
J. Range Manage. 
51:353-360 May 1998 

Relationships between physical and chemical characteris- 
tics of 3 Sandhills grasses 

BRIAN K. NORTHUP AND JAMES T. NICHOLS 

Authors are research fellow, CSIRO Tropical Crops and Pastures, Davies Laboratory, PMB. PO Aitkenvale, Queensland, Australia 4814 andpro- 
fessor of Agronomy (retired), University of Nebraska At the time of the research, the authors were graduate research assistant, and professor of 
agronomy, University of Nebraska, West Central Research and Extension Center, North Platte, Nebr., 69101. 

Abstract 

Physical and chemical traits of grass tigers can be strongly cor- 
related. Understanding such patterns would help defme physio- 
logical development of tigers and changes in quality of forage in 
Sandhills grasses. Physical and chemical traits were quantified 
for sand bluestem (Andropogon hallii Hack.), prairie sandreed 
[Calamoviljk longifoliu (Hook.) Scribn.], and little bluestem 
[Andkopogon scoparius (Michx.)] on 3 sites at 4 times (mid-June, 
July, August, and October) during the 1990 and 1991 growing 
seasons. Thirty tillers were identified along two, 50-m transects 
(30 tillers/species/transect) within each site and tiller growth 
stage, length, and erectness determined. Tiller weight was 
defined from plants collected within 20 quadrats/site. Protein 
content, in vitro dry-matter digestibility (IVDMD), hemicellu- 
lose, total cell wag, acid detergent fiber (ADP), lignin, ash, total 
chlorophyll, and nonstructural carbohydrates (TNC) were deter- 
mined on plant materials representing the dominant growth 
stages. Relationships among traits of the 3 species were deter- 
mined by Spearman’s rank correlation, and among linear combi- 
nations of sets of chemical and physical traits by canonical corre- 
lation analysis. Tiller length, weight, and growth stage were posi- 
tively correlated (P < 0.05) and increased with length of growing 
season. Crude protein, digestibility, hemicellulose and chloro- 
phyll were positively correlated and declined, but negatively cor- 
related with lignin and ash. Significant (P < 0.05) correlations 
between the fust canonical variates indicated a strong relation- 
ship between tiger maturity/architectural development (Physical 
canonical variate) and forage quality (chemical canonical vari- 
ate) was present, and large portions of variance in the original 
variables was defmed. Results of this study defined large-scale 
multidimensional relationships between declining forage quality 
and increasing tiller maturity/architectural development, previ- 
ously noted in many univariate analyses of limited sets of charac- 
teristics. 

Key Words: canonical correlation, forage quality, structural 
development, tiller maturation 

Tillers of grasses have many distinct physical and chemical 
characteristics that can define forage quality, plant morphology, 
and physiological development. Many of the characteristics 
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involved within these processes are highly related. Tiller mor- 
phology impacts plant development, which in turn affects forage 
quality (Murphy and Briske 1992). Generally, as plants mature, 
quality variables decline and cell wall fractions increase as plants 
become taller and structurally complex (Coleman 1992). Forage 
quality has often been defined by digestibility, protein, cell solu- 
ble content, or lack of anti-quality compounds (Van Soest 1982). 
It is largely dependent on the chemical composition of plant 
material, which is partially digestible cell wall (mostly cellulose, 
hemicellulose and lignin) and rapidly digested cell contents 
(Albersheim 1975, Van Soest 1982). The anti-quality compounds 
lignin and phenolic acid play important roles in determining for- 
age quality (Akin 1989). Leakstem ratios usually decline as 
plants mature during the growing season, resulting in shifts in 
forage quality as lignin content in developing stems increases, 
and protein content and digestibility decline (Coleman 1992, Van 
Soest 1982). 

Many physical and chemical characteristics of important 
Sandhills grasses have been intensively studied. Analyses of for- 
age quality, cell wall fractions, and physiological activity have 
been conducted (Hoehne 1966, Burzlaff 1971, Brejda et al. 1989, 
Hendrickson 1992). However, these studies have been restricted 
to small subsets of variables and have not considered the related- 
ness among plant characteristics, or how such relations would 
impact their results. It must be remembered that forage quality 
and tiller development are multi-dimensional by nature, and can- 
not be easily defined with a small set of variables (Coleman 
1992, Murphy and Briske 1992). Examining multi-dimensional 
relationships between composite indices of tiller growth process- 
es, derived from an array of characteristics, would help in under- 
standing the dynamics of physiological development in tillers. 
The objectives of this study were to: 1) define relationships 
among a set of tiller characteristics for 3 co-dominant warm-sea- 
son grasses of Sandhills rangeland, and 2) examine relationships 
between combinations of variables that define large-scale indices 
of physiological activity and morphological development in 
tillers of these important forage species. 

Materials and Methods 

Site Description 
Experiments were conducted within the overall range research 

project at the Gudmundsen Sandhills Laboratory near Whitman, 
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Nebr. The study area was located along a large stable dune, des- 
ignated as a composite of range sites including choppy sandhills 
and rolling sands (Burzlaff 1962). Soils were Valentine fine sands 
(mixed, mesic Ustipsamments) with high permeability, and low 
water holding capacity and fertility. All sites were in excellent 
condition in 1988, with an average condition score of 92 (Table 
1). Long-term average annual precipitation was 532 mm. The 
plant community was classified as tallgrass prairie, and dominated 
by a mixture of 16 warm-season grasses, in combination with 9 
cool-season grasses and grass-like species, 51 species of forbs, 
and 3 species of shrubs (Northup et al. 1994, Weaver 1965). 

Species of interest were the rhizomatous grasses sand bluestem 
(Andropogon hallii Hack.) and prairie sandreed [ Calamovilfa 
longifolia (Hook.) Scribn.], and the bunchgrass little bluestem 
[Andropogon scoparius (Michx. Nash]. These 3 species constitut- 
ed 5065% of total forage, and 67% and 32% of plant basal area 
and species composition, respectively (Table 1). 

Table 1. Average species composition for 3 range sites at the 
Gudmundsen Sandbills Laboratory, Whitman, Nebr during the 
1990-91 growing seasons; values in parntheses are fl standard error. 

Basal 
Forage Species and Classes’ Area5 

Species Standing 
Composition Crop 

----..-(%)------- -&g/ha)- 
Andropogon halli Hack. 19 9 (2) 169(12) 
Calamovilfa longifolia (Hook.) 17 10 (2) 221(19) 

Scribn. 
Andropogon scoparius 31 13(3) 158 (14) 

(Michx.) Nash 
Bouteloaa spp2 12 22(4) 31(7) 
Other Warm-season grasses 14 11(4) 168(20) 
Cool-season asses and Grass- 

like species $ 
2 26 03) 88(13) 

Forhs 5 9 (5) 135(25) 

~Nomenclaturc follows The Great Plains Flora Association (1986). 
3Boutelous gmcilis (H.B.K.) Lag Ex. Gtiffiths, and Boutelowr hirsuta Lag. 

Other wam~.eason grasses included Dicantheiium oligosanthes (Schult.) Gould var. 
scribrwianum (Nash) Gould, Dichanthelium wilcoxianum (Vasey) Freckmaa, Paspalum 
setaceum Michx. Var. stramineum (Nash) D. Banks, Muhlenbergia pungent Thutk, and 
~porobolos cryptandrus (--COLT.) A. Gray. 

Cool-season grasses included Agropyron smithii Rydb.. Koelaria pyrimidata (Lam.) 
Btav.. Stipa comata Trin. and Rupr., and Stipa spartea Trin. Grass-like species were 
j3re.x eieocharis Bailey and Cyperus schweinitzii Torr. 

Pwstudy mean basal area conducted in 1988. Mean total basal cover for all perennial 
plants was 18%. 

Experimental Design 
Data were collected from 3 different sites, based on topography 

and relief, during the 1990 and 1991 growing seasons to encom- 
pass variation in plant characteristics. Sites were; 1) choppy sand- 
hills, 2) rolling sands, and 3) transitional zones between choppy 
sandhiIls and rolling sands. Data related to physical and chemical 
characteristics of tillers were collected within short time periods 
during mid-June, July, August, and October each year of the study. 

Data Collection 
1. Physical Characteristics. Thirty tillers of each species were 

randomly located along each of two, 50-m transects per site (n = 
60 tillers/species/site). Length of tillers were measured to the 
nearest 1 mm. Degree of erectness of tillers were assigned to a 4- 
point scale of 1 (fully erect) to 4 (fully prostrate), based on the 
angle of materials within a 90 degree arc (1 = 90-6 1 O, 2 = 
60”-41”, 3 = 40-21”, 4 = 20-O”). Growth stage was defined by 

the Nebraska system of growth staging, with stage of maturity 
determined by existing vegetative leaves, transitional nodes, or 
reproductive structures, and reported as mean stage by count 
(Moore et al. 1991). Mean weight per tiller was determined by 
collection of plant materials and tiller counts within twenty, 0.25 
m* quadrats randomly located along 25 m transects within sites. 

II. Chemical Characteristics. 
Plant materials of each species were collected by the predomi- 

nant stages of growth present at time of data collection from 
twenty, 0.25 m2 quadrats randomly located along two, 25 m tran- 
sects per site. Collected herbage was dried at 60” C for 48 hours, 
ground to pass a 1 mm sieve, and composited by species. 

In vitro dry-matter digestibility (IVDMD) was determined by 
48 hour fermentation, followed by 24-hour incubation with 0.5 
ml of pepsin solution (0.2 g pepsin/l ml water) and concentrated 
HCL (Marten and Barnes 1979). Percent crude protein (N X 
6.25) was calculated from the amount of nitrogen in samples as 
determined by micro-Kjeldahl techniques (Bremner 1965). Cell 
wall fractions were described by detergent fiber analysis 
(Goering and Van Soest 1970). Neutral detergent fiber (NDF) 
was assayed to define the amount of total cell wall present in for- 
ages. Acid detergent fiber (ADF) was determined, and residues 
were used in analyses for acid detergent lignin content (Goering 
and Van Soest 1970). Hemicellulose was calculated as the differ- 
ence between NDF and ADF. Samples were analyzed in dupli- 
cate for all characteristics. 

Chlorophyll content and total nonstructural carbohydrates 
(TNC) were determined on plant tissues collected from randomly 
located 0.25 m2 quadrats within experimental areas. Materials 
were collected from quadrats until 8 sub-samples/species (1 sub- 
sample/quadrat) were obtained per site, and stored on ice during 
collection and transport. Collected materials were composited by 
species and frozen until analyzed. At the time of analyses, materi- 
als were divided into 2 portions. One portion was dried at 60” C to 
a consistent weight, ground to pass a 1 mm screen, and analyzed 
for TNC in duplicate by extraction in 0.2N H2S04, and determina- 
tion on a glucose equivalent basis by iodometric titration (AOAC 
1965, Smith et al. 1964). Leaf materials of the second portion 
were chopped into 3 mm sized pieces and chlorophyll extracted 
(in triplicate) in dimethyl sulfoxide in a 65” C water bath. Extracts 
were separated, diluted serially, and analyzed by spectrophotome- 
ter (Hiscox and Israelstam 1979). Absorbance readings were 
applied to modified simultaneous equations of Amon (1949) and 
chlorophyll content determined (Porra et al. 1989). 

Statistical Analysis 
Log (Y+l) transformations were applied to all variables, and 

transformed values were standardized by unit variance (Ludwig 
and Reynolds 1988). Relationships among the different forage 
characteristics of the 3 species were examined by Spearman’s 
rank-order correlations applied to log transformations (SAS 
1986). Relationships between groups of variables defining physi- 
cal and chemical characteristics of tillers were analyzed by 
canonical correlations applied to standardized values (NCSS 
1990, SAS 1986). Canonical correlation analysis is the multivari- 
ate extension of correlation analysis, and can be used to simulta- 
neously analyze mixtures of variables defining different 
processes (Bidwell and Engle 1992). This procedure uses linear 
canonical equations with multiple dependent and independent 
variables comprised of weighted averages. Canonical correlations 
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find a linear combination from each set of variables such that cor- 
relations between each set is maximized, then defines additional 
sets of canonical variables, uncorrelated with the first pair, that 
produce the next highest correlation coefficient(s). The process 
continues until the number of canonical correlations equals the 
number of variables in the smallest group (Johnson and Wichern 
1988). Only the results of the first canonical correlations were pre- 
sented, since additional canonical correlations added little to inter- 
pretations. Correlations between canonical and original variables, 
and plots of the first canonical correlations between the fmt pair 
of canonical variates were included to aid in interpretion. Level of 
significance was set at o! = 0.05 for all statistical tests. 

Results and Discussion 

Physical and Chemical Characteristics. Growth stage of all 
3 species increased with length of growing season, as did tiller 
length and weight (Table 2). The largest increases were noted late 
in the growing season, when plants were undergoing most of the 
stem elongation and development of reproductive structures. 
Sand bluestem and little bluestem tillers both grew at steady rates 
during the growing season, as compared to prairie sandreed 
plants which developed rapidly during the early growing season 
and levelled off as the dormant season approached (Table 2). 
Increases in growth stage of sand bluestem and prairie sandreed 
during the growing season were similar to results of another 
study conducted on similar sites, during the same years 
(Hendrickson 1992). Prairie sandreed and little bluestem tillers 
tended to be more erect than sand bluestem later in the growing 
season. 

Growing season impacted most of the physical attributes 
through its effects on plant maturation processes common to all 3 
species (Dahl and Hyder 1977). Tiller initiation and growth are 
qualitatively similar within the members of Poaceae, being con- 
trolled and localized in meristematic tissues (Murphy and Briske 
1992). Increases in tiller erectness were related to the elevation of 

the meristematic tissues in the growing points, and the develop- 
ment of stems (Brejda et al. 1989). 

Environmental variables an impact on tiller development. 
Radiation, temperature, photoperiod, water availability, and min- 
eral nutrition all impact tillering, either singly or in combination 
(Murphy and Briske 1992). The effects of precipitation on tiller 
development in this study were important. Precipitation received 
in 1991 generally exceeded the long-term average, while 1990 
approximated the long-term average (Table 3). Most of the annu- 
al precipitation was received during the growing season 
(April-September), with lesser amounts received during the 
remainder of the year. Timing and amount of rainfaR would 
impact level of growth tillers attained during the growing sea- 
sons. Soil moisture was adequate for the initiation of growth in 
the spring, and amounts received during the different parts of the 
growing season (April-June and July-September) would have 
allowed plants to attain average levels of development. Maximum 
tiller growth and development also occurred during maximum 
inputs (July and August) of solar radiation (Tieszen 1970). 

Crude protein, IVDMD, hemicellulose, and chlorophyll all 
declined with the advance of growing season, while lignin and 
ash increased (Table 2). Total cell wall and TNC did not display 
marked changes over the course of the growing season. Results of 
laboratory analyses were similar to those of earlier studies at 
other Sandhills sites (Burzlaff 1971, Hoehne 1966). Total cell 
wall (NDF) was generally higher than values reported in earlier 
studies, though within the realm of values possible in previous 
studies; the increase was likely related to climate and precipita- 
tion. Changes in chlorophyll content during the growing season 
have not been reported’for these 3 species. Only point data during 
the growing season exists, generally the peak period of photosyn- 
thetic activity (Tieszen 1970). Differences in chemical character- 
istics during grazing treatments were due to the same factors that 
affected physical characteristics- advancing plant maturity and 
environmental factors. 

Correlation Analysis. Growth stage of sand bluestem was pos- 
itively correlated (P < 0.05) to tiller length, weight, lignin, ADF, 

Table 2. Mean (* 1 standard error) physical traits of tillers and chemical characteristics of 3 warm-season grasses of the Nebraska Sandhills during 
the 1990-91 graving seasons. 

Physical Traits 
Erectness’ 

teed Llnle * 
Jon. Jul. Aug. Oct. Jun. Jul. Aug. Oct. Jun. Jul. Aug. OCL 

1.7 (0.2) 1.8 (0.1) 1.8 (0.1) 1.6 (0.2) 1.3 (0.1) 1.3 (0.1) 1.2 (0.1) 1.2 (0.1) 1.8 (0.2) 1.7 (0.1) 1.5 (0.2) 1.3 (0.1) 
Growth Stage’ 1.3 (0.1) 1.4 (0.1) 1.8 (0.1) 2.1 (0.3) 1.3(0.1) 1.6(0.1) 2.1(0.3) 2.8(0.4) 1.4 (0.1) 1.9 (0.3) 2.5 (0.2j 3.2 iO.3j 
Tiller Length, cm 28 (3) 31 (3) 35 (4) 38 (5) 40 (4) 48 (4) 50 (5) 58 (4) 18 (1) 20 (1) 23 (3) 26 (21 
Tiller Weight, g 0.2 (0.04) 0.4 (0.1) 0.4 (0.1) 0.6 (0.2) 0.4 (0.1) 0.5( 0.1) 0.6 (0.1) 0.; (0.1) 0.; iO.01) 0.; iO.02) 0.; co.05, ii iO.04) 

Chemical Traits 
Protein, Z 9.0 (0.3) 
IWMD, 13 69 (2) 

7.6 (0.6) 6.9 (0.8) 5.4 (0.4) 9.6 (0.4) 7.3 (0.7) 6.9 (0.6) 3.9 (0.7) 9.8 (0.4) 8.1 (0.8) 6.9 (0.9) 3.6 (0.6) 

Cell Wall, %’ @Cl) 
64 (2) 58 (1) 50 (2) 52 (4) 44 (3) 39 (2) 37 (2) 62 (2) 53 (3) 46 (4) 32 (3) 
64 (1) 64 (1) 66 (1) 71m 71 (1) 70(l) 70 (1) 68 (2) 68 (1) 69 (1) 68 (1) 

Hemicellulose, % 24 (2) 
ADF, 96’ 40 (2) 

25 (1) 24(i) 21 (1) 28 (1) 27 (1) 26 (I) 23 (1) 30 (1) 29 (2) 28 (1) 23 (1) 
40 (2) 40 (1) 45 (1) 43 (1) 4(l) M(1) 47 (1) 38 (1) 39 (0 41 (0.6) 45 

Ash, I 3.4 (0.3) 
(0.4) 

3.4 (0.4) 3.1 (0.3) 3.9 (0.5) 2.4 (0.5) 2.8 (0.3) 3.6 (0.4) 3.7 (0.6) 3.1 (0.3) 3.4 (0.3) 4.4 (0.2) 6.1 (0.2) 
Lignin, % 3.7 (0.4) 
Tm mg/g6 85 (7) 

3.9 (0.4) 4.2 (0.2) 5.1 (0.3) 4.1 (0.1) 4.3 (0.2) 4.6 (0.2) 5.8 (0.2) 4.3 (0.1) 4.2 (0.3) 4.6 (0.3) 5.7 (0.1) 
94 (9) 94 (8) 89 (6) 82 (5) 87 (4) 93 (12) 85 9(6) 94 (4) 96 (5) 95 94 

Chlorophyll, mg/g 1.7 (0.4) 
(4) (19) 

1.5 (0.3) 1.4 (0.3) 0.6 (0.3) 1.8 (0.3) 1.4 (0.2) 1.4 (0.1) 0.7 (0.2) 1.8 (0.3) 1.7 (0.2) 1.6 1.1 
>rcctness scores ranged from 1 

(0.2) (0.4) 
(folly erect) to 4 (folly prostrate). 

3Gmwth stage as determined by mean stage by count (Moore et al. 1991). 
Total cell wall as defined by neutral detergent fiber. 

fn vitro dry-matter digestibility. 
‘Acid detergent fiber. 
%Otd nonstructural carbohydrates. 
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Table 3. Precipitation during 1990-91 and the 30 year average (1961-90) 
at the Gudmundsen Sandhills Laboratory, Whitman, Nebr. 

Month 1990 1991 Average’ 

(m’d 
January-March 74 111 70 
April-June 171 261 234 
July-September 198 209 186 
October-December 67 93 70 

‘Precipitation data is from the Mullen ?l NW reporting site., located 10 km northeast of 
the study site (NOAA 1991). 

and cell wall, and negatively to crude protein, IVDMD, hemicel- 
lulose, and chlorophyll (Table 4). Correlations between tiller 
length and weight, and the remaining chemical variables were 
correlated in a similar fashion. Tiller erectness and TNC were not 
correlated to any other characteristic. Ash content was positively 
correlated (P < 0.05) to all cell wall fractions except hemicellu- 
lose. Crude protein, IVDMD, and chlorophyll were positively 
correlated, and negatively correlated to all cell wall fractions 
except hemicellulose. Total cell wall, ADF, and lignin were posi- 
tively correlated (Table 4). 

Similar correlations between chemical and physical variables 
were noted in prairie sandreed and little bluestem (Tables 5, 6). 
Erectness of prairie sandreed was negatively correlated to growth 
stage and lignin, while TNC and tiller length were positively cor- 
related (Table 5). Ash content in prairie sandreed was negatively 
correlated with protein, IVDMD, hemicellulose, and chlorophyll, 
but positively correlated to growth stage, tiller weight, and lignin. 
Tiller erectness and the remaining physical characteristics of little 
bluestem were negatively correlated, while crude protein, 
IVDMD, hemicellulose, and chlorophyll were positively correlat- 
ed (Table 6). Ash content in little bluestem was negatively corre- 
lated to crude protein, IVDMD, hemicellulose, and chlorophyll. 
Growth stage, tiller length, tiller weight, and lignin were positive- 
ly correlated. 

The significance and signs of the correlations between physical 
characteristics, and those chemical characteristics defining cell 
wall fractions and forage palatability, indicated that definable 
large-scale relationships existed. Similar results have been noted 

in a correlation analysis applied to quality traits in smooth 
bromegrass (Bromus inermis L.) paddocks (Jung et al. 1989). 
These relationships were apparently related to common elements 
of plant morphology and physiology in grasses (Dahl and Hyder 
1977). 

Canonical Correlations. Robust relationships were noted 
between physical characteristics of tillers and chemical traits of 
forages for all 3 species. Acid detergent fiber (ADF) was exclud- 
ed due to linear dependencies with hemicellulose and lignin, 
since both were determined from ADF residues (Johnson and 
Wichem 1988). Canonical coefficients for physical characteris- 
tics were of similar size across species, as were signs of coeffi- 
cients, except tiller weight and erectness of sand bluestem and 
tiller length of little bluestem (Table 7). The canonical coeffi- 
cients for chemical characteristics exhibited less similarity in rel- 
ative size and signs of coefficients across species (Table 7). The 
size of coefficients for IVDMD, hemicellulose, and chlorophyll 
were different, while total cell wall was similar. Signs of coeffi- 
cients for crude protein, hemicellulose, lignin, TNC and chloro- 
phyll were variable across species. 

Some of the variation noted in size and sign of canonical coef- 
ficients for physical and chemical characteristics can be related to 
fundamental differences in plant physiology, growth form, and 
tiller morphology. Similarities in coefficients were indicative of 
common processes involved in tiller morphology and growth. 
Phytomers, the basic structural unit of a tiller, develop sequential- 
ly from an apical meristem, with axillary buds (rudimentary api- 
cal meristems) differentiated as components of each phytomer 
(Murphy and Briske 1992). Differences in coefficients were prob- 
ably related to growth form. Little bluestem is a bunchgrass, as 
compared to the other 2 clonal species, and had higher levels of 
chlorophyll in its leaves, possibly a compensatory mechanism 
due to intra-tiller shading within bunches. Growth stages attained 
by little bluestem were more advanced during the later treat- 
ments, due to some level of synchronization of tiller development 
within bunches (Northup 1993). Tillers of prairie sandreed exhib- 
ited elements of both a cool- and warm-season grass. Initial tiller 
growth occurred earlier in the growing season than the bluestems, 

Table 4. Spearman’s correlation among forage characteristics of sand bluestem at different times during the 1990-90 growing seasons on tbe 
Gudmundsen Sandhills Laboratory (n = 24 d.f.); *significantly different, p -Z 0.05, 

Plant Characteristics 
Growth Tiller Tiller Crude Cell Hemi- 

Erectness Stage Length Weight Ash Protein JVDMD Wall cellulose ADF Lignin TNC Chlorophyll 

Erectness - 
Growth Stage’ -0.12 - 
Tiller Length 0.11 0.84* - 
Tiller Weight 0.12 0.83* 0.76* - 
Ash 0.03 0.14 0.19 0.24 - 
Crude Protein 0.15 -0.85* -0.75* -0.76* -0.39 - 
IVDMD3 0.22 -0.90* -0.73* -0.72% -0.32 
Cell Wall4 

0.91* - 
-0.13 0.49* 0.46* 0.36 0.57* -0.57* -0.58* - 

Hemicellulose 0.16 -0.46* -0.35 -0.46* -0.55* 
ADti 

0.60* 0.60* -0.26 - 
-0.19 -0.59* 0.49* 0.53* 0.69* -0.67% -0.74s 0.71* -0.87* - 

Lignin a.29 0.73* 0.54* 0.56* 0.44* 
TNC6 

-0.78* -0.87* 0.64* -0.75* o.ss* - 
0.30 0.06 0.33 0.05 0.30 0.26 -0.11 0.29 0.16 0.03 0.06 - 

Chlorophyll -0.01 -o.SO* 4).76* -0.77* -0.44* O.SO* a.29 -0.60* 0.65* -0.78* -0.76% -0.23 - 
~Erectness scores ranged from 1 (fulIy erect) to 4 (fully prostrate). 
3Growtb stage as determined by mean stage by count (Moore et al. 1991). 

Total cell wall as defined by neutral detergent fiber. 
41n vitro dry-matter digestibility. 
‘Acid detergent fiber. 
6Total nonstructural carbohydrates. 
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Table 5. Spearman’s correlation coeftkients among forage characteristics of prairie sandreed at different times during the 1990-90 growing seasons 
on the Gudmundsen Sandhills Laboratory (n = 24 d.f.); significantly different, p < 0.05. 

Erectness’ 
Growth Stage’ 
Tiller Length 
Tiller Weight 
Ash 
Crude Protein 
1VDMD3 
Cell Wall4 
Hemicellulose 
ADF5 
Lignin 
TN@ 

Erectness 
- 

xt.55* 
-0.32 
Xl.18 
a.25 

0.39 
0.28 
0.08 
0.35 

-0.34 
-0.47* 
-0.07 

Plant Characteristics 
Growth Tiller Tiller Crude 

Stage Length Weight Ash Protein NDMD 

0.75* - 
0.73* 0.60* - 
0.63* 0.32 0.56* - 

-0.92* -0.73* -0.76* -0.61* - 
-0.84* -0.84* Xt.72* X).62* 0.86* - 
-0.34 0.17 -0.09 -0.26 0.30 -0.20 
-0.80* 4.40 -0.74* -0.64* 0.85* 0.66* 
-0.71* 0.35 0.79* 0.57* -0.79* 4u.54* 

0.83* 0.45* 0.73* 0.61* -0.84* - 0.69* 
0.22 0.46* 0.23 0.09 -0.17 -0.35 

Cell Hemi- 
Wall cellulose ADF Lignin TNC Chlorophyll 

0.44* - 
0.03 xl.gg* - 

4.14* X).89* 0.92* - 
4.04 0.04 -0.07 -0.04 - 

Chlorophyll -0.40 xl.88* -0.65* -0.76* -O.53* 0.90* 0.75 0.11 0.12* -0.74* -0.82* -0.03 - 

~Erectness scores ranged from 1 (fully erect) to 4 (fully prostrate). 
3Growtb stage as determined by mean stage by count (Moore et al. 1991). 

Total cell wall as defined by neutral detergent fiber. 
% vitro dry-matter digestibility. 
‘Acid detergent tiber. 
%otal nonstruchd carbohydrates. 

and plants continued to be photosynthetically active well into the 
dormant season. Prairie sandreed tillers initiated growth in late- 
April and May, and elevated growing points beginning in late- 
May (Brejda et al. 1989). Conversely, sand bluestem emerged in 
early-June and had fewer elongated tillers during the growing 
season (Hendrickson 1992). Tillers of the 2 bluestems had largely 
senesced by October, though the basal portions of some little 
bluestem plants within tussocks were still photosynthetically 
active. Some prairie sandreed tillers can be biennial, emerging in 
the late growing season of 1 year, over-wintering, and resuming 
growth from the same shoot apex the next year (Brejda et al. 
1989). Some of the variation in coefficients for chemical charac- 
teristics was likely related to differences in cell wall structure and 
biochemical activity, resulting in different levels of cell wall con- 
stituents (Albersheim 1975). Prairie sandreed produces wiry and 
tough forage, with higher levels of cell wall and lower digestibili- 

ty regardless of time of year, resulting in a lower value for forage 
quality (Burzlaff 1971). 

The first canonical correlation indicated that the first 2 sets of 
canonical variates were highly correlated. Significant relation- 
ships were noted between composite indices of physical charac- 
teristics of tillers and chemical traits of forage, as described by 
the canonical correlation and Wilk’s lambda (Table 7). Large 
amounts of variance present in the original sets of physical and 
chemical characteristics were defined by the first pair of canoni- 
cal variates. The physical canonical variate described > 50% of 
the total variance for all 3 species, and was particularly efficient 
for little bluestem (Table 7). The chemical canonical variate also 
defined > 50% of the total variance present in the original set of 
variables for prairie sandreed and little bluestem, and 44% of the 
variance in sand bluestem. The remaining pairs of canonical vari- 
ates added little to the analysis of all 3 species. Lower levels of 

Table 6. Spearman’s correlation coeffkients among forage characteristics of little bluestem at diierent times during the l!NO-90 growing seasons on 
the Gudmundsen Sandhii Laboratory (n = 24 d.f.); signitkantly different, p < 0.05. 

Plant Characteristics 
Growth Tiller Tiller Crude Cell Hemi- 

Erectness Stage Length Weight Ash Protein NDMD Wall cellulose ADF Lignin TNC Chlorophyll 

Erectness’ - 
Growth Stage’ -0.82* - 
Tiller Length -0.85* 0.92* - 
Tiller Weight - 0.78* 0.91* 0.88* - 
Ash -0.37 0.62* 0.42* 0.49* - 
Crude Protein 0.76* -0.95* 4.87* -0.85* -0.61* - 
IVDMD3 0.78* -0.98* -0.91* x).91* -0.63* 
Cell Wall4 

0.98* - 
-0.11 0.12 -0.16 0.08 -0.12 -0.16 -0.18 - 

Hemicellulose 0.74 4.86* -0.74 -0.72* 
AD@ 

-O.75* 0.89* 0.87* 0.13 - 
-0.67* 0.88* 0.77* 0.72* 0.67* -0.92* 4.91* 0.30 -0.91* - 

Lignin -0.67* 0.91* 0.83* 
TNC6 

0.80* 0.57* -0.93* - 0.94* -0.34 - 0.85% 0.95’ - 
-0.03 -0.11 -0.06 -0.11 -0.39 -0.02 0.07 0.18 0.08 -0.01 -0.02 - 

Chlorophyll -0.67* 0.67* -0.77* -0.73’ -0.65* 0.76* -0.79* 0.10 0.80* -0.73’ -0.72% -0.31 - 
$cclness scores ranged from 1 (fully erect) to 4 (fully prostrate). 
3Growtb stage as determined by mean stage by count (Moore et al. 1991). 

Total cell wall as defined by neutral detergent fiber, 
41n vitro dry-matter digestibility. 
‘Acid detergent fiber. 
‘total nons!mctural carbohydrates. 
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Table 7. Canonical coeffkients for the first canonical correlation 
between physical and chemical characteristics of tillers of 3 warm-sea- 
son grasses, and statistical analyses.’ 

Variable Sand Bluestcm Prairie Sandreed Little Bluestem 

Canonical Coefftctents 
Physical Variables 
Erectness -0.06 0.08 0.16 
Growth Stage’ 0.99 0.91 0.81 
Tiller Length -0.07 -0.11 0.12 
Tiller Weight 0.06 0.26 0.23 
Chemical Variables 
Crude Protein 0.09 -0.08 -0.09 
IVDMD3 0.81 0.16 1.10 
Cell Wall 0.13 0.11 0.16 
Hemicellulose -0.32 0.19 -0.39 
Lignin 0.03 -0.21 -0.28 
Ash 0.03 -0.07 -0.03 
TNtI? 0.21 -0.16 0.02 
Chlorophyll 0.48 0.53 -0.08 

Statistical Analvsis 

Canonical Correlations 0.95 0.96 0.98 

P>F CO.01 co.01 CO.01 
Wilk’s Lambda6 0.03 <O.Ol 0.01 
Variance Defined’ 
Phvsical 54 56 82 
Chknical 44 58 56 

‘Numerator d.f. = 32, denominator d.f. = 45.8 for tests on canonical correlations; d.f. arc 
rJppnklations. 
3Growtb stage by Mean Stage by Count. 

In vitm dry-matter digestibiiity. 
+otal nonstructural carbohydrates. 
5Correlation between fmt canonical variates of chemical and physical charactertistics. 
%igoificance of correlation increases as Wiik’s lambda approaches Zen). 
‘Percent of variance present in origioal variables defined by oew caoooical variates. 

variance defined in the physical characteristics for sand bluestem 
and prairie sandreed, and chemical characteristics of sand 
bluestem, were apparently related to their clonal growth form. 
Both species produced large numbers of growth stages late in the 
growing season, resulting in a population of tillers with a wide 
range of both quality and physical size and age. The populations 
of tillers of sand bluestem and prairie sandreed contained 23 dif- 

ferent stages of phenological development by the August collec- 
tions (Hendrickson 1992, Northup 1993). 

Correlations between the first pair of canonical variates and the 
original set of variables indicated that definable relationships 
between groups of related characteristics could be developed. 
Canonical variates were interpreted as composite indices of matu- 
rity and architectural development of tillers (physical canonical 
variate), and quality of plant materials (chemical variate) com- 
prising tillers (Table 8). The chemical variate was a combination 
of relationships involving both positive and negative effects on 
quality. It was positively correlated with the high palatability fac- 
tors crude protein, IVDMD, chlorophyll, and hemicellulose, and 
negatively correlated with lignin, an indicator of anti-quality. As 
such, the important driving factors in the chemical variate was an 
increase in anti-quality coupled with a corresponding decrease in 
palatability with advance of the growing season. The impacts of 
lignin as an anti-quality factor in forages has been well docu- 
mented (Akin 1989). The relationship between the chemical vari- 
ables and the forage quality variate emphasizes the multi-dimen- 
sional nature and relatedness between both palatability and anti- 
quality characteristics that are involved in describing forage qual- 
ity (Coleman 1992). The “tiller maturity” variate exhibited posi- 
tive correlations with growth stage, tiller length, and weight 
(Table 8). Tillers tended to be larger and more phenologically 
advanced later in the growing season, when mean tiller maturity 
was greater and plants were structurally more complex. Some 
cohorts of tillers in the late growing season were comprised of 
old and new leaves, elongated and elongating stems, and repro- 
ductive structures (Hendrickson 1992). 

Plots for all 3 species indicated the existence of close rela- 
tionships between tiller development and forage quality (Fig. 1). 
Distributions of observations accentuated relationships among 
characteristics comprising the canonical variates, and between 
canonical variates. Observations in the lower part of both axes 
(< 0) were predominately vegetative or early elongation stages 
of development, with corresponding high digestibilities and 
crude protein. Observations later in the growing season were 
located in the upper parts of both axes and corresponded to 

Table 8. Correlations between original physical and chemical variables of 3 warm-season grasses and the canonical variates of the first canonical cor- 
relation. 

Canonical Variates 
Sand Bluestem Prairie Sandreed Little Bluestem 

Forage Tiller Forage Tiller Forage Tiller 
Variable Quality Development Quality Development Quality Development 

Physical Variables 
Erectness -0.16 -0.18 -0.38 -0.43 -0.71 -0.79 
Growth Stage' 0.93 0.99 0.93 0.98 0.95 0.99 
Tiller Length 0.74 0.79 0.68 0.71 0.88 0.93 
Tiller Weight 0.79 0.83 0.81 0.85 0.89 0.94 

Chemical Variables 
Crude Protein 0.89 0.85 0.95 0.89 0.95 0.90 
IVDMD’ 0.95 0.91 0.87 0.81 0.99 0.93 
Cell Wall -0.51 -0.45 0.32 0.25 -0.16 -0.11 
Hemicellulose 0.49 0.43 0.87 0.81 0.83 0.79 
Lignin -0.77 -0.72 -0.88 -0.79 -0.92 -0.88 
Ash -0.14 -0.10 -0.68 -0.61 
TNC3 

-0.61 -0.58 
-0.02 -0.01 -0.21 416 0.13 0.05 

Chlorophyll 0.83 0.76 0.92 0.86 0.81 0.78 

iGrowth stage as determined by mean stage by count (Moore et al. 1991). 
31n vitro dry-matter digestibility. 
Total nonstructural carbohydrates. 
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older, structurally complex tillers with high lignin contents and 
low digestibility and crude protein. 

Data generated during this study encompassed levels of varia- 
tion present in both advance of the growing season, and the 
effects of precipitation on tiller maturity (Fig. 1). Tillers of all 3 

A. Sand Bluestem 

Wilk’s h = 0.03 
Canon. ? = 0.91 ’ 

6. Prairie Sandreed 
w 

V OV 

oa$ 

&I 

w 

3 % Wilk’s a. = c 0.01 
Canon. 8 = 0.95 ’ 

C. Little Bluestem 

2 

Wilk’s h = 0.01 
Canon. 8 = 0.97 

Physical Canonical Variate (Tiller Maturity) 

0 Jun. Cl Jul. v Aug. v Oct. 

Fig. 1. Plots of the first canonical variate of chemical (forage quality) 
and physical characteristics (tiller maturity) for (a) sand bluestem, 
(b) prairie sandreed, and (c) little bluestem; +* indicates signiti- 
came at P < 0.01. 

species attained higher stages of development in 1991, with 
observations higher on the maturity axis, particularly in the later 
parts of the growing season. Variation in forage quality was also 
noted, and mostly related to the progressive increase in variability 
during the growing season (Fig. la-c). Part of the variation noted 
during July through October can be attributed to the clonal, inde- 
terminate growth form of all 3 species; diverse populations of 
tillers were present, containing many phenological stages of 
development. Greater numbers of older plants of higher structural 
complexity, and lower overall forage quality, were present. 
Similar responses have been noted in univariate studies. Cell wall 
content increased and IVDMD and protein content declined with 
increases in phenology in temperate grasses and legumes 
(Sanderson and Wedin 1989). Similar responses have been noted 
in other studies on the effects of advancing growth stage and 
growing season on forage quality of important Sandhills grasses 
(Bmzlaff 197 1, Hendrickson 1992). Forage quality within plant 
canopies also varies with development. Herbage in the upper por- 
tions of the warm-season grass Hemarthia altissima (Poir.) Stapf. 
et C.E. Hubb. had greater leaf bulk density, IVDMD @-lo%), 
and protein content (Z-100%) as compared to foliage in the 
lower parts of the canopy (Holderbaum et al. 1992). Such spatial 
distributions in forage quality within plants is an important factor 
in the decline of forage palatability with plant maturation 
(Coleman 1992). 

Conclusions 

Results of this study support the existence of a general relation- 
ship between composite indices of forage quality and tiller matu- 
ration, which incorporated groups of related variables. Robust 
relationships were noted among suites of physical and chemical 
characteristics. Most of the relationships were driven by changes 
occurring in tillers as growing degree days accumulated with the 

Growing Season 
Spring * Fall 

Leaf Internode Reproductive Seed 
Growth Elongation Structures Development . . . . . . ’ .’ 1’ . . . . ’ . . \ : \ K /: / . \’ j’ \I( \ci Y i Y .’ \ ‘. . . . . ‘I(; . 

Young 4 Plant Maturity + Senescent 

Simple __) Tiller Architecture --w Complex 

Fii. 2. Diagrammatic iUus&ation of the relationship between tiller mat- 
uration, structural complexity, and forage quality in 3 warm-season 
grasses; the diioaal line represents change in forge quality. 
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advance of growing season (Fig. 2). Generally, as growing degree 
days increased, tillers attained more advanced growth stages and 
were taller and heavier. Plants also became more structurally 
complex, with a wider array of parts (leaves, nodes, internodes, 
flowering structures) within their canopies, and number of com- 
ponents per plant part. A corresponding increase in anti-quality 
compounds in cell walls also occurred, accompanied by a decline 
in palatability factors (Fig. 2). The relationships among character- 
istics describing forage quality underscore the importance of con- 
sidering how suites of related variables interact when describing 
the palatability and value of herbage to grazers. Such findings 
also underscore the importance of selective grazing to large her- 
bivores. Native forage species represent a dynamic food base 
from which ungulates must consume a diet, and present a 
resource of spatially and temporally variable quality to grazers 
(Stuth 1991). 

Results of this analysis can be applied to practical management 
problems. The linear combination of physical characteristic cocf- 
ficients can be used to generate a “maturity-structure” score that 
is correlated to a given “quality” index. This forage quality score 
could then be found within a table containing ranges of crude 
protein, digestibilities, and cell wall fractions for given scores. If 
a random sample of tillers (with adequate sample size) were mea- 
sured, an estimate of the quality of available forage for the 3 
dominant warm-season grasses of Sandhills rangeland could he 
ascertained on similar sites. 

One area of future interest for studies utilizing multi-dimen- 
sional analyses would be the inclusion of numbers of growth 
stages and new vegetative tillers produced during the growing 
season to the physical characteristics. An alternative approach to 
this study would be the combination of climatic factors, chemical 
and phyiscal variables of tillers into a dataset to examine relation- 
ships between composite indices of growing conditions, forage 
quality, and tiller development. 
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