medusahead
wildrye fue similar en la tasa de crecimiento del vistago y
Hycrest en la tasa de elongacién de raiz. Las pldntulas de cheat-
grass fueron mayores que las de squirreltail después de 2-3 sem-
anas. Pocas diferencias se observaron entre las gramineas
perennes y medusahead wildrye. Cheatgrass mostré la mayor
relacién de area foliar y area foliar especifica de las 9 pobla-
ciones, aunque medusahead wildrye y Red Deer River squir-
reltail exhibieron valores de la longitud especifica de raices simi-
lares a cheatgrass. Las caracteristicas de crecimiento de squir-
reltail aparentemente no son parte de las caracteristicas que per-
miten a esta especie invadir planteles de las gramineas annuales,
sin embargo la combinacién de una alta area foliar especifica y
longitud radical especifica en squirreltail, tal como se observa en
cheatgrass, podria incrementar la sobrevivencia de squirreltail
en competencia con gramineas anuales, particularmente con
medusahead wildrye.

Grime and Hunt 1975, Roetman and Sterk 1986, Hunt et al. 1987,
Poorter and Remkes 1990) and for screening genotypes of diverse
crops (Namkoong and Matzinger 1975, Smeets and Garretsen
1986). Growth analysis allows inferences to be made regarding
the physiological performance of plants as a function of environ-
ment. Genetic differences in relative growth rate may help
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explain why particular species do well in certain environments
(Grime and Hunt 1975, Poorter and Remkes 1990). Some
researchers have proposed that the target of natural selection has
not been relative growth rate, but rather one of its morphological
or physiological components (Grime 1979, Chapin 1980, Lambers
and Dijkstra 1987, Berendse and Elberse 1990, Lambers and
Poorter 1992). For instance, Poorter and Remkes (1990) postulat-
ed that natural selection in fertile environments favored species
with high specific leaf area, the ratio of leaf area to leaf mass, high
leaf weight ratio, ratio of leaf mass to total plant mass, and conse-
quently, high leaf area ratio, ratio of leaf area to total plant mass.
In contrast, species adapted to infertile environments have pur-
portedly evolved low specific leaf area and low leaf area ratio.

Extensive areas of rangelands in the sagebrush-steppe region of
the Snake River Plain and northern Great Basin in the western
U.S. are now occupied by 2 exotic annual grasses, cheatgrass and
medusahead wildrye. Attempts to establish desirable perennial
grasses in the presence of an annual seed bank have been largely
unsuccessful. Although squirreltail has successfully colonized
stands of annual grasses in southern Idaho (Hironaka and Tisdale
1963, Tisdale et al. 1969, Hironaka and Sindelar 1973), the
potential for reclaiming annual-dominated rangelands with squir-
reltail has not been fully explored. Our objective was to deter-
mine growth rate and biomass allocation (defined as the fraction
of total plant biomass allocated to leaves, stems, and roots) in
squirreltail, crested wheatgrass, bluebunch wheatgrass, cheat-
grass, and medusahead wildrye. Our goal was to determine if
growth characteristics could account for observed levels of squir-
reltail establishment in annual-dominated rangelands.

Materials and Methods

The study was conducted in a greenhouse at Logan, Utah in
March and April 1995. No artificial light was provided, and air
temperatures averaged 27° C with high and low daily means of
34 and 13° C. Five populations of squirreltail collected from
native sites near Buford, Colo. (9040189); Pueblo, Colo.
(9040187); Gardner, Colo. (Acc:1105); Emmett, Ida. (Sand
Hollow germplasm), and Red Deer River, Alta, Ut. (T-926) were
evaluated. In addition, our study included the long-lived perenni-
als 'Goldar' bluebunch wheatgrass and 'Hycrest' crested wheat-
grass, and 2 exotic weedy annual grasses, cheatgrass and medusa-
head wildrye. Seeds of these entries were germinated in sand in
either 3-liter (15-cm diameter) or 10-liter (22-cm diameter) pots
for the first 5 and last 4 harvests, respectively.

All 9 entries were planted on the same date, but number of seeds
planted was adjusted from previously determined germination per-
centage to obtain about 5 seedlings per pot. The third seedling to
emerge was marked. When this seedling developed its second fully
emerged leaf, all other seedlings were removed. Water was sup-
plied daily with a 32% concentration Rorison nutrient solution con-
taining N (as N3-) = 56 mg liter'l, P = 31 mg liter!, K* = 78 mg
literr! CA** = 80 mg liter'!, S = 32 mg liter! Fet*+ = 3 mg liter |,
Mnt* = 0.5 mg liter !, Cu™ = 0.1 mg liter'!, Zn** = 0.1 mg liter!,
B*+* = 0.5 mg liter!, and Mo*® = 0.1 mg liter! (Hewitt 1966).
This solution supplies nutrients for near-maximum growth rate of
seedlings of long-lived perennials. Four replications of treatments
were arranged in a split-plot design with 9 harvests as whole plots
and 9 entries as split plots. Treatment effects were determined by
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analysis of variance. Harvests and entries were considered fixed
effects.

Beginning 10 days after sowing, seedlings were harvested at 3-
day intervals on 9 consecutive dates, and divided into shoots and
roots. Leaf area (leaf area meter, LI-3000, LI-COR, Lincoln,
Nebr., USA!) and total root length (‘Branching' software version
1.52B; Berntson 1992) were determined from fresh tissue. Shoots
and roots were then oven-dried at 70° C for 48 hours before
weighing. Mean relative growth rate was calculated by linear
regression of log, total plant (shoot + root) dry mass on time
(Grime and Hunt 1975). Relative growth rate was subdivided into
its physiological component, net assimilation rate, rate of increase
in dry mass per unit leaf area, and its morphological component,
leaf area ratio, leaf area per total plant dry mass. Leaf area ratio
was subdivided into specific leaf area, leaf area per unit leaf dry
mass, and leaf weight ratio, leaf dry mass divided by total plant
dry mass. Root relative growth rate was calculated by linear
regression of log, root dry mass on time. Total root length, specif-
ic root length, root length per root dry mass, root-to-shoot dry-
mass ratio, and root length-to-leaf area ratio were also determined.

All data were tested for normality using normal probability
plots of residuals, stem-and-leaf diagrams, and the Shapiro-Wilk
test (Zar 1984). Non-normal data were normalized by log;g-
transformation except total plant dry mass, which was normalized
by log,-transformation. Entries were compared using the Waller-
Duncan k-ratio t test (Bayes LSD) at k-ratio = 100 (Smith 1978).
We partitioned the harvest effect and entry X harvest interaction
into linear, quadratic, and residual lack-of-fit components

Results and Discussion

Relative growth rate

Logg-transformed shoot and root dry mass and leaf area
increased linearly with harvests (Table 1). While these variables
had nonsignificant (P > 0.10) quadratic effects, this effect was
significant (P < 0.01) for total dry mass and root length. Total dry
mass, shoot and root dry mass, leaf area, and root length differed
significantly (P < 0.01) among entries with cheatgrass generally
having the highest values and Red Deer River squirreltail the
lowest (Table 2). However, there were few differences for these
variables among perennials.

The entry X harvest (linear) interaction was significant (P <
0.10 ) only for total dry mass, shoot and root dry mass, leaf area,
and root length-to-leaf area ratio (Table 1). A significant entry X
harvest (linear) interaction for total dry mass indicates differences
among entries for relative growth rate. Relative growth rates
ranged from 0.36 (Goldar) to 0.51 (cheatgrass) g g-! day~!
(Tables 2, 3). Further analysis did not reveal differences within
each of the 3 groups of entries, i.e., annuals (cheatgrass and
medusahead wildrye), short-lived perennials (squirreltail), and
long-lived perennials (Goldar bluebunch wheatgrass and Hycrest
crested wheatgrass). We observed relative growth rate differences
between cheatgrass and perennials, but not between medusahead
wildrye and short- and long-lived perennials (Fig. 1a, Table 3).
When entries were segregated into 2 groups, annuals and perenni-

IMention of a trademark, proprietary product, or vendor does not constitute a
guarantee or warranty of the product by the USDA and does not imply its approval
to the exclusion of other products or vendors that might also be suitable.
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Table 1. ANOVA, associated mean squares, and significance levels for total dry mass (total d.m.), shoot dry mass (shoot d.m.), root dry mass (root
d.m.), leaf area, root length, leaf area ratio (LAR), specific leaf area (SLA), leaf weight ratio (LWR), specific root length (SRL), root-to-shoot dry-

mass ratio (R:S), and root length-to-leaf area ratio (RL:LA).

Source of d.f. Total Shoot Root Leaf Root LAR SLA LWR SRL R:S RL:LA
variation d.m. d.m. d.m. area length
mg mg mg em? cm m2kg! mZkg! ggl mg! m m-2
Replication! 3 0.07 6.03 0.03 0.05 0.091 21 32% 0.002 0.049% 0.005 0.06%
Harvest! 8 40.74%* 9.01%*  11.60** 6.88%*  13.47%*  341%* 418+* 0.074%* 0.175%* 0.325%* 1.49%*
Linear 1 322.48** 70.92*%%  92.51%%  53.55%% 106.71** 2258** 2766%* 0.324** 0.866** 1.449%*  10.55%*
Quadratic 1 1.08** 0.05 0.12 0.04 0.45%* 94 10 0.070%* 0.159%* 0.316** 1.02%%
Lack-of-fit 6 0.40% 0.18** 0.03 0.24** 0.10% 62%* 95%* 0.034%* 0.062*%* 0.139** 0.06+
Error a 24 0.13 0.03 0.04 0.03 0.03 9 13 0.003 0.012 0.014 0.02
Entry! 8 1.89%* 0.46** 0.47** 0.66%* 0.60**  116** 321%* 0.007 0,152%* 0.028 0.16%*
ExH! 64 0.17 0.05 0.04 0.07 0.06 174 28 0.0067 0.022% 0.024% 0.05t
Linear 8 0.50*+* 0.13%* 0.10% 0.17** 0.06 11 16 0.007 0.027 0.030 0.087%
Quadratic 8 0.14 0.04 0.02 0.13% 0.02 33+ 59t 0.006 0.009 0.024 0.06F
Lack-of-fit 48 0.12 0.03 0.04 0.05 0.06 15 24 0.006% 0.023% 0.023 0.05
Error b 216 0.14 0.04 0.04 0.06 0.05 16 29 0.004 0.016 0.018 0.04

]‘,**Differences significant at P < 0.10 and P < 0.01, respectively.

Replication and harvest terms tested with error a. Entry and entry X harvest terms tested with error b.

als, variation between groups accounted for 34, 66, 52, and 27%
of the variation for the entry X harvest (linear) interaction for
total dry mass, leaf dry mass, leaf area, and root dry mass, respec-
tively. Thus, the annuals' superior growth rate relative to peren-
nials was greater for above-ground biomass and photosynthetic
leaf area than below-ground biomass.

Differences in growth rates of cheatgrass and squirreltail sug-
gest that the latter will be competitively disadvantaged because of
its inferior plant size 2 to 3 weeks following germination. While
we detected no significant differences (P < 0.05) between squir-
reltail and medusahead wildrye for dry mass, leaf area, or root
length at the final harvest (Fig. 1), Hironaka and Sindelar (1975)
reported that squirreltail was inhibited by medusahead wildrye
competition after 5 weeks. Squirreltail's ability to invade and per-
sist in cheatgrass (Hironaka and Tisdale 1963) and medusahead
wildrye (Hironaka and Sindelar 1973) stands may be attributed to
factors other than growth rate under greenhouse conditions, e.g.,

fire tolerance (Wright (1971), high cool-temperature (5° C) root
growth (Hironaka and Tisdale 1972), and rapid germination
across a wide temperature range (Young and Evans 1977).
Squirreltail is self-pollinated (Jensen et al. 1990), which permits
seed propagation despite a sparse initial stand. This is unlike
cross-pollinated species, which are typified by self-incompatibili-
ty mechanisms. Squirreltail's ecotypes encompass a broad ecolog-
ical amplitude. Five infraspecific taxa (Wilson 1963) vary widely
in maturity date, height, and seed shattering characteristics
(unpublished data).

Despite the faster germination of medusahead wildrye com-
pared to cheatgrass observed in our study and by Harris (1977),
we did not see a higher relative growth rate for medusahead
wildrye at the seedling establishment stage. Root relative growth
rate, root length, and root dry mass of medusahead wildrye were
less than those of cheatgrass (Table 2). Although Hironaka
(1961) observed that medusahead wildrye did not have greater

Table 2. Mean values across 9 harvests of relative growth rate (RGR), RGR components including net assimilation rate (NAR) and leaf area ratio
(LAR), LAR components including specific leaf area (SLA) and leaf weight ratio (LWR), specific root length (SRL), root-to-shoot dry-mass ratio
(R:8), root length-to-leaf area ratio (RL:LA), root RGR (RRGR), leaf area, root length (root lgt.), shoot dry mass (shoot d.m.), root dry mass (root

d.m.), and total dry mass total d.m.) for 9 entries.!

Trait Cheatgrass Medusahead Long-lived perennials Squirreltail
wildrye Goldar Hycrest Buford, Pueblo, Gardner, Sand Red Deer

Bluebunch Crested Colo. Colo. Colo. Holiow River, Alta.

‘Wheatgrass ‘Wheagrass
RGR (g g'ld1 0.51a2 0.43ab 0.36b 0.41b 0.41b 0.37b 0.37b 0.37b 0.37b
NAR (g m2d!) 3.53 4.12 3.25 3.60 4.06 3.55 3.83 3.08 3.75
LAR (m2 kg1 17.6a 13.0cd 14.4bc 15.0b 12.3d 12.5d 11.7d 14.4bc 12.7cd
SLA (m2 kgl 26.2a 18.5¢d 20.6bc 21.9b 17.0d 17.7d 16.6d 20.6bc 18.2d
LWR (ggh 0.66 0.69 0.68 0.67 0.72 0.69 0.69 0.68 0.69
SRL (mg') 426a 398a 315bc 293¢ 346b 314bc 305bc 300bc 406a
R:S 0.53 0.46 0.48 0.52 0.41 0.45 0.45 0.48 0.46
RL:LA (km m2) 9.1ab 11.5a 8.9ab 7.6b 9.2ab 9.2ab 9.5ab 7.7b 11.1a
RRGR (g g'ld') 0.26a 0.21bc 0.20c 0.24ab 0.22bc 0.20c 0.20c 0.20c 0.20c
Leaf area (cm?) 6.7a 2.9b 2.3bc 2.2bc 2.3bc 2.2bc 2.0be 2.7b l.4¢
Root 1gt. (cm) 612a 367b 211be 188¢ 249bc 249bc 236bc 251bc 168¢
Shoot d.m. (mg) 299a 18.1b 12.6¢d 10.5¢d 15.3bc 14.9bc 14.1bc 15.3bc 8.8¢
Root d.m. (mg) 13.8a 7.7b 6.4b 6.3b 6.9b 7.0b 6.8b 7.7b 3.9b
Total d.m. (mg) 43.6a 25.9b 19.0cd 16.8cd 22.1bc 21.9bc 20.9bc 23.0bc 12.8d

TAI traits significantly different (P < 0.10) among entries except NAR and R:S.
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Fig. 1. Total dry mass (a), leaf area (b), and root length (¢) for cheat-
grass, medusahead wildrye, squirreltail populations, and long-
lived perennial grasses at 9 harvests (non-transformed data).
Harvests 1 to 9 at 3-day intervals from 10 to 34 days after sowing.

depth of root penetration than cheatgrass, medusahead wildrye is
able to invade cheatgrass stands (Hironaka 1994). Factors other
than shoot or root growth must be responsible. Hironaka (1994)
attributed medusahead wildrye's competitive advantage over
cheatgrass to greater winter survival. Medusahead wildrye accu-
mulates silica, particularly in epidermal cell walls and barbs of
awns (Swenson et al. 1964). High silica levels may explain the
persistence of above-ground vegetative mass from year to year
(Bovey et al. 1961). Persistence of litter on the soil surface may
inhibit nutrient cycling (Hilken and Miller 1980) and reduce
cheatgrass germination (Harris 1965).
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Biomass allocation

Biomass allocation was described by leaf area ratio, specific
leaf area, leaf weight ratio, specific root length, root-to-shoot
ratio, and root length-to-leaf area ratio. The linear component of
harvest was significant for all biomass allocation variables, the
quadratic component was significant for all variables except spe-
cific leaf area and root length-to-leaf area ratio, and the lack-of-fit
component was significant for all variables except root length-to-
leaf area ratio (Table 1). Leaf area ratio, specific leaf area, and
leaf weight ratio decreased with time, while specific root length,
root-to-shoot ratio, and root length-to-leaf area ratio increased
with time. As seedlings grew, biomass was increasingly allocated
to roots in preference to shoots. Significant (P < 0.01) negative
quadratic components of harvest for leaf area ratio and leaf
weight ratio (data not shown) explain the slower relative growth
rate for leaf area than for total dry-mass (Hunt and Evans 1980)
(Fig. 1, Table 3). As stated earlier, leaf area production was much
greater for annuals, particularly cheatgrass, than perennials.

Leaf area ratio, specific leaf area, specific root length, and root
length-to-leaf area ratio also differed significantly among entries
(P < 0.01, Table 1). Cheatgrass had the highest leaf area ratio,
specific leaf area, and specific root length (Table 2). Compared to
other squirreltail entries, Sand Hollow had high specific leaf area
and leaf area ratio. Red Deer River squirreltail had significantly
higher specific root length than other squirreltail entries. Red
Deer River squirreltail exhibited a significantly higher root
length-to-leaf area ratio than Sand Hollow, with other squirreltail
entries being intermediate. Few differences were observed
between Hycrest and Goldar. Hycrest had the smallest specific
root length of the perennial species, but was significantly lower
(k-ratio = 100) than only Buford and Red Deer River squirreltails.

Cheatgrass developed the most extensive and efficient shoot
and root systems, as evidenced by its larger leaf area and greater
root length per unit biomass, i.e., high leaf area ratio, specific leaf
area, specific root length (Table 2). Efficiency in biomass invest-
ment coupled with high mean relative growth rate help explain
the competitive ability of cheatgrass. We found that Hycrest had
46% of the root dry mass of cheatgrass, but because of inferior

Table 3. Slopes and standard errors for the regressions of the log, trans-
formed value of total dry mass, leaf area, and root length on time for
cheatgrass, medusahead wildrye, squirreltail, and long-lived perennials.

Species or Group Slope S.E.

Total dry mass

Cheatgrass 0.51 +0.05a!
Medusahead wildrye 0.43 +0.05ab
Squirreltail 0.39 =004 b
Long-lived perennials 0.38 +0.02b
Leaf area
Cheatgrass 0.22 +0.04a
Medusahead wildrye 0.18 +0.04 ab
Squirreltail 0.16 +0.01b
Long-lived perennials 0.15 +0.01b
Root length
Cheatgrass 0.27 +0.03a
Medusahead wildrye 0.25 +0.03a
Squirreltail 0.24 +00la
Long-lived perennials 0.23 +00la

1Slopes followed by different letters exhibit non-overlapping confidence intervals (P <
0.05).
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specific root length, Hycrest had only 31% of its root length
(Table 2). These results agree with Svejcar (1990), who showed
that cheatgrass produces root length and leaf area more efficiently
than crested wheatgrass. Under our noncompetitive conditions
cheatgrass was able to produce leaf area at a higher rate than
perennials without a concomitant higher rate for root length pro-
duction (Table 3). Cheatgrass and medusahead wildrye had simi-
lar specific root length, but were greater than all perennial entries
except Red Deer River squirreltail. Medusahead wildrye matures
2 to 3 weeks later than cheatgrass (Sharp et al.1957, Dakheel et
al. 1993) but is successful in areas with high soil moisture con-
tent, heavy soil types (Hironaka 1961, Young et al. 1970), or poor
soil conditions (Dakheel et al. 1993).

Among perennials, Hycrest crested wheatgrass, Goldar blue-
bunch wheatgrass, and Sand Hollow squirreltail exhibited the
greatest leaf area production per unit biomass invested, i.e., high-
est leaf area ratio and specific leaf area (Table 2). These charac-
teristics may be useful for enhancing seedling survival under
annual grass competition or during drought. However, crested
wheatgrass typically exhibits poor seedling recruitment into nat-
ural vegetation (Anderson and Marlette 1983, Young and Evans
1986). Thus, we do not argue that high leaf area ratio and specific
leaf area alone may accomplish successful squirreltail seedling
establishment into annual stands.

Annual and perennial grasses differed in their root growth
strategies. Annuals produced extensive roots (high specific root
length), noted for economical carbon investment (Krner and
Renhardt 1987). Perennials, with the exception of Red Deer River
squirreltail, produced thicker roots (low specific root length) with
greater carbon investment, presumably to support their greater
longevity. Survival of squirreltail in the Intermountain Region of
the western U.S. may depend on its ability to store root reserves
under competition (Hironaka and Sindelar 1975).

Relationship between relative growth rate and biomass
allocation

The annuals exceeded the perennials for mean relative growth
rate (Table 2). Leaf area ratio, rather than net assimilation rate,
was the component responsible for the high relative growth rate
of cheatgrass. Specific leaf area, rather than leaf weight ratio, was
the component responsible for the high leaf area ratio of cheat-
grass. These results agree with previous studies (Poorter 1989,
Poorter and Remkes 1990, van der Werf et al. 1993, Walters et
al. 1993), which reported that leaf area ratio and its component,
specific leaf area, are the main growth components explaining
variation in relative growth rate. Medusahead wildrye did not
exceed short- or long-lived perennials for relative growth rate,
leaf area ratio, or specific leaf area. In fact, Hycrest exceeded
medusahead wildrye for leaf area ratio and specific leaf area,
though not relative growth rate.

Relationships between relative growth rate and specific root
length have been inconsistent. Poorter and Remkes (1990) report-
ed no correlation between relative growth rate and specific root
length for 24 non-woody species common to western Europe, but
Boot (1989) found specific root length was higher in 2 slow-
growing grasses (Corynephorus canescens Beauv. and Festuca
ovina L..) compared to 2 fast-growing grasses (Dactylis glomerata
L. and Holcus lanatus L.). In our study, slow-growing (low rela-
tive growth rate) perennials generally produced leaves and roots
with a higher investment in biomass (low leaf area ratio, specific
leaf area, and specific root length) than cheatgrass. The difference
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between perennials and medusahead wildrye was primarily evi-
dent in the latter's high specific root length.

Conclusions

At the early seedling stage squirreltail and the long-lived peren-
nials, Goldar bluebunch wheatgrass and Hycrest crested wheat-
grass, grew as fast as medusahead wildrye, but slower than cheat-
grass. Annuals and early successional species are often highly
competitive. High growth rate, ieaf area development, and root
length density are traits typically found in highly competitive
species (Grime 1979, Campbell et al. 1991, Lambers and Poorter
1992). Because these traits and seedling vigor favor cheatgrass
over squirreltail, they probably do not explain the success of
squirreltail in colonizing cheatgrass-dominated stands. Fast-
growing cheatgrass combines high specific leaf area and specific
root length. Squirreltail germplasm combining high specific leaf
area (as in Sand Hollow) and specific root length (as in Red Deer
River) would likely exhibit increased competitiveness against
annuals. Preferential biomass allocation to roots may improve
seedling survival under conditions of intense below-ground com-
petition or defoliation. Increased root relative growth rate may
also improve competitiveness.

Perennial life form, self-pollinating mode of reproduction, seed
dispersal mechanisms, low-temperature growth, and rapid seed
germination and seedling recruitment are factors that may con-
tribute to squirreltail's ability to colonize disturbed sites. Self-pol-
lination, which permits seed reproduction despite sparse stands,
and successful seedling recruitment under competition, a trait not
exhibited by crested wheatgrass, are 2 features of squirreltail that
may make it a better colonizer than crested wheatgrass.

Although it is difficult to extrapolate the results of controlled
greenhouse studies to plant dynamics in the field, our greenhouse
experiments provide insights into the factors that are important in
competitive field environments. Another point to be considered is
timing of germination; cheatgrass and medusahead wildrye are
winter annuals, while the perennials germinate in the spring.
Additional studies that evaluate squirreltail growth rate in a variety
of soil textures under competition from annual grasses are required
to explain how squirreltail colonizes annual-dominated stands.
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