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Abstract 

Establishment of forage grasses depends upon their ability to 
compete for resources in the critical seedling establishment phase. 
Desirable native grass species are generally considered to be more 
difficult to establish from seed than the introduced Old World 
bluestems (Bot~ocUut spp.), although comparative data are 
generally lacking. This study compared the responses of morpho- 
logical attributes commonly associated with seedling vigor and 
some growth parameters in 17 perennial, C4 grasses including 5 
native and 12 Old World bluestems. Plants were grown in a green- 
house under well-watered and limited watering regimes. The objec- 
tive was to document differences in morphology and growth 
among these grasses from emergence through 7 weeks post emer- 
gence. The Bothriochloa species generally rated higher than the 
native species in morphological characters commonly associated 
with seedling vigor. The exotics produced as much or more bio- 
mass and had more leaf area per plant, more tillers, and leaves per 
tiller than the natives. Although the native grasses produced less 
leaf area, the cost of these leaves in terms of biomass per unit area 
was higher than in the introduced grasses. The natives tended to 
partition relatively more biomass aboveground and more of this to 
leaves, rather than sheaths plus stems, than the Old World blue- 
stems. However, partitioning of total plant biomass among roots, 
sheaths plus stems, and leaf blades was remarkably insensitive to 
water stress in all entries. Approximately one-third of total bio- 
mass was partitioned among kaf blades, sheaths plus stems, and 
roots, respectively, with sheaths+stems tending to be a slightly 
smaller fraction than the other 2 components. Recurring water 
stress cycles reduced most parameters significantly and generally 
accentuated the normal ontogenetic decline in relative growth and 
unit rates. Across all entries, total plant biomass and leaf blade 
area were reduced over 4m by a limited watering regime. 
Although water stress reduced the size of the assimihttory surface, 
the remaining leaves were more effkient in the production of new 
biomass. This response correlated with an increase in specific leaf 
weight under water stress. 

Successful establishment of forage grasses from seed depends on 
numerous environmental factors (see Vallentine 1980) which inter- 
act with the plant’s genetic component during germination, emer- 
gence, and post-emergence growth. Plant vulnerability to envi- 
ronmental stresses is particularly high during seedling establishment 
because of limited food reserves (Johnson 1984) resulting from 
small seed size and limited photosynthetic capacity. The amount of 
food reserves stored in the endosperm is an important factor 
related to establishment potential (Davies 1967). Also contributing 
to this vulnerability is the lack of a well-developed root system. 
Frequently, competitive advantages gained during the seedling 
stage are maintained in the mature plant stage (Johnson 1984). 

Variability in establishment success among species and geno- 
types within species is common knowledge, and high success is 
often associated with rapid germination, rapid root and top 
growth, a robust growth habit, and resistance to stress (McKell 
1972). These traits are collectively referred to as seedling vigor. 
Numerous techniques for assessing seedling vigor have been deve- 
loped (reviewed by Whalley and McKelll973) and much effort has 
been expended to enhance vigor in forage plant germplasm (Knee- 
bone 1972). 

Thirty years of research have shown that selections from the 
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genus Bothriochloa (Asiatic or Old World bluestems) can contrib- 
ute significantly to beef production and soil conservation in the 
Southern Great Plains (Sims and Dewald 1982). The Old World 
bluestems have been found to exhibit relatively high seedling vigor 
at Woodward, Okla. in comparison with native species (C.L. 
Dewald, pers. comm.). Harlan et al. (1958) noted that ecologically, 
the Old World bluestems are best fitted to some stage of secondary 
succession and that they tend to increase under grazing pressure. 
They also noted that these grasses reproduce freely by seed, tend to 
be somewhat weedy, and are generally easily established in plant- 
ings. Experience has shown that establishment of stands of climax, 
decreaser species in the Southern Plains usually requires 2 growing 
seasons while only 1 is required to establish the Old World 
bluestems. 

Of the 3 phases of seedling establishment (germination, emer- 
gence, postemergence growth), it was felt that a manager would 
have least control over the last phase since high quality seed, 
proper seedbed preparation, and timing of planting with periods of 
soil moisture sufficient to ensure germination would reduce the 
risk associated with phases I and 2. Therefore, phase 3 was isolated 
for study. The objective of the study was to determine differences in 
morphology and growth behavior among 5 native and 12 Old 
World bluestem perennial forage grasses from emergence through 
I2 weeks post emergence under near optimum conditions which 
could be used as indices of comparative performance potential. 
Because post-emergence failure is frequently associated with 
drought stress (Vallentine 1980, Whalley and McKell 1973) and 
because drought conditions can be prevalent during the normal 
period for establishing warm-season grasses, a suboptimal soil 
water treatment was included to assess relative departure of the 
measured parameters from potential. 

Materials and Methods 

Plant Materials and Culture 
Seventeen perennial, warm-season grasses, including 5 native 

and 12 exotic Old World bluestems, were included in this study 
(Table 1). Woodward sand bluestem is a leafy grass of medium 
height with good seed production characteristics. Hachita blue 
grama is a relatively tall and productive selection compared to blue 
grama selections in general. Two switchgrass varieties were 
included: one is a robust upland type (Caddo), and the other 
(Kanlow) is adapted to lowland sites. Western indiangrass is an 
experimental strain selected for ease of establishment and it has 
low dormancy and rapid emergence compared to other indiangrass 
cultivars such as Cheyenne and Osage. 

The Old World bluestems included 3 species. B. cuucusicu and B. 
intermediu have secondarily branched inflorescences, B. ischue- 
mum does not. B. cuucusicu has a relatively small crown diameter 
(basal spread) compared to the other.2 species.‘B. cuucusicu, B. 
intermediu var. indicu and B. ischuemum var. ischuemum exhibit 
early seed maturity compared to B. intermediu var. montunu. A 
gradation of leaf widths is present in these grasses. Wide-leaf types 
include B. intermediu var. montunu. medium-leaf types include B. 
cuucusicu and 8. ischuemum var. ischuemum. while B. intermediu 
var. indicu is composed of narrow-leaf types. WW-477 is an intro- 
gression between the B. intermediu and B. ischuemum and has 
many characteristics in common with King Ranch bluestem (B. 
ischuemum). WW-Spar bluestem, WW-535, and WW-604 are 3 of 
30 yellow bluestem strains blended together to make ‘Plains’blues- 
tern (Taliaferro et al. 1972). 

Potential variability in post-emergence seedling growth result- 
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Table 1. Idenilfication of piant materials and seed weigbht. 

Entry Scientific name Cultivar/ Accession 
Country 
of Origin 

Air-valve 
setting&i> 

-Seed Size- 
Mean U> SD 

Native Species: 
1 Andropogon ha/Iii 
2 Ponicum virgatum 
3 ,t 

4 Sorghasrrum nutans 

5 Bouteloua gracilis 

Old World Bluestems (Bothriochloa spp.): 
6 B. caucosica 
7 ,, 

8 B. intermedia var. indica 
9 9, 

10 ,, 
II ,, var. montana 
12 n 

13 B. ischaemum var. ischaemum 
14 . . 
15 9. 
16 9. 

17 1, var. songorica 

Woodward sand bluestem 
Caddo switchgrass 
Kanlow switchgrass 
WW-Western indiangrass 
(Woodward experimental) 
Hachita blue grama 

Caucasian bluestem, WW4%2 
Caucasian bluestem, WW-765 
ww-517 
ww-811 
ww-822 
ww-857 
WW-886 
Ganada bluestem 
WW-Spar bluestem 
ww-535 
ww-604 
ww477 

U.S.A. 
,. 
9, 
9. 

. . 

U.S.S.R. 
,. 

Pakistan 
” 
n 
n 
” 

Turkey 
Pakistan 

Afghanistan 
Pakistan 

China 

(degrees) 
45-55 
45-50 

” 
” 

25-30 0.0554 0.0016 

30-35 
31 
” 
n 
n 
” 
n 
” 
l . 
V 
3. 
1, 

-_- 
0.2558 
0.2047 
0.1205 
0.1512 

0.0568 0.0024 
0.0530 0.0005 
0.0484 0.0023 
0.0420 0.0006 
0.0532 0.0011 
0.0366 0.0005 
0.0353 0.0005 
0.0457 0.0004 
0.0416 0.0006 
0.0515 0.0011 
0.0525 0.0010 
0.043 1 0.0018 

,-B--- 
0.0116 
0.0024 
0.0038 
0.0020 

<l>Refers to Dneumatic air semrator settings. The air flow and densitv of retained seed are proportional to the setting. 
U>Mean weight per 100 seed; based on th& lots of 100 seeds. 

ing from differences in seed size (Kneebone 1972, Whailey and 
McKell 1973) was reduced by grading the seed lots with a pneu- 
matic air separator. An air-valve setting of 30 to 35 degrees was 
used for ail Old World bluestems. The smaller seed of blue grama 
required a lower setting and the larger seed of the remaining native 
species required a higher setting to obtain a representative sample 
of high quality seed. Air-valve settings and the mean weight per 100 
seeds are given in Table 1. The Old World bluestems are highly 
apomictic (Harlan et al. 1958) and each of the plants in this study 
within an entry are considered to be the same genotype. 

Seeds were germinated on blotter paper moistened with distilled 
water containing Thiram (tetramethyithiuram disulfide, 4.8 g ai 
1-l) to control fungal growth. Initial wetting of the blotters was 
staggered during the period 31 Oct. to 4 Nov. 1983 to allow for 
differences in germination rates among entries based on previous 
germination pilot studies. Uniformly germinated seeds, with both 
radicie and coleoptile showing, were transplanted (coleoptiie just 
penetrating the soil surface) to 2 treatments (wet, dry) as defined 
below on 7 and 8 Nov. 1983, respectively. 

land’s solution (minus P) 4 times weekly through the watering 
system. The wet treatment was watered twice daily to approxi- 
mately field capacity. The dry treatment was watered in the same 
manner for the first 8 days following transplanting, after which 
water was withheld until all entries were clearly wilted (1.5 to 2 
days) and then the cells were watered to near field capacity. Sup- 
plemental lighting was provided for 14 hours each day by 400 W 
high pressure sodium lamps located 1 m above the tops of the cells. 
Photosynthetic photon flux densities in the absence of sunlight 
were about 300 pmoi rn-‘sV1 at the soil surface and 500 at 0.5 m 
above the soil surface. Midday values (sunlight plus lamps) 
exceeded 2000 pmol rnm2sm1. Mean photoperiod air temperature 
and relative humidity, as measured by hygrothermograph, were 
26.4 f 2.4 ‘C and 41.6 f 5.9%, respectively. Mean dark tempera- 
ture and humidity were 23.4 f 2.3 “C and 41.4 f 4.9%, 
respectively. 

Table 2. List of symbols, definitions md units. 

The rooting medium was a Pratt loamy sand (thermic Psammen- 
tic Hapiustaifs) collected from the surface 50 mm of fallow wheat 
ground, screened, mixed, and sterilized with methyl bromide 
(bromomethane). Soil was placed in tapered ceils having a top 
diameter of 25 mm, a bottom diameter of 18 mm, a depth of 150 
mm, and a volume of 68 ml. The soil in each ceil was initially 
saturated with water containing 100 mg P 1-l as fh(H2P04)2 and 
allowed to drain. A single seedling was planted in each ceil and the 
cells were placed in racks (20 by 10 cells) on a greenhouse bench 
and arranged in a randomized complete block design with 4 blocks 
for each of the 2 treatments. Each block consisted of either 3 racks 
(wet) or 2 racks (dry) of uniformly emerged seedlings. Seed lots 
from some entries had poor or slow germination, making it neces- 
sary to delete 1 rack per block from the dry treatment. 

Growing Conditions 

Tissue fraction designators (x): 

b Leaf blade 
ss Leaf sheaths plus enclosed stems 
S aboveground=b+ss (shoots) 
r belowground (roots) 
P all fractions combined=b+ss+r=s+r (plant total) 

Measured Parameters: 
Ab Leaf blade area (cm* plant-‘) 
wx Biomass of tissue fraction “x” (g plant-‘) 
t Time in days (d) 

Calculated Parameters: 

Watering was by surface application using overlapping, fine- 
spray nozzles with a discharge height of about 45 cm above the soil 
surface. During the first week following transplanting, fungicide 
[Zineb, zinc ethylene bis(dithiocarbamate); 1 g ai I-‘] was applied 
once daily through the watering system. Throughout the experi- 
ment, soil fertility was maintained by applying half-strength Hoag- 

SLW Specific leaf weight (g rn-‘)=(Wb/ Ab) X 10000 

Derived Growth Parameters (after Hunt and Parsons, 1974): 
Rx Relative growth rate of biomass where”x” = tissue fraction s, r, or p. 

(g g-‘d-d)=( I / Wx) (d Wx/dt) 
Rb Relative growth rate of leaf blade area (m%n%‘)=( I / Ab) 

(dAb/dt) 
F Leaf area rato (mzkg-‘)=(Ab/ Wp) X 0.1 
Eb Unit leaf blade area rate (g m‘*d“)=( i / Ab) (dWp/dt) X 10000 

Note: When used as a unit, d is the SI designation for day; when used as a parameter 
prefix, d means derivative of the parameter. 
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SIlmple Collection and Processing Data Analysis 
Plants from the wet treatment were harvested beginning 14 days 

after transplanting (21 Nov. 1983) and thereafter on 28 Nov., 5 
Dec., 12 Dec., 19 Dec., and 28 Dec. 1983. Plants from the dry 
treatment were harvested on the same schedule, but 1 day later. 
The 4 center cells of each entry row in a block of the wet treatment 
or the 2 center cells of the dry treatment were removed from the 
racks for processing. The cells removed on a given date were 
replaced by rotating cells from the outer ends (half from each end) 
of a row just inside the border row and moving the border plants 
inward. This scheme was an attempt to maintain a closed canopy 
and to minimize border effects. 

Prior to harvesting the plants, the average number of tillers per 
plant, the average number of leaf blades (lamina) per plant, and the 
average maximum extended height (soil surface to tip of longest 
leaf) were recorded. Plants were severed at the soil surface and 
separated into leaf blades and leaf sheaths plus enclosed stems. The 
projected areas of the blades were measured by leaf area meter. The 
entire soil volume and the 2 aboveground fractions were frozen 
separately until further processing. Root samples were subse- 
quently thawed and separated from the soil by spraying with water 
in a container having a submerged, screened bottom. All tissue 
fractions were lyophilized and weighed to determine biomass. 
Root biomass was calculated on an ash-free basis. Biomass from 
the 2 or 4 plants within a block was bulked by plant tissue fraction 
and sample date. 

The analysis of variance for the morphological parameters fol- 
lowed the procedures for a split-plot design with harvest date as the 
subplot factor (Steel and Torrie 1980). Plant species or accessions 
(hereafter called entries) means were separated by Duncan’s multi- 
ple range test (Duncan 1955). Growth parameters (Table 2) were 
derived by regression using the plant growth analysis procedures 
described by Hunt and Parsons (198 1). Differences in instantane- 
ous relative growth rates and rates of change in relative growth rate 
over time (slopes) among entries were determined by pooling the 
residual sums of squares and calculating a least significant differ- 
ence. Differences among entries for leaf area ratios and unit leaf 
rates involved covariance terms and were determine by calculating 
a least significant difference based on complex estimates of var- 
iance (Satterthwaite 1946, Steel and Torrie 1980). Similarities in 
entry ranking between treatments were estimated by Spearman’s 
coefficient (rJ of rank correlation (Steel and Torrie 1980). In 
references to shifts in rank by greater than 3 positions which 
follow, the choice of three was arbitrary. 

The analysis of variance for production and morphological 
attributes presented below showed that all main effects (entries, 
treatments, dates) were highly significant (KO.01). Significant 
interactions were limited to entries X dates and treatments X dates. 
The former was related to relative differences in rates of develop- 
ment. Some entries ranked high for the early harvest dates but low 

Results and Discussion 

Table 3. Entry group means for selected production and morphological parameter&l>. 

Parameter 

Total plant biomass, 
Wp (g/plant) 

Treat. 

Wet 
Dry 

Dry/ Wet 

Wet 
Dry 

Dry/ Wet 

Wet 
Dry 

Dry/ Wet 

Nativea> 

0.1868c 

< -----Entry Groups-------> Grand 
B. caucasica B. intermedia B. ischaemum mean<3> 

0.2879a 0.2457b 0.2273b 0.227 I 
*O.l104b 

0.59 
*O.l I lob 

0.39 
l O.l417a 

0.58 
*O. 1376a 

0.61 
*O. 1283 
0.58 

Shoot/total plant 
biomass (Ws/ Wp) 

0.69a 0.71a 0.66b 0.65b 0.67 
0.7Oa 0.71a 0.69a 0.66b l 0.68 
1.01 1.00 1.05 1.02 1.02 

Leaf blade/shoot 
biomass (Wb/ Ws) 

0.6la 0.55c 0.58b 0.59b 0.59 
0.6Oa 0.56b 0.56b 0.58b *0.58 
0.98 1.02 0.97 0.98 0.98 

Tillers (No./plant) 

Leaves (NoJplant) 

Leaves/ Tiller 

Leaf area (cm2/ plant) 

Leaf size (cmZ/ lest) 

Height (cm) 

Specific leaf weight 
b/m*) 

Wet 
Dry 

Dry/ Wet 

Wet 
Dry 

Dry/ Wet 

1.4d 2.5~ 2.8b 3.la 2.6 
*1.2d f1.7c 2.6b 3.Oa *2.3 

0.86 0.68 0.93 0.97 0.89 

4.9d 
‘3.9d 
0.80 

8.5~ 
*5.4c 

0.64 

9.9b 
*7.8b 

0.79 

11.7a 
‘9.2a 

0.79 

9.1 
+7.0 
0.78 

Wet 
Dry 

Dry/ Wet 

Wet 
Dry 

Dry/ Wet 

3.56b 3.53b 3.62ab 3.88a 3.63 
3.48a 3.27b l 3.18b *3.29ab *3.28 
0.98 0.93 0.88 0.85 0.90 

12.lc 20.8a 16.9b 17.8ab 16.1 
+7.4b *8.7ab ‘lOA +9.7a ‘9.0 

0.61 0.42 0.60 0.55 0.57 

Wet 
Dry 

Dry/ Wet 

2.5a 
2.la 
0.84 

2.2b 
l 1.5b 

0.68 

1.6c 
1.3c 
0.81 

1.8 
‘1.4 
0.78 

Wet 
Dry 

Dry/ Wet 

24.3b 
*19&a 

0.81 

26.8a 
*17.6bc 

0.66 

23.6b 
18.7ab 

0.79 

1.3c 
*1.Od 

0.77 

21.2c 
*16.6c 

0.78 

24.1 
‘18.9 

0.78 

Wet 53.8a 43.0bc 45.6b 41.2~ 47.2 

Dry 55.7a 44.3b 47.41, *46.1 b *50.0 
Dry/ Wet 1.04 I .03 I .04 1.12 1.06 

:Ay;;;P means within a row not followed by a common letter and treatments within a parameter and entry group marked by an asterisk are significantly different 
. . 

U>The native group means included only the four tall grasses and not blue grama. 
<3>The grand means included all 17 entries. 
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at the end of the sampling period and some conversely so that mean 
values were similar. The interaction of treatment with dates was a 
result of continual divergence between the 2 treatments with time. 
Both treatments were similar at the first sampling date because 
both treatments received similar amounts of water for the first 8 
days after transplanting. However, at each succeeding harvest, 
water stress effects accumulated causing the divergence between 
treatments and hence the interaction. Therefore, entry differences 
within and between treatments will be emphasized in this presenta- 
tion. Comparisons will also be made among entry groups and will 
be referenced as ‘natives’ (includes only the 4 tall grasses and not 
the short grass blue grama), ‘Bca’ (B. caucasica), ‘Bin’ (B. interme- 
dia), and ‘Bis’ (B. ischaemum). Symbols and units are defined in 
Table 2 and will not be redefined in the following discussion. In 
figures l-6, normalized values on the abscissa are the actual values 
for each entry, as shown on the ordinate, divided by the maximum 
value. 

Biomass Production and Partitioning 
Mean total plant biomass production for 6 harvest dates, ran- 

ging from 14 to 51 days post emergence, varied over two-fold 
among the 17 entries in both wet and dry treatments (Fig. 1). 

WET TREATMENT I!K"(IWET 

DRY TRERTMENT WET/DR" 

Fig. 1. Entry means of biomassproduction andpartitioning in wet and dry 
treatments for the period 14 to 51 days post-emergence. Entries not 
marked with a common letter are signt/Tcantly different (P<O.OS). 

Although there were some notable changes in rank among entries 
between treatments (changes in position>3: Caddo switchgrass, 
WW-442, WW-604, WW-765, WW-81 I), the significant and posi- 
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tive Spearman coefficient (raz0.53, P<O.Ol) indicates a similarity 
among entry ranks between treatments. Except for Bca (dry), the 
Old World bluestem group means exceeded that of the natives 
regardless of watering regime (Table 3). Dry treatment production 
averaged about 0.58 (rangeE0.36 to 0.71) of the wet treament across 
all entries with the native, Bin, and Bis groups reacting quite 
similarly to water stress (mean dry/wet=0.6). However, the ratio 
for Bca was less than 0.4, which is consistent with other results 
showing that Caucasian bluestem maintained its production 
potential poorly under water stress (Coyne et al. 1982). 

Field trials conducted in the late 1950’s at Woodward, Okla., 
showed that Caucasian bluestem, blue grama, and sideoats grama 
(Bouteloua curtipendula) had poor seedling vigor compared to 
switchgrass, sand bluestem, weeping lovegrass (Eragrostis cur- 
vula), and sand lovegrass (E. trichodes)(E.H. McIlvain and M.C. 
Shoop, unpublished data). These data on relative performance of 
Caucasian bluestem are in apparent agreement with results of the 
present study. In addition, previous laboratory (Coyne et al. 1982) 
and field (Coyne and Bradford 1985) comparisons of WW-765 
(Bca) and WW-Spar (Bis) are in agreement in that WW-765 out 
yielded WW-Spar under optimal conditions, but rapidly lost its 
performance advantage under stress. WW-Spar was shown to be 
less able to take advantage of high soil moisture, but maintained 
performance closer to its potential under stress than did WW-765 
in these earlier studies. 

Like Caucasian bluestem, blue grama was found by McIlvain 
and Shoop to have low seedling vigor. Although blue grama in this 
study ranked low in biomass production, it maintained its produc- 
tion well under water stress (dry/ wetz0.71; highest of all entries). 
Low seedling vigor in blue grama is apparently related to its 
morphology (Wilson et al. 1976, Briske and Wilson 1977) and its 
short-lived seminal root. Very soon after emergence, it becomes 
dependent upon adventitious roots which may develop as early as 
11 days after planting (Briske and Wilson 1977) providing the soil 
surface remains moist for 2-3 days. In our study, the soil surface 
was kept moist during this critical post-emergence period, allowing 
adventitious roots to become established before water was with- 
held, which may explain its high production under water stress 
compared to the wet treatment. 

Partitioning among 3 tissue frations was remarkably uniform 
across entries and relatively insensitive to water stress (Fig. 1). 
Mean partitioning coefficients were 0.36:0.29:0.35 for roots:sheaths 
plus stems:leaf blades. The native, and Bca groups partitioned 
about 0.7 of their total biomass aboveground while the Bin and Bis 
groups partitioned significantly less to aboveground tissues (Ws/ Wp, 
Wet;Table 3). The native species tended to be more leafy than the 
Old World bluestems in that they partitioned a greater portion of 
their aboveground biomass to leaf blades and less to sheaths plus 
stems (Wb/ Ws, Table 3). Treatment means showed that water 
stress did not greatly affect leafiness or shoot:root ratios and entry 
ranks were similar for both treatments (r,=0.67 for Wb/ Ws, 0.75 
for WS/ Wp; KO.01). The relative insensitivity of shoot:root to 
water stress is surprising since root growth is commonly favored 
over shoot growth under water stress conditions (Hsiao and 
Acevedo 1974). 

Morphological Parameters 
Tillering varied significantly among entries and for most entries 

this parameter was negatively affected by water stress (Fig. 2). 
Exceptions were WW-517, WW-535, WW-604, and WW-822 
which had more tillers when grown under water stress. The Old 
World bluestems produced more tillers/plant than the natives 
(Table 3). Within the Old World bluestems, the Bca group had 
fewer tillers than Bis (wet and dry) and Bin (dry). This is consistent 
with field data (unpublished) on crown diameters of WW-Spar 
(Bis) and WW-765 (Bca) which averaged 187+26 and 145f24 mm, 
respectively. The sensitivity of the 2 Caucasian bluestems and 
WW-886 to water stress was especially pronounced with tiller 
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8.0 0.5 1.0 
mr TRERTMEENT Mm++ 2.6 
WYA+ET RRTIO MERN. 8.89 

NORMALIZED TILLER NUMBER 
I 

0.8 0.5 I.0 
DRY TRERTNEENT nwr4. 2.3 

WETa?Y RRTIO - I. ,I 
NORMALIZED TILLER NUWER -1 

Fig. 2. Entry means of tiller number in wet and dry treatments for the 
period 14 to 51 dayspost-emergence. Entries not marked with a common 
letter are significantly different (PCO.05). 

number being reduced 29-32% by the dry treatment. Overall, entry 
rank did not change appreciably between treatments (t-.=0.89, 
KO.01). Rank position of only 2 entries (WW-517, WW-Spar) 
changed by more than 3. 

The number of leaves/plant varied about four-fold among 
entries (Fig. 3) and, not surprisingly, the entry ranks were very 
similar to that for tiller number (r.zO.98, KO.01). Entry rank for 
leaf number (r.zO.94, KO.01) was less sensitive to water stress than 
for tiller number. Only WW-477 changed rank by more than 3 
positions between wet and dry treatments. Water stress had a 
greater negative effect on leaf number than on tiller number so that 
the average leaves/ tiller was reduced from 3.63 to 3.28 by the dry 
treatment (Table 3). Leaves/ tiller was most affected by water stress 
in the Bin and Bis groups. 

Total leaf area/ plant was also quite variable among entries and 
very sensitive to water stress which reduced mean area for all 
entries by 43% (Fig. 4). Four entries (Caddo switchgrass, WW-442, 
WW-Spar, WW-765) changed rank by more than 3 positions 
under water stress (r.=0.58, KO.05). In these 4, leaf area was 
reduced over 50% by water stress. Leaf area in the other entries was 
less sensitive to withholding water, but even the least sensitive 
(Caddo switchgrass) lost 26% of its leaf area in the dry treatment. 
The Old World bluestem species had more tillers, more leaves, and 
more leaf area per plant than the native group, but the natives had 
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Fig. 3. Entry means of leaf number in wet and dry treatmentsfor theperiod 
14 to 51 dayspost-emergence. Entries not marked with a common letter 
are significantly dSfferent (X0.05). 

larger leaves than the Old World bluestems (Table 3). Leaf size was 
reduced in all groups by water stress, but entry ranks were essen- 
tially unchanged (r.=O.95, X0.01). 

Extended height of these grasses varied by about a factor of 2 
and on the average was reduced about 22% by the dry treatment 
(Fig. 5) compared to 40-50% for biomass production. Similarly to 
biomass production, the 2 Caucasian bluestems were reduced most 
in height by water stress. Although the native group was found to 
produce fewer leaves and tillers than the Old World bluestems, it 
had greater height growth than the Bis (wet, dry) and Bca (dry) 
groups (Table 3) and height of the natives was least affected by 
water stress. Blue grama was in a height class by itself in both 
treatments (Fig. 5). Its growth form under the experimental condi- 
tions appeared atypical of field-grown plants. Its leaves were long 
and narrow and only indiangrass equaled its allocation of above- 
ground biomass to leaf blades (65%). Although water stress signifi- 
cantly reduced height growth, entry rank within treatments was 
very similar (r.EO.90, KO.01). 

Specific leaf weight is an index of biochemical costs and can be 
thought of in terms of the biomass required to build a unit area of 
leaf tissue. Biomass investment in leaf tissue varied by about a 
factor of 2 and the native species occupied the first 5 rank positions 
in the dry treatment and were included in the first 6 positions of the 
wet treatment (Fig. 6). For the entry groups, specific leaf weight of 
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Fig. 4. Entry means of leaf blade area in wet and dry treatments for the Fig. S.Entry means of exrended height in wet and dry treatments for the 
period I4 to 51 days post-emergence. Entries not marked with a common period 14 to 51 days post-emergence. Entries not marked with a common 
letter are significantly different (pCO.05). letter are significantly different (PCO.05). 

Table 4. Entry group means for selected growth parameters. 

<-------Entry Groups-------> Grand 

biomass, Rs 

Parameter <l> Treat. 

0.121 

Nativea> 

(g g-‘d-l) 
Dry 

RGR of shoot 

Dry/ Wet 

Wet 0.133 

0.91 

RGR of root Wet 0.151 
biomass, Rr Dry 0.140 
(g g“d-‘) Dry/ Wet 0.92 

RGR of total Wet 0.138 
plant biomass, 0.126 
RP (g g-‘d-t) 

Dry 
Dry/ Wet 0.91 

RGR of leaf Wet 0.111 
blade area, 
Rb (m2msd’) 

Dry 0.090 
Dry/ Wet 0.81 

Leaf area Wet 10.45 
ratio, F 
(m2kg-‘) Dry/ Dry Wet 

8.88 
0.85 

Unit leaf Wet 12.94 
rate, Eb 
(g mm2d’) 

Dry 13.72 
Dry/ Wet 1.06 

<l>RGR=relative growth rate. 
U>The native group means included only the four tall grasses and not blue grama. 
O>Tbc grand means included all 17 entries. 

0.154 

B. caucasica- 

0.127 

i. intermedia B. ischaemum 

0.123 

meanO> 

0.124 
0.160 

0.96 

0.150 

0.85 

0.138 

0.89 0.86 

0.144 

0.175 0.166 0.161 0.162 
0.165 0.144 0.142 0.145 
0.94 0.87 0.88 0.89 

0.164 0.155 0.145 0.149 
0.155 0.132 0.128 0.133 
0.95 0.85 0.88 0.89 

0.127 0.119 0.119 0.119 
0.120 0.096 0.088 0.095 
0.95 0.80 0.74 0.80. 

13.32 12.01 12.18 11.72 
11.02 9.44 9.73 9.49 
0.83 0.79 0.80 0.81 

11.67 12.38 11.38 12.38 
13.40 13.49 12.52 13.44 
1.15 1.09 1.10 1.09 
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Fig. 6. Entry means of specific leaf weight in wet anddry treatmentsfor rhe 
period 14 to 51 days post-emergence. Enrries not marked with a common 
lerrer ore signijicanrly different (X0.05). 

the native species was significantly greater than all of the Old 
World bluestem groups regardless of treatment (Table 3). Among 
the Old World bluestem groups, there was a slight separation in the 
wet treatment, but there were no significant differences in the dry 
treatment. Reduced watering resulted in an increase in specific leaf 
weight in all entries except Caddo switchgrass, WW-517, and 
WW-442. Across all entries, specific leaf weight increased 6%. 
There was, however, a disparity among groups in response of 
specific leaf weight to water stress. Specific leaf weight in the 
native, Bca, and Bin groups increased by only 3 to 4% (not signifi- 
cant) compared to 12% in the Bis group. Thus, although leaf area 
was reduced by water stress, specific leaf weight increased, a patt- 
ern also observed in cereals (Rawson et al. 1977). Treatment effects 
did not alter entry ranking appreciably (r.=0.86, KO.01). Entries 
WW-517, WW-604, and WW-886 changed in rank by more than 3 
positions. 

A basic difference in resource allocation pattern emerges from 
these data. The native species tended to produce a few expensive 
leaves compared to the Old World bluestem species. The Old 
World bluestems exhibited considerable variation within and 
between species groups in both leaf number and specific leaf 
weight, but on the whole, their allocation pattern appeared to more 

0 7 14 21 28 35 
TIME SINCE FIRST HRRVEST (days) 

, , , . , , , , , , , 
DRY TRERmENT 

0.6 - 

0.4 - 

0.2 - 

0 7 14 21 28 35 

TIME SINCE FIRST HRRVEST (days) I 

Fig. 1. Time course of normalized means ocross entriesfor relative growth 
rote of totolplanr biomass (Rp), leaf area ratio (F), and unit leaf rote (Eb) 
in rhe wet and dry treatmentsfor theperiod 14 to 51 days post emergence. 

closely resemble one that is conducive to maximizing the capture of 
light energy than that of the natives. The Old World bluestems, as a 
group, rapidly produced a leaf canopy composed of numerous yet 
relatively cheap leaves. This behavior should be advantageous not 
only for seedling establishment, but for defoliation tolerance as 
well. Caldwell et al. (1981) found that a grazing-tolerant Agro- 
pyron bunchgrass had a lower investment of nitrogen and biomass 
per unit area of photosynthetic tissue than a less tolerant one. In an 
earlier study (Coyne and Bradford 1985), growth dynamics of 
WW-Spar, WW-535, WW-604 (all in the Bis group and compo- 
nents of Plains bluestem), and WW-758 (another Caucasian blue- 
stem similar to WW-765) were compared in the field. Under condi- 
tions of adequate soil moisture as well as drought stress, these 
accessions ranked as WW-604>WW-535>WW-758>WWSpar 
for both biomass and nitrogen per unit leaf area. In the dry treat- 
ment of the present study, the entry ranks for specific leaf weight 
(WW-604>WW-535>WW-765>WW442>WW-Spar) werecom- 
parable to that of the field study. Both studies indicate considera- 
ble latitude exists to select for a pattern of resource allocation that 
maximizes canopy development within and among the Old World 
bluestem entry groups. 

Assuming that seedling vigor is associated with high numbers of 
tillers and leaves, high leaf area, and low biomass investment per 
unit of leaf area, then a composite rank index can be derived from 
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the individual parameter ranks. Using these criteria, seedling vigor which lowers F, is apparently the more common cause of reduc- 
could be expected to be greatest in the Bis group followed by tions in Rp even during mild water stress. (Kriedemann and Barrs 
Bin>Bca>Native. 1983). 

Growth Parameters 
Relative growth rate of biomass or leaf area describes growth in 

terms of the return on biomass or area invested, respectively. 
Because all absolute growth rate curves were fit with second order 
equations, the relative rates were linear functions of time with 
maximum values at t=O (intercept). Intercepts of the relative 
growth parameters (Rp, Rb) ranged from about 0.2 to 0.3 in the 
wet treatment. The dry treatment had little effect on the intercept 
of Rp averaged across all entries since water stress effects were 
minimal at the first harvest. Nevertheless, the average intercept for 
Rb in the dry treatment was reduced to 0.73 of the wet treatment 
value, suggesting a greater sensitivity to water stress for Rb than 
for Rp. Variability among entries within groups was greater for the 
growth than for the morphological parameters, resulting in fewer 
significant differences among entries. In addition, entry rank 
changed more between treatments (rm=0.22 and 0.12 for the inter- 
cepts of Rp and Rb, respectively, KO.05) than for the morpholog- 
ical parameters. Thus, individual entry data for the growth 
parameters will not be referenced in the remaining discussion. 

Integrated means for Rp and its components, F and Eb (Table 
4), show that water stress reduced F in all entry groups and gener- 
ally resulted in an increase in the efficiency of production of new 
biomass from existing leaf blade area as measured by Eb. These 
results agree with the conclusions of Kriedemann and Barrs (1983) 
that F was the more important determinant of reductions in Rp 
due to limited soil water. However, this conclusion must be quali- 
fied with a time reference as shown below. 

High relative growth rates are not necessarily desirable traits 
with respect to performance maintenance under stress. Grime and 
Hunt (1974) surveyed 132 species of monocots and dicots from a 
diversity of habitats under controlled and uniform conditions and 
observed a low frequency of potentially fast-growing species in 
unproductive habitats and stated that genetic characteristics con- 
ducive to rapid growth in productive conditions possibly become 
disadvantageous when plants are subjected to environmental 
stress. In our study, the correlation between intercepts and abso- 
lute slopes ranged from 0.92 to 0.97 (X0.01) depending on the 
parameter (Rs, Rr, Rp, Rb) showing that entries with the highest 
growth efficiencies at the start of sampling also were the ones which 
had the greatest decline in efficiency with time regardless of treat- 
ment. Therefore, integrating the area under the growth parameter 
curves may be a better way to compare growth efficiency among 
entries differing in both intercepts and slopes. Means for each entry 
group were calculated for the period 0 to 28 days (Table 4). Means 
were not separated statistically since individual growth curves were 
fit across rather than within replicates. The upper integration limit 
was set at 28 days because relative rates became negative at about 
this time. Also, the first few weeks post emergence would seem 
most important if early growth rate is a determinant of competitive 
advantage. 

Mean relative growth rates of biomass and leaf area were gener- 
ally highest in the Bca group and lowest in the native group (Table. 
4). The Bin and Bis groups were intermediate. The growth effi- 
ciency of roots exceeded that of shoots in all groups and both 
treatments (average Rr/ Rszl.14) and, like Ws/ Wp (Table 3), this 
ratio was essentially unaffected by water stress. Regardless of 
treatment, the growth efficiency of total plant biomass (Rp) 
exceeded that of leaf blade area (Rb) and, except for the Bca group, 
water stress reduced Rb more the Rp so that the ratio (Rb/ Rp)also 
decreased. 

Dry matter production depends on both the amount of leaf area 
per plant (morphology) and the assimilation rate per unit leaf area 
(physiology). The interaction between leaf area and photosynthetic 
rate can be analyzed by dividing Rp into its component determi- 
nants, F and Eb (Kriedemann and Barrs 1983). F is a morphologi- 
cal index of plant growth relating leaf area to total plant biomass. 
Eb is a physiological index relating the rate of increase of dry 
weight of the whole plant to unit leaf area and it is closely con- 
nected to photosynthetic activity (Evans 1972). Evans stated that 
both indices have their own ontogenetic drift that is quite different 
in form. Whether reductions in Rp due to recurring cycles of 
short-term drought are primarily attributable to reductions in F or 
Eb is evidently species dependent; but restriction of leaf expansion, 

Because trends in Rp, F, and Eb with time were similar in all 
entries, an average, normalized graph was constructed to show the 
time relationships among these parameters (Fig. 7). All three var- 
iates declined throughout the sampling period in the wet treatment, 
but Eb increased during the first 2 weeks of sampling in the dry 
treatment. F declined in near linear fashion in the wet treatment. In 
the dry treatment, F showed an accelerated decline during the 
period Eb was increasing and then leveled off as reductions in Eb 
became the dominant influence on Rp. Thus, early in the cyclical 
water stress treatment, F predominated in effecting reductions in 
Rp while Eb predominated more as stress symptoms accumulated; 
i.e., reduction in carbon allocation to leaf area was initially the 
main cause of a drop in Rp, but ultimately, the efficiency with 
which the standing crop of leaf area was producing new dry matter 
was the controlling influence on Rp. Differences in ontogenetic 
drift for F and Eb noted by Evans (1972) were amplified by water 
stress in these 17 grasses. 

If F is more important than Eb in determining reductions in Rp 
due to water stress, then ranking the entries by the correlation 
coefficient of Rp:F for the dry treatment might be expected to 
array the entries by drought sensitivity, i.e., entries having low r 
values (less dependent on F) should be least susceptible to with- 
holding water. We certainly do not have comparative field data on 
all entries for the same conditions, but some patterns do emerge 
from this ranking that appear to correspond to relative drought 
performance. For example, the r values suggest that WW-Spar is 
superior to WW-477, WW-604, and WW-765 (respective r values 
=0.80,0.84,0.92,0.96), which agrees with rankings from another 
study (Coyne et al. 1982). WW-811 had the lowest r (0.78) of all 
entries and the r for WW-442 (0.90) was less than that of WW-765 
(0.96). Field qualitative ratings of plant introduction nurseries at 
Woodward show that WW-811 remained green longer into 
drought cycles than 300 other B. intermedia and B. ischaemum 
accessions and that WW-442 was superior to WW-765 in drought 
performance (C.L. Dewald, pers. comm.). 

Water stress had opposite effects on the slopes of Rp and Rb. 
For Rp, the average slope became more negative (dry/ wet=l.09, 
r.=O. 16), but the slope of Rb became less negative (dry/ wet=0.67, 
r+l. 18). The nonsignificant Spearman coefficients show dissimi- 
lar entry ranks between treatments. 

In order for Rp and Rb to be equal over a given time interval, F 
must remain constant, indicating the plant is multiplying units of 
structure all having the same ratio of leaf area to plant dry weight 
(Evans 1972). When F is increasing, Rb>Rp and conversely. The 
cross-over point where Rp=Rb should mark a change in allocation 
pattern. The point of equality of Rp and Rb was negative in the wet 
treatment indicating Rp>Rb throughout the sampling period and 
confirming that F decreased approximately linearly throughout 
this period in all entries (Fig. 7). In the dry treatment, the cross- 
over was positive for all entries and averaged about 35 days 
(range=26 to 59) with Rp>Rb prior to the point of equality. In the 
dry treatment, F declined rather steeply from the first through the 
third harvest dates and then declined more gradually up to the 
cross-over date (Fig. 7). Beyond the cross-over, F began to gradu- 
ally increase and Rb>Rp so that the partitioning was favoring leaf 
area over supporting structures. 

The significance of differences in cross-over time to relative 
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drought performance among these grasses was not readily appar- 
ent from our data. Although entry groups showed some mean 
differences in this parameter under water stress (natives=35, 
Bca=46, Bin=29, Bis=35), the within group viability was high. The 
tendency for F to reverse its normal ontogenetic decline in the dry 
treatment as water stress effects became increasingly severe during 
the last half of the sampling period would seem counter productive 
if the ratio of transpiring surface to absorbing root surface were 
increased. We have no measure of effective root surface area, but 
ratios of Ab/ Wr increased in most entries between 35 and 42 d!rs 
post emergence (entry mean increased from 5.8 to 7.0 m2kg ). 
However, this increase in Ab/ Wr was accompanied by a reduction 
in specific leaf weight (entry mean decreased from 68 to 57 g mV2) 
while leaf weight ratio (Wb/ Wp) remained constant. Therefore, 
the increase in leaf area in relation to biomass was accomplished by 
building cheaper leaves. Whether or not this growth behavior is an 
appropriate response to water stress depends upon how the CO2 
diffusion pathway is configured. Increasing the size of the photo- 
synthetic canopy would lead to more efficient light energy capture 
and could be beneficial if residual conductance for CO2 increased 
relative to stomata1 conductance. Under these conditions, the plant 
may achieve an increase in water-use efficiency without amplifying 
the internal water deficit. 
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Assuming that identification of appropriate screening parame- 
ters would benefit efforts to enhance seedling vigor in forage grass 
germplasm, the usefulness of a particular parameter might be 
predicted on the basis of its relative sensitivity to water stress and 
its Spearman’s coefficient. A parameter with a negative or low 
positive Spearman’s coefficient (entry ranking changes signifi- 
cantly under stress) should better delineate superior stress perfor- 
mance than parameters with high positive coefficients. Parameters 
with high sensitivity to water stress would be desirable since the 
required accuracy of the measurements would be less than for 
parameters of low stress sensitivity. Using these criteria, both total 
plant biomass and total leaf blade area would rank high as poten- 
tial screening parameters among the set tested in this study. 
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