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ABSTRACT 

In a warm, dry grassland in southeastern Arizona dominated by C
4 

grasses the only C
3 

grass found was restricted to dry, exposed ridge 

crests within the hottest and driest part of the region. This was pre

cisely the opposite of what one would predict from physiological and 

biogeographic considerations, which would lead one to expect a C
3 

grass 

in this environment to be growing on cooler or moister areas that would 

mitigate the effects of the inhospitable climate. Cover of C4 grasses 

was very low on these ridge crests, and increased downslope with the 

greater volume of water available to high values on the lower slopes and 

in washes. It was suggested that this C
3 

grass, Stipa neomexicana, had 

a very high tolerance of water stress, but a very poor tolerance of com

petition, and was limited to unfavorably dry sites by its competitively 

superior C
4 

neighbors. Most species, regardless of photosynthetic type, 

could not survive in the harsh ridge crest environment, which therefore 

offered a refuge from competition. 

The hypothesis of competitive exclusion was tested by removal 

experiments conducted at ridge crest, midslope and lower slope positions 

along the topographic gradient of decreasing Stipa neomexicana and 

increasing C
4 

grass cover. The predictions made under this hypothesis 

were confirmed. 

The presence of competitors limited the growth of mature plants, 

flower production, seedling establishment and seedling survival. The 

x 



beneficial effects of the removal of competitors increased downslope. 

Competition depressed estimated finite rates of population increase for 

stipa neomexicana. This depression was most severe on the lower slope. 

It was concluded that increasing competition from C
4 

grasses along the 

topographic gradient was responsible for restricting Stipa neomexicana 

to the unfavorable ridge-crest sites. 

xi 



Life sends in blades 

of grass 

Its silent hymn of praise 

to the Unnamed Light. 

R. Tagore 
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CHAPTER 1 

RESTRICTION OF STIPA NEOMEXICANA (C
3

) 
TO DRY SITES 

Introduction 

At elevations above the Son or an desert, the valleys of south-

eastern Arizona support extensive grasslands. This warm and semiarid 

region is populated primarily by C4 grass species. The Empire (or 

Sonoita) Valley, where this work was done, has approximately forty C
4 

grass species (Bohnam 1972, de Arauja Filho 1975, and personal observa-

tion). These are diverse ecologically and taxonomically; they represent 

at least six different tribes (Hitchcock 1950, Gould 1951, Kearny and 

Peebles 1951, Smith 1977, Lehr 1978) and probably several independent 

evolutionary origins of this specialized pathway (Brown 1977). In con-

trast, C
3 

grasses in this area are rare (Gould 1951, Humphrey 1958, Hull 

1973). One C
3 

grass, Stipa neomexicana, can be found in small, isolated 

populations in these grasslands; other C
3 

perennial range grasses are 

absent. The purposes of this study were to quantitatively describe an 

interesting distribution pattern for this C
3 

grass, to find the factors 

that determined and limited this distribution, and to suggest what the 

underlying causes for these factors might be. 

C
4 

photosynthesis is a specialized and advanced complex of 

physiologic and anatomic characters that has evolved independently a 

1 



number of times. It has been found within (to date) fifteen angiosperm 

families (Downton 1975, Brown 1977, Teeri 1979), most commonly in plants 

with tropical affinities. C
4 

species occur in approximately 150 genera, 

half of which are grasses (Teeri 1979), and almost half of the Gramineae 

are C
4 

species (Smith and Brown 1973). C
4 

leaves have potentially 

2 

higher rates of photosynthesis combined with greater water use efficiency 

than C3 leaves (Bjorkman 1971, 1973, Bishop and Reed 1976). Temperature 

optima for C
4 

photosynthesis are generally higher than for C
3 

photosyn

thesis. various writers have suggested that in environments with high 

temperature, high light intensities, or reduced water availability, 

species with C
4 

photosynthesis should have a marked advantage over those 

with C
3 

photosynthesis (Black, Chen and Brown 1969, Bjorkman 1971, 1973, 

Mooney 1972, Laetsch 1974, Purohit and Tregunna 1972, Ehleringer 1978). 

C4 species reach their greatest importance in warm, dry, bright 

environments. Teeri and Stowe (1976) found, in North America, a strong 

positive correlation between the proportion of C
4 

grass species in the 

flora and warm summers. C
4 

dicot species numbers were highly correlated 

with factors related to aridity (Stowe and Teeri 1978). Doliner and 

Jolliffe (1979) concluded that in central Europe and California, the 

occurrence of C
4 

species was greater where temperatures were high and 

moisture availability low. Tieszen et al. (1979) reported that, 

along a transect up Mt. Kenya, warm, dry sites at lower altitudes 

supported a flora of C4 grasses and cooler, wetter areas at higher alti

tudes consisted of C3 grasses, with an abrupt transition zone between 

them. On a micro-site scale, the relative proportions of C
4 

grasses 



occurring in open and in drier sites was shown to be significantly 

greater than the corresponding proportions of C
3 

species (Teeri 1979). 

The work cited above concerns the proportions of species numbers 

in a flora. The relationship between patterns of vegetational dominance 

by plants of each photosynthetic type and environmental factors has 

3 

not previously been studied in any detail. Various patterns of site and 

seasonal dominance have, however, been described. In the grasslands of 

North America there are extensive regions where the dominants are of both 

photosynthetic types, and more restricted regions where species of only 

one type become common or dominant (Sims, Singh and Laurenroth 1978, 

Coupland 1979). The environmental factors controlling the vegetational 

patterns have not been determined, but it has been suggested that the 

relative proportions of cool season and warm season precipitation may 

have a large effect on the proportion of C4 biomass in a grassland. 

Seasonal differences in dominance by plants of each photosynthetic 

type have also been described. C
3 

annuals are most common in the winter 

or spring, and C
4 

annuals in the summer flora of Death Valley (Pearcy et 

al. 1971), the Chihuahuan Desert (Syvertsen et al. 1976), and the Sonoran 

Desert (Shreve and Wiggins 1964, Mulroy and Rundel 1977). Perennial 

species may have different periods of activity and dormancy depending on 

photosynthetic type and climatic factors. Where C3 and C4 grasses occur 

together, as on the Great Plains, C
3 

grasses are primarily active in the 

spring, and C
4 

grasses in the summer (Williams 1974, Kemp and Williams 

1980, Williams and Markley 1973, Ode, Tieszen and Lerman 1980). 

From consideration of the physiology and the biogeography of 



plants with C3 photosynthesis, one would expect any C
3 

species present 

in the southeastern Arizona grasslands to grow in cooler, moister local 

sites (such as low-lying areas and north-facing slopes), which would 

ameliorate the effects of the generally hot, dry environment. The dis-

tribution of the C
3 

grass, Stipa neomexicana, within the Empire Valley 

was studied by ordination of stands located within or immediately exter-

nal to populations of this species. Ordination techniques were used 

because these methods have been developed for and are well suited to 

extracting interpretable patterns out of multivariate vegetational data, 

and if possible relating these patterns to environmental factors. 

Surprisingly, Stipa neomexicana was found to grow in the hottest and 

driest part of the valley, and within this area, on dry, exposed ridge 

crests. The cover of C4 grasses on these ridge crests was low. I sug-

gest that the seemingly anomalous distribution pattern of Stipa neomexi-

cana is caused by a superior tolerance of water stress, and a poor 

4 

tolerance of competition, resulting in exclusion from wetter, more favor-

able areas by competitively superior C4 grasses. 

Location, Classification, 
Geology and Soils 

study Area 

The Empire valley is located in Santa Cruz County in southeastern 

Arizona. Elevations are approximately 1400-1650 m. The valley is about 

30 km long and is bounded by hills and mountain ranges. The terrain is 

dissected by numerous creeks and washes. The areas on the periphery of 

the valley are higher and wetter than the center, and support trees and 



large shrubs, whereas the center of the valley is dominated by pure 

stands of grass with only occasional populations of small shrubs. 

5 

The area, at the northern edge of the semiarid grasslands of the 

Mexican High Plateau (Rzedowski 1975), has been classified as "desert 

grassland" or "desert plains" (Shantz and Zon 1924, Shreve 1917, Clements 

1920, Whitfield and Anderson 1938, Humphrey 1958). This particular val

ley is at the upper limit for both rainfall and elevation for the "desert 

grassland" and is much more like the Great Plains grasslands to the north 

than the surrounding desert at lower elevations. various writers have 

noted the close connection between the desert grassland formation and the 

shortgrass regions of the Great Plains (Weaver and Clements 1929, Bonham 

1972, Rzedowski 1975). 

The valley consists of deep sedimentary deposits of Tertiary and 

Quaternary age (Wilson, Hoore and Cooper 1969). The surrounding moun

tains are of more complex geology, and are primarily Mesozoic, with some 

Paleozoic rock. The soil in the areas in which Stipa neomexicana popula

tions are found are derived from sedimentary material which appears to 

have originated from the Pennsylvanian and Permian limestones of the 

Canelo Hills to the south and the southwest. 

Soils in the study area fall within the Bernadino, Guest, Hatha

way, Pima and white House series (Richardson, Clemmons and Walker 1979). 

Stipa neomexicana is fotmd growing only on soils of the Bernadino series, 

which is an Aridisol in the fine, mixed, thermic family of Ustollic 

Haplargids. These soils typically contain a dark, mildly alkaline, fine

textured surface horizon of less than 5 cm, mildly to moderately alkaline 



6 

B horizons of dark reddish brown gravelly clay and gravelly clay loam, 

and a pinkish gray substratum that is strongly calcareous, containing 

common, white, soft to hard masses of calcium carbonate. This substratum 

begins at a depth of approximately 40 cm and can extend to a depth of 

200 cm. 

Climate 

A climate diagram (Figure 1) was constructed from mean temperature 

and rainfall data from several stations within and near the study area. 

Approximately half of the annual precipitation falls during the months 

of July and August. The remainder is less predictable, but falls mainly 

from December through mid-l-1arch. There is a distinct dry period in the 

late spring, between the two wet seasons (Sellers and Hill 1974, Gifford, 

Ashcroft and Magnuson 1967). 

Although mean ambient temperatures are moderate, grasses, growing 

o 
at the soil surface, are commonly exposed to temperatures well above 40 C 

during the summer growing season. 

Methods 

Twenty populations of Stipa neomexicana within the Empire Valley 

were found, described, and located on topographic maps in the spring and 

summer of 1979. These populations were disjunct, and very small in com-

parison to the size of the populations of the common grasses of the area. 

Ten of the populations were eliminated from further study because they 

were too small to collect accurate vegetation data on. Those remaining 

ranged from small and/or sparse Stipa populations of perhaps several 
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hundred individual bunchgrasses to relatively large populations with 

millions of individuals •. 

Seven stands were sampled in the summer of 1979 and 28 stands in the 

summer of 1980. Stands were located either wi thin Stipa populations or on 

adjacent hillsides and washes outside the boundaries of these populations, 

so that the range of vegetation and habitat within and surrounding the 

populations could be characterized. Because the diversity of the vege-

tat ion was low, and because this was a study of neighborhoods rather than 

communities, 35 stands were judged to be sufficient. 

The stands were 4 m by 6 m in size. (The seven stands sampled in 

1979 were slightly larger and more intensively sampled'> Stands were 

located by randomly chosen coordinates within each general area that had 

been selected for sampling. Cover was measured using the point quadrat 

method (Mueller-Dombois and Ellenberg 1974, Goodall 1952). Two hundred 

points per stand were taken in a stratified random sampling design. 

2 
Points were located by coordinates within a horizontally placed 0.5 m 

frame cross-strung with two levels of thread to eliminate parallax. To 

reduce ambiguity and increase speed, a pin was dropped where the threads 

crossed and the identification made from the "hit" with the pin. The 

pin was filed to an extremely sharp point « 0.5 mm) for greatest accu-

racy (Goodall 1952). This sampling method was developed by combining and 

modifying methods described by Goodall (1952), Mueller-Dombois and Ellen-

berg (1974), and Sharrow and Tober (1979). In addition to cover measure

ments, frequency was determined within 20 half m2 quadrats (0.5 m x 

1.0 m) per stand. 



Grass species were compared with published lists of C
3 

and C
4 

plants (Smith and Brown 1973, Downton 1975); leaves of species that were 

not listed (including Stipa neomexicana) were sectioned and checked for 

the presence of Kranz anatomy to determine their photosynthetic type. 

For each stand, aspect, slope, grazing condition (rated on a 

scale of one to five), topographic position (described in detail and 

9 

rated on a scale from 1 (washes) to 5 (exposed ridge crests», and general 

observations including a detailed description of the soil surface were 

recorded. 

Five soil samples were taken from random locations within each 

stand at 10-15 cm depth (zone of maximum root concentration) and combined 

for analysis. Photographs of exposed soil profiles at or near the stands 

were taken wherever possible. Soil particle size distribution, pH, and 

total nitrogen (including nitrates) were determined for all stands. Soil 

water holding capacity (difference between the weight percent of water 

held at -.033 MPa and -1.5 MPa) for all stands, and organic matter and 

calcium carbonate equivalent for eight representative stands were deter

mined by the Soils and Water Testing Lab, University of AriZona. Total 

nitrogen determination was made using the procedure described in Horwitz 

(1980). All other tests followed the standard procedures in Black (1965). 

C4 Vegetation Within a Small Depression 

In an area just below a hillcrest that was dominated by a typi-

cally sparse stand of Stipa neomexicana, a small (6 m x 3.5 m x 0.3 m) 

elliptically shaped depression harbored a lush growth of C4 grasses. ~e 
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vegetation within the depression was characterized by a pattern of strik

ingly distinct bands of different C
4 

grass species. The pattern of these 

bands mimicked the distribution of species across the landscape from hill

side to wash. The vegetation within this depression was mapped. 

Data Analysis 

Stands were ordinated using the ORDIFLEX package of the Cornell 

Ecology Programs series (Gauch 1977). Polar (Bray and Curtis 1957), 

principal components analysis (Goodall 1954, Orloci 1973), and recip-

rocal averaging (Hill 1973) ordinations were performed. Each technique 

has different properties; three were used to insure the robustness of 

the conclusions drawn. For the polar ordination, endpoints were chosen 

and percentage difference was used to calculate stand distances. For all 

ordinations species that occurred in fewer than three stands were omitted. 

A synthetic value that combined standardized, relativized cover and fre

quency values was used for species importance values (Bray and Curtis 1957, 

Cottam, Goff and Whittaker 1973). In this area low cover for all plants 

was often combined with strong dominance of one or two species. Under 

these conditions, cover measurements alone often did not reflect the 

presence of minor but characteristic species, while frequency values did 

not reflect the dominance of the important species. Use of the mean of 

these two values in a synthetic index resolved this problem. 

Three-dimensional surface graphics were constructed using a CALCOMP 

plotter and the Surface II graphics programs (Sampson 1978). 
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Results 

The twenty populations of Stipa neomexicana that were found 

within the Empire Valley were all located in the central part of that 

valley. The valley terrain was lowest and flattest in the center, and 

became steeper, more undulating, and higher in altitude (and therefore 

cooler) at the periphery. Rainfall was also generally greatest on the 

periphery where the valley met the surrounding hills and mountains. Thus 

the populations of this C
3 

grass were restric"ted to the warmest and driest 

part of the region. 

Within the general areas in which populations of this grass were 

found, topography was the environmental factor most directly and clearly 

related to the presence and abundance of Stipa neomexican~. Topography 

was just as clearly but inversely related to total cover of C
4 

grasses, 

although not to the number of C
4 

grass species. Topography was closely 

correlated with the first axis of all three ordinations. Correlations 

between the first axes for the three ordination methods were also posi

tive, high, and very highly significant; the second axes, with weak or no 

environmental correlations, were also not very strongly correlated with 

each other (Table 1). 

Twenty-seven grass species, two other monocot species, and forty 

dicot species were found on the stands. Although Stipa neomexicana was the 

only c
3 

grass species, many c
3 

dicot species were pres~~t. Some of the 

soil and site characteristics are summarized in Table 2. 

Polar Ordination 

Results of the first two axes of the polar ordination are shown 



Table 1. Spearman's rank correlation coefficient between three ordination methods: 
polar ordination (PO)., principal components analysis (peA), and reciprocal 
averaging (RA) ; n = 35. 

Relationship Spearman's r Significance 

PO axis 1 versus peA axis 1 0.692 P < .001 

PO axis 1 versus RA axis 1 0.846 P < .001 

peA axis 1 versus RA axis 1 0.879 P < .001 

PO axis 2 versus peA axis 2 -0.326 n.s. 

peA axis 2 versus RA axis 2 0.419 p < .05 

PO axis 2 versus RA axis 2 0.432 p < .02 

I--' 
tv 



Table 2. Soil and site characteristics. Values are given for the mean 
~ S.D. and for the range; n = 32 stands except as noted. 

Number of species per stand 

Grass 6.3 + 2.2 2 - 11 

Non-grass 6.3 + 3.2 0 - 12 

% Ground cover 

Stipa neomexicana (n = 24) 7.3 + 5.3 0 - 20.5 

C
4 

Grass species (total) (n 35) 29.3 + 21.8 0 - 94.0 

Non-grass species (n = 28) 4.5 + 3.3 0 - 11. 5 

Slope 4.6
0 

+ 3.7
0 <1

0 
- 15

0 

pH 8.0 + 0.4 6.6 - 8.4 

Total N, ppm 1500 + 634 305 - 3217 

% Sand 41.1 + 11.4 8.2 - 58.2 

% Silt 25.1 + 6.7 11.8 - 40.5 -
% Clay 33.8 + 9.6 21.0 - 60.0 

Water holding capacity, % 9.13 + 2.34 5.93 - 13.78 

Particles > 2 mm, % 28.2 + 10.4 9.5 - 46.5 

13 
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in Figures 2 and 3, with values plotted on two-dimensional graphs or as 

three-dimensional surface representations., Stipa neomexicana (Figures 2b 

and 3a) was absent from stands on the left side (low values for axis 1) 

of the ordination field, and progressively increased to its maximum cover 

values slightly before the extreme right side. The pattern along the 

first axis was very distinct, but there was little information gained from 

the second axis. The pattern of C
4 

grass species cover was almost pre

cisely the inverse of Stipa cover. Cover of C
4 

grasses was greatest for 

low values on the first polar ordination axis, and steadily and gradually 

declined to very low values for the highest ordination scores on that 

axis (Figures 2d, 3b). (The steep fall in values for the narrow strip on 

the extreme left of the surface diagram (Figure 3b) was an artifact 

resulting from the small number of stands in this region.) Cover was 

slightly greater for stands with low values on the second ordination axis. 

Values for total ground cover of grasses (species from other families 

generally had less than 5% cover) ranged from less than 20% to almost 

100%, with highest values for low axis 1 scores and lowest values for 

high axis 1 scores (Figures 2b and 2d combined). Whereas C4 grass cover 

spanned the entire range from low to high values (Figure 2d), stipa 

never had very high cover values (Figure 2b). 

The environmental factor that related most distinctly to axis 1 

was topographic position. Stands on the lef"t of the ordination field were 

in washes. To the right, stand position progressed to lower slopes, mid 

slopes, and finally to ridge crests and hill tops for stands on the 

extreme right side of t'ne field. The surface representation of this 
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Figure 2. Polar ordination of stands, axes 1 and 2. -- (a) Location of 
stands on the ordination field; (b) Contour lines for per
cent cover of Stipa neomexicana (C3); (c) Aspect, with arrow 
originating at stand location; (d) Contour lines for percent 
cover of C4 grasses. Polar ordination scores for both 
abscissa (axis 1) _and ordinate (axis 2) for all diagrams are 
on a scale of 0 to 100. 
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Figure 3. perspective block diagrams, polar ordination. -- Elevation 
(of viewer above diagrams) is 30°, azimuth is 0°. Axis 1 
is parallel to the horizon, axis 2 is perpendicular to the 
horizon and recedes from the viewer into the page. The 
third dimension, height, represents the relative quantity 
or size of each variable. 

a. Percent cover of Stipa neomexicana. 

b. Percent cover of C4 grasses. 

c. Scaled values for topographic position (see text) . 
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pattern (Figure 3c) is a visually striking composite of the various 

ridge crests, slopes and washes studied. Grass cover was high in the 

washes, and gradually declined to low values on the ridge crests (compare 

Figure 3c with 3b and 2d). Stipa neomexicana was confined to the ridge 

crests (compare Figure 3a with 3c), and cover values for Stipa dropped 

steeply but evenly below the crests to zero at the lower.slopes. 

Number of grass species was slightly lower for stands with high 

scores on axis 1. However, the number of grass species was not related 

to any of the environmental factors measured nor to the cover (biomass) of 

grasses; and in fact did not vary greatly (Table 2). Dicot species num

bers, in contrast, were low in the washes and on lower slopes where grass 

cover was highest. Their numbers increased at intermediate scores on the 

first axis and remained high on midslopes and ridge crests. Cover for 

dicots was minimal for all stands. 

Grazing status did not appear to be related to any other factor stu-

died, although areas that were severely overgrazed were not included in 

the study. Aspect (Figure 2c) was also apparently random with respect to 

the ordination field; or, put another way, vegetation appears to be random 

with respect to aspect. Stipa, which one would expect to prefer cooler 

north-facing slopes, was clearly indifferent to aspect. Slopes were 

gentle and reached their greatest values for intermediate positions on 

axis 1, corresponding to midslope stands. 

Soils. Some of the stands at the left of the ordination field, 

within washes, had somewhat lower pH values (ranging from 6.6 to 7.8) 

than the mean. This was not a consistent tendency over the entire 



ordination field; for example, the highest pH measured (8.4) was for a 

stand in the middle of the first axis. There was no consistent pattern 

discernible on the second axis. Ridge crests where Stipa was present 

frequently had severely eroded soil with the calcareous C horizon ex-

posed. The presence or absence of Stipa on a stand was tested against 
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the presence or absence of this calcareous surface soil. The null hypo-

thesis of independence of these two factors could not be rejecte.d at 

p < • 05 (X 
2 = 3.36 for 1 d.£.) • Although there was some tendfmcy to 

stipa to be associated with this soil characteristic, the relc'Ltionship 

was not obligate. Other factors examined showed even weaker relationships 

to the distribution of Stipa. 

Soil texture varied in a complex fashion over the ordination 

field, and was not obviously related to the distribution of any of the 

species studied, or to the overall cover pattern. Fine particles in

creased at the expense of sand for stands at the extreme right edge of 

the field. There was a weak tendency for silt values to be moderate, 

clay low, and sand high in the stands in washes. Sand was low and clay 

high for intermediate scores on axis 2; the reverse was true for both 

low and high scores on that axis. These trends h~ld only for small 

regions, with no overall patterns being discernible for the entire field 

of stands. Coarse particle (> 2 mm) percentages had no relationship to 

the ordination. In several cases values at the low and the high end of 

the range measured were found on stands adjacent in the ordination field. 

The pattern for soil water-holding capacity, like particle size distribu-
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tion (on which it is partially dependent), was complex and not clearly 

related to the vegetation. V~lues were greatest in the upper left and 

central right regions, moderate in the center of both axes and for low 

values on axis 2, and lowest for the central left and lower right areas. 

Total soil nitrogen values were greatest for low scores on both 

axes and declined with increasing scores on each axis. Therefore although 

there was some tendency for the high cover, low Stipa stands to be high in 

nitrogen, some of these sites had low levels of nitrogen; and similarly 

some of the high Stipa, low cover stands on the ridge crests were very high 

in nitrogen, although there was a weak general tencency for values to be low. 

Principal Components Analysis and 
Reciprocal Averaging Ordinations 

The reciprocal averaging ordination had similar results to but was 

somewhat less efficient than the principal components analysis (PCA) ordi-

nation; only the results of the latter are reported here. Almost one-

third of the variance in the vegetation data was contained in the first 

PCA axis, and much of the rest was found within the next few axes, making 

this a fairly efficient ordination. Although 27 axes were extracted by 

the analysis, almost half of the variance was accounted for by the first 

three axes, and over 95% of the variance was contained in the first 14 

axes. Only the first axis revealed interpretable patterns for the vege-

tat ion and the environment, and only that axis will be discussed here. 

Abundances for several grass species were plotted along the first 

PCA axis as decile values, scaled according to the maximum species impor-

tance value (Figure 4). Scale values plotted were from one to nine, with 



Figure 4. Abundances of several important C4 grasses and of Stipa 
neomexicana along the first PCA axis. -- Values combine 
cover and frequency measures and are scaled to each species' 
maximum. 
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0.5 used for trace presence. As in the polar ordination, Stipa neomexi

cana was absent from stands with low axis 1 scores, was present in low 

values at about the center of the axis, and increased sharply to maximum 

importance values at the extreme right of the graph. Topographic position 

was low (stands in washes and on lower slopes) on the left, intermediate 

in the center, and high (stands on ridge crests) on the right. Although 

C4 grass cover was highest in the washes and on the lower slopes, and 

declined to lowest values on the ridge crests, the C
4 

grass species indi

vidually were arrayed along and completely covered the first peA axis (as 

in Figure 4). Individual C
4 

grass species had limited (within wide or 

rather narrow limits) and approximately bell-shaped distributions, each 

with a maximum at a particular place along the axis. That is, species 

tended to reach their greatest abundance in one or another sort of topo

graphical position rather than having values at random along the axis. 

Wash and lower slope species showed some tendency towards greater maximum 

cover (e.g., Panicum obtusum, 64.1%; Bouteloua gracilis, 50.0%) than 

ridge crest species (e.g., Stipa neomexicana, 20.5%; Aristida glauca, 

22.5%). 

Several tests were performed to assess the significance of 

the apparent ordination patterns and relationships (Table 3). Spear

man's rank correlation for PCA axis 1 scores and percent cover of 

C
4 

grasses (1980 data) showed a strong, highly significant inverse 

relationship between the two. The same test for PCA axis 1 scores 

(for 1980 stands where Stipa was present) and percent cover of stipa 

showed a similarly strong, highly significant direct relationship. 



Table 3. Relationships between ordination scores and site characteristics. 

Relationship 

pH versus topographic position 

Cover Stipa versus topographic 
position 

PCA axis 1 versus topographic 
position 

PCA axis 1 versus pH 

PCA axis 1 versus cover C
4 

grasses 

PCA axis 1 versus cover Stipa 

Values Tested 

Low, intermediate, high 

Low, intermediate, high 

Low, intermediate, high 

Low, intermediate, high 

Ranks 

Ranks (sites where Stipa 
absent omitted) 

n or 
Test Value d.L 

2 
5.50 4 X 

2 15.41 4 X 

2 14.93 4 X 

2 = 4.45 4 X 

Spearman's 28 
r = -0.751 

Spearman's 18 
r = 0.721 

Significance 

n.s. 

p < .005 

p < .005 

n.s. 

p < .001 

p < .001 

N 
N 
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(stands where Stipa was absent were omitted as they could not be ranked.) 

Additional tests of independence were made by dividing data on PCA axis 1 

2 scores into low, medium and high groups for X tests. Topographic 

position and Stipa cover were not independent; neither were PCA axis 

1 scores and topographic position. The null hypothesis of indepen-

dence could not be rejected at p ~ 0.5 for soil pH versus PCA axis 1 

scores, nor for soil pH versus topographic position. These tests confirm 

the conclusions made on the basis of visual assessment of the polar ordi-

nation results: that is, topographic position is strongly and directly 

related to Stipa cover and strongly and inversely related to cover of C
4 

grasses; the other environmental factors measured are weakly if at all 

related to the ordinations. 

C4 Vegetation Within a 
Small Depression 

The C
4 

vegetation present in a small depression on a Stipa-

dominated hillcrest was mapped. These grasses were arrayed in four sharp, 

concentric bands. Cover varied from approximately 20% external to the 

depression, to approximately 60% in the outermost band, 85% in the second 

band, and 100% in the two interior bands. Dominant species were Stipa 

neomexicana outside of the depression, Bouteloua hirsuta in the outermost 

band, Bouteloua curtipendula in the second band, Bothriochloa bardinodis 

and Bouteloua gracilis in the third band, and Panicum obtusum in the 

central and lowest part of the depression. Depth of the depression was 

0-10 cm below the surrounding area in the first band, 10-20 cm in the 

second, 20-25 cm in the third, and 25-35 cm in the fourth and lowest region. 



Topography, Soil Moisture, 
and Competition 

Discussion 
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The first axis on all three ordinations was found to represent a 

topographic gradient. Topography was the dominant environmental factor 

affecting both total cover of grasses, the distribution of Stipa neomexi-

cana and the distribution of the C
4 

grass species it was associated with. 

The gradient in topography corresponds with a gradient in water availa-

bility. Due to surface and subsurface flow, low-lying areas in this 

climate receive a greater volume of water for a given amount of rainfall 

than higher ground. This effect is accentuated in temporarily flowing 

washes and streams. The magnitude of difference in volume from hilltop 

to w~sh depends on many factors, such as storm intensity, slope, and soil 

permeability. In general, hilltops receive the smallest volume of water, 

slopes (if not too steep) an intermediate amount, and low-lying areas and 

washes the greatest volume within a given area. 

A series of grasses was arrayed along this moisture gradient. 

Contrary to implications of both physiological and biogeographic work, 

the C
3 

grass Stipa neomexicana was found at the driest extreme of the 

gradient. Next in location on the gradient was the C4 grass Aristida 

glauca. Below this, other grasses replaced each other in turn, with 

Bouteloua gracilis and Panicum obtusum on the lowest and wettest sites. 

Supporting evidence for the dominant influence of the gradient in water 

supply on this pattern of species replacement came from a small depres-

sion located on a hilltop site. Species distributions within this 



25 

depression mimicked on a microscopic scale the pattern across the land

scape as a whole, with wet-site species in the center and lowest part of 

the depression, and species of progressively drier sites in the outer 

bands. Within the depression as well as over the landscape, ground cover 

by grasses was low on dry sites, and increased to highest values on the 

wettest areas. 

A greater input of water can support a greater amount of living 

biomass. In arid and semiarid grasslands this will be reflected in a 

higher proportion of ground cover by grasses. The reduced amount of 

ground cover upslope is in large part due to insufficient water to support 

a greater biomass. The volume of water input is an important component 

of the "carrying capacity" of a piece of ground for a population of 

grasses. 

I suggest that the greater amount of cover or biomass caused by 

a greater input of water results in an environment in which there is 

greater competition for water. As more leaves transpire the water gath

ered by more roots, there is a greater demand for any particular "parcel" 

of water. Therefore although there is more water downhill, there will 

tend to be more competition for that water as well. As a result of the 

environmental gradient in water input, a biotic gradient in the severity 

of competition is created. The upper limit to a species' location along 

the gradient is determined by its ability to tolerate a restricted water 

supply, and its lower limit is determined by "competitive ability" or by 

tolerance of competition for water. stipa neomexicana, I suggest, has a 

very high tolerance of water stress, and a very poor tolerance of competi tion 

(or poor competitive ability), and is thus limited to the driest extreme of 
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the gradient, where cover of, and therefore competition from, C
4 

grasses 

is very low. 

Photosynthetic Type, Competition, 
and Water Use Efficiency 

What has C
3 

photosynthesis to do with the fact that Stipa neomexi-

cana is limited to sites with very low cover of C
4 

grasses? These sites, 

it has been suggested, are at the low end of a gradient in intensity of 

competition. I believe that in this environment C
4 

photosynthesis Con

fers a competitive advantage due to warm temperatures during the growing 

season, and that any grass with C
3 

photosynthesis will be an inferior 

competitor here. In a C
3 

leaf, oxygen competes with carbon dioxide for 

the initial carboxylating enzyme, ribulose bisphosphate (RUP
2

) 

carboxylase/oxygenase. The oxygenase activity of the enzyme (catalyzing 

the first step in photorespiration) is low at low temperatures, but 

becomes favored over photosynthesis at high leaf temperatures. Additional 

metabolic steps in a C
4 

leaf enable the plant to circumvent this dilemma, 

and maintain high rates of carbon dioxide fixation at warm temperatures. 

Stipa neomexicana, like any C
3 

species, should have a restricted ability 

to take up CO
2 

during the summer growing season when rainfall is most 

predictable; growth rate and competitive ability \ .... ill be limited. 

It has frequently been noted that C
4 

plants have high water use 

efficiency (grams of carbon gained per gram of watAr lost). This is due 

to the high rates of photosynthesis possible under favorable conditions, 

or alternatively to moderate rates of carbon uptake possible even with 

curtailed stomatal conductances. One might expect a C4 plant, with its 



greater water use efficiency, to be superior to a C3 plant on the dry 

ridge crest. High water use efficiency (WUE), however, may have little 
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to do with a plant's success in this environment. Because WUE is a ratio, 

a plant can have the same WUE at very high rates of photosynthesis and 

water loss as at very low rates of photosynthesis and water loss. Surely 

these do not mean the same thing to the plant. Low WUE may be of little 

importance where the survival value of closing the stomates is high; like

wise a high WUE may be of little value where or when water is plentiful 

and there is a premium on the most rapid growth possible, even at a great 

expense of water. 

The high tolerance of Stipa neomexicana of dry conditions leads 

one to wonder if, given that a C
3 

plant would be eliminated from more 

favorable areas by competition, C
3 

photosynthesis might be advantageous 

in increasing survival ability under severe water stress. This would be 

in contradiction to the great emphasis on the high water use efficiency 

of C
4 

plants, which, it has been supposed, should inevitably lead to 

their superiority in arid environments. There is reason to believe that 

such an advantage for C
3 

photosynthesis does exist. 

High water use efficiency is a relevant quality only when there 

is sufficient water for the stomates to remain open without lethal water 

loss. When stomates are forced to close in bright light due to water 

stress, WUE is no longer a factor, and the potential photochemical 

destruction of leaf tissue becomes an important problem. In an ingeni

ous series of experiments (Powles and Osmond 1978, and Cornie 1978, 

reported in Osmond, Winter and Powles 1980, and see also Bunce and 



Miller 1976), C
3 

plants were prevented from photosynthesizing to mimic 

the effects of stomatal closure, and were also prevented from photore

spiring (which will ordinarily never happen to a C3 leaf). Dramatic 

(though partially reversible within 48 hours) damage to the leaf resulted, 
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apparently due to the inability of the leaf to dissipate photochemical energy 

through ei ther photosynthesis or photorespiration. Osmond and coworkers sug

gested that normally, internal recycling of CO2 as a resul t of the integration 

of the photosynthetic and photorespiratory systems will protect a C
3 

leaf from 

photochemical destruction when stomates are closed in bright light. The 

photosynthetic cycle will, upon stomatal closure, reduce CO
2 

concentra

tion to the CO
2 

compensation point (about 60 ppm) below which the kinetic 

properties of the enzyme RUP2 carboxylase/oxygenase do not permit further 

CO
2 

uptake. Instead, 02 is taken up in greater amount, and the process 

of photorespiration prevails. As photosynthesis releases oxygen, and 

photorespiration releases CO
2

, the leaf can presumably "idle" in this 

fashion, while dissipating photochemical energy. Eventually of course 

the plant will need to replenish its supply of carbon and energy by open

ing its stomates, but the "idling" mechanism may be a successful holding 

action for some time; or, it may be necessary only during brief periods 

of midday stomatal closure. This ability to "idle" is most highly deve

loped in CAM plants (Teeri, unpublished MS, Osmond et al. 1980). A C
4 

leaf, with no photorespiration, may have considerably more difficulty 

under such conditions. It is possible that such a leaf may have to keep 

its stomates open or die; there is some suggestion thclt this may be what 

happens (Ludlow 1980 p. 134 and Osmond et al. 1980 p. 141). A C4 plant 
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may be in an impossible bind where it is likely to encounter frequent or 

prolonged periods of water stress so great that complete stomatal closure 

is necessary to prevent death of the plant, but through which leaves must 

remain alive and capable of resuming photosynthesis. C4 photosynthesis 

may therefore confer superior competitive ability in warm, semi-arid 

environments such as the southeastern Arizona grasslands, while C
3 

photo-

synthesis may confer superior tolerance to severe water stress. 

Limits to the Geographical 
Distribution of C

3 
Grasses 

As one travels south across the North American grasslands, "cool 

season" C3 grass species become less and less plentiful in both species 

number and biomass until in the grasslands of southeast Arizona we are at 

the very border of their distribution. What has actually eliminated 

them? At first sight it would appear that they cannot survive where the 

climate is too warm. Is it the climate itself which due"c:tly excludes 
' ........ -

the C3 grasses? I suggest that it does not, but rather, they are exclu-

dec by C4 grasses which are competitively superior in this environment. 

Stipa neomexicana, the only C
3 

species found here, grows where 

water is limited, population sizes are small, and where the effects of com-

petition appear to be minimal. Although maximum photosynthetic rates 

for C3 photosynthesis are reduced at high temperatures, this should not 

be detrimental to a plant which is usually operating at well below its 

maximum potential due to restricted water supply. The beneficial aspects 

of photorespiration under severe water stress may in fact explain the 

position of this species on the driest sites. Where resources and 
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population sizes have increased, competition likewise becomes increas

singly important. For species in more favorable areas, decreased. carbon 

uptake in warm temperatures would be of critical importance because it 

would put them at a competitive disadvantage. Where competition system

atically excludes species with C3 photosynthesis, only C3 species that 

can avoid competitors will survive. It is by its unusually high toler

ance of water stress that Stipa neomexicana. is able to do this. 

Summary and Conclusions 

In a warm, semiarid grassland in southeastern Arizona, the abun

dance of the only C
3 

grass, Stipa neomexicana, was found to be directly 

dependent on topographic position. The small, isolated populations of 

this grass were found on ridge' crests wi thin the hottest and driest part 

of the region; cover of Stipa dropped off steeply below the ridge crests. 

C
4 

grass cover was very low on the ridge crests and increased downslope 

to high values on lower ~lopes and in washes. The gradient in topography 

from ridge crest to wash corresponds with a gradient in water availa

bility, with Stipa growing on the driest sites. This distribution pat

tern completely contradicts the general assumptions about the ecology of 

C
3 

and C
4 

species based on available physiologic and biogeographic infor

mation (the C
3 

species should "prefer" cool and moist sites). I suggest 

that this C
3 

species, being an inferior competitor in this climate, is 

restricted to these unfavorable sites by competition with its C
4 

neighbors. 



CHAPTER 2 

FIELD EXPERIMENTS DEMONSTRATING COMPETITIVE 
EXCLUSION OF STIPA NEOMEXICANA FROM 

FAVORABLE AREAS 

Introduction 

It has long been recognized that there is often an inverse 

relationship between a species' competitive ability and its ability to 

withstand environmental harshness. Along gradients of environmental 

'favorability,' it is thought that the more vigorous, competitively 

superior species dominate the best areas, but are unable to survive on' 

poorer sites. Stress-tolerant species which can survive on these unfav-

orable areas are poor competitors, excluded by other species from the 

best sites. This is the included niche phenomenon, in which those 

poorer areas that cannot support the superior competitors provide a 

refuge from competition (Tans ley 1917, Gause 1934, 1947, Hutchinson 1957, 

Solomon 1957, Hardin 1960, Connell 1961, Bradshaw et al. 1964, Miller 

1964, Bobvjerg 1970, Jaeger 1974, and others, and see Colwell and Fuentes 

1975). plant ecologists and physiologists have drawn connections between 

stress resistance and low maximum rates of photosynthesis and produc-

tivity, and with specific adaptations such as evergreenness, high minimum 

stomatal and internal leaf resistance to gas exchange, osmoregulation, 

sclerophyllous leaves, high allocations of photosynthate to root systems 

and storage organs, etc. (e.g., Mooney and Dunn 1970, Mooney 1972, 1980, 
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Odening, strain and Oechel 1974, Johnson and Caldwell 1975, Johnson and 

Tieszen 1976, Grime 1977, 1979, Orians and Solbrig 1977, O'Leary 1979, 

Goldberg 1980, 1982, Matsuda and Riazi 1981). 

However, with rare exceptions, in studies where the included 

niche phenomenon has been proposed to explain terrestrial plant species 

distributions, competition has not been shown to affect any aspect of 

plant growth, reproduction or survival within a natural community, nor 

has it been demonstrated that competition could account for the distri

bution patterns. Even greenhouse or garden experiments are relatively 

few, and of those, most demonstrate the effects of .competition only on 

productivity. On the other hand, although many greenhouse studies (and 

a few field experiments) have shown that competition may limit plant 

performance (see Harper 1977 for a review), the effects of competition 

in these latter cases have not generally been tied to species distribu

tions. 

The present study is unusual not only in examining the effects 
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of competition on a plant species at all stages in its life history 

within a natural community, but also in connecting competition with the 

limitations on the distribution of this species. The species studied, 

Stipa neomexicana, was the only C
3 

grass in a warm, dry grassland in 

southeastern Arizona. Over 40 C4 grass species were found in this region. 

Compared with C
4 

plants, C3 species generally have pho·tosynthetic optima 

at lower temperatures, and also have lower water use efficiencies. Thus, 

one would expect to find a C
3 

species in this environment growing on cool, 

moist sites, on north-facing slopes or in washes. Stipa neomexicana was 
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found instead on dry, exposed ridge crests. The cover and biomass of C
4 

grasses was low on these ridge crests and increased downslope to maximum 

values on the wettest sites on lower slopes and in washes (Chapter 1). 

This pattern was precisely the opposite of what one would predict if 

local distributions of C3 and C4 plants were determined only by matching 

physiological characteristics directly with the physical environment. 

It was hypothesized (Chapter 1) that Stipa neomexicana was highly 

stress-tolerant, but a poor competitor, and was able to grow only on 

unfavorable sites where competing grasses were largely absent. The rela

tively harsh environment of the ridge crest, it was suggested, prevented 

most species regardless of photosynthetic type from surviving on these 

sites. An alternative explanation of this peculiar distribution pattern 

(Chapter 1) is that Stipa neomexicana is actually best adapted to the 

physical environment on the ridge crests, and is limited only by the 

occurrence of these sites. 

This study was designed to distinguish which of the alternative 

hypotheses, competitive exclusion versus adaptation to the physical envi

ronment, could best account for the distribution of stipa neomexicana 

(referred to hereafter as 'Stipa') within a southeastern Arizona grass

land. Under the hypothesis of competitIve exclusion the following are 

predicted (in order of increasing inclusiveness): 

i. that competition limits the growth and/or reproduction of Stipa, 

ii. that Stipa has a low competitive ability or a poor tolerance of 

competition, 

iii.' that Stipa in the absence of competitors would grow and/or 



reproduce more successfully in the wetter, more favorable sites 

than on the sites where it is normally found, 

iv. that competition is least severe on the ridge crests, and in

creases with increasing C
4 

grass cover downslope, and 
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v. that the effect of competitors on the finite rate of population 

increase for Stipa should explain the limits to the distribution 

of this species. 

The aIternative, that this C3 species. is not limited by competing species, 

but is best adapted to the physical environment on the ridge crests 

implies that: 

i. growth and reproduction are greatest on the ridge crest, and 

decrease downslope with or without competition, and 

ii. competition has either little effec~ on performance, or 

iii. competitors have the same effect at all positions along the gra

dient, or have the greatest effect at the ridge crest where 

competition is primarily intraspecific. 

These predictions were tested by measuring the effects of the 

removal of potentially competing grasses from around target individual 

bunchgrasses. Removal experiments have been used successfully to analyze 

competition in grasslands (Cable 1969, Mueggler 1972, Putwain and Harper 

1970), and may be the most direct and satisfactory method of testing for 

competition (Harper 1977, p.726). Removals were tested on target indi

viduals of Stipa, and for comparison, on Aristida glauca, a C4 grass 

that in this area commonly grows in association with Stipa. Aristida 
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glauca (referred to hereafter as 'Aristida') reaches its highest impor

tance values on midslopes rather than on ridge crests, and extends fur

ther down on lower slopes than Stipa does (Chapter 1), although its 

distribution is the most similar to Stipa's of all the C4 grasses in the 

area. Stipa was compared with Aristida so that the differences between 

these two ecologically similar species of different photosynthetic types 

might be assessed. 

The response to removals was tested at three positions along the 

dry-to-moist environmental gradient: on a ridge crest, where Stipa was 

dominant and total grass cover was low; at midslope, where Stipa cover 

was less than at the ridge crest and C
4 

grass cover was greater; and on 

a lower slope, at the border of the Stipa population, where C
4 

grass 

cover (and therefore total grass cover) was greatest. The effects of the 

removals on the growth of mature plants, on flower production, and on 

seedling establishment, growth and survival were measured over two grow

ing seasons. 

The outcome of the experiments resulted in the rejection of the 

hypothesis that Stip~ was best adapted to the ridge crests and grew best 

there. Stipa was limited in both growth and reproduction by the presence 

of competitors, and the beneficial effects of the removal of competitors 

increased downslope. The presence of competitors depressed estimated 

rates of population gro'~th, and this depression was greatest on the lower 

slope. The hypothesis that Stipa neomexicana was restricted to unfavor

able sites by competition with neighboring C4 grasses was strongly sup

ported by the results. Ecologically Stipa and Aristida had more 
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similarities as stress-tolerant grasses than they had differences attrib

utable to photosynthetic type. 

Methods 

study Site 

The study site was located near the town of Sonoita in Santa Cruz 

County, Arizona at an altitude of approximately 1450 m. Vegetation, 

climate and soils of the region were described in Chapter 1. The site 

used for the experinlent was a large fenced field owned by Mr. Sam Frazier 

of Sonoita. This field had never been more than lightly grazed since the 

area was first settled. On several occasions during the course of the 

experiment several cattle were held in the field for a period of a few 

days. Other mammals found on the site were jackrabbits, cottontails, 

various small rodents, badgers, and coyotes. The field encompassed an 

area that included a broad roughly N-S ridge which sloped gently down to 

lower fields on the east, and on the west to a wash which drained into 

the Babacomari River several hundred meters to the north. The field 

contained a large population of Stipa neomexicana, which reached its 

greatest cover on the ridge crest, where the cover of C4 grasses was very 

low, and declined downslope as the C
4 

grass cover increased (Table 4). 

Experimental Design and Analysis 

Experimental treatments consisted of removing all grass within a 

0.5 m radius around a 'target' individual Stipa or Aristida plant. These 

removal treatments were compared with controls in which neighboring 

grasses were not removed. Approximately the same number and size of 
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Table 4. Vegetation characteristics at the three experimental sites. 

Ridgecrest Mids10pe Lower Slope 

Number of species 

Grass 8 8 9 

Other 9 6 6 

Percent ground cover 

Stipa neomexicana 20.5 8.5 3.0 

Aristida glauca 1.0 8.0 7.0 

All C
4 

grasses 9.5 24.5 37.0 

All other species 1.5 3.0 3.5 

Aboveground dry matter 
2 (g/m ) 

Mean :!:. 95% C.r. , n = 40 

Stipa neomexicana 139.2 + 15.7 75.8 + 10.2 0.8 + 1.1 

C
4 

grasses 16.2 + 7.4 111.0 + 18.0 281.9 + 27.1 

Original basal area of plants (cm
2

) 

Mean + 95% c.r. , n = 20 

Stipa neomexicana 33.2 + 12.7 25.4 + 9.1 15.9 + 5.2 

Aristica 9:1auca 60.9 + 25.4 75.6 + 26.6 34.8 :!:. 17.0 
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holes were made around control plants as were made around removal treat

ment plants so that disturbance was equivalent whether or not neighboring 

grasses were removed. Removal or control treatments were performed on 

20 replicates for each species within 10 randomized blocks at each of the 

three positions along the environmental gradient (Table 5). A grand 

total of 240 target plants was used in the experiment. Essentially the 

only consistent difference in the physical environment between these 

three locations was the topographic position itself (Table 6), and con

sequently, the volume of water input. Water is removed during and after 

rainstorms from the upper positions and deposited on the lower ones by 

runoff and perhaps by subsurface flow. The result is greater grass bio

mass and ground cover downslope (Table 1, and see Chapter 1). Note that 

on this site, mean total ground cover was never greater than 50% for any 

position along the gradient. Consequently, neither competition for light 

nor for (aboveground) space is likely to be of importance here. 

Sizes of mature plants were measured at the beginning of each 

season for seven seasons (see below). Growth was defined as size at the 

end of a season divided by size at the beginning of that season. All 

calculations were based on log transformations of growth to correct for 

the direct relationship between the variance and the mean in the original 

data. Since growth is inherently multiplicative, rather than additive, 

a log transformation was especially appropriate for this data. The over

all results of the experiment were assessed by an AN OVA of total growth 

defined as final size (after the second summer) divided by initial size. 

Factors were removal or control treatment (T), species (C), topographic 



Table 5. Experimental design. 

Factor 

Position: Ridgecrest 

Blocks n = 10 

Treatment: Control Removal 

Species: Stipa n=20 n=20 1 
I 

Aristida I n=20 n=20 

Covariate: Initial plant size 

Error terms for F tests were: 

T: BT where T 

C: BC P 

PT: PBT C 

PC: PBC B 

CT: BCT 

PCT: PBTC 

Midslope 

n = 10 

Control Removal 

Stipa I n=20 n=20 

Aristida I n=20 I n=20 

treatments 

positions 

species 

block 

stipa 

I Aristida 

Lower Slope 

n = 10 

Control Removal 

I n=20 I n=20 

I n=20 I n=20 

w 
~ 
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Table 6. Values for soil factors at the three experimental sites. 

Ridgecrest Midslope Lower Slope 

Total N (ppm) 1670 1562 1513 

% Sand 44.2 38.1 49.7 

% Silt 22.0 22.1 22.0 

% Clay 33.8 39.8 28.3 

% Particles > 2 rnrn 16.9 27.0 12.5 

pH 8.1 8.1 8.1 

% Water Holding capacity 7.2 11. 7 8.7 

'J 
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position (p) and block (Table 2). Initial plant size was used as a 

covariate. The ANOVA of total growth was broken into single degree of 

freedom contrasts (Steele and Torrie 1980) for greater resolution of the 

patterns. These contrasts (Table 5) were made on residual cell means 

after regression of total growth on initial size. 

Seasonal growth was analyzed using a repeated measures method 

(Rowell and Walters 1976) that utilizes a series of univariate ANOVAs 

which is algebraically equivalent to a multivariate ANOVA. This method 

is computationally simpler, and the results may be easier to interpret 

than those of a multivariate analysis. Experiments where a nuwber of 

successive observations of the same variable are recorded for each exper

imental unit are usually analyzed using univariate split-plot designs. 

One of the important assumptions underlying such designs is that corre

lations between observations adjacent in time are equal to correlations 

between observations taken at any other two times. The data from re

peated measures experiments frequently violate this assumption, and make 

a multivariate approach necessary if interpretation of seasonal patterns 

is desired. In this experiment measurements taken more closely together 

in time were found to be more similar than those that were more distant, 

making the multivariate method the correct one to use. 

In Rowell and Walters' method, the univariate ANOVAs may be 

chosen to constitute a geometric series, so that the first ANOVA tests 

the fit (of observations over time) to a straight line, the second tests 

quadratic effects, the third, cubic effects, etc. Other univariate 

ANOVAs may be chosen to answer specific questions of biological interest. 
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For example, in this case, in addition to analyzing the effects of 

growth over all seasons, warm (spring + summer) versus cool (autumn + 

winter) season growth patterns were contrasted. 

Population Growth 

Estimates of the finite rate of increase, or A, for Stipa popu-

lations at the three positions along the gradient for removal and control 

treatments were determined by estimating age-specific schedules of mor-

tality, lx, and reproduction, Bx' and using those to solve the stable age 

equation: 

I 

for A. The equation was solved by using successive approximations for A. 

The methods by which age-specific schedules of reproduction and mortality 

were estimated from the data are described in the Appendix. 

Growth of Mature Plants 

Basal area was chosen as the best measure of plant size and 

response to treatments. Basal area was estimated from measurement of the 

longest axis and the axis perpendicular to that, with area calculated 

from the formula for an ellipse. This estimate of basal area was related 

to aboveground dry weight (including crown) and to the number of tillers, 

although the relationship varied with season (unpublished data). Corre-

lation with a more direct measurement of basal area, taken from tracings 

of the exact outline of each plant made with insulated copper bell wire 



was highly· significant (r
2 

= .86, p < .001, n = 160). Basal area is 

related not only to tiller number and dry weight of individual plants, 

but is also directly related to the total ground cover of plants, which 

is generally of ecological importance (Mueller-Dombois and Ellenberg 

1974) and is especially important in this system. 
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The experiment was begun during the winter of 1979/80 while 

plants were dormant. Measurements of initial size were completed in 

January 1980, and subsequent measurements were made after the spring, 

summer, autumn and winter seasons of 1980, and after the spring and sum

mer of 1981. Rainfall was recorded at the study site over the course of 

the experiment; where data were missing, values were taken from the means 

of several local weather stations. 

Reproduction 

The total number of flowers produced by plants of each species 

for each treatment and position was sampled and counted when plants were 

actively flowering. 

Naturally occurring seedlings that germinated within the area 

(defined by the 0.5 m radius) surrounding mature plants for the control 

and experimental treatments were sampled, counted, and tagged. Cohorts 

that germinated in the spring and in the late summer of 1980 and 1981 

were followed. Survivorship and seedling size class were recorded peri

odically. Stipa neomexicana seedlings were distinguishable from the C4 

grass seedlings, which were not separated into species. 
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Results 

Population Growth 

In all cases the estimated finite rate of increase (A) for Stipa 

increased in response to the removal of competitors (Table 7). Only at 

the ridge crest were the control populations close to maintaining them-

selves during the two growing seasons of this study. Competition 

(defined as the difference between removals and controls) had the great-

est effect at the lower slope, and a smaller and approximately equal 

effect at the ridge crest and midslope. Even with the removals, the 

populations at midslope and at the lower slope were declining during the 

period that the experiment was in progress. 

The estimates of A were most sensitive to changes in LB and were 
x 

slightly sensitive to changes in I (survival to age of first reproduc
a 

tion). Estimated values of A were not sensitive to moderate changes in 

the other parameters, including the age of first reproduction. This lack 

of sensitivity was due to the very low values for LB
2

• Only if these 

values become an order of magnitude greater does A become sensitive to 

moderate changes in the other parameters. The growth of the Stipa popu-

lations was limited at the stage of seedling germination and early 

mortality. 

Growth of Mature plants 

Experimental Results. Removal of neighboring grasses strongly 

increased total growth for both species (Figure 5 and Table 8), and 

plants that were initially small grew faster than large plants {initial 



Table 7. Estimated finite rates of increase (A) for populations of Stipa neomexicana, and 
some components of A. 

Ridgecrest Hidslope Lower Slope 

Control Removal Control Removal Control Removal 

A 
.928 .827 .591 

1.035 .923 .875 

X 40 50 30 50 20 50 max 

a(years) 16 8 9 6 6 2 

1 .35 .50 .10 .40 .05 .30 
a 

LBx .031 .102 .017 .018 .001 .005 

~ 
Ul 
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Figure 5. Means and 95% confidence intervals (n = 20) for total growth 
(as final size/initial size) over the course of the experi
ment (1/80-8/81) at ridge crest (R), midslope (M) and lower 
slope (L) positions. -- Closed circles are controls, open 
circles are removals. Calculations were made on log trans
formed data (see text), and then transformed back to the 
original scale, resulting in asymmetric confidence intervals. 



Table 8. 

Factor 

T 

C 

PT 

PC 

TC 

PTC 

size 
Analysis of total growth (as log 

size 
For abbreviations, see Table 5. 

d.f. F 

1,9 197.546 

1,9 0.51;L 

2,18 2.420 

2,18 4.330 

1,18 0.357 

2,18 0.321 

Covariate 1 11.410 

Contrasts 

PT-linear 4.702 

PT-quadratic 0.004 

PC-linear 7.312 

PC-quadratic 3.468 

47 

P 

<.001 

n.s. 

n.s. 

<.05 

n.s. 

n.s. 

=.001 

<.05 

n.s. 

<.05 

n.s. 
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size as a covariate was highly significant). Although the treatment x 

position interaction was not significant, the linear component of this 

interaction was significant (at p < .05, Table 8). This suggests that differ

ences between controls and removals increased from ridge crest to midslope to 

lower slope. Stipa I s overall increase downslope was greater than Aristida IS 

(position x species (PC) interaction and linear component of the PC interaction) . 

Seasonal growth patterns substantiated the suggestion that dif

ferences between controls and removals increased downslope (as indicated 

by the significant linear x PT interaction). Stipa responded to a 

greater degree than Aristida to removals and to the increased favorabil

ity downslope (linear x CT and x PC interactions, Figures 6 and 7, and 

Table 9). Removals and controls were different in all seasons except 

winter, when plants were not growing. Initial size did not have a sig

nificant effect on growth in the seasonal analyses. 

Growth fluctuated over seasons, following a sine-wave-like form 

which increased in amplitude downslope, and which was greater for Stipa 

than for Aristida (cubic effect of seasonal growth x species effect). 

The straight lines around which growth fluctuated over time were signi

ficantly different in slope for the two species at the different 

positions, for the controls versus removals at the three positions, and 

for the controls versus removals for the two species (linear effect of 

seasonal growth x all two-way interactions). Sizes of the control plants 

were approximately at equilibrium over the 20 months of the study. The 

only exception was Stipa at the lower slope, which increased from very 

small sizes over the spring and summer of 1980, but subsequently remained 
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Figure 6. Means and 95% confidence intervals (n = 20) for seasonal 
growth (as size/previous size) of Stipa neomexicana at ridge 
crest, midslope and lower slope positions. -- Closed circles 
are controls, open circles are removals. See Figure 2 legend 
for calculations. plant sizes were measured in January, May 
and October of 1980, and January, May and August of 1981. 
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Figure 7, Means and 95% confidence intervals (n = 20) for seasonal 
growth (as size/previous size) of Aristida glauca at ridge 
crest, midslope and lower slope positions, Closed circles 
are controls, open circles are removals. See Figure 2 legend 
on calculations, Plant sizes were measured in January, May, 
August and October of 1980, and January, May and August of 
1981. 



Table 9. Analysis of seasonal growth. -- See Table 5 for abbreviations. (* indicates 
significance at p < .051 ** indicates significance at p < .01.) Covariates 
were not significant except for spring 1980 growth. Six seasons' quadratic 
effects were not significant for any factor. 

T 

C 

PT 

PC 

CT 

PCT 

Six Seasons' 
Growth 

Linear 
Effect 

F = .676 

3.922 

4.099* 

8.426** 

5.358* 

0.272 

Cubic 
Effect 

F = 3.512 

6.469* 

1.488 

0.050 

0.582 

0.436 

Season 

SP 1980 

SU 

A 

W 

SP 1981 

SU 

Warm Versus Cool 
Season Growth 

Linear Quadratic 
Effect Effect 

F = 0.568 F = 34.090** 

1.918 0.219 

6.232** 0.992 

4.213* 

3.613 

0.496 

F 

0.536 

0.004 

0.609 

Treatment Effect 

9.034, P < .025 

43.224 

12.352 

0.239 

35.237 

10.029 

.001 

.005 

n.s. 

.001 

.025 

plant Sizes Over 
Seven Measures 

Linear Quadratic 
Effect Effect 

F = 84.318** F = 5.149* 

20.132** 1.185 

4.736* 0.506 

6.908** 4.116* 

20.158** 3.645 

2.740 1.336 

1Jl 
t-' 



approximately constant in size. The initially small sizes and the sub

sequent increase at the beginning of the experiment may have reflected 

size fluctuations due to the weather in previous seasons, etc. To con

firm that this initial increase in size was not due to an artifact of 

the experiment, control plants were compared in size with nearby plants 

outside of the experiment. Mean sizes and 95% confidence intervals on 

January 14, 1981 were: 27.7 + 7.4 (n = 20) for controls, 25.1 + 3.8 
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(n = 40) for plants outside of the experiment, and 36.7 ~ 6.9 (n = 20) 

for removals. Clearly the initial increase in size of the control plants 

on the lower slope was not due to disturbance or other experimental arti

facts, but was shared by other plants of that species in the area. 

One would expect the C3 species to grow in cool weather and the 

C4 species in warm weather (see Discussion). Seasonal data revealed, 

instead, that the growth of these plants was apparently much more sensi

tive to water availability than to temperature. For example, at the 

lower slope Stipa grew more in the summer of 1981 than in the spring. 

Aristida controls at the lower slope grew during the spring but not the 

summer of 1980, while removals grew a fair amount in the winter of 1980/81. 

Availability of water presumably was determined not only by rainfall 

(Figure 8), but by how actively one's neighbors were removing water. 

If warm-season -(spring + summer) growth is compared with cool

season (autumn + winter) growth (Figure 6 and 7, Table 9), it is seen 

that there was little difference between controls and r~movals in the 

cool season, but large differences in the warm season (quadratic x 

treatment effect). The second (and wetter) warm season was poorer in 
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quality for the growth of these two species than the first was. In the 

second summer, the C4 grasses that dominated the environment were much 

more active, and probably depleted water supplies to a greater extent 
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(see Discussion). Response to the difference in quality between the two 

warm seasons was greater for controls than for removals. These differ

ences increased downslope, and were greater downslope for Stipa than for 

Aristida (linear x PT and PC interactions). Other analyses on seasonal 

effects revealed the same general patterns: response to removals for both 

species increased downslope; and Stipa responded to removals, to the down

slope gradient, and to differences in seasonal quality to a greater degree 

than Aristida. 

Other Observations on Mature Plants. By tightly rolling its 

leaves, a grass on a warm, dry day reduces its exposure to water stress 

by reducing incident radiation, decreasing the size of the boundary layer, 

and possibly decreasing leaf temperature and the magnitude of the driving 

force for transpiration (Begg 1980). Stipa has obligately rolled leaves, 

while Aristida's leaves, which are rolled most of the time, may open flat 

only briefly during the wettest periods. Facultative leaf rolling is a 

common feature in range grasses and is generally considered to be an 

adaptation to water stress (Begg 1980). Photosynthesis may concurrently 

be reduced in a rolled leaf in as much as leaf surface area and possibly 

stomatal conductance are effectively reduced. In contrast, "wet-site" 

species in the study area either have no morphological adaptations of 

this sort, and have leaves that are functional only during wet periods, 
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or have some degree of facultative leaf folding. Species of intermediate 

areas have increased degrees of facultative leaf rolling. 

Aristida and Stipa behaved as "evergreens" over the course of 

four years of observation. They retained green leaves for nine to ten 

months of the year, and became dormant only during prolonged cold or dry 

periods. Active growth occurred when water was available, rather than 

when conditions were optimal. Lower-slope and wash species, such as 

Bouteloua gracilis, had a brief but intense period of activity during the 

ideal conditions of August and September when the air was warm and the 

soil was moist. These species were completely or largely dormant for 

nine or ten months of the year. 

Reproduction 

Flowering. Removal of neighbors significantly increased the 

number of flowers produced by both species (Table 10). Position also had 

a strong effect on flower production for both species. Flower production 

was smallest at the ridge crest and greatest on the lower slope. Aristida 

flowered several times during the course of the experiment. Flowers were 

sampled and counted only once, in October 1980, during a period of very 

active flowering. During the same period, Stipa flowered only once, in 

May 1981. 

Aristida flowered at a time when the other C
4 

species in the area were 

very active. There was a significant increase, as there was for growth, in the 

difference between controls and removals from ridge crest to midslope to lower 

slope (as indicated by the significant linear component of PT, Table 10) . 



Table 10. Flowers per plant. 

Position Treatment 

Hillcrest Control 

Removal 

Center Control 

Removal 

Lower Slope Control 

Removal 

ANOVA Stipa 

T F 19.611 p < .005 

PT 0.630 n.s. 

PT - linear 0.847 n.s. 

PT - quadratic 0.412 n.s. 

Stipa 

X 

1.45 

13.30 

4.05 

28.65 

35.45 

58.85 

Aristida 

F 5.506 p < 

3.266 

6.120 

0.412 

.05 

n.s. 

.05 

n.s. 

Aristida 
-
X 

65.15 

72.90 

263.15 

343.00 

149.85 

419.95 

U1 
(J'\ 
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Stipa, however, flowered when neighboring C
4 

grasses were largely dormant. 

Although removal of competitors did increase the number of flowers, this in

crease was greatest on the ridge crest where competing neighbors were mainly 

other active Stipa plants, and least at the lower slope where competitors were 

mainly semi -dormant C 4 plants. There were di fferences in r.ank only, and were 

not great enough to cause a significant position x treatment interaction. 

Germination and Seedling Growth. Seedling numbers were strongly 

affected by both rainfall and by competition. Seedlings of Stipa and of 

C4 grasses (which were not separable into species) germinated in two 

discrete cohorts (May and September) in both 1980 and 1981. Most C
3 

seedlings appeared in May, and most C
4 

seedlings appeared in September, 

and only those numbers are reported here. Seedling numbers were radi

cally different in the two years, necessitating a severe reduction in the 

size of the sampling area in the fall of 1981 (from 188 m2 to 3 m2), 

although total numbers of seedlings counted were similar. 

Competition had a strong and significant effect on the number of 

C3 and C4 seedlings germinating in 1980, the drier year (Table 11). This 

effect increased downslope for both Stipa and the C4 seedlings. The 

total number of Stipa seedlings was greatest at the ridge crest and least 

at the lower slope. The seed bank was undoubtedly largest at the ridge 

crest, due to the high cover of mature Stipa plants there. The reverse 

was true for C4 seedlings, which had the greatest cover of mature plants 

downslope. In the second and wetter summer, competition did not reduce 

the numbers of C
4 

seedlings germinating, and in fact the presence of 

mature neighbors resulted in greater seedling numbers. This may have 



Table 11. Seedlings per m
2

• 

Site Treatment C
3 

Hillcrest Control 3.44 

Removal 7.56 

Center Control 0.28 

Removal 1.69 

Lower Slope Control 0.09 

Removal 0.25 

Analysis Factor 

2 
X ,p 

Treatments 83.9,<.001 

Positions 481.1,<.001 

T x P 7.8,<.05 

1980 

C
4 

Spp. 

0.63 

2.44 

0.16 

2.94 

0.72 

13.19 

472.1,<.001 

392.4,<.001 

31.8,<.001 

1981 

C
3 

C
4 

Spp. 

1.03 27.00 

1.63 28.00 

0.28 130.00 

0.31 36.00 

476.00 

0.09 280.00 

2 
X ,p 

7.3,<.05 52.0,<.001 

106.3,<.001 439.9,<.001 

2.5, n.s. 9.9,<.01 

U1 
00 
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been due to the beneficial effects of shading from the desiccating summer 

sun. (Seedlings were small enough and sometimes close enough to mature 

plants to be shaded, although mature plants did not shade each other.) 

Competition from the mature plants did sharply reduce the subsequent 

survival of this flush of seedlings, though, after the soil began to dry 

. (see below). C4 control seedlings appeared in large numbers only during 

the wet year. Numbers were an order of magnitude greater on the lower 

slope than at the ridge crest. 

Seedlings, like mature plants, grew more rapidly when mature 

neighbors were removed, and this effect was greatest at the lower slope 

(Figure 9). Seedlings were recorded within each of four size classes. 

Size classes were based on the number of leaves, as basal area was too 

small to measure accurately. In all but one case, control plants of 

all species had fewer than six leaves even after a year or more of growth, 

while the largest seedlings among the removals had over 100 leaves by 

this time. 

Seedling Survival. Competition strongly affected survival of 

both Stipa and C4 seedlings (Figures 10 and 11) with the exception of C4 

seedlings at the ridge crest which did equally poorly with or without 

mature neighbors. The negative effects of competition on survival of 

both Stipa and C4 seedlings were greater uownslope. Survival of three 

different cohorts of Stipa and of C4 seedlings was recorded. Survivor

ship among the three cohorts followed similar patterns, and survivorship 

for only the first cohort is graphed and discussed here. 

Differences between the controls and removals were greater for 
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Figure 11. Proportions of C4 seedlings (all species) surv1v1ng (Ix) 
from first census (9/80) for controls (C) and removals (R). 
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Stipa than for the C4 grass seedlings. Survival of all controls at mid

slope and at the lower slope was minimal. Only at the ridge crest did 

large numbers of control Stipa seedlings survive. Control C4 seedlings 

did poorly at all positions during the period of this study. With the 

removal of competitors, survivorship of C
4 

seedlings improved at mid

slope and on the lower slope, but remained very low on the ridge crest. 

Stipa removals fared best at the ridge crest and most poorly at the lower 

slope. 

Stipa seedlings in the absence of competition had remarkably 

high survivorship, seemingly due to the superior ability this species 

has to live at low soil moisture levels. Mortality was not increased 

during dry periods nor decreased during wet periods at any position. In 

contrast, C
4 

seedlings had high mortality during the dry autumn and win

ter of 1980 (age 0-4 months), very low mortality during the wet spring 

of 1981 when mature plants were largely dormant (age 4-8 months), and 

very high mortality again in the wet summer of 1981 (age 8-12 months) 

when mature plants were very active (Figures 10, 11, and see Figure 8). 

This suggests that the C
4 

seedlings suffered more from the effects of 

low rainfall than the Stipa seedlings did, but benefitted more from the 

effects of high rainfall. Both suffered from the presence and activity 

of mature neighbors, but these effects were more severe for Stipa. 

The shapes of the survivorship curves are revealing. Mortality 

for both Stipa and C
4 

seedlings was highest for the first few months 

after germination (Figures 10 and 11). For Stipa the curves for removals 

were slightly concave at the ridge crest, and more strongly concave at 
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midslope and on the lower slope, while curves for the controls were 

slightly concave at the ridge crest, and more diagonal at the two lower 

positions (markedly diagonal in the second and third cohorts, which were 

not graphed). This suggests that without competition, or where competi

tion is minimal, Stipa seedlings past the first few months in age had a 

high probability of surviving, regardless of weather conditions. Where 

competition was important, Stipa seedlings had a constant and high 

probability of death. C4 seedlings were quite different. Curves in all 

cases tended to be diagonal, with a "step" of greatly reduced mortality 

in the wet spring of 1981. Curves were of the same shape, but much 

steeper for controls than for removals. Mortality was apparently due to 

both competition and to low rainfall, and was constant except when a 

'break' in both of these forces occurred. 

Further indication of the extreme tolerance of moisture stress 

of Stipa neomexicana was provided by soil moisture data collected during 

the germination and early establishment of the first cohort of seedlings. 

In May 1980 large numbers of Stipa seedlings germinated in soil that had 

moisture tensions of -7.0 to -9.0 MPa. These seedlings did not receive 

any additional moisture for at least 50 days, and yet they remained green 

and active, and had high survivorship. (For comparison, the permanent 

wilting point of crop species is typically -1.5 MPa.) 

One mature plant of the 240 plants in the experiment died during 

the course of this study. This was a Stipa plant at the ridge crest 

which died in the summer of 1981 after being severely trampled by a cow 



when the ground was wet. Clearly the risk of dying was low for estab

lished Stipa and Aristida plants. 

Discussion 

Effects of Competition 
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The experimental removal of neighboring plants along an environ

mental gradient of increasing 'favorability' was designed to test the 

hypothesis that increasing competition along this gradient limited the 

distribution of the C
3 

grass, Stipa neomexicana. The results of the 

experiment confirmed the predictions of this hypothesis. Presence of 

competing grasses had a negative effect at every stage in the life his

tory of this grass. In the absence of competing neighbors the lower, 

wetter sites on the border of the Stipa population were more favorable 

for growth and flowering than the ridge crest sites where the population 

was greatest. Competition had the least effect on these ridge crests, 

and increased with increasing cover of C4 grasses downslope. Although 

competition inhibited the growth and flowering of mature grasses, it was 

at the seedling stage that the population was most effectively limited 

by competing C4 grasses. Germination, seedling survival, and seedling 

growth were all severely reduced by the increasing density of mature C4 

grasses downslope. As a result, the rate of population growth was nega

tive on all but the ridge crest position along this environmental gra

dient. 

It is likely that there was a progressively increasing underesti

mate of the magnitude of the effects of competition from ridge crest to 
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midslope to lower slope. Recall that each of the experimental treatment 

replicates consisted of removal of grasses within a total area of 

2 slightly less than 3/4 m. The higher the density, the greater the 

effect of grasses just outside of the area of removal. Removal of imme-

diate neighbors would not diminish the general moisture loss over the 

entire field of grasses; this general trend would be felt as well within 

the tiny 'island' of the removal treatment. This would account, for 

example, for the diminished growth of both of these species in the 

second, wetter summer, when the high biomass of C4 grasses in the envi-

ronment as a whole resulted in rapid depletion of soil moisture. The 

minute number of Stipa seedlings germinating on the lower slope"even 

where mature grasses were removed may have been due not only to the vagar-

ies of an unpredictable climate (seedlings may become established only 

once in every five years, for example), or to the low seed bank of 

Stipa there, but to the (unmeasured) effects of competition from plants 

outside the area of the removal as well. Evidence from flower production 

suggests that the number of seeds deposited in the seed bank per mature 

plant was as much as twenty times greater on the lower slope than on the 

ridge crest. However, many more seedlings appeared per mature plant on 

the ridge crest. (It was observed that seeds did not travel far from the 

parent plant, and seedlings were counted in close proximity to mature 

stipa plants.) Approximate numbers of seedlings per mature plant in 

1980 were, for controls and removals respectively, .082 and .141 at the 

ridge crest, .013 and .051 at mids1ope, and. 006 and .016 at the lowest slope. 

This suggests that even with removals, seedlings may have suffered from the 
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negative effects of competitors outside of the little island of removal 

that they occupied, as these negative effects would increase downslope 

with the increasing density of mature plants surrounding the area of 

removal. Decreased survival of seedlings in the removal treatments, and 

the consequent declining rates of population growth for the removals down

slope may also have reflected the unmeasured effects of competition in

creasing along with the measured effects downslope. 

Comparison of Stipa and Aristida 

Surprisingly, the differences between Stipa neomexicana and 

~istida glauca were subtle, as large differences in seasonality have 

generally been associated with coexistant C
3 

and C
4 

grasses (e.g., 

Williams and Markley 1973, Williams 1974, Kemp and Williams 1980, Ode 

et ale 1980). Although Stipa and Aristida are of different photosyn

thetic types, they are both highly stress~tolerant grasses that have 

similar distributions, suffer similar hardships and respond in a similar 

manner to their shared environment. In general, Stipa was somewhat more 

tolerant of environmental severity and less tolerant of competition. 

The greatest differences between the species were in the timing of repro

ductive activity. The characteristics that these species share as 

stress-tolerant grasses may dominate their overall strategies more than 

the photosynthetic characteristics in which they differ. 

'Evergreenness' (leaf or canopy longevity) is commonly associated 

with stress tolerance. It has been suggested that this relationship is 

due to greater investment cost and slower payback rate for a stress-
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tolerant leaf (Orians and Solbrig 1977). A more general explanation may 

be that in an environment where maximum rates of photosynthesis or 

growth are limited, a long period of" activity is necessary for the plant 

to accumulate enough carbon and energy to survive and reproduce. Supe

rior competitive ability is characterized in the grasslands of this 

study (and perhaps in many such cases of included niches) not by effi

ciency at low resource levels, as has been suggested (MacArthur and 

Wilson 1967), but by rapid growth or photosynthesis, high rates of re

source use, and dormancy when resources are depleted. In a seasonal 

climate, this implies a precise keying of activity to periods of optimal 

temperature, moisture etc. Roughgarden (1971) suggested from theoretical 

work that an important aspect of superior competitive ability was not 

high efficiency but a low sensitivity to the negative effects of crowd

ing on productivity. 

Stipa neomexicana and Aristida glauca fit the description of 

stress-tolerant species quite well. Within the grasslands of this study, 

these grasses reached their greatest cover, highest density of indivi

duals, and largest size of individuals on or just below the dry, exposed 

ridge crests of the driest part of the region (Chapter 1) where grass 

cover and productivity were low. Geographically, both species are lim

ited to the arid southwest. They are bunchgrasses, not sod formers, with 

limited growth rates, size, groundcover, and vegetative reproduction 

(see Schaffer 1974, Schaffer and Gadgil 1975). Leaf rolling in both 

species probably limits photosynthesis as well as exposure to water 

stress. Both species retained green leaves for most of the year, in 
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contrast to the wet-site species, which were active for only short peri-

ods during the year. 

A Simple Graphical Model of water 
Input and Use, and the Mechanisms 
of Competition 

If a plant species in a particular environment cannot accumulate 

enough carbon and energy over the course of a growing season to survive 

and reproduce, that species will be eliminated from that environment. 

If a curve of productivity over time is drawn, this income is equivalent 

to the integral of the curve. It is shown below that this integral may 

be reduced below the critical level needed for survival by the low input 

of water on the ridge crest, but in the lower slope environment this 

integral will be diminished by the rapid depletion of water by plants. 

A common graphical approach to explaining the superiority of each 

of two species with contrasting sets of traits along different portions 

of an environmental gradient is to draw intersecting curves (of maximum 

productivity, etc.) for the two species such that the height of each 

curve is greater than the height of the other in one region of the gra-

dient (e.g., Orians and Solbrig 1977, Goldberg 1982). However, a lower 

level of maximum productivity in a real-world environment does not satis-

factorily account for why a species cannot survive in that environment. 

Rather than comparing the height of the species' productivity curves in 

two regions along the gradient, I compare the constraints on the integral 

of productivity in the two regions for each species. In this dis-

cussion Stipa represents a typical stress-tolerant species, and the 



lower-slope C4 species are examples of any highly productive species 

adapted to favorable environments. 

The species distribution patterns (see Discussion, Chapter 1) 
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and the results of the removal experiments imply that growth was limited 

primarily by water availability, and that competition between these 

grasses was primarily for water. I suggested above that although lower 

slopes had a greater volume of water available, competition for that 

water was more severe. The key to this apparent paradox is in the 

effects of the seasonal patterns of water use on productivity in dif

ferent regions along the gradient from ridge crest to lower slope. For 

simplicity it is assumed that soil texture, depth, and other factors are 

identical, and that no factors other than water are limiting productivity. 

Water input on the lower slope is due to rainfall and to water 

that has been removed from upper-slope positions (Hewlett and Nutter 

1970, Dunne and Leopold 1978). Consequently the ridge crest soil in the 

root environment (15-20 cm) requires a longer period of time and a 

greater amount of precipitation to reach field capacity. Were plants not 

present, at the end of the rainy season moisture would decline gradually 

at both sites due to evaporation, loss to deeper horizons, and other 

physical factors. The decline at the ridge crest would be steeper due to 

the greater exposure of that site. 

When plants are present, the C4 species at the lower slope will 

respond quickly to the high level of water availability at the beginning 

of the rainy season. As these plants become active, water is rapidly 

removed from the soil by transpiration (Figure 12). productivity reaches 
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a high level, remains at that level as long as soil moisture input keeps 

pace with removal, and declines steeply after the rainy season. The 

lower-slope C4 species become dormant when their permanent wilting pOint 

is reached. In contrast, at the ridge crest soil moisture increases more 

slowly, and Stipa is assumed to be less capable of a vigorous response to 

increased moisture levels (see Grime, 1977). Productivity rises slowly, 

though it may begin to rise at lower moistur~ levels, and the peak of 

production is more modest. Water is consequently removed more slowly, and 

the level of water in the soil at this 10-15 cm depth declines more gradu

ally at the end of the rainy season. Stipa remains active for an extended 

period due to the greater length of time that water is available, and due 

to its ability to remain active at lower soil moisture levels. These 

plants do not become fully dormant until the soil water potential is 

reduced to their own permanent wilting point, which is presumably lower 

than that of the lower-slope C
4 

plants. These contrasting patterns of 

water use are due not only to the contrasting capabilities of Stipa and 

the lower-slope C4 plants, but to the greater biomass on the lower slope. 

What prevents individuals of ridge-crest species from becoming 

established on the lower slope, and vice versa? A species adapted to 

the ridge crest, even when growing on the lower slope, would have a lower 

maximum level of productivity than the lower-slope plants, due to its 

own inherent limitations (Figure 12). This plant would be constrained 

to a greatly reduced period of activity because water is quickly removed 

from the soil by neighboring plants. If the lower-slope species were 

removed, however, this ridge-crest species would have greater product iv-



ity on the lower slope than on the ridge crest. In'the contrasting 

situatio~, a lower-slope plant on the ridge crest will reach a maximum 

level of productivity later in the rainy season than it would on the 

lower slope due to the lower input of water there. It will be able to 

maintain this maximum level only briefly. As moisture input ceases at 

the end of the rainy season, productivity drops steeply away from maxi

mum rates. Again, if the integral of productivity is less than the 

plant's requirements, the plant will be excluded. In this case the 

exclusion occurs because of the low resource levels of the environment, 

and would occur whether or not other species were present. 

73 

This mOdel is very sensitive to changes in the relative lengths 

of the axes. If the rainy season is extended, the period of activity, 

and thus the productivity of lower-slope plants will increase upslope. 

The stress-tolerant species will be pushed upslope, and eventually ,will 

be pushed out of the system entirely, while new and more highly competi

tive species with greater peaks of activity will supplant the original 

lower-slope species in the areas with greatest soil moisture. This is 

equivalent to either compressing the X axis (so that the rainy season 

occupies a greater portion of the year) or elongating the Y axis (in

creasing precipitation). Such changes do occur as one travels to more 

mesic grasslands (Bouteloua gracilis, a wet-site species here, is a dry

site species in more productive grasslands, for example). 

There is some empirical evidence to support this description of 

water input and use. Soil water potential was measured using the gravi

metric method of McQueen and ,Miller (1968, 1974, Al-Khafaf and Hanks 
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1974) over one large-scale wetting-drying-rewetting cycle in 1980. After 

the winter rains, and before the lower-slope plants became active, soils 

were moist (Figure 13) at both the upper slope and wash sites, although 

they were slightly wetter on the lower slope. When the plants in the 

wash briefly became active in the spring, soil moisture there was quickly 

reduced to very low levels, though on the ridge crest it declined only 

gradually and not to such low values. (Soil moisture had not declined 

to the permanent wilting point on the ridge crest before the next rainy 

season began.) Moisture levels increased more steeply on the lower slope 

due to input from summer rains. Similar pictures of soil water input and 

use were re~orted by Cable (1976) for nearby sites in southeastern Ari

zona, and by Ng and Miller (1980) in the southern California chapparal. 

In summary, the results of a series of removal experiments along 

an environmental gradient from ridge crests to midslopes to lower slopes 

indicated that increasing competition along this gradient was respon

sible for restricting the distribution of the C3 grass Stipa neomexicana 

to the dry ridge crest sites. A graphical model of water input and 

depletion was useful in describing the mechanisms by which species might 

be excluded at the two ends of the gradient. 
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APPENDIX 

CALCULATIONS FOR ESTIMATION OF LIFE HISTORY 
PARAMETERS FOR STIPA NEOMEXICANA 

76 



77 

The elements of the stable age equation, 

1 

were estimated as follows. (Note that Bx is effective rather than actual 

fecundity.) Measurements were made for controls and removals at the ridge 

crest, misdlope and lower slope. Data for seedlings were taken for 1980 

and 1981 cohorts. Seedling counts for each cohort were multiplied by % 

survival for that cohort at one year of age. Values for the two cohorts 

were averaged to get LB. Initial size of all seedlings was taken to be x 
2 0.10 cm Seedling growth was estimated from data in Figure S. 

Six classes were defined as: 

Size Class (xl Size 2 cm 

0 Seedlings 

1 1.0 - 10.0 

2 10.1 - 30.0 

3 30.1 - 60.0 

4 60.1 - 80.0 

5 > 80.0 

Reproductive size was taken to be > 1.0 cm2 (based on field 

observations). Values for mean growth per size class per season was 

taken directly from growth data. In several cases where growth values 

were based on data from very few plants, or where growth was < 1.00, a 

value was assigned based on values for adjacent size classes. Growth was 

averaged for the two years (1980, 1981) data for spring and summer. 

Autumn and winter values were those taken in 1980. Yearly growth (G I x 
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was estimated as the product of the 4 seasons' growth for each size 

class. 

Age classes were estimated from size classes by multiplication of 

initial and each successive size by G
n 

where n is the lowest number such 

that 

and so on for successive size classes, i.e., a plant grows within its 

own size class until the next size class is reached. Ages for each size 

class were assigned by successively applying this procedure, e.g., 

etc., where age Ln.. Seedlings produced per age class were assumed to 
1. 

be proportional to number of flowers produced by plants of that age 

class. 

Maximum age in the presence of competitors was estimated from 

growth data and the size class distributions at each position along the 

gradient. It was assumed that maximum age in the absence of competition 

would be the same everywhere along the gradient. Age of first reproduc-

tion was estimated from growth data as described above. Survival to age 

of first reproduction was extrapolated from seedling survival data. Sur-

vival, ~ beyond a was estimated by use of the equation: 
x 

1.0 _ (_x_)2 
x max 

which was chosen to approximate a concave (negative second derivative) 



survivorship curve. This shape agrees with that of published data for 

sim~lar organisms in a nearby area (data from Canfield 1957, reanalyzed 

by Sarukhan and Harper 1973), and with seedling data from this study. 

Measured values and the derivation of estimated values are sum

marized below. 
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Measured Estimated 

% ground cove~r ~ ______________ ~ 2 
__ > # plants/m 

X basal area 

# seedlings/m2/yr ________________ ~) # seedlings/mature plant 

% survival at 1 yr (tl)-----------)~ rBx 

# plants/size class/season 

1 
Growth/size class/season 

1 
Yearly growth/size class (G )-~ Number of years spent in each 

x 
size class (n ) 

1 
x 

L-__________________________________ ~ Age distribution of plants 

1 ~ Estimated maximum 
age (x ) 

max 

Age at first reproduction, a 

1 
Survivorship of seedlings------------~) Survivorship to a (la) 

# flowers/plant~# flowers/age class x LB 
x 

X. 1.0 _ (_x_) 2 
x x 

max 

n ~each B x x 
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