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Studies of rarity tend to focus on the population level of the species 

in question. A complete understanding of rarity however, requires 

understanding both population and community patterns and processes. To that 

end, population and community levels of organization were compared in the 

rare grass, Achnatherum h e n d e r s o n i i .  Achnatherum h e n d e r s o n i i  occurs in 

small, local populations in central Washington and north-central Oregon. 1 

compared sympatric and disjunct populations of A. h e n d e r s o n i i  from its 

northern and southen distribution limits. 1 also compared A. h e n d e r s o n i i  

with the closely related common grass, A. lemmonii. Plant species coverage 

in vegetation plots was used to estimate community level organization, and 

morphology of inflorescence and vegetative leaves was used to estimate 

population level organization. Principal components analysis (PCA) was used 

to make comparisons. Organization was assessed through the calculation of 

95% confidence level bivariate ellipses about the first two PCA axis scores. 

The ellipse statistics theta, eccentricity, and area were used to quantify 

three components of organization for each group: theta reflects the 

covariance or organization sensu s t r i c t o ;  eccentricity reflects the strength 

of correlation or organization as order; area relates to the amount of 

variation. Community level organization differed throughout the distribution 

range of A. h e n d e r s o n i i .  At the northern distribution limit, variation in 

the vegetation was less for the rare grass than the common grass, however, in 

the southern limit A. henderson i i  vegetation had the greatest overall 

variation. In the southern end of the distribution range. variation in the 

vegetation was influenced by the coverage of cryptogamic crust. Population 

level organization was similar throughout the distribution range of A. 

hendersonii . Achnatherum h e n d e r s o n i i  morpho logy was congruent wi thin and 

among populations. There was less morphological variation in Achnatherum 

h e n d e r s o n i i  than A .  lemmonii .  Overall, community and population levels of 

organization were dissimilar. Comparisons of comnity and population levels 



organization of rare species increases Our theoretical understanding of 

biological organization, by increasing our power of examination. In this 

case, they reveal different responses by the plant as cornpared with its 

vegetation, This different response argues for different causai agents 

affecting rnorphology and vegetation. 
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INTRODUCTION 

Rari ty 

R a r i t y  i n  vascular  p l a n t s  a s  wel l  a s  o t h e r  organisms i s  l a r g e l y  an  

i d i o s y n c r a t i c  phenomenon - no one theo ry ,  hypo thes i s ,  o r  d e s c r i p t i o n  e x p l a i n s  

r a r i t y  - a taxon can be r a r e  for any number of d i f f e r e n t  reasons (Drury 1974 

1980; Kruckeberg and Rabinowitz 1985; F i e d l e r  1986; Gaston 1994).  Def in ing  

r a r i t y  can be a s  confounding (Drury 1974, 1980; Harper  1981; and Rabinowitz 

1981; Kruckeberg and Rabinowitz 1985; Gaston 1994).  Also recognized i s  t h a t  

i f  organisms a r e  r a r e  f o r  a v a r i e t y  of  r easons  then  e c o l o g i c a l  and 

e v o l u t i o n a r y  consequences of r a r i t y  a r e  e q u a l l y  d i v e r s e  (Drury 1974, 1980; 

Rabinowitz 1981; F ied le r  1986; Gaston 1994).  

Drury * s  (1974, 1980) o p e r a t i o n a l  d e f i n i t i o n  o f  r a r i t y  inc luded t h o s e  

s p e c i e s  t h a t  occur  i n  widely s e p a r a t e d  sub-popula t ions  where i n t e r b r e e d i n g  

between t h e  subpopulat ions i s  reduced o r  e l i rn ina ted ,  o r  i n  extreme c a s e s ,  

t h o s e  s p e c i e s  t h a t  a r e  r e s t r i c t e d  t o  a s i n g l e  popu la t ion .  More r e c e n t l y  

Argus and Pryer  (1990) c h a r a c t e r i z e d  r a r i t y  a s  s p e c i e s  occurrence  i n  a  

l i m i t e d  a r e a  o r  i n  few numbers. McJannet e t  a l .  (1993) added t o  Argus and 

P r y e r ' s  (1990) d e f i n i t i o n  t h e  concepts  of geographic  d i s t r i b u t i o n ,  such a s  

p e r i p h e r a l  ( a t  t h e  edge o f  t h e  d i s t r i b u t i o n  range)  and endemic (smal l  g l o b a l  

popu la t ion  r e s t r i c t e d  t o  a  smal l  a r e a ) .  Rabinowitz (1981) developed a  

t h e o r e t i c a l  frarnework t o  c a t e g o r i z e  d i f f e r e n t  t ypes  of r a r i t y .  She 

c a t e g o r i z e d  r a r i t y  based on geographic range, h a b i t a t  s p e c i f i c i t y ,  and local 

popu la t ion  s i z e .  and descr ibed  seven forms of r a r i t y  (Table 1).  E s s e n t i a l l y ,  

a s  swnmarized by F i e d l e r  (1995).  "Rar i ty  i s  r e a l l y  a s t a t emen t  about  

geographic  d i s t r i b u t i o n  and abundance". 

R a r i t y  i s  gene ra l ly  s t u d i e d  on t h e  a u t e c o l o g i c a l ,  o r  popu la t ion  l e v e l .  

R e p r e s e n t a t i v e  works inc lude  those  of Gankin and Major (1964) on 

Arc tos t aphy los  m y r t i f o l i a ,  Meagher e t  a l .  (1978) on P lan tago  co rda ta ,  Griggs 

and J a i n  (1983) on O r c u t t i a ,  and Waller e t  a l .  (1987) on Ped i cu l a r i s  

f u r b i s h a e .  This  l e v e l  of i n v e s t i g a t i o n  i s  impor t an t ,  and much valuable 

i n fo rma t ion  about  r a r i t y  has  been learned  through s t u d i e s  such a s  t h e s e .  



Table 1 .  The typology of rare species proposed by Rabinowitz (1981) based on three 
characteristics: geographic range, habitat specificity, and local population size. Al1 categories 
except the first in the table define a particular type of rarity. 

Local Ceographic range and habitat specif icty 
population 
size Large and wide Large and narrow Small and wide Small and narrow 

t3 

Large, Local ly abundant Locally abundant 
dominant in over a large range over a large range 
some places in several habitats in a specific 

i . e .  common habitat 

Small, Constantly sparse Constantly sparse 
nondominant over a large range in a specific 

and in several habitat but over 
habitats a large range 

Local ly abundant Locally abundant in 
in several habitats a specific habitat 
but restricted but restricted 
geographical ly geographically 

Constantly sparse Constantly sparse 
and geographical ly and geographically 
restricted in restricted in a 
several habitats specific habitat 



Despi te  t h e  f a c t  t h a t  both  r a r e  and common s p e c i e s  occur  i n  c o m n i t i e s ,  

s t u d i e s  of r a r i t y  a t  t h e  comrnunity l e v e l  have been l a r g e l y  ignored.  

The no t ion  t h a t  both  populat ion and c o m n i t y  l e v e l s  o f  s tudy  a r e  

important  t o  unde r s t and  r a r i t y  i s  n o t  new. I t  h a s  been recognized a s  e a r l y  

a s  Darwin (l859), and more r e c e n t l y  by S tebb ins  (1980), t h a t  a  s y n t h e s i s  o f  

popula t ion- leve l  and c o m n i t y - l e v e l  p rocesses  i s  needed f o r  a  f u l l  

unders tanding  of t h e  e c o l o g i c a l  and e v o l u t i o n a r y  causes  of r a r i t y .  In t h e  

same ve in ,  Levin (1988) recognized t h a t  a s y n t h e s i s  of popu la t ion  and 

c o m n i t y  theory  i s  needed t o  understand p rocesses  under ly ing  t h e  b i o l o g i c a l  

o r g a n i z a t i o n  seen  a t  d i f f e r e n t  eco log ica l  l e v e l s .  

Although Darwin (1859)  p r imar i ly  viewed r a r e  s p e c i e s  a s  be ing  "o ld" ,  

and near ing  e x t i n c t i o n ,  he understood t h a t  t h e  concept  of r a r i t y  inc luded  

i n h e r i t e d ,  e v o l u t i o n a r y ,  geographic,  geo log ic ,  and e c o l o g i c a l  f a c t o r s .  

Stebbins (1980) recognized t h a t  each r a r e  s p e c i e s  has unique f e a t u r e s ,  

and f o r  t h e o r i e s  t o  provide  a  complete e x p l a n a t i o n  of  r a r i t y  they  must 

encompass t h r e e  major  v a r i a b l e s :  t h e  i n t r i c a t e  mosaic of  t he  environment i n  

which the  r a r e  s p e c i e s  grows; t h e  cornplex g e n e t i c  s t r u c t u r e  of  i t s  

popu la t ions ;  and t h e  h i s t o r y  of t h e  popu la t ions .  With t h i s  i n  mind h e  

proposed t h e  gene pool-niche i n t e r a c t i o n  theo ry  t h a t  a t t empt s  t o  i n t e g r a t e  

t h e  i n t e r a c t i o n s  o f  t h e  t h r e e  parameters.  Th i s  t heo ry  proposes t h a t  t h e  

primary cause of  r a r i t y  i s  adap ta t ion  t o  a  combinat ion of  e c o l o g i c a l  f a c t o r s ,  

such  a s  edaphic f a c t o r s ,  t h a t  a r e  themselves r a r e .  F a c t o r s  i n h e r e n t  i n  t h e  

gene pool of t h e  popu la t ion ,  such a s  t o t a l  amount o f  v a r i a b i l i t y ,  t h e  arnount 

o f  v a r i a b i l i t y  t h a t  can be  r e l eased  a t  one tirne, and t h e  amount of  v a r i a t i o n  

t h a t  can be gene ra t ed  wi th  r e spec t  t o  those  p a r t i c u l a r  c h a r a c t e r i s t i c s  t h a t  

s t r o n g l y  a f f e c t  t h e  e s t ab l i shmen t  of new popu la t ions  (e .g.  seed  p roduc t ion  

and d i s p e r s a l ) ,  a r e  a l s o  important .  

Levin (1988) S t a t e s  t h a t  one of t h e  fundamental cha l l enges  of 

ecologicaL s c i e n c e  i s  t o  b lend  populat ion and c o m n i t y  theory.  H e  b e l i e v e s  

t h a t  r e d u c t i o n i s t i c  and h o l i s t i c  approaches must be syn thes i zed  t o  unde r s t and  



system s t r u c t u r e  and func t ion ,  p a r t i c u l a r l y  i n  r e l a t i o n  t o  t h e  way h i g h e r  

l e v e l s  o f  o rgan iza t ion  may i n f l u e n c e  lower l e v e l s .  

Comparative s t u d i e s  of  r a r e  spec ie s  wi th  common congeners  i n c r e a s e  Our 

unders tanding  of r a r i t y  (Gaston 19%).  They a s s i s t  i n  r e v e a l i n g  how r a r e  

s p e c i e s  d i f f e r  from common s p e c i e s ,  provide i n s i g h t  i n t o  causes  o f  r a r i t y ,  

and p rov ide  a framework from which t o  c o n t r a s t  degrees  of r a r i t y .  A number 

o f  s t u d i e s  have explored  r a r e  spec ie s  w i t h i n  a comparat ive framework, 

c o n t r a s t i n g  a r a r e  s p e c i e s  wi th  a c l o s e l y  r e l a t e d  b u t  more cosmopoli tan 

s p e c i e s  (e.g. Kruckeberg 1951; Babbel and Se lande r  1974; Rabinowitz e t  a l .  

1979; Primack 1980; P i g o t t  1981; Greig-Smith and Sagar  1981; Rabinowitz 1981; 

Mehrhoff 1983; Rabinowitz e t  a l .  1984; F i e d l e r  1987,  1986; L i n h a r t  and 

Premoli 1993; Rapson and Maze 1994; Robson and Maze 1995) .  While t h e s e  

s t u d i e s  have expanded o u t  understanding of r a r i t y ,  they  a r e ,  w i t h  t h e  

excep t ion  of F i e d l e r  (1986, 1987),  a l 1  s o l e l y  concerned wi th  the  popu la t ion  

l e v e l  of  o rgan iza t ion  and Lack c o m n i t y  l e v e l  comparisons. 

F i e d l e r  (1986, 1987) a t tempted  a s y n t h e t i c  approach t o  t h e  s t u d y  of  

r a r i t y  and commonness i n  t h e  genus Calochortus by i n c o r p o r a t i n g  s e v e r a l  

r e l e v a n t  causes and consequences of r a r i t y .  She c o l l e c t e d  d a t a  from n i n e  

major  f a c t o r s  o f  vary ing  i n f l u e n c e  a f f e c t i n g  r a r i t y  and commonness of  a p l a n t  

taxon (Table  2 ) .  Her r e s u l t s  demonstrated inadequacies  of  e a r l i e r ,  more 

generai. hypotheses about  r a r i t y ,  t h e  need f o r  c l a r i f i c a t i o n  of  t h e  causes  and 

consequences o f  r a r i t y ,  and t h e  need f o r  a frame of r e f e r e n c e ,  F i e d l e r  

(1986) concluded t h a t  i t  was unproduct ive t o  develop g e n e r a l  t h e o r i e s  of  r a r e  

t a x a  u n t i l  t h e  i d i o s y n c r a t i c  n a t u r e  of  r a r e  p l a n t  s p e c i e s  was b e t t e r  

unders tood.  Her approach was commendable and enhanced Our unders tanding  of  

r a r i t y  beyond t h e  i s o l a t e d  f e a t u r e s  of  i n d i v i d u a l  r a r e  s p e c i e s .  However, h e r  

s y n t h e s i s  was l i m i t e d  t o  popu la t ion  and community l e v e l  f a c t o r s  t h a t  d i r e c t l y  

a f f e c t  t h e  spec ie s  i n  q u e s t i o n ,  and d id  n o t  account  f o r  the f u l l  range of  

i n t e r a c t i o n s  t h a t  can occur  i n  a n a t u r a l  c o m n i t y .  



Table 2 .  Fac to r s  o u t l i n e d  by F i e d l e r  
(1986)  a s  important  i n  a s y n t h e s i s  f o r  the 
de te rmina t ion  o f  r a r i t y  i n  any p l a n t  taxon.  

Age of taxon 
Genotype of taxon 
Evolut ionary  h i s t o r y  
Taxonomic p o s i t i o n  
Ecology 
Popula t ion  biology 
Reproductive biology 
Land use  h i s t o r y  
Recent human use 



One way to study the full range of interactions that can occur in a 

natural comnity is by evaluating the organization of that community. 

Ecological organization involves the structural relationships among the 

elements of a system (Brulisauer et al. 1996). and can be described as suites 

of interrelated variables (Robson et al. 1988). Organization at the 

population Level is reflected in the amount of phenotypic variation of a 

plant species, and at the community level in the structure and composition of 

the vegetation-unit that the particular plant species grows in. 

Concepts for quantifying organization have primarily been developed at 

the population level, in studies of the development of an organism (Scagel et 

al. 1985; Robson et al. 1987; Robson and Maze 1995). Scagel et al, (1985) 

used quantitative ntultivariate methods to describe ovule development in 

Nothofagus antarctica. They measured various features of the ovules over a 

two week period and used principal components analysis to quantify change in 

ovule organization over time. The quantitative changes they observed 

suggested that development should be viewed in relation to the generation of 

complexity and organization, and corresponded to evolutionary theory based on 

nonequilibrium thermodynamics. Robson et al. (1987) compared morphological 

variation and organization within and among populations of Balsamorhiza 

sagittata. Three groups of structures were measured: leaf length and width, 

shoot length, and inflorescence width. These structures represented 

different phases of growth, and the relationships among them were assessed 

using principal components analysis. Variation within a population was found 

to be greater than variation among populations, and different structures 

(e.g. vegetative and reproductive) showed different organization. In respect 

to rarity, Robson and Maze (1995) compared growth and variation in rare and 

common species of Achnatherum. They measured blade and sheath length on 

vegetative and inflorescence leaves, and internode and inflorescence length 

on inflorescence stems, weekly over two growing seasons. Principal 

components analysis revealed that in addition to disparity in organization 



between vegetative and inflorescence shoots, disparity in organization 

between rare and common species was also observed. 

Brulisauer et al. (1995) applied concepts of ecological organization at 

the community level in a study of successional change after fire in a forest 

understorey. A logical subsequent step is to use these concepts to make 

cornparisons of population and community organization, and to attempt a 

synthesis . 
It has been argued that the concept of biological organization contains 

two logically independent components, order and organization sensu stricto 

(Banerjee et al. 1990). In an abstract sense, order refers to the tightness 

of the interrelationships among the parts of an organism (or some higher 

level entity), whereas organization sensu stricto, relates to the particular 

parts that show relationships, i. e. the relative relationship among parts 

regardless of the strength of that relationship. These concepts can be 

depicted using descriptive statistics for the 95% confidence ellipses of 

scatter plots generated through mltivariate analysis, where the shape of the 

ellipses can be related to order, and orientation of the ellipses to 

organization sensu stricto (see Methods for more detail). The general term, 

organization, is used in the context of both order and organization sensu 

stricto; the distinction is evident from the statistics used. These concepts 

and associated methods have been used to describe organization in the 

development of an organism (Robson and Maze l995), as well as the development 

in an ecosystem ( i . e .  succession, B~lisauer et al. 1996). 

The Rare Grass, Achnatherum hendersonii 

Achnatherum hendersonii (Vasey) Barkworth occurs in several isolated 

populations throughout its dis tribution range and is restricted to a specif ic 

habitat type. Thus, according to Rabinowitz (1981). it Ealls in the category 

of a small local population with narrow geographic distribution and 

restricted habitat type (see Table 1). Achnatherum hendersonii is 

edaphically restricted to shallow soils on rocky basaltic outcrops, or 



ridges, that commonly experience frost heave or other cryogenic processes. 

It is known to occur in several locations east of the Cascade Mountain range 

in central Washington and central Oregon (Figure 1; Hitchcock et al. 1969; 

Vrilakas 1990; Salstrom 1994). 

Taxonomic studies of A. hendersonii were made by Spellenberg (1968). 

Spellenberg and Mehlenbacher (1971). Maze et al. (1972), and Barkworth 

(1993). Through these studies, A. hendersonii was rnoved Erom the genus 

Oryzopsis to the genus Stipa (Spellenberg and Mehlenbacher 1971; Maze et al. 

1972), and more recently to the genus Achnatherum (Barkworth 1993). 

Maze (1981) was the first to focus on the rarity and ecology of A. 

hendersonii, describing morphological adaptations of the root system that 

help to explain the local distribution of this species. Rapson and Maze 

(1994) and Robson and Maze (1995). studied A. hendersonii to examine a 

potential correlate of rarity, namely the collapse in genomic integration of 

growth processes. In that view, rarity of a species is related to a less 

precise genornic control over the integration of the various developmental 

phenomena compared with more comrnon species. Phenotypic variation of 

different morphological structures, variation in relation to growth, and 

comparisons with the more common congeners, A. lemonii, A. occidentalis, and 

A. thurberiana, have been studied. These studies were al1 done at the 

population level, and with populations of A. hendersonii from one site only. 

Cornparisons have not been made among disjunct populations throughout the 

distribution range of A. hendersonii, nor have comparisons at the community 

level been made. 

The nature of rarity in A. hendersonii appears similar to that in 

Arctostaphylos rnyrtifolia. Arctostaphylos myrtifolia is limited to certain 

outcrops of Eocene laterite, kaolin-altered rhyolite, and an acid sericitic 

schist in the foothills of the Sierra Nevada, California (Gankin and Major 

1964). These soils are acidic and sufficiently low in nutrients to exclude 

dominance of the typical climax ("zonai") vegetation of the area. Gankin and 

Major (1964) found that the disjunct distribution of Arctostaphylos 
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Figure 1. Distribution range of Achnatherum hendersonii and study site 
locations. Each symbol represents the general Location where several t o  many 
populations of A.  hendersonii occur. The study sites are labeled: Colockwn; 
Brewton ; Ochoco. 



myrtifolfa was related to specific edaphic conditions that weakened 

cornpetition from the zona1 vegetation. 

Achnatherum hendersonii and Poa secunda, both perennial bunch grasses, 

often grow within the same clurnp (Maze 1981; pers. obs.). Achnatherum 

hendersonii is not found on deeper soils where vegetation cover is more 

dense, whereas P. secunda grows abundantly in those areas. Achnatherum 

hendersonii may have a competitive advantage over P. secunda in lithosolic 

habitat types that experience frost heave, because A. hendersonii, as 

observed b y  Maze (1981), has a deeper root system, with cortex independent of 

the stele, thereby allowing soil movement while the anchoring and absorbing 

stele remains. This appears to stabilize A. hendersonii during freeze and 

thaw because, unlike P. secunda,  A. hendersonii does not have exposed roots 

and is not thrust from the ground through frost action. The long roots rnay 

also allow A. hendersonii access to soil water deep within the fractures of 

the basalt that P. secunda cannot reach because of its shallower root system. 

Natural disturbances such as those caused by frost heave are common in 

the areas in which A. hendersonii grows. These particular disturbances as 

well as natural disturbances in general are an integral part of community 

level organization (Sousa 1984). The intermediate disturbance hypothesis 

(Connefl 1978) addresses community level organization in relation to 

disturbance as a mechanism of species coexistence in plant communities. 

Plant Community and Population Concepts 

Banerjee et al. (1990) suggest that concepts of organization in biology 

are more appropriately applied to population levels (e .g .  development of the 

individual) than to community levels. Each of these levels of biological 

organization, however, involves a complex of numerous causal variables, each 

affecting the other, and none can truly be observed autonomously. The basic 

principles of biological organization, i . e .  the structural relationships 

between interrelated variables, can be quantified on both the population and 



community levels. Once quantified, these levels of organization can be 

compared and synthesized. 

Comnity level organization can be estimated by analyzing the 

vegetation with which the plant in question is associated. The vegetation of 

an area is the result of the interaction of numerous abiotic and biotic 

factors of a given region. Vegetation, through the integrative ability of 

plant growth, represents an effective summary of those factors. Mueller- 

Dombois and Ellenberg (1974) expressed this relationship in the form of a 

function : 

plant comnity = J(f, a ,  e ,  h ,  t )  

where flora (f) consists of al1 the plant species present in an area 

providing the basic raw material of the vegetation; accessibility factor ( a )  

refers to the distributions of the species, including their dispersal ability 

and establishment potential; ecological plant properties (e) consists of 

species lifeforms, physiological requirements, and cornpetitive abilities; 

habitat (h) is the total of environmental factors (e.g. rnacro- and 

microclimate, soil, topography, aspect, elevation, fire, predation, human 

intervention) ; and time (t) denotes a temporal complex of rate of change, 

community age, and historical disturbance. The last noted factor, time, is 

an overriding dimension according to Billings (1965). Moreover, plant 

community formation can be viewed on different temporal scales. For example, 

on a short-time scale, community formation can be viewed as succession, and 

on a long-time scale, as evolution (Mueller-Dombois and Ellenberg 1974). 

A similar mode1 was introduced by Major (1951) showing vegetation as a 

function of various determining factors by applying the five-factor approach 

of soi1 formation (Jenny 1941). The Mueller-Dombois and Ellenberg (1974) 

function is similar to Major's (1951) equation, but emphasizes properties of 

the organism and combines separate environmental factors into habitat. 



As community level organization can be estimated through vegetation, 

organization at the population level can be estimated through the rnorphology 

of the species in question. The morphology or phenotype of a plant can be 

expressed as the sum of the genotype (g), prevailing environment ( c ) ,  and 

past environment (p) (Barbour et al. 1987). As a functional relationship 

this can be exptessed as: 

The effect of past environment on phenotype was illustrated by Billings 

et al. (1971) who reported that optimum temperature for photosynthesis in 

alpine specimens of Oxyria digyna shifted by as mch as Il0 C, whereas 

optimum temperature for photosynthesis in arctic specimens of the sarne 

species shifted by only l0 C. 

It is interesting to note the similarities among the functional models 

of plant community and phenotype formation, and the factorial approach used 

by Fiedler (1986). For example, age of taxon, genotype of taxon, 

evolutionary history, taxonomic position, ecology, population biology, 

reproductive biology, land use history, and recent human use (Fiedler 1986) 

are al1 expressed in terms of flora, accessibility factor, ecological plant 

properties, habitat, and tirne (Mueller-Dombois and Eilenberg 1974). and in 

genotype, prevailing environment, and pas t environment (Barbour et al. 1 9 8 7 )  . 

Thes is  Objectives 

The purpose of this dissertation is to compare the rare grass species, 

Achnatherum hendersonii, with the related common species A. lemmonii, on both 

population and community levels of organization. Achnatherum lemonii was 

chosen for a €rame of reference because it is closely related to A. 

hendersonii, and the two species have been reported to farm a morphologically 

intermediate, sterile hybrid (Spellenberg and Mehlenbacher 1971). Moreover, 

A. lemmonii is found in the same locale within the northern distribution 



range of A. hendersonii, thereby removing the effect of prevailing and 

historical macroclimate variation on the cornparisons made. 

On the community level 1 esamined the relationship of the organization 

in the vegetation in which A. hendersonii grows, comparing both sympatric and 

dis junct populations of the rare grass . The dis junct populations included 

both geographically near (Colockum and Brewton) and distant (Ochoco) sites, 

from the northern and southern distribution limits of A. hendersonii. For 

a Erame of reference 1 also made comparisons with the organization in 

adjacent vegetation where A. hendersonii was absent, inc luding areas where A. 

lemonii grows, areas dominated by Agropyron spicatum in the northern 

distribution limit, and vegetation that appeared otherwise similar to that in 

which A. hendersonii grows but lacked A. hendersonii in the northern and 

southern distribution limits. 

On the population level 1 examined the relationship of rnorphological 

organization in sympatric and disjunct populations of A. hendersonii as well 

as morphologicaI comparisons with populations of the comrnon grass, A. 

lemonii. The morphological cornparisons were made from the same locations as 

used for the vegetation comparisons. 

To address an indirect result of the causal mechanism of rarity in A. 

hendersonii proposed by Maze (1981), 1 examined competitive interactions 

between A. hendersonii and Poa secunda. The thrusting of Poa secunda plants 

out of the soi1 column and the consequent exposure of roots through frost 

heave is related to Gankin and Major's (1964) contention that azonal soils 

(soils not typical of a given area) weaken competition from the zona1 

vegetation, i.e., the exposure of roots may compromise competitive ability. 

Although tangential to the thesis, this was done to indicate where future 

studies might focus. 

The specific questions addressed in this thesis fa11 into four general 

areas : 



A.  Community-level: 

1, How does the organization (order, organization sensu stricto, and 

variation) of the vegetation in which a rare species grows compare with 

the organization of the vegetation in which a common congener grows? 

2. How does the organization of the vegetation compare among sympatric 

and disjunct populations of a rare species? 

3. Are there observable trends in the organization of the vegetation; 

e.g. can this type of rarity (geographically narrow and restricted to 

a specific habitat type; Table 1; Rabinowitz 1981) be predicted through 

the vegetation in which a rare species occurs? 

B. Population-level: 

4. How does the morphological organization of a rare species compare 

with that of a common congener? 

5. How does the rnorphological organization of a rare species compare at 

its distribution limits (syrnpatric and disjunct populations)? 

C. Comrnunity-population synthesis: 

6. How does community- and population-level organization compare in a 

rare species and in a common congener? 

7. What is the relationship between community- and population-level 

organization in a rare species and a comrnon congener? 

D. Mechanism for rarity: 

8. How does seasonal growth of an edaphically restricted rare species 

compare to an associated but more cosmopolitan species? 



METHODS 

P l a n t s  S tudied  

The endemic g r a s s  , Achnatherum hendersonii (Vasey ) Barkworth (Barkworth 

1993).  i s  a  r a r e  perennia l  bunch g ras s  (F igure  2 )  t h a t  occur s  i n  a few 

i s o l a t e d  a r e a s  i n  c e n t r a l  Washington. and nor the rn  and c e n t r a l  Oregon (F igure  

1) (Spel lenberg  1968; Hitchcock e t  a l .  1969; Vr i l akas  1990; Sa ls t rom 1994; 

Washington Natura l  Her i tage  Program 1994). I t  i s  l o c a l l y  abundant b u t  

r e s t r i c t e d  t o  s i t e s  with shallow s o i l s  (L i thoso l s )  on rocky b a s a l t i c  outcrops  

where c ryogenic  processes  such a s  f r o s t  heave a r e  common (Maze 1981).  The 

comrnon g r a s s ,  Achnatherum lemmonii (P ipe r )  Barkworth (Barkworth l993) ,  is 

a l s o  a  pe renn ia l  bunch g r a s s ,  but  extends from the  c e n t r a l  S i e r r a  Nevada of 

C a l i f o r n i a ,  n o r t h  t o  southern B r i t i s h  Columbia and e a s t  t o  Idaho, Montana, 

and Utah (Spel lenberg  and Mehlenbacher 1971; Barkworth and Linman 1984).  

Achnatherum lemmonii a l s o  grows on b a s a l t i c  s o i 1  but  u s u a l l y  i n  s i t e s  where 

t h e  s o i l s  a r e  deeper  and more rnesic (Spel lenberg and Mehlenbacher 1971).  

00th s p e c i e s  a re  n a t i v e  t o  t h e  P a c i f i c  Northwest. 

Achnatherum hendersonii and A. lemmonii a r e  c l o s e l y  r e l a t e d .  I n  

s e v e r a l  s i t e s  i n  Washington, A. hendersonii and A. lemmonii a r e  sympat r ic  and 

form s t e r i l e ,  morphologically and anatomical ly i n t e r m e d i a t e  hybr ids  

(Spel lenberg  and Mehlenbacher 1 9 7 1 ) .  The two s p e c i e s  a l s o  s h a r e  unique 

even t s  i n  development of the  c a l l u s ,  o u t e r  integument,  and apex of  the lemma 

(Mehlenbacher 1970) . 

Habi t a t  Desc r ip t ion  

Achnatherum hendersonii and A. lemmonii grow i n  t h e  ecotone  between t h e  

shrub-steppe and t h e  Pinus pondexosa Zone (Daubenmire 1969; F rank l in  and 

Dyrness 1973). These a reas  a r e  o f t e n  c h a r a c t e r i z e d  by a  rnosaic of shrub- 

s t e p p e  on b a s a l t i c  outcrops w i t h i n  the  lower e l e v a t i o n a l  l i m i t  of  P. 

ponderosa s t a n d s  i n  Washington (Daubenmire 1972) and i n  b a s a l t i c  outcrops  

w i t h i n  P. ponderosa f o r e s t s  ( a l s o  termed scabs)  w i th in  Oregon (J.  Maze, pers. 

comm.). These g r a s s e s  grow wi th in  t h e  Artemisia rigida - Poa secunda and 



Figure  2 .  Achnatherum hendersonii. 



Agropyron spicatum - Poa secunda l i t h o s o l i c  phase, h a b i t a t  t ypes  a s  desc r ibed  

by Daubenmire (1970).  The h a b i t a t  types a r e  named f o r  t h e  dominant s p e c i e s .  

The vege ta t ion  i n  t h e s e  a r e a s  i s  cha rac te r i zed  by a low p e r c e n t  coverage of  

v a s c u l a r  p l a n t  s p e c i e s  and a patchy t o  continuous cryptogamic c r u s t  l a y e r .  

The subs t ra tum i n  t h e s e  h a b i t a t  types g e n e r a l l y  c o n s i s t s  of a  t h i n  

l a y e r  of f r o s t  heaved b a s a l t  rocks on top of f r a c t u r e d  b a s a l t  bedrock. The 

s o i l s  between t h e  f r a c t u r e s  i n  t h e  b a s a l t  a r e  a  sandy loam t o  a loam; L i t h i c  

Haploxerol l s  ( B e i e l e r  1969; Daubenmire 1970;  Lenfes ty  and Reedy 1985).  

L i t h o s o l i c  h a b i t a t  types  a r e  found on s lopes  and on f l a t  a r e a s  t h a t  

have no apparent  d ra inage .  Both f l a t  and sloped a r e a s  o f t e n  have s t a n d i n g  

wa te r  dur ing  per iods  of  thaw, leading  t o  d i u r n a l  f r e e z e  and thaw c y c l e s  and 

t o  t h e  l i f t i n g  of some s p e c i e s  ou t  of t h e  s o i l .  One r e s u l t  o f  t h i s  f r e e z e  

and thaw i s  t h a t  i r id iv idual  p l a n t s  of Poa secunda a r e  o f t e n  l i f t e d  u n t i l  they  

a r e  perched on mounds (F igure  3 :  Daubenmire 1970). F r o s t  b o i l s  a l s o  occur  

where i n t e r s t i t i a l  loam i s  suddenly extruded through a weak a r e a  i n  t h e  

f rozen  s o i 1  c r u t  (F igure  4 ) .  The sudden e x t r u s i o n  can t u r n  Poa secunda 

p l a n t s  on t h e i r  s i d e s  w i t h  roo t s  exposed. These l i t h o s o l i c  h a b i t a t  t ypes  

exper ience  much p e r t u r b a t i o n  from summer drought and h e a t  a l t e m a t i n g  wi th  

w i n t e r  wetness and f r o s t  a c t i o n .  F ros t  a c t i o n  occurs  d i u r n a l l y  a l s o ,  

e s p e c i a l l y  dur ing  l a t e  s p r i n g  and e a r l y  f a l l .  Despi te  t h i s ,  t h e s e  a r e a s  

o f t e n  have s p e c i e s  d i v e r s i t y  a s  g r e a t  as  h a b i t a t  t ypes  wi th  deeper  s o i l s  

(Daubenmire 1970). Another form of d is turbance  on t h e  l i t h o s o l i c  h a b i t a t s  i s  

r e l a t e d  t o  t h e  d igging and burrowing a c t i v i t i e s  of roden t s  (Daubenmire 1970).  

For t h i s  s tudy ,  a s e t  of  re ference  p l a n t  communities wi th in  t h e  

Artemisia rigida - Poa secunda and Agropyron spicatum - Poa secunda 

l i t h o s o l i c  phase, h a b i t a t  types were s e l e c t e d  f o r  s tudy .  Areas t h a t  

con ta ined  Achnatherum h e n d e r s o n i i  were i d e n t i f i e d  a s  A. hendersonii 

communities (Ache). These a r e a s  were s e l e c t e d  s p e c i f i c a l l y  i n  o r d e r  t o  

compare v a r i a t i o n  and o r g a n i z a t i o n  of vege ta t ion  wi th  a r e a s  t h a t  appeared 

i d e n t i c a l  bu t  d i d  n o t  c o n t a l n  A. hendersonii, r e f e r r e d  t o  a s  t h e  minus A. 

hendersonif communities (-Ache). I t  was f e l t  t h a t  comparisons on t h e  



Figure  3 .  F r o s t  heaved Poa secunda a t  t h e  Colockum study s i t e .  



Figure 4 .  Frost  b o i l  a t  t h e  Colockurn s t udy  site (center o f  p h o t o ) .  



community level might show subtle differences that account for the lack of A. 

hendersonii in these areas. Agropyron spicatum comrmnities (Agsp) were 

identified as areas dominated by A. spicatum but with no Achnatherum 

hendersonii present, although these areas are often adjacent to, or 

interspersed with the areas containing A. hendersonii. The Agropyron 

spicatum communities were selected for comparisons with the Achnatherum 

hendersonii and the minus A. hendersonii communities, and to contrast areas 

where there appeared to be obvious compositional differences betweer, the 

communities. Finally, areas dominated by A. lemonii (Acle) were selected 

for comparisons between a rare and a comrnon grass species. 

Study Sites 

Three study sites were chosen to compare variation and organization on 

the population and community levels. The Colockum and Brewton study sites 

are in the Colockwn Wildlife Area, Washington, U.S.A., at the northern 

distribution limit of A. hendersonii, and the Ochoco study site is in the 

Ochoco National Forest, Oregon, at the southern distribution limit of the 

rare species (Figure 1). 

Colockum 

The Colockwn Wildlife Area is Ca. 26 km SSE of Wenatchee, Washington. 

The Colockum study site (Sections 8 and 9, Township 20 North, Range 21 East; 

47°15'0"N, 120°12'30"W) is at an elevation of 1060 to 1140 m, and consists of 

an exposed, southeast slope with a saddle in the middle, and rising to form 

a hi11 to the east (Figure 5). Precipitation is Ca. 38 cm annually, with 

over 60 percent falling from November through April, and m c h  of this as snow 

(NOAA et al. 1995; Franklin & Dyrness 1973). Mean January and July 

temperatures are -1.2O C and 22.8' C, respectively (NOAA et al. 1995; 

Franklin & Dymess 1973). 

The Colockum study site lies within the transition of shrub-steppe to 

closed coniferous forest (Daubenmire 1969; Franklin & Dyrness 1973). More 



Figu re  5. The Colockum srudy s i t e  Looking e a s t .  



s p e c i f i c a l l y ,  t h e  s tudy  s i t e  c o n s i s t s  of  a  mosaic of Ar temis ia  rigida - Poa 

secunda and Agropyron spicatum - Poa secunda l i t h o s o l i c  phase,  h a b i t a t  types  

a t  t h e  lower e l e v a t i o n a l  l i m i t  of the  P inus  ponderosa Zone (Daubenmire 1970) .  

These a r e a s  have low pe rcen t  coverage of  v e g e t a t i o n ,  wi th  bareground ranging  

from 30 t o  85 pe rcen t .  Dominant spec ie s  include Poa secunda, Lomatium s p p . ,  

Balsamorhiza hooker i ,  Artemisia  r i g i d a ,  and Eriogonum spp. Evidence o f  f r o s  t 

b o i l s ,  f r o s t  heaving,  and burrowing by roden t s  i s  common a t  t h i s  s i t e .  

The Colockum s t u d y  s i t e  was the  only  s i t e  examined i n  t h i s  s tudy  where 

t h e  rare (Achnatherum hender son i i )  and t h e  common (A.  lemmonii) grew t o g e t h e r  

i n  a d j a c e n t  and s i m i l a r  h a b i t a t s .  Achnatherum lemmonii grew on t h e  edge of  

the shrub-steppe zone ad jacen t  t o  the Pinus ponderosa zone ( F r a n k l i n  and 

Dyrness 1973).  i n  deeper  s o i l s  than A. hende r son i i .  The A. lemmonii 

v e g e t a t i o n  p l o t s  a t  t h e  Colockum study s i t e  were on t h e  West end of t h e  same 

s l o p e  a s  t h e  v e g e t a t i o n  p l o t s  of A. hende r son i i  (F igu re  5 ) .  Bareground i s  

n o t  a dominant f e a t u r e  i n  these  a r e a s ,  ranging  from z e r o  t o  20 p e r c e n t  

coverage.  Dominant s p e c i e s  inc lude  Ar temis ia  r i g i d a ,  Poa secunda, Lamatium 

s p p . ,  Lithophragma s p p . ,  and Achi l lea  mil lefol iurn.  

Brewton 

The Brewton s tudy  s i t e  (southwest q u a r t e r  of  t h e  southwest  q u a r t e r  of  

S e c t i o n  20 ,  Township 20 North ,  Range 22 E a s t ;  47°12'30"N, 12O07'30*'W) i s  

l o c a t e d  Ca. 8 km s o u t h e a s t  of t he  Colockum s tudy  s i t e  w i t h i n  t h e  Colockum 

W i l d l i f e  Area ( F i g u r e  6 ) .  This  study s i t e  i s  w i t h i n  t h e  shrub-steppe zone, 

i n  t h e  same h a b i t a t  types  a s  t h e  Colockum s tudy  s i t e ,  namely Artemisia  rigida 

- Poa secunda and Agropyron spicatum - Poa secunda l i t h o s o l i c  phase, h a b i t a t  

t ypes  (Daubenmire 1970).  The s i t e  i s  on t h e  s a d d l e  of a  s o u t h e a s t  t o  

nor thwest  o r i e n t e d  ridge a t  an e l e v a t i o n  of  622 km. This  a r e a  appears  t o  be 

a t  t h e  lower e l e v a t i o n a l  l i m i t  of Achnatherum hender son i i  i n  t h i s  l o c a t i o n .  

Because of t h e  Lower e l e v a t i o n ,  t h e  Brewton s i t e  i s  likely t o  be s l i g h t l y  

d r i e r  and warmer than  t h e  Colockum s i t e .  Achnatherum hender son i i  and 

a s s o c i a t e d  s p e c i e s  g e n e r a l l y  begin t o  grow, f lower ,  and s e t  seed e a r l i e r  a t  



F i g u r e  6 .  T h e  Brewton  study s i t e .  



Brewton than a t  Colockum; however, pe rcen t  coverage of b a r e  ground and 

dominant spec ie s  i s  s i m i l a r  a t  both s tudy  s i t e s .  This  s i t e  a l s o  shows 

evidence  of f r o s t  a c t i o n  ( e . g .  f r o s t  heave and f r o s t  b o i l s ) ,  

Ochoco 

The t h i r d  s tudy s i t e  i s  i n  t h e  Ochoco Nat ional  F o r e s t  C a .  50 km e a s t  of  

P r i n e v i l l e ,  Oregon, (Nor theas t  q u a r t e r  o f  t h e  Nor theas t  q u a r t e r  of  S e c t i o n  

19, Township 15 South,  Range 22 Eas t ;  44'15*3OWN, 120°7'30"W), a t  an 

e l e v a t i o n  of 1418 rn ( F i g u r e  7 ) .  The Ochoco s tudy  s i t e  i s  i n  a  shrub-s teppe  

c o m n i t y  t h a t  forms a mosaic w i t h  t h e  Pinus ponderosa zone w i t h i n  t h e  s o i l -  

p l a n t  def  ined North C e n t r a l  Area of  c e n t r a l  Oregon (Anderson 1956 ; Daubenmire 

1969; Frankl in  and Dyrness 1973).  A s  w i t h  t h e  Colockum and Brewton s t u d y  

s i t e s ,  a  high percentage  of bareground (20 t o  85 p e r c e n t )  i s  a dominant 

f e a t u r e  of t h i s  s i t e .  Dominant spec ie s  i n c l u d e  Poa secunda, Lomatium spp . ,  

Blepharipappus scabe r ,  and Agoseris  glauca. The s i t e  c o n s i s t s  o f  a sha l low 

r i d g e  t h a t  has an o v e r a l l  s l o p e  (ca.  5 p e r c e n t )  t o  t h e  e a s t ,  and s l o p e s  o f f  

g r a d u a l l y  t o  t h e  no r th  and south .  

January mean minimum temperature i s  -7.  O 0  C,  and J u l y  mean maximum 

tempera ture  i s  29.0'  C (F rank l in  and Dyrness 1973) .  Mean annual  

p r e c i p i t a t i o n  i s  40 cm, g e n e r a l l y  f a l l i n g  from October  t o  A p r i l  mainly as 

snow (Frank l in  and Dyrness 1973).  This  s i t e  g e n e r a l l y  has  a deepe r  and 

longe r  Lasting snowpack than t h e  Colockum and Brewton s tudy  s i t e s ,  and t h e  

growing season begins l a t e r  i n  t h e  year  and is s h o r t e r  ( p e r s .  obs .  ) .  The 

subs t ra tum i s  composed o f  b a s a l t  cobbles ,  g r a v e l ,  and pebbles  s i m i l a r  t o  t h e  

Colockum and Brewton s t u d y  s i t e s ,  a l though wi th  a  h i g h e r  pe rcen tage  of  g r a v e l  

( 2  mm t o  7.5 cm) than cobble  (7 .5  t o  25 cm). The s o i l s  a r e  a loam a s  

compared t o  a  sandy loam a t  t h e  Colockum and Brewton s tudy  s i t e s ,  and a r e  

fo rma l ly  c l a s s i f i e d  a s  L i t h i c  Haploxerol l s  (J.  David, p e r s .  co rn .  ) . This  

s i t e  a l s o  demonstrates d i s t i n c t  s t r i p i n g  owing t o  a l t e r n a t i n g  d i s t u r b a n c e s  of 

t h e  cryptogamic c r u s t  ( F i g u r e  8 ) .  The cause  of d i s t u r b a n c e  appeared t o  be 

from f r o s t  ac t ion .  



Figure 7 .  The Ochoco study site. 



Figure 8.  S t r i p i n g  of the vegetation, resulting from alternating bands 
o f  d i s t u r b e d  c t y p t o ç a m i c  c r u s t ,  a t  t h e  Ochoco study s i t e .  



Sampling 

Vegetation 

Vegetat ion was sampled dur ing  the  growing season from l a t e -Apr i l  t o  

ear ly-June of 1995 and 1996. F ive  by f i v e  meter p l o t s  were randomly s e l e c t e d  

w i t h i n  t h e  d e s i r e d  c o m n i t i e s  a t  each of t h e  t h r e e  s tudy  s i t e s .  Vegetat ion 

was sampled s y s t e m a t i c a l l y  w i t h  a  20 X 50 cm plot-frame eve ry  rneter s t a r t i n g  

a t  t he  southwest c o r n e r  of  each 5 X 5 m p l o t  f o r  a t o t a l  o f  2 5  plot-frames 

p e r  p l o t .  Areal p e r c e n t  ground coverage (pe rcen t  cove r )  was es t imated  f o r  

eve ry  vascu la r  p l a n t  s p e c i e s  and bryophyte s p e c i e s  w i t h i n  t h e  20 X 50 cm 

plot-frame (Daubemi re  1 9 5 9 ) .  Vascular p l a n t  names fol lowed Hitchcock and 

Cronquis t  (1973) excep t  where noted ,  and bryophyte names followed W. B .  

Schof i e l d  ( p e r s .  comrn. ) . Densi ty  was recorded f o r  Achnatherum hendersonii 

and A. l e m o n i i  by coun t ing  i n d i v i d u a l s  i n  twenty-f ive - 1 m2 quadra ts  w i t h i n  

t h e  5 X 5 m p l o t s  used  f o r  v e g e t a t i o n  sampling. S lope ,  a s p e c t ,  and e l e v a t i o n  

were recorded f o r  each  v e g e t a t i o n  p l o t .  A l 1  v e g e t a t i o n  p l o t  corners  were 

permanently marked w i t h  s t e e l  sp ikes .  

S o i l  depth was measured w i t h  a  metal probe ( C o l l i n s  e t  a l .  1989) a t  t h e  

northwest  co rne r ,  t h e  c e n t e r ,  and t h e  sou theas t  c o r n e r  of  every  20 X 50 p l o t -  

frame f o r  a t o t a l  of t h r e e  depth  measures pe r  plot-Erame, and 75 per  5 X 5 m 

vege ta t ion  p l o t .  

S o i l  samples were c o l l e c t e d  wi th in  t h e  top  10 cm of  t h e  s o i l  p r o f i l e ,  

from s o i 1  p i t s  dug a d j a c e n t  t o  each v e g e t a t i o n  p l o t .  S o i l  samples 

r ep resen t ing  v e g e t a t i o n  p l o t s  of  s i m i l a r  communities w i t h i n  each s i t e  were 

combined and analyzed f o r  pH ( s a t u r a t e d  p a s t e ) ,  P ( p g l g ) ,  K ( p g l g ) ,  NO3+ 

( p g l g ) .  NH,-N ( p g l g ) ,  t e x t u r e  (hydrometer method), p e r c e n t  carbon,  percent  

hydrogen, and pe rcen t  n i  t rogen ,  and percent  o r g a n i c  m a t t e r  ( c o l o r i m e t r i c )  . 
S o i l s  were analyzed a t  t h e  Ana ly t i ca l  Sciences Labora tory ,  Un ive r s i ty  of  

Idaho. The s o i l  samples were c o l l e c t e d  a t  t h e  Ochoco s t u d y  s i t e  on 23 May 

1996, a t  t h e  Colockum s tudy s i t e  on 25 May 1996, and a t  t h e  Brewton s tudy 

s i t e  on 1 4  June 1996. 



The Colockum study site was selected for intensive vegetation study: 

A. hendersonii communities (Ache) were contrasted with A. lemmonii 

comrnunities (Acle), with communities lacking A. hendersonii (-Ache), and with 

adjacent Agropyron spicatum communities (Agsp). The Brewton study site was 

selected as a nearby disjunct Achnatherum hendersonii population to compare 

with similar vegetation types at Colockum. The Ochoco study site was 

selected as a more distant dis junct A. hendersonii population to compare with 

the Colockum and Brewton study sites. The Colockum and Ochoco study sites 

represent the northern and southern distributional extremes, respectively, of 

A. hendersonii . 
The Colockum study site consisted of ten plots labeled C1-C10. Plots 

Cl, C3, and C5, represent A. hendersonii communities (Ache); C2, C4, and C6, 

represent Agropyron spicatum communities (Agsp); C7 and C 9 ,  represent minus 

Achnatherum hendersonii comnities (-Ache); and C8 and Cl0 represent A. 

lemmonii communities (Acle). 

The Brewton study site consisted of three plots: B1 (Ache), 82 (-  

Ache), and B3, (Acle) . 
The Ochoco study site consisted of four plots, two in areas where the 

cryptogamic cmst was disturbed - 01 (Ache), and 03 (-Ache) - and two in 

areas where the cryptogamic crust was intact - 02 (-Ache) and 04 (Ache). 
Agropyron spicatum communities (Agsp) comparable to the Colockum and Brewton 

study sites were not available at the Ochoco study site. 

Morpho1 ogy 

To test for within and between population variation and assess order 

and organization sensu stricto, morphological measurements were made on 

vegetative and inflorescence leaves. 1 measured both inflorescence and 

vegetative leaves because phenotypic variation differs between inflorescence 

and vegetative stems in Achnatherum hendersonii (Robson and Maze 1995). 

Morphology was measured after the plants had begun to f lower. generally from 

mid- to late-May (1995 and 1996). and growth had ceased. Twenty-five plants 



from each A. hendersonii and each A. lemmonii v e g e t a t i o n  p l o t  were sampled 

randomly u s i n g  random nwnbers t o  l o c a t e  s p e c i f i c  p o i n t s  (Rapson and Maze 

1994).  I f  t h e  c o r r e c t  s p e c i e s  was n o t  wi th in  20 c m  of t h e  sampling p o i n t ,  

a n o t h e r  p o i n t  was taken.  Morphology was sampled randomly i n s t e a d  o f  

s y s t e m a t i c a l l y  because d e n s i t i e s  were low and i n d i v i d u a l  p l a n t s  were n o t  

always p r e s e n t  i n  t h e  20 X 50 cm plot-frames used f o r  sampling vege ta t ion .  

Once s e l e c t e d ,  t h e  i n f l o r e s c e n c e  culm and v e g e t a t i v e  t i l l e r  from each p l a n t  

were rernoved. The v a r i a b l e s  measured fo r  the  i n f l o r e s c e n c e  and v e g e t a t i v e  

l eaves  were t h e  b lade  l eng th ,  b lade  width, shea th  l e n g t h ,  and l i g u l e  l e n g t h ,  

because t h e s e  s t r u c t u r e s  a r e  homologous i n  t h e  i n f l o r e s c e n c e  and v e g e t a t i v e  

s tems (F igure  9 ) .  Measurements were made with a  hand h e l d  ocu la r  micrometer  

f o r  b l ade  width and l i g u l e  l eng th ,  and a ruler f o r  b l ade  and sheath  l eng th .  

Alf measurements were recorded i n  the f i e l d .  

Growth Experiment 

To t e s t  a p o s s i b l e  mechanism f o r  the  cause o f  r a r i t y  i n  A. hendersonii 

an  experiment  was designed t o  d e t e m i n e  i f  Poa secunda has a compe t i t ive  

advantage ove r  A. hendersonii i n  deeper s o i l s .  Poa secunda and A. 

hendersoni i were p l a n t e d  i n  garden condi t ions  and growth was measured over  

one growing season.  P l a n t s  were c o l l e c t e d  from t h e  Colockum study s i t e  on 30 

March 1996, wh i l e  the g r a s s e s  were s t i l l  dormant. The fo l lowing day, t i l l e r s  

of  each s p e c i e s  were d iv ided from t h e  p l a n t s  and p l a n t e d  i n t o  15 X 30 cm p o t s  

w i t h  p o t t i n g  s o i l .  The fol lowing p lan t ing  combinat ions were used: A. 

hendersonii a lone  ( A )  ; A. hendersonii with A. hendersonii (AA) ; A. 

hendersonii wi th  P. secunda (Ap); P. secunda w i t h  A. hendersonii ( P a ) ;  P. 

secunda a l o n e  ( P ) ;  and P.secunda with P. secunda (PP).  Ten of each 

combinat ion were p lan ted  f o r  a t o t a l  of 50 p o t s .  C a p i t a l  l e t t e r s  deno te  

p l a n t s  t h a t  were measured; thus ,  Ap and f a  were t h e  same s p e c i e s  combinat ion,  

excep t  t h a t  t h e  measurements were made on d i f f e r e n t  s p e c i e s .  The p o t s  were 

a r ranged  randomly, 35 cm a p a r t  on c e n t e r ,  f i v e  a c r o s s  and t e n  deep. The s o i l  

was kep t  mois t  throughout  t h e  growing season. Growth measurements were 



Figure 9 .  Inflorescence ( A )  and vegetative ( 0 )  leaf sheath length (SI) and 
blade length (01) measures. 

30 



recorded every ten days beginning with the third day after planting and 

continued until plants completed flowering. Growth measurements consisted of 

the plant height (h) and diameter ( d ) .  Because many dead culms were present 

at the base of the plants, diameter was measured at half the height of the 

plant without compression of the stems. Growth was calculated as the 

difference in volume (hn(d12)') between the final set of measurements and the 

second set of measurements during the 1996 growing season. Biomass was not 

used as a measure of seasonal growth for two reasons: the plants were small 

and contained dead culms from previous years that would distort biomass 

measurements, and measurements on the same plant were required throughout the 

expe rimen t . 

Data Analyses 

Principal cornponent analysis (PCA) was selected for the vegetation and 

morphological analyses. This method provides a quantitative assessment of 

community and population level variation within and between vegetation plots. 

study sites, and sympatric and disjunct populations. Moreover, the use of a 

comrnon method allows vegetation and morphological variation to be compared 

directly. PCA reduces a large number of original correlated variables (Le. 

plant species in plots and rnorphological traits on individuals) to a srnaller 

number of summary variables. The transformation preserves the relationships 

in the original data as closely as possible, thereby achieving a more 

efficient description of the information (Gauch 1982; Manly 1986). The new, 

transformed variables are referred to as the principal components or PCA axes 

of the data. 

In a graphical sense, PCA projects a multidimensional cloud of points 

into a space of fewer dimensions (Gauch 1982). This is achieved through the 

calculation of eigenvectors and eigenvalues. Eigenvectors, also termed 

loadings, contain the weights of each of the original variables on each 

component axis (Kent and Coker 1992). Eigenvector elements are scaled 

sirnilar to correlation coefficients, such that the further from zero an 



element is, the more important the corresponding variable is in influencing 

the variation along a particular component axis (Kent and Coker 1 9 9 2 ) .  

Eigenvalues represent the relative contribution of each component axis, the 

size of which gives a direct indication of the importance of that component 

in explaining the total variation within the data set (Kent and Coker 1 9 9 2 ) .  

PCA axes are ranked by their eigenvalues, such that the first PCA axis 

explains the greatest amount of total variance. When the first f e w  

eigenvalues account for much of the total variance, PCA projection allows 

insight into the structure of the data (Gauch 1982). 

Communi ty 

1 used separate PCAs of correlation matrices to analyze community level 

variation and organization of the following vegetation data sets: 

1 .  Colockum vegetation - for cornparisons of 

sympatric populations of a rare grass, and for 

cornparison of a rare grass and a closely related 

comon grass. 

2. Brewton vegetation - for cornparisons between 

disjunct reproductively isolated populations of a 

rare grass that are geographically close (Colockum). 

3. Ochoco vegetation - for comparison between 

disjunct reproductively isolated populations of a 

rate grass that are geographically distant. 

4. Vegetation of plots from al1 study sites 

containing A. hendersonii and vegetation plots 

containing A. lemmonii - to compare a rare grass and 
a closely related cornmon grass. 

5. Vegetation of plots from al1 study sites that 

contained Achnatherum hendersonii - to focus 



esclusively on comnity level variation and 

organization of a rare grass . 
6. Vegetation of plots from all study sites - to 

analyze overall comnity level variation and 

organization at the distribution limits of a rare 

grass. 

The data for the PCAs consisted of percent cover values recorded for species 

in the 20 X 50 cm plot-frames for each vegetation plot. The species were the 

variables and the plot-frames were the samples. To reduce the amount of 

noise in the data sets, a species had to have at least 0.54 mean areal 

coverage in the 5 X 5 m vegetation plots, to be included in the PCA analyses. 

Population 

Population level variation was analyzed using PCA on the morphological 

measures of the inflorescence and vegetative leaves. Separate PCAs of 

correlation matrices were run for A. hendersonii and A. lemmonii morphology 

at the Colockum, Brewton, and Ochoco study sites. The following data sets 

were analyzed: inflorescence morphology; vegetative morphology; and, 

inflorescence and vegetative morphology combined. Inflorescence and 

vegetative morphology data were analyzed separately and together because 

patterns of variation are reported to differ between inflorescence and 

vegetative shoots (Robson and Maze 1995). Inflorescence shoots of rare 

species display less variation than vegetative shoots. PCA of the combined 

inflorescence and vegetative data was performed to indicate the overall 

variation within and among populations of the whole plant. The data for the 

morphological PCAs consis ted of the morphological measurements (inflorescence 

andlor vegetative blade and sheath length. blade width, and ligule length) 

recorded for individual plants for every vegetation plot that contained A. 

hendersonii or A. lemmonii. The measurements were the variables and the 

individual plants were the samples. 



Organiza  t f on 

Bivariate 95% confidence limit ellipses, calculated and plotted on the 

first two PCA axes, were used to delineate the particular groups described 

above. These ellipses describe the position and spread of PCA scores along 

the first two axes. The descriptive statistics theta, eccentricity, and area 

were calculated from the ellipses (Robson et al. 1988; Scagel et al. 1985: 

Jolicoeur 1968; Jolicoeur and Mosimann 1960). Theta describes the 

orientation of the ellipse relative to the first PCA axis, eccentricity 

(ratio of minor and major axes) describes the shape of the ellipse, and area 

describes the size of the ellipse. These statistics give an indication of 

organization sensu stricto and order by estimating variable covariation 

(theta), and strength of correlation (eccentricity (O, no correlation; 1, 

perfect correlation)) respectively, as well as the relative amount of 

variation (area) (Robson et al. 1988). 

The bivariate 95X confidence ellipses offer two major advantages for 

this study. First, they give a summary of the positions of comrmnities or 

plants being compared without the clutter and confusion of ordinations in 

which every item analyzed is presented as a symbol. Second, the associated 

statistics can be used to estimate the variation and organization expressed 

in the communities and populations compared. Variation is related to the 

area of the 95% confidence ellipses. This relationship is a fairly obvious 

one through the univariate analogy between area and variance of the PCA axis 

scores from which the 95% confidence ellipses were derived. The two aspects 

of organization, order and organization sensu stricto, are depicted in the 

shape and orientation of the 95% confidence ellipses, order as eccentricity, 

and organization as theta. The relationship between eccentrici ty and 

correlation strength (see Banerjee et al. 1990) is like that between area and 

variation, fairly straightfomard. The relevant univariate analogy is 

regression analysis; as eccentricity approaches 1.0, the ability of the 

scores on one axis to predict those on the other also approaches perfection 

(see Banerjee et al. 1990). In contrast, theta has a less obvious 



relationship to covariation structure (i.e. organization sensu stricto). 

Because of several computational steps between the covariation among specific 

variables and theta it is extremely difficult, if not impossible, to relate 

a specific theta to specific among-variable covariations; however, it can be 

said that a change in theta indicates an unspecified change in among-variable 

covariation. 

There is another advantage to using bivariate ellipses from PCA in a 

study comparing population attributes, expressed as morphology, and features 

of comnities, expressed as percent species cover. Such advantage is 

conveyed in a reduction of very different sources of data to common 

parameters. Thus, it is possible to compare the 95% confidence ellipse 

statistics among populations and communities as a way to compare, and 

ultimately integrate, different types of data, both of which seem to be 

relevant to understanding the concept of rarity. 

Synthesis 

A synthesis of the comnity and population levels of organization was 

achieved by plotting the first PCA axis scores from vegetation of plots from 

al1 study sites containing A. hendersonii and A. lemmonii, against first PCA 

axis scores of inflorescence and vegetative morphology combined. Bivariate 

ellipses were constructed and descriptive statistics were calculated. 

Because vegetation was  sampled sys tematically and morphology was sampled 

randomly, morphology PCA axis one scores were randomized ten times, and the 

resulting ellipses constructed and statistics calculated. Mean ellipse 

statistics from the ten randomizations are reported. 

Analytical Tools 

The vegetation and morphological data were analyzed by principal 

components analysis ( K A )  with the PC-ORD program (McCune and Mefford 1995). 

Al1 other statistical analyses were run using SYSTAT (Wilkinson 1990b). The 

ellipse statistics were calculated using a SYSTAT command file developed by 



R .  K .  Scagel .  SYGRAPH (Wilkinson 1990a) was used t o  p l o t  t h e  b i v a r i a t e  95% 

conf idence  l i m i t  e l l i p s e s  o f  t h e  PCA r e s u l t s .  Morphology PCA a x i s  one sco res  

were randomized us ing  t h e  randomizat ion program i n  PC-ORD (McCune and Mefford 

1995). Soi1  depth ,  p l a n t  morphology, s easona l  growth, plant d e n s i t y ,  and 

f i r s t  PCA a x i s  s co res  were ana lyzed  w i t h  s epa ra t e  comple te ly  randomized 

des ign  a n a l y s i s  o f  va r i ance  t e s t s .  S i g n i f i c a n t  d i f f e r e n c e s  among means o f  

the p r e v i o u s l y  l i s t e d  d a t a  s e t s  were t e s t e d  wi th  t h e  Tukey m u l t i p l e  

comparison test. A 5% conf idence  l e v e l  w a s  s e l e c t e d  b e f o r e  the d a t a  w e r e  

ana lyzed .  



RESULTS 

Vegetat ion 

Colockum 

Species  composi t ion i n  t h e  vege ta t ion  p l o t s  a t  Colockum a r e  summarized 

i n  Table 3 .  T o t a l  p e r c e n t  vege ta t ion  coverage v a r i e d  from 18% t o  9 5 2 .  The 

Achnatherum hendersonii v e g e t a t i o n  p l o t s  had t h e  lowes t  t o t a l  pe rcen t  cover  

wh i l e  t h e  A. lemmonii p l o t s  had t h e  h ighes t .  Vegeta t ion  p l o t s  dominated by 

Agropyron spica t um had h i g h e r  t o t a l  percent  cove r age  than  the Achnatherum 

hendersonii v e g e t a t i o n  p l o t s .  Poa secunda was comrnon t o  a l 1  v e g e t a t i o n  

p l o t s -  The A. hendersonii southwest  f ac ing  v e g e t a t i o n  p l o t  (Cl; 2 1 0 ~ )  had 

t h e  lowest t o t a l  p e r c e n t  cover .  Species  composi t ion w a s  s i r n i l a r  among t h e  

t h r e e  A. hendersonii v e g e t a t i o n  p l o t s ,  however t h e  s o u t h  (C3; 150°) and 

n o r t h e a s t  (C5; 50') f a c i n g  p l o t s  had the  most s p e c i e s  i n  common. P l o t  C3 had 

t h e  h ighes t  cover  of  A. hendersonii. S o i l  depths  i n  t h e s e  t h r e e  v e g e t a t i o n  

p l o t s  (C l ,  C 3 ,  and C 5 )  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  (Table  4 ) .  

To ta l  pe rcen t  cove r  va lues  f o r  t he  t h r e e  Agropyron spicatum v e g e t a t i o n  

p l o t s  (C2, C4, and C 6 )  were similar.  The southwest  facing p l o t  (C2; 210') 

had the  most d i f f e r e n t  s p e c i e s .  S o i l  depths  f o r  t h e s e  p l o t s  were n o t  

s i g n i f i c a n t l y  d i f f e r e n t ;  a l 1  were s i g n i f i c a n t l y  deepe r  than  t h e  Achnatherum 

hendersonii v e g e t a t i o n  p l o t s ,  except  f o r  Agropyron s p i c a t u m  v e g e t a t i o n  p l o t  

C2, which was n o t  s  i g n i  f i c a n t  l y  d i f  f e r e n t  from Achnatherum hendersonii 

vege ta t ion  p l o t s  CI and CS (Table  4 ) .  

O f  t h e  two minus A. hendersonii v e g e t a t i o n  p l o t s  (-Ache; C7  and Cg) ,  

p l o t  C 7  was almost i d e n t i c a l  i n  spec ie s  composi t ion and d e n s i t y  (Table 5 )  t o  

A -  hendersonii v e g e t a t i o n  p l o t  C5, except t h a t  p l o t  C 5  had h ighe r  pe rcen t  

coverage of t h e  moss , T o r t u l a  intermedia. Minus A. hendersonii v e g e t a t i o n  

p l o t  C9 had a h i g h e r  t o t a l  p e r c e n t  cover than  t h e  A. hendersonii v e g e t a t i o n  

p l o t s ,  Cl, C 3 ,  and C5, b u t  a  s i rn i l a r  percent  cover  of  T o r t u l a  intemedia a s  

A. hendersonii v e g e t a t i o n  p l o t  C5. 

The two A. lemmonii v e g e t a t i o n  p l o t s  (C8 and CIO) had t h e  h i g h e s t  t o t a l  

pe rcen t  cover  and were s i m i l a r  i n  o v e r a l l  s p e c i e s  composi t ion.  Lomatium 



Table  3 .  Mean percent cover ( C )  and Erequency ( F )  and physical 
character is t ics  f o r  plots a t  the Colockum study s i t e  grouped by vegetation 
type. -Ache, lacking Achnatherum hendersonii, 

Achnatherum hendersonii -Ache 

Plot C- 1 C-3 C- 5 C-7 C-9  
Aspect (degrees ) 210 150 5 0 5 0 4 0 
SloP ( $1  20 7 10 1 O 10 
Elevatian ( m l  107 3 1061 1122 1122 1134 

LOO 48.2 100 45.4 100 54.2 100 32.6 100 

SEIRUB 
Artamisia rigida 

GRASS 
Achnatherum hendersonii 4.2 
P o a  secunda -- 2- 5 
Agropyron spicatum O. 3 

FORB 
Balsamorhiza haokeri 3.7 

- -  

Lomatium triternatum 
Baploppapus stenophyllos 
Microsteris graeilis 
Lamatium macrocarpum 
Collinsia parvi f lara 
Eriogonum thpides 
Lewi sia reciiviva -- 
~ithophragma-bulbifera 
Cryptantha ambigua 
Viola trinemata 
Tri folium macroce~halum 
Antennaria f lagellaris 
Ranunculue glaberrims 
Microseris troximoides 
Erigeron poliospermus 

Sedum lanceolatum - 
Fritillaria pudica 
Achillea millefolium 
castillej a thompsonii 
Delphinium bicolor 
Oenothera hilgardii 
Montia siberica 
Geum tri f lorum - 
Eriogonum sphaerocephalum 
Lithophragma parviflora 
Phacelia linearis -- 
Phlox hoodii -- 
Eriogonum compositum 

MOSS 
Tortula intermedia 0.4 
Ceratodon purpureus O. 3 

Total Cover 18.4 



Agropyron spica tum Achnatherum lemmonii 

Plot 
Aspect (degrees ) 
Slow ( $1  
Elevation ( m) 

SBRUB 
Artemisia rigida 

GRASS 
Achnatherum hendersonii 
P o a  secunda 

Achnatherum leaumnii 

f ORB 
Balsamorhiza hookeri 
Lamatium triternatum 
Baploppapus stenophyllos 
Microsteris gracilis 
Lomatium macrocarpum 
Collinsia parviflora 

19.0 92 

1.3 36 

9.5 LOO 
--- -- 

Eriogonum thymoides 
Lewisia rediviva -- 
Lithophragma bulbifera 
Cryptantha ambigu 
Viola trinervata 
Trifolium macroceohalum 
Antennaria f lagellaris 

Erigeron poliospermus 
Allium acuminatum 
Sedum lanceolatum - 
F r i  tillaria pudica 
Achillea millefolium 
Castilleja thompsonii 
Delphinium bicolor 
Oenothera hilgardii 
Montia siberica 
Geum trif lorum - 
Eriogonum sphaerocephalum 
Lithophragma parvif lora 
Phacelia linearis -- 
Phlox hoadii 

MOSS 
Tortula inrermedia 
Ceratodon Duroureus 

Total Cover 



Table 4. Mean soi1 depths for vegetation 
plots at al1 study sites. Values with the 
same letter are not significantly 
different. Ache, Achnatherum hendersonii; 
A ~ ~ P v  Agropyron s p i c a  tum; -Ache, 
Achnatherum hendersonii absent; Acle, 
Achnatherum lernmonii ; I c ,  cryptogamic crus t 
intact; Idc, cryptogamic crus t disturbed. 
N=75 for al1 plots. 

Plot Community Depth (cm) SD 

Cl Ache 3.84a 4.78 
C2 A g s ~  6.17abc 5.74 
C3 Ache 3.55a 4.45 
C4 A ~ S P  8. 07bc 5.05 
C5 Ache 3.95a 4.92 
C6 A W P  9.41~ 6.58 
C7 -Ache 3.56a 4.44 
C8 Acle 20.596 8.60 
C9 -Ache 4.96ab 5.91 
C l 0  Acle 29.13g 9.20 
R 1 Ache 1.19a 1.59 
B2 -Ache 3.92a 3.92 
B3 A ~ S P  6.44abc 6.88 
O1 Ache / dc 8.07abc 3.62 
02 -Ache / c 2.77a 3.13 
03 -Ache 1 dc 7.85abc 3.28 
04 Achelc 6.07abc 4.79 



T a b l e  5 .  Mean density (plants lm2)  of Achnatherum hendersonii and A. lernmonii 
f o r  vegetation plots at each study s i t e ,  Values w i t h  the same l e t t e r  are n o t  
s i g n i f i c a n t l y  d i f f e r e n t .  N=25 a l 1  p l o t s .  

A. hendersonii A -  lemmonii 

C-1 C-3 C-5 B - 1  0-1 0-4 C-8 C-10 

Dens i ty 3.8cd 4.7d 2.9bc 0 . 5 a  1.5ab 2.labc 2.3abc 3,5cd 
SD 2.7 3.3 2.5 0.8 1.3 1.6 1.3 2.4 



t r i t e r n a t u m  and Poa secunda were t he  s p e c i e s  wi th  t h e  h i g h e s t  pe rcen t  cove r  

i n  both p l o t s .  Vegetation p l o t  C 8  had h i g h e r  cover  of Ar temis ia  r i g i d a ,  bu t  

lower cover  of  Achnatherum lemmonii than p l o t  C l o .  Vegetat ion p l o t  CIO had 

s i g n i f i c a n t l y  g r e a t e r  mean s o i 1  depth than  p l o t  Ca; mean s o i 1  depths o f  bo th  

A. lemmonii p l o t s  were s i g n i f i c a n t l y  g r e a t e r  than  a l 1  t h e  o t h e r  p l o t s  a t  t h e  

Colockum s tudy s i t e  (Table 4 ) .  I n  g e n e r a l ,  t h e  range i n  rnean p l a n t  d e n s i t i e s  

were comparable between the  A .  hender son i i  and A .  femmonii v e g e t a t i o n  p l o t s  

(Table  5 ) .  

P r i n c i p a l  components a n a l y s i s  (PCA) o f  t h e  Colockum v e g e t a t i o n  r e s u l t e d  

i n  4 9 %  of the  var iance  expla ined  b y  t h e  f i r s t  t en  PCA axes (Table 6 ) .  A l 1  

t e n  axes had an e igenvalue  g r e a t e r  than  one. Given t h e s e  r e s u l t s  i t  i s  

apparent  t h a t  no one f a c t o r l a x i s  s t r o n g l y  r e l a t e s  t o  the  d i s t r i b u t i o n  o f  t h e  

vege ta t ion ,  i . e .  t h e r e  a r e  rnany t r e n d s  i n  t h e  da ta .  Cons ider ing  the 

complexity of i n t e r a c t i o n s  c o n t r o l l i n g  v e g e t a t i o n  t h i s  i s  n o t  s u r p r i s i n g .  

Despi te  t h e  lack  of a  s t r o n g  r e l a t i o n  t o  any one a x i s ,  a  B a r t l e t t ' s  and 

Anderson's t e s t  f o r  s p h e r i c i t y  i n d i c a t e  t h a t  t h e  da ta  a r e  n o t  s p h e r i c a l ,  i. e. 

t h e  d a t a  have s i g n i f i c a n t  s t r u c t u r e  (Maze p e r s .  comm.). 

Eigenvectors f o r  t h e  f i r s t  two axes a r e  presented  i n  Table 7.  Although 

l i t t l e  of t he  var iance  was expla ined  by t h e  f i r s t  few axes ,  s t r o n g  l o a d i n g s  

were observed f o r  s e v e r a l  e igenvec to r s .  Bareground had t h e  s t r o n g e s t  

n e g a t i v e  loading on PCA a x i s  one and l a r g e l y  exp la ins  the  p o s i t i o n  of  t h e  A. 

hende r son i i ,  -Ache, and Agropyron sp ica tum vege ta t ion  p l o t s  on the PCA 

o r d i n a t i o n  (Figure 1 0 ) .  C o l l i n s i a  p a r v i £ l  ora, Lomatium t r i t e r n a t u m ,  and A. 

lemmonii had t h e  s t r o n g e s t  p o s i t i v e  load ings  on PCA a x i s  one. The moss, 

Tor tu la  in termedia ,  t he  forbs  Antennaria  f l a g e l l a r i s  and Lewisia rediviva,  

and t h e  g r a s s ,  Poa secunda,  had t h e  s t r o n g e s t  nega t ive  loadings  on PCA a x i s  

two, whi le  the  g r a s s ,  Agropyron spicatum, and t h e  shrub,  Ar temis ia  r i g i d a ,  

had t h e  s t r o n g e s t  p o s i t i v e  loadings .  

Resul t s  f o r  t h e  a n a l y s i s  of v a r i a n c e  of  PCA a x i s  one s c o r e s  i n d i c a t e  

t h a t  t he  Achnatherum lemmonii v e g e t a t i o n  p l o t s  (C8 and C I O )  were 

s i g n i f i c a n t l y  d i f f e r e n t  from t h e  o t h e r  cornrmnities a t  Colockum (Table 8 ) .  



Table 6. Principal components analyses eigenvalues and percent of variance for the first ten axes 
of vegetation. Acle, Achnatherum lemmonii. 

Co lockum 
Colockurn wlout Acle Brewton Ochoco Al1 plots 

Eigen- % of Eigen- % of Eigen- % o f  Eigen- 2 of Eigen- % of 
Axis value var. value var. value var. value var. value var 

% of total 
variance 
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AXIS 1 

Figure 10. PCA ordination of the ten vegetation plots at the Colockum study 
site. 95% confidence limit ellipses denote the vegetation organization and 
variation in each plot. Ache, Achnatherum hendersonii (Cl, C3, CS) ; -Ache, 
lacking A. hendersonii (C7. Cg); Acle, A. lemonii (Ce. C I O ) ;  Agsp, Agropyron 
spicatum (C2, C 4 ,  C 5 ) .  



T a b l e  8. Mean PCA a x i s  1 s c o r e s  f o r  v e g e t a t i o n .  Values  w i t h i n  t h e  same column w i t h  
match ing  l e t t e r s  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  Ache, Achnatherum hendersonii; -Ache, 
Achnatherum h e n d e r s o n i i  a b s e n t ;  Acle, Achnatherum lemmonii; Agsp, Agropyron spicatum; / c ,  
cryp togamic  c r u s t  i n t a c t ;  I d c ,  c ryp togamic  c r u s t  d i s t u r b e d .  

Ache 
Veg . Co 1 oc kum t Al l 

Plot type Colockum wlout  Acle Brewton Ochoco Acle Ache P l o t s  

C l  Ache -. 094a -. 059a - - .013a .099a .013a 
C2 Agsp - .085a -. 161c - - - - .032a 
C3  Ache -. 075ab .049b - . 0 3 3 a  .120a - .029a 
C4 Agsp -.O5Oac -. O8la - - - - .034a 
C5 Ache -. 032bcd .083b - - .042a .098a .033a 
C 6  Agsp - .046abc -. 082a - - - - .036ab 
C7 -Ache -. 029bcd .066b - - - - 

- ,042ab 
C8 Acle  .186e - .176b - .139c - 
C9 -Ache . O086 ,189d - - - - 

- - . 067b 
C I O  Acle . 2  16e - .175b - .141c 
B1 Ache - - -. l9Oa - .030a 

- .118a .O2 l a  02 -Ache - - O  041b - - - 
- - .025a 83 Agsp , 2 3 1 ~  - - - 024a 

01 Acheldc - - - .081a - .141c - .066b -. 112d - 
0 2  -Ache/c - - -. 123ab - - -. 163e - 
03 -Ache/dc - - - -, 145b - - -. 0956 
04 Achelc - - - . 3 4 9 ~  -.328d - . 3 5 8 ~  -.266f 



The A. hendersonii vegetation plots (Cl, C3, and C5) were similar to each 

other, as were the minus A. hendersonii vegetation plots (C7 and Cg), and the 

Agropyron spicatum vegetation plots (C2, C4, and C6). In general, these 

latter three groups of plots were similar along the first PCA axis. 

The 95% confidence ellipse results of al1 vegetation plots at the 

Colockum study area are given in Figure 10 and Table 9. The main comrmnities 

are well defined in the PCA ordination, which shows both the differences and 

overlap in species composition. The Achnatherum lemmonii vegetation plots 

(C8 2nd CIO) had the greatest amount of variation along PCA axis one. Both 

A. lemmonii vegetation plots had similar eccentricity (order) and theta 

(organization sensu stricto) values; plot C8 had a larger area (greater 

variation) value than plot Clo. 

The ellipses for the Agropyron spicatum vegetation plots (C2, C4, and 

C6) were ordinated towards the positive end of PCA axis two (Figure 10). Al1 

had similar eccentricity (order), theta (organization sensu stricto), and 

area (variation) values, indicating strong similarities in overall 

organization. 

The ellipses for the Achnatherum hendersonii vegetation plots exhibited 

differences in eccentricity, theta, and area. In particular, these values 

were substantially lower in plot Cl compared to plots C3 and C5. 

The ellipses for the two minus Achnatherum hendersonii vegetation plots 

(-Ache; C7 and Cg) occurred in the same general location of the PCA 

ordination as those for the A. hendersonii vegetation plot ellipses (Cl, C3, 

and C5). Plot C7 had a substantially higher theta value than the others, 

hinting at a difference in vegetation organization (sensu stricto), whereas 

plot C9 had the highest eccentricity value. These differences sternmed partly 

from a higher percentage cover of Poa secunda in plot C7, and a slight shift 

in species composition and coverage in plot C9 (Table 3). 

The results of the PCA for the Colockum vegetation plots with the A. 

lemmonii plots removed are shown in Figure 11 and Tables 7 and 10. As with 

the PCA for a l 1  the vegetation plots at the Colockum study site, the 



Table 9. Descriptive statistics of the 952 confidence 
ellipses from PCA of vegetation at the Colockum study 
site. Ache. Achnatherum hendersonfi; Agsp, Agropyron 
spicatum; -Ache, Achnatherum hendersonii absent; Acle, 
Achnatherum lemmonii. See text for explanation of 
descriptive statistics and plot descriptions. 

Plot Community Theta Eccen. Area 

Cl Ache 58-14 0.634 0.018 
C3 Ache 93.36 0.825 0.027 
C5 Ache 93.68 O. 882 0.050 
C2 Agsp 110.52 0.762 0.039 
C4 Agsp 99.20 0.892 0.035 
C6 AgSP 90.62 0.821 O. 025 
C7 -Ache 133.16 O. 819 0.033 
C9 -Ache 89.24 0.904 0.049 
C8 Ac le 3-88 0.862 O. 107 
Cl0 Ac le 4.15 0.930 0.042 



Figure 11. PCA ordination of the Colockum study site vegetation p l o t s  with 
the two Achnatherum l e m o n i f  plots removed. 95% confidence limit ellipses 
denote the vegetation organization and variation in each plot. Ache, A. 
hendersonii (Cl, C3. C5); -Ache, lacking A. hendersonii (C7,  Cg); Agsp. 
Agropyron spicatum (C2, C4, C6). 



Table 1 0 .  Descriptive s t a t i s t i c s  of  the 95% confidence 
el l ipses £rom the PCA of vegetation without Achnatherum 
l e m o n i i  vegetation p l o t s  a t  the Colockum study s i t e .  
Ache, Achnatherum hendersonii ; Agsp , Agropyron spf  catum; 
-Ache, Achnatherum hendersonii absent.  See t e x t  for 
explanation of descr ipt ive  s t a t i s t i c s  and p l o t  
descriptions.  

Plot C o m n i t y  Theta Eccen. Area 

Ache 18.78 
Ache 76.97 
Ache 17.26 
A ~ S P  43.08 
A ~ S P  20.93 
A ~ S P  15.40 

-Ache 9.50 
-Ache 109.42 



eigenvalues  f o r  f i r s t  t e n  PCA axes were a l 1  greater than  one,  w i t h  56% of t h e  

va r i ance  expla ined  by t h e  first t e n  axes (Table 5 ) .  

Analysis  of v a r i a n c e  of t h e  PCA a x i s  one s c o r e s  i n d i c a t e d  tha t  

d i f f e r e n c e s  among t h e  remaining c o m n i t i e s  appeared t o  i n c r e a s e  when t h e  A. 

lemmonii c o m n i t y  was removed from t h e  a n a l y s i s  (Table  8 ) .  I n  p a r t i c u l a r ,  

t h e  minus A. hendersonii (-Ache) vege ta t ion  p l o t  C9 ,  and t h e  Agropyron 

spicatum v e g e t a t i o n  p l o t  C2, were now s i g n i f i c a n t l y  d i f f e r e n t  from t h e  o t h e r  

v e g e t a t i o n  p l o t s  and from each o t h e r .  

In g e n e r a l ,  t h e  r e s u l t s  f o r  t h e  PCA of t h e  v e g e t a t i o n  a t  t h e  Colockum 

s tudy  s i t e  wi th  t h e  A. femmonii vege ta t ion  p l o t s  removed, more c l e a r l y  

d e l i n e a t e d  t h e  r e l a t i o n s h i p  between the  d i f f e r e n t  communities. Removal of  

t h e  A. lenmonii v e g e t a t i o n  r e s u l t e d  i n  l a rge  o r g a n i z a t i o n a l  s h i f t s  among t h e  

A. hendersonii p l o t s  (CI, C3, and C5),  and the  two -Ache p l o t s  ( C 7  and Cg),  

compared t o  t h e  t h r e e  Agropyron spicatum p l o t s  (C2, C4, and C6) ,  where t h e  

changes were l e s s  pronounced ( c f .  Tables 9 and 1 0 ) .  

Brewton 

Table 11 sununarizes t h e  spec ies  composit ion and phys ica l  

c h a r a c t e r i s t i c s  f o r  t h e  v e g e t a t i o n  p l o t s  a t  t he  Brewton s t u d y  s i t e .  The A. 

hendersonii vege ta t ion  p l o t  ( B I )  and t h e  -Ache p l o t  ( 82 )  had s i m i l a r  t o t a l  

pe rcen t  cover .  The Agropyron spicatum p l o t  ( B 3 )  had t h e  h i g h e s t  t o t a l  

pe rcen t  cover  of t h e  t h r e e  v e g e t a t i o n  p l o t s .  P l o t  B1 had h i g h e r  mean cover 

o f  t h e  rnoss, Ceratodon purpureus ,  than  p l o t  82, and Ceratodon purpureus was 

t h e  only rnoss p r e s e n t  i n  p l o t  B3. P l o t s  B1 and B2 had more s p e c i e s  i n  common 

wi th  each o t h e r  than wi th  p l o t  8 3 .  Mean d e n s i t y  of Achnatherum hendersonii 

was s i g n i f i c a n t l y  lower at Brewton than  a t  Colockum, b u t  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  from mean d e n s i t i e s  a t  t h e  Ochoco s tudy s i t e  (Table  5 ) .  

Mean s o i l  depth o f  the A. hendersonii v e g e t a t i o n  p l o t  (Bl) was 

s i g n i f i c a n t l y  sha l lower  t h a n  a t  p l o t s  B2 and 03; mean s o i l  dep ths  a t  the 

l a t t e r  two p l o t s  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from each o t h e r  (Table 4 ) .  



Tab le  11. Mean percent cover ( C )  and frequency (F) and physical 
characteristics for plots a t  the Brewton study s i t e .  -Ache, lacking 
Achnatherum hendersonii. 

Achnatherum 
h e n d e r s o n i i  

Agropyron 
-Ache sp ica tum 

P l o t  
Aspect  ( d e g r e e s )  
S l o p e  ( $ 1  
E l e v a t i o n  { m) 

smm 
A r t e m i s i a  r i g i d a  

GRASS 
Poa s e c u n d a  -- 
Achnatherum h e n d e r s o n i i  
Bromus t e c t o r u m  -- 
Agropyron s p i c a t u m  
S t i p a  t h u r b e r i a n a  - 
FORB 
Eriogonum t h y u n i d e s  
P e d i o c a c t u s  s i m p s o n i i  
L a t i u m  m c r c c a r p u m  
crepis w d o c e n s i s  
L e w i s i a  r e d i v i v a  
Penstemon g a i r d n e r i  
B a l s a m o r h i z a  h o o k e r i  
M i c r o s r e r i s  g r a c i l i s  
P h l o x  h o o d i i  -- 
Eriagonum campositum 
C o l l i n s i a  p a r v i f l o r a  
O e n o t h e r a  h i l a a r d i i  
Geum t r i f l o r u m  

Ceratodon p u r p u r e u s  
T o r t u l a  i n t e r m e d i a  

T o t a l  Cover 



The PCA indicated that more variance is explained along PCA axis one 

for the Brewton study site than for the Colockum study site (Table 6). This 

was possibly a result of fewer variables (species) at the Brewton study site. 

Only the first five axes had eigenvalues greater than one, and the first two 

axes accounted for 32% of the variance. The communities at the Brewton study 

site were more discrete than at the Colockum study site. Overall species 

coverage was lower, as was individual coverages of moss species (Tables 3 and 

Il). 

Eigenvectors and mean PCA axis one scores are shown in Tables 7 and 8. 

Bromus tectorum, Oenthera hilgardii, and Agropyron spicatum had the strongest 

positive loadings, while Poa secunda, Ceratodon purpureus, and Achnatherum 

hendersonii had the strongest negative loadings on PCA axis one (Table 7). 

On PCA axis two, A. hendersonii and Ceratodon purpureus, had the strongest 

positive loadings, while Phlox hoodii, Eriogonum thymoides, Artemisia rigida, 

and Collinsia parviflora had the strongest negative loadings. 

Analysis of variance of the PCA axis one scores, indicates al1 three 

communities, A. hendersonii (BI), -Ache (B2) , and Agropyron spicatum (B3), 

were significantly different from each other (Table 8). 

PCA 95% confidence interval bivariate ellipses indicate differences in 

organization (eccentricity and theta) between the three vegetation plots 

(Figure 12 and Table 12). The ellipses for the Achnatherum hendersonii 

vegetation plot (BI) and the -Ache vegetation plot (B2), indicate that these 

communities varied more along PCA axis two than along PCA axis one. These 

two communities also had sirnilar eccentricities (order). The ellipse for the 

-Ache vegetation plot (B2) had greater variation as indicated by a larger 

area value. The ellipse for the Agropyron spicatum vegetation plot (B3) had 

smaller theta (organization sensu stricto) and area (less variation) values 

than the ellipses for the other two plots. 



Figure 12. PCA ordination of the three vegetation plots a t  the Brewton study 
s i t e .  95% confidence limit e l l i p s e s  deonte t h e  vegetation organization and 
variation in each plot. Ache. Achnatherum hendersonii: -Ache. lack ing  A. 
hendersonii: Agsp. Agropyron spicatum. 
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Table 1 2 .  Descript ive s t a t i s t i c s  of  t h e  95% confidence 
e l l i p s e s  from the  PCA of vege ta t ion  a t  t he  Brewton s tudy 
s i t e .  Ache, Achnatherum hendersonii ; Agsp, Agropyron 
spicatum; -Ache, Achnatherum hendexsonii absent .  See 
t e x t  for explanation of  d e s c r i p t i v e  s t a t i s t i c s  and plot 
d e s c r i ~ t i o n s .  

Plot Community The t a Eccen. Area 

B1 Ache 128.19 O. 968 0.139 
B2 -Ache 104 .37  0.921 0.165 
8 3  A ~ S P  21.07 0.873 0.025 



Ochoco 

The Ochoco study s i t e  d i f f e r s  from the Colockum and Brewton s tudy s i t e s  

i n  t h a t  the re  were no Agropyron spicatum dominated vege ta t ion  p l o t s .  Species 

composition and p l o t  phys ica l  c h a r a c t e r i s t i c s  f o r  t h e  Ochoco study s i t e  a r e  

summarized i n  Table 13. To ta l  percent  coverage of  t h e  c o m n i t i e s  a t  t h e  

Ochoco study s i t e  va r i ed  from 25 t o  95 percent. Of t h e  two vegeta t ion p l o t s  

with Achnatherum hendersoni i ,  p l o t  04 had higher  t o t a l  percent  cover than 

p l o t  01. The higher  pe rcen t  coverage was because mean cover of t he  moss, 

Tortula intermedia,  was g r e a t e r  i n  p l o t  0 4  than i n  p l o t  01. Otherwise, 

species  cover and composition were s im i l a r  between t h e  two p l o t s .  Of t h e  

vegeta t ion p l o t s  without A. hendersonii (-Ache), p l o t  02 had higher  t o t a l  

percent  cover than p l o t  03; again,  t h i s  was because of h igher  mean cover of 

moss (T.  i n te rmedia ) .  Vegetation p l o t s  02 (-Ache) and 0 4  ( A .  hendersoni i )  

represented a reas  where t h e  cryptogamic c rus t  w a s  i n t a c t  a s  ind ica ted  by t h e  

r e l a t i v e l y  high mean coverage of moss species.  

Vegetation p l o t s  01 (A. hendersonii)  and 03 (-Ache) had s i g n i f i c a n t l y  

deeper s o i l s  than vege ta t ion  p lo t  02  (-Ache) (Table 4 ) .  Mean s o i l  depth a t  

vegeta t ion p lo t  02 (-Ache) was not  s i g n i f i c a n t l y  g r e a t e r  than p l o t  04 ( A .  

hendersoni i ) ,  and mean s o i l  depths a t  vegeta t ion p l o t s  01, 03, and 04 were 

no t  s ign i f  i c a n t l y  d i f f e r e n t .  Mean dens i t i e s  of A. hendersoni i  a t  Ochoco were 

general ly  s i m i l a r  t o  those  a t  the  Brewton and Colockum s tudy s i t e s  (Table 5 ) .  

PCA eigenvalues and percent  of variance accounted fo r  by t he  f i r s t  t en  

axes a r e  found i n  Table 6 .  The f i r s t  seven e igenvalues  were g r e a t e r  than 

one. The f i r s t  ax i s  accounts f o r  22% of the var iance ,  and t he  f i r s t  ten axes 

account f o r  79X o f  t h e  t o t a l  variance.  

Eigenvectors a r e  l i s t e d  i n  Table 7 ,  C o l l i n s i a  p a r v i f l o r a ,  Tor tula  

intermedia, Rigiopappus leptocladus ,  and Bromus japonicus ,  had t h e  s t r onges t  

pos i t i ve  Loadings on PCA a x i s  one, while bareground and Polygonum majus had 

the s t ronges t  negat ive  loadings.  On PCA a x i s  two, bareground, Agoseris 

g lauca ,  and Artemisia r i g i d a  had t he  stronges t p o s i t i v e  loadings , whereas 

Grimmia o rb i cu l a r i s ,  Sedum stenopetalum, Tortula in termedia ,  and Allium 



Table 13. Mean percent  cover  ( C )  and frequency (F )  and phys ica l  
c h a r a c t e r i s t i c s  f o r  p l o t s  grouped by vegeta t ion  type  a t  the Ochoco s tudy 
s i te .  -Ache, Achnatherum hendersonii. 

Achnatherum h e n d e r s o n i i  -Ache 

P l o t  O- 1 0-4 0-2 0-3 
Aspect  (degrees) 210 200 2 10 170 

=ope ( $ 1  5 5 5 5 
E l e v a t i o n  (m) 1418 1418 14 18 1418 
Cryptogamic c r u s t  d i s  turbed i n t a c t  i n t a c t  d i s  turbed 

G R A S S  
P o a  secunda  -- 3.1 72 3.4 56 5 . 3  80 3.0 4 8 
Achnatherum h e n d e r s o n i i  2.2 36 2.1 44 
Bromus f a p o n i c u s  0.1 12 1.8 88 0.4 44 
F e s t u c a  o c t o f l o r a  + 4 3.0 92 
Bromus t e c t o r u m  -- O. 1 8 
S i t a n i o n  jubatum -- o. 1 4 

FORE 
Blephar ipappus  scaber 
Lamatium lep tocarpum 

- - -  

Polygonum ma j u s  
A g o s e r i s  g l a u c a  
Lomatium t r i t e r n a t u m  

Zygadenus venenosus 
C o l i i n s i a  p a r v i  f l o r a  
Rigiopappus l e p t o c l a d u s  
F r i t i l l a r i a  pudica  
Sedum s t e n o p e t a l u m  

- 

Lewis ia  r e d i v i v a  -- 
E r i g e r o n  c h r y s o p s i s  

1.6 88 1.9 96 
1.0 3 2 4.2 60 
2.9 100 2-9 LOO 
O. 1 4 + 4 

MOSS 
T o r t u l a  i n t e r m e d i a  8.9 92 70.8 100 37.3 100 2.9 60 
Grinmia o r b i c u l a r i s  O, 8 2 O 3.0 68 0.6 20 

T o t a l  Cover 25.3 95.6 57.8 16.8 



acuminatum had the  s t r o n g e s t  n e g a t i v e  loadings .  PCA a x i s  one appears  t o  

d e s c r i b e  decreas ing  bareground coverage and inc reas ing  cove r  of  C o l l i n s i a  

p a r v i f l o r a ,  Tor tu la  in te rmedia ,  and Rigiopappus lep toc ladus .  I n  c o n t r a s t  PCA 

a x i s  two appears  t o  desc r ibe  dec reas ing  coverage of C r i m i a  o r b i c u l a r i s ,  

Sedum stenopetalum, Tor tu la  i n t e rmed ia ,  and A l l i u m  acuminatum and i n c r e a s i n g  

coverage of  bareground, Agoseris  g l a u c a ,  and Artemisia  r i g i d a .  For t h e  most 

p a r t ,  a r e a s  wi th in  the  s tudy s i t e  t h a t  d i f f e r e d  i n  whether A .  hender son i i  was 

p r e s e n t  o r  absen t ,  had s u b t l e  v a r i a t i o n s  i n  p l a n t  community c h a r a c t e r i s t i c s .  

Analys is  of var iance  of PCA a x i s  one scores  i n d i c a t e d  t h a t  t h e  A. 

hende r son i i  vege ta t ion  p l o t  wi th  i n t a c t  cryptogarnic c ~ s t  ( p l o t  04 )  was 

s i g n i f i c a n t l y  d i f f e r e n t  frorn any of t h e  o t h e r  vege ta t ion  p l o t s  (Tab le  8 ) .  

The A. hendersoni i  vege ta t ion  p l o t  w i th  d i s t u r b e d  cryptogarnic c r u s  t ( p l o t  01 )  

and t h e  -Ache vegeta t ion  p l o t  wi th  i n t a c t  cryptogamic c r u s t  ( p l o t  02)  were 

n o t  s i g n i f i c a n t l y  d i f f e r e n t ,  nor  were t h e  -Ache vege ta t ion  p l o t s  w i th  i n t a c t  

and wi th  d i s t u r b e d  cryptogamic c r u s t s  ( p l o t s  02 and 03 r e s p e c t i v e l y ) .  

F igu re  1 3  i l l u s t r a t e s  t h e  PCA 95% confidence i n t e r v a l  b i v a r i a t e  

e l l i p s e s  f o r  t h e  Ochoco s tudy s i t e  and Table 1 4  con ta ins  t h e  d e s c r i p t i v e  

s t a t i s t i c s  f o r  t h e  e l l i p s e s .  Although e c c e n t r i c i t y  ( o r d e r )  was s i m i l a r  f o r  

a l 1  t h e  p l o t s ,  t h e t a  ( o r g a n i z a t i o n  sensu s t r i c t o )  and a r e a  ( v a r i a t i o n )  

d i f f e r e d ,  E l l i p s e s  f o r  A.  h e n d e r s o n i i  vege ta t ion  p l o t s  (01 and 04)  had 

minimal ove r l ap  and d i f f e r e n t  o r i e n t a t i o n s  ( s e e  t h e t a  va lues .  Table 1 4 )  a long  

PCA a x i s  one. Vegetation p l o t  03 (-Ache, c r u s t  d i s t u r b e d )  appeared t o  be a  

s u b s e t  of  vege ta t ion  p l o t  02 (-Ache, c r u s t  i n t a c t ) .  The two v e g e t a t i o n  p l o t s  

w i th  i n t a c t  cryptogarnic c r u s t ,  02  (-Ache) and 0 4  (A .hender son i i ) ,  had h i g h e r  

area ( g r e a t e r  v a r i a t i o n )  va lues  than t h e  vege ta t ion  p l o t s  where t h e  c r u s t  was 

d i s t u r b e d .  Although e c c e n t r i c i t y  ( o r d e r )  was s i rn i l a r ,  v e g e t a t i o n  p l o t  0 4  (A. 

hende r son i i ,  c r u s t  i n t a c t ) ,  had l a r g e r  t h e t a  (o rgan iza t ion  sensu stricto) and 

a r e a  ( v a r i a t i o n )  va lues ,  compared wi th  t h e  remaining v e g e t a t i o n  p l o t s  a t  t h i s  

s tudy  s i t e  (F igure  13 and Table 1 4 ) .  



-0.3 O0 -0.07 5 OI1 50 0.375 0600 

AXIS 1 

Figure 13. PCA ordination of the four vegetation plots at the Ochoco study 
site. 95% confidence limit ellipses denote the vegetation organization and 
variation in each plot. Ache. Achnatherum hendersonii; -Ache. lacking A. 
hendersonii; I c ,  cryptogamic crus t  intact: I d c .  cryptogamic crust disturbed. 
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Table 14. Descriptive statistics of the 95% confidence 
ellipses from the PCA of vegetation at the Ochoco study 
site. Ache, Achnatherurn hendersonii; -Ache, A. 
hendersonii absent; I c ,  cryptogamic crust intact; /dc, 
cryptogamic c r u t  disturbed. See text for explanation 
of descriptive statistics and plot descriptions. 

Plot Community Theta Eccen. Area 
- - - - - - - - - - - - 

O1 Ache /dc 71.84 0.739 0.073 
04 Ache/c 166.24 O. 736 0.256 
02 -Ache / c 82.33 O. 899 0.191 
03 -Ache 1 dc 58.34 0.802 0.028 



A l 1  Plots 

To determine overall vegetation variation and to display relationships 

among al1 study sites, PCA was petformed on the combined vegetation plots of 

a l 1  study sites. Tables 6 and 7 contain eigenvalues and eigenvectors, 

respectively. Figure 14 shows the PCA ordination of the 95% confidence Limit 

bivariate ellipses for al1 vegetation plots. Table 15 contains the 

descriptive statistics for the ellipses. 

Sirnilar to the PCA results for the Colockum study site vegetation, the 

eigenvalues for the first ten axes were al1 greater than one for the PCA of 

al1 vegetation plots (Table 6). Only 9% of the variance was explained by the 

first PCA axis, with 6.6% by the second PCA axis, and 43% explained by the 

first ten axes (Table 6). 

Polygonum majus,  Blepharipappus scaber, Lomatium leptocarpum, Bromus 

japonicus, and Rigiopappus leptocladus had the s trongest negative loadings on 

PCA axis one, whereas Lomatium triternatum, Collinsia parviflora, Poa 

secunda, Lithophragma bulbifera, and Achnatherum lemrnonii had the strongest 

positive loadings on PCA axis one (Table 7). The species with the strongest 

negative loadings on PCA axis one were observed only at the Ochoco study 

site, while the first three species with the strongest positive loadings on 

PCA axis one were observed at the Colockum and Ochoco study sites, and the 

last two species were observed only at the Colockwn study site. These 

results suggest that PCA axis one represents a latitudinal gradient, from 

south on the negative end to north on the positive end. On PCA axis two, 

Collinsia parviflora, Lomatium triternatum, Rigiopappus leptocladus, Tortula 

intermedia, and Bromus japonicus had the s t ronges t negative loadings, and 

bareground, Bromus tectorum, Oenthera hilgardii, and Agropyron spicatum had 

the strongest positive loadings (Table 7). 

Analysis of variance on PCA axis one scores indicated that the 

Achnatherum hendersonii, minus A. hendersonii (-Ache), and Agropyron spicatum 

vegetation plots at the Colockum and Brewton study sites were not 

significantly different (Table 8). The two Achnatherum lemmonii vegetation 



Figure 1 4 .  PCA ordination of vegetation of al1 study sites combined. 95% 
confidence limit ellipses denote the vegetation organization and variation in 
each plot. I c ,  cryptogamic crust intact. 
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T a b l e  15 .  Descriptive s t a t i s t i c s  of  the 95% conf idence  
e l l i p s e s  from the PCA o f  vegetat ion from a l 1  s tudy s i t e s .  
Ache, Achnatherum hendersonii; Agsp, Agropyron spicatum; 
-Ache, Achnatherum hendersonii absent; Acle,  Achnatherum 
lemonii; I c ,  cryptogamic crust  i n t a c t ;  Idc, cryptogamic 
crust  disturbed. See text for  explanation o f  d e s c r i p t i v e  
s t a t i s t i c s  and p l o t  descr ip t ions .  

P lo t  Communi t y  Theta Eccen. Area 

Ache 
A ~ S P  
Ache 
Agsp 
Ache 
Agsp 

-Ache 
Acle 

-Ache 
Acle 
Ache 

-Ache 
A ~ S P  
Ache/ dc 

-Ache / c  
-Ache / dc 
Ache l c 



p l o t s  were not s i g n i f i c a n t l y  d i f f e r e n t  from each o t h e r ,  b u t  were 

s i g n i f i c a n t l y  d i f f e r e n t  from t h e  o t h e r  vege ta t ion  p l o t s  a t  t h e  Colockum, 

Brewton, and Ochoco s tudy s i t e s  (Table 8 ) .  The v e g e t a t i o n  p l o t s  a t  t h e  

Ochoco s tudy  s i t e  were s i g n i f i c a n t l y  d i f f e r e n t  from t h e  v e g e t a t i o n  p l o t s  a t  

t h e  n o r t h e r n  two s tudy s i t e s  (Colockum and Brewton). Within t h e  Ochoco s tudy 

s i t e ,  t h e  A.  hendersonii  v e g e t a t i o n  p l o t  with d i s t u r b e d  cryptogamic c r u s t  

(01) and t h e  -Ache v e g e t a t i o n  p l o t  wi th  d i s t u r b e d  cryptogarnic c r u s t  (03 ) .  

were n o t  s i g n i f i c a n t l y  d i f  f e r e n t  from each o t h e r ;  t h e  remaining vege ta t ion  

pLots were s i g n i f i c a n t l y  d i f f e r e n t .  

A l l  e l l i p s e s ,  except  f o r  Ochoco vege ta t ion  p l o t  0 4 ,  showed a s l i g h t  

degree  of  over lap  (Figure  1 4 ) .  The e l l i p s e s  f o r  t h e  v e g e t a t i o n  p l o t s  a t  t h e  

Brewton and Colockwn s tudy  s i t e s  had s i m i l a r  t h e t a  ( o r g a n i z a t i o n  sensu 

s t r i c t o ) ,  e c c e n t r i c i t y  ( o r d e r ) ,  and a reas  ( v a r i a t i o n )  va lues  (Table 15) .  

These r e s u l t s  i n d i c a t e  t h a t  t h e  two s i t e s  a t  t h e  nor the rn  d i s t r i b u t i o n  of A .  

henderson i i  have s i rn i la r  community l e v e l  o rgan iza t ion ,  d i s t i n c t  from t h a t  a t  

t h e  Ochoco study s i t e .  With t h i s  many p l o t s  and wi th  t h e  degree  of ove r l ap  

between t h e  p l o t s ,  t he  d e s c r i p t i v e  s t a t i s t i c s  (Table 15)  g i v e  a c l e a r e r  

r e p r e s e n t a t i o n  of t h e  PCA r e s u l t s  than t h e  o r d i n a t i o n .  The e l l i p s e s  f o r  the 

v e g e t a t i o n  p l o t s  of a l 1  t h e  s tudy  s i t e s  had s i m i l a r  e c c e n t r i c i t y  ( o r d e r )  

v a l u e s .  More notable  were t h e  d i f f e r e n c e s  observed i n  t h e t a  ( o r g a n i z a t i o n  

sensu  s t r i c t o )  and a r e a  ( v a r i a t i o n )  values.  The e l l i p s e s  f o r  t h e  vege ta t ion  

p l o t s  i n  t h e  nor thern  d i s t r i b u t i o n  l i m i t  of A .  hendersoni i  (Colockum and 

Brewton s tudy s i t e s )  had t h e t a  va lues  between 8 7  and 133, whereas t h e t a  

va lues  f o r  e l l i p s e s  i n  t h e  s o u t h e r n  d i s t r i b u t i o n  l i m i t  (Ochoco s t u d y  s i t e )  

were between 7 and 42 .  The Ochoco p l o t s  g e n e r a l l y  had g r e a t e r  area 

( v a r i a t i o n )  values,  sugges t ing  t h a t  t h e r e  was more v a r i a t i o n  i n  t h e  

v e g e t a t i o n  i n  the  s o u t h e m  d i s t r i b u t i o n  l i m i t  of  A .  henderson i i .  Overa l l ,  

s u b s t a n t i a l  d i f f e rences  i n  community l e v e l  o rgan iza t ion  was e v i d e n t  between 

t h e  n o r t h e r n  and southern d i s t r i b u t i o n s  of  A. henderson i i .  

The PCA ordina t ion  and, consequently,  t h e  t h e t a  va lues  from t h e  PCA o f  

a l 1  v e g e t a t i o n  p l o t s  combined, could be r e f l e c t i n g  an "arch  e f f e c t "  ( i . e .  



horseshoe problem that occurs in PCA when beta diversity is high: Gauch, 

1982 ) . Det rended correspondence analys is (DCA) was developed to correct this 

fault inherent in PCA (Hill and Gauch, 1980). DCA was run on this data set 

to determine if an "arch effect" was present. The relative relationship of 

the ellipses from the DCA results were similar to those of the PCA; 

therefore, the PCA results were retained. 

Achnatherum hendersonii and A. lemmonii Plots 

The PCA results for A. hendersonii and A. l e m o n i i  vegetation plots 

were similar to the results for al1 vegetation plots (Figures 15 and 14 

respectively) . Al1 of the first ten eigenvalues were greater than one (Table 
16). Fourteen percent of the variance was explained by axis one and 54% by 

the first ten axes (Table 16). Tortula intermedia, Blepharipappus scaber, 

Polygonum majus, Bromus japonicus, Rigiopappus leptocladus, and Lomatium 

leptocarpum had the strongest negative loadings on PCA axis one, whereas 

Lomatium tri ternatum, Poa secunda, and Collinsia parviflora had the strongest 

positive loadings (Table 17). For PCA axis two, bareground and Achnatherum 

hendersonii had the s t ronges t negative loadings , and Collinsia parviflora, 

Lithophragma bulbifera, Rigiopappus leptocladus, Lomatium triternatum, Bromus 

japonicus, Tortula intemedia, and Achnatherum lemmonii had the strongest 

positive loadings. As with the results for the PCA of ail vegetation plots, 

a latitudinal gradient was demonstrated along PCA axis one (Figure 15). 

The results for the analysis of variance on PCA axis one scores were 

similar to those for al1 vegetation (Table 8). The A. hendersonii vegetation 

plots at the northern study sites (Colockum and Brewton) were not 

significantly different from each other, nor were the A. lennnonii vegetation 

plots, but the two communities were significantly different from each other. 

At the southern study site (Ochoco) the A. hendersonii vegetation plots with 

intact cryptogamic crust and with disturbed cryptogamic crust were 

significantly different from each other, as well as from the vegetation plots 

in northem study sites. 



Figure 15. PCA ordination o f  Achnatherum hendersonii and A .  l e m o n i f  
vegetation p l o t s .  95% confidence limit e l l i p s e s  denote the vegetation 
organization and variation in each plot. Ache, A. hendersonii: Acle. A. 
lernmonii: Cl, C3, C5, C8. C10. Colockwn: 81, Brewton; 01, 04, Ochoco; Ic. 
cryptogamic crust i n t a c t :  /dc, cryptogamic crust disturbed. 
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Table 16. Principal components analyses 
eigenvalues and percent of variance for the first 
ten axes of vegetation of al1 Achnatherum 
hendersonii and A -  lemonii plots, and of al1 A. 
hendersonii plots. 

A.  hendersoni i  
br 

A. lernmonii A. Bendersonii 

Eigen- % o f  Eigen- 2 of 
Axis value var. value var. 

% of total 
variance 



Table 17. P r i n c i p a l  components ana lyses  eigenvectors f o r  the first two axes 
of vegetation of Achnatherum hendersonii and A. lemmon2f plots, and of A. 
hendersonii plots. Only eigenvector loadings > 0.2000 or < -0.2000 for any 
one of the axes only are presented; -, indicates not present. 

A. hendersonii 
& 

A. lemmonii A. hendersonii 

Eigenvectors Eigenvectors 
Species I 2 1 2 

Bareground -0.0812 -0.4183 0,2070 O. 4112 
Achnatherum hendersonii -0.0193 -0.1977 O. 1048 -0.1517 
Achnatherum lemmonii 0.1567 0.2071 - - 
Bletharipappus scaber -0.3 122 0.0697 -0,3098 0.2044 
Bromus japonicus -0.2926 0.2137 -0.3458 -0.0776 
Collinsia parviflora 0.1888 0.2789 -0- 0084 -0.3616 
Lewisia rediviva 0.0313 -0.0654 0.0800 -0.2690 
Lithophragma bulbifera O, 1716 0.2363 - - 
Lomatium leptocarpum -0.2758 O. 1630 -0.3136 O. 0048 
Lomatiurn tri ternatum 0.2453 0.2192 O. 1396 -0.3289 
Poa secunda 0.1897 O. 1762 0.1171 -0.2344 
Polygonum ma jus -0.2951 O. 0491 -0.2848 0.2414 
Rigiopappus leptocladus -0.2828 0.2317 -0.3410 -0.1371 
Tortula intermedia -0.3340 0.2095 -0.3838 -0.2035 
Viola trinervata 0.0369 -0.1046 0.1067 -0.2577 
Zygadenus venenosus -0.1947 0.1324 -0.2261 -0,0259 



The relationship between the A. hendersonii and A. lemmonii cornmnities 

was clarified by excluding the additional vegetation plots (-Ache and 

Agropyron spicatum) . The 95% confidence ellipses indicated a separation 

between the vegetation plots at the southern distribution limit (Ochoco) of 

A. hendersonii and the those at the northern distribution limit (Colockum and 

Brewton; Figure 15). The ellipse for the Ochoco vegetation plot with 

cryptogamic crust intact (04) had the highest area (greatest variation) 

value, whereas the ellipse for Colockm A. hendersonii vegetation plot Cl had 

the lowest area (least variation) value (Table 18)- Ellipse area values for 

the remaining vegetation plots were similar, an indication that they had 

similar amounts of variation. The ellipses for the Ochoco vegetation plots 

had high theta (organization sensu stricto) values compared with the other 

ellipses, suggesting that the comnities in the southern distribution limit 

were organized sensu stricto differently than the comnities in the northern 

distribution limit (Table 18). Theta values for the remaining vegetation 

plots were sirnilar. Ellipse eccentricity values were similar for al1 

vegetation plots, an indication that the vegetation at the northern and 

southern distribution ranges of A. hendersonii had similar organization in 

the sense of order .  

Achnatherum hendersonii Plots 

The results of the PCA for A. hendersonii vegetation plots only are 

similar to those for the combined A. hendersonii and A. lemmonii vegetation 

plots. As with the previous two PCAs, a l1  of the eigenvalues for the first 

ten axes were greater than 1 (Table 1 6 ) .  The variance explained by the first 

axis was 17X, the first ten axes was 64%. Tortula intermedia, Bromus 

japonicus, Rigiopappus leptocladus, Blepharipappus scaber, and Lomatium 

leptocarpum had the s tronges t negative loadings on PCA axis one, whereas 

bareground, Lomatium triternatum, Poa secunda, Viola trinervata, and A. 

hendersonii had the strongest positive loadings (Table 17). These results 

were nearly identical to the previous PCA results (A. 



Table 18. D e s c r i p t i v e  s t a t i s t i c s  o f  t h e  95% c o n f i d e n c e  
e l l i p s e s  from t h e  PCA o f  Achnatherum hendersonii and A. 
lemmonii v e g e t a t i o n .  Ache, A. hendersonii; Acle,  A. 
lemmonii ; / c ,  cryptogamic crust i n t a c t ;  / d c ,  cryptogamic 
c r u s t  dis t u rbed .  See t e x t  f o r  e x p l a n a t i o n  of  d e s c r i p t i v e  
s t a t i s t i c s  and p l o t  d e s c r i p t i o n s .  

Plot Communitv The ta  Eccen. Area 

Ache 
Ache 
Ache 
Ache 
Ache / dc  
Ache 1 c 
.4cle 
Acle 



hendersonii and A. lemmonii vegetation plots). Again, a latitudinal gradient 

was observed along PCA axis one. On PCA axis two, Collinsia parviffora, 

Lomatium triternatum, Lewisia rediviva, Viola trinervata, Poa secunda, and 

Tortula intemedia had the strongest negative loadings, and bareground, 

Polygonum ma jus, and Blepharipappus scaber had the s tronges t positive 

loadings. Results for the analysis of variance on PCA axis one scores were 

the sarne as the results for the A. hendersonii and A.  lemmonii vegetation 

plots combined (Table 8). 

The 95% confidence ellipses revealed a strong separation between the 

Ochoco study site and the Colockum and Brewton study sites (Figure 16). 

Table 19 lists the descriptive statistics for the ellipses. Again, the 

results are similar to the previous analysis, however the relationship 

between the A. hendersonii vegetation plots in the northern and southem 

distribution ranges of A. hendersonii was further refined by this analysis. 

The ellipses for the southern (Ochoco) vegetation plots had different theta 

values than the ellipses of the northern vegetation plots, an indication that 

they have dif ferent organization sensu stricto. The two southern vegetation 

plots had theta values quite different from each other, an indication that 

the organization sensu stricto within the southern study site (Ochoco) is 

also quite different. Ellipse eccentricity (order) values were similar for 

aL1 vegetation plots, suggesting that the vegetation that A. hendersonii 

occurs in, regardless of geographic location, had similar organization in the 

sense of order. The ellipse for Ochoco vegetation plot with intact 

cryptogamic crust (04) had the highest area (greatest variation) value of al1 

vegetation plots, and Colockum vegetation plot Cl had the lowest area (least 

variation) value. The Brewton vegetation plot (BI) had the second lowest 

area value, while the remaining vegetation plots had similar area values, 

indicating similarities in variation among those vegetation plots. 

The PCA on the A. hendersonii vegetation, without the affect of A. 

lemmonii vegetation, even further stresses the regional variation and 



Figure 16. PCA ordination of Achnatherum hendersonii vegetation plots. 95% 
confidence limit ellipses denote the vegetation organization and variation in 
each plot. Cl, C3, C5, Colockum; BI, Brewton: 01, 04. Ochoco; I c ,  
cryptogamic crust intact; /dc, cryptogamic crust disturbed. 



Table 19. Descriptive statistics of the 95% confidence 
ellipses from t h e  PCA of Achnatherum hendersonii 
vegetation. /c, cryptogamic crust intact; /dc, 
cryptogamic c rus t  disturbed. See text for explanation 
of d e s c r i p t i v e  statistics and plot descriptions. 

Plot Theta Eccen. Area 



organization of the comnities, as well as within site variation and 

organization. 

Soils 

The soils were signif icantly deeper in the Achnatherum lemmonii 

vegetation plots than in any of the other vegetation plots (Table 4). Soil 

depths in the Agropyron spicatum vegetation plots were generally 

significantly greater than the remaining Colockum and Brewton plots, but were 

not significantly different from three of the Ochoco plots. Overall there 

was much overlap in the results of the multiple comparison test, creating 

ambiguity as to significant differences among means, This reffects the fact 

that the analysis of variance test is more powerful than the multiple 

comparison test (Zar 1984). 

Table 20 summarizes the composition characteristics of the soils for 

each plant community for each study site. Nutrient levels were generally low 

for al1 cornrnunities. The highest nutrient values were observed in the 

Achnatherum lemmonii community. This comnity also had significantly deeper 

soils (Table 4) and higher percentage of vegetation coverage (Tables 3, 11, 

and l3), providing both a source of nutrients (plant matter) and nutrient 

retention (soi1 column), 

Morphology 

Achnatherum hendersonii plants were generally smaller than A. lemmonii 

plants (Tables 2 1  and 2 2 ) .  with sheaths, blades, and ligules longer in A. 

lenmonii. Blade width was similar in the two species. 

Mean inflorescence blade length of A. hendersonii from Colockm study 

site plots Cl and C3 were not significantly different, but were significantly 

greater than mean inflorescence blade lengths of plot C5, the Brewton study 

site, and the Ochoco study site, al1 of which were not significantly 

different (Table 21). Inflorescence blade width was more variable. Mean 

inflorescence blade width of A. lemmonii plots C8 and Cl0 were not 



Table 20. Soi1 characteristics. Samples were p o o l e d  by cornmunity type within the same study site, Ache, 
Achnatherum hendersonii; Agsp, Agropyron spicatum; -Ache, Achnatherum hendersonii absent; Acle, Achnatherum 
1 emmoni i . 

Veg . Organic 
Type PH P K N03-N NH4-N Matter C H N Sand Clay S i l t  

( a l e >  ( P R I  R) ( ~ d e )  ( ~ s l ~ >  % % z x x pa x 
Colockurn 1, 3, 5 
Colockum 2, 4, 6 
Colockum 7 
Colockum 8, 10 
Brewton 1 
Brewton 2 
Brewton 3 
Ochoco 1, 4 

Ache 
Agsp 

-Ache 
Acle 
Ache 

-Ache 
Agsp 
Ache 

Ochoco 2, 3 -Ache 6.5 2.4 6 7 2.2 2 . 2  1.17 0.70 0.85 0 . W  39.6 20.4 40.0 



Table 2 1 .  Mean in f lo rescence  l e a f  va r iab les  (mm) and ANOVA r e s u l t s  
f o r  l ea f  v a r i a b l e s .  Mean values with matching l e t t e r s  within each 
v a r i a b l e  a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t .  N=25 f o r  a l 1  p l o t s .  

P lo t  Mean Max. Min. SD 

Inf lorescence  

Sheath length  
A. hendersonii C-1 5 7 . 6 a b  7 5  4 0  8 . 9  

C-3 6 3 . 6 b c  7 6  5 0  7 . 7  
C-5 50.8a 6 4  3 9  7 . 3  
B-1 49.8a 6 7  3 3  9 . 4  
0- 1 5 5 . 3 a  86  3  7 12 . 0  
0-4  5 5 . 3 a  7 0  4 0  6 . 8  

A. lemmonii C-8 95 .3d  106  7 5  9 . 9  
C-10 7 1 . 3 6 ~  9 4  55  11 .0  

Blade length  
A. hendersonii C-1 37 .5e  1 8  

7 1  1 9  
1 1 . 1  

C-3 38 .  l e  6 5  12.4 
C-5 2 7 . 7 f  46 14 6 . 5  
B-1 29.6f 46 1 8  7 .8  
0 - 1  2 5 . 0 f  4 2  10  9 . 1  
0 - 4  2 6 . 2 f  4 4  18 6 .4  

A. lemmonii C-8 5 2 . 4 g  88 26  14 .2  
C-10 8 4 . 2 h  1 4 3  5 4  21.6 

Blade width 
A. h e n d e r s o n i i  C-1 1 . 3 2 i j  1 . 8  1 . 1  0 . 1 5  

C-3 1 . 4 2 i j  1 .9  1 .0  0 . 2 7  
C-5 1 . 2 5 i  1 . 7  0 . 8  0 . 2 3  
B - 1  1 . 2 3 i  1 .7  0 . 6  0 . 2 5  
0-1 1 . 3 5 i  j 1 . 8  0 . 8  0 . 2 9  
0 -4  1 . 4 3 i j  2 . 1  0 . 9  0 . 3 5  

Ligule length  
A. hendexsonii C-1 0 . 5 6 1  1 . 1  0 .3  0 .20 

C-3 O .  4 3 1  0 .6  0 . 3  0 .07  
C-5 O .  4 3 1  0 . 6  0 . 2  0 .09 
B - I  0 . 4 4 1  0 .6  0 . 3  0 .10  
0 - 1  0 . 6 3 1  1 .3  0 . 4  0 .22 
0-4 O .  5 6 1  1 . 2  0 . 2  0 . 2 1  

A. lemmonii C-8 1.84m 3 . 0  1 . 1  0 . 4 7  
C-10 1.54n 2 . 4  1 .0  0 . 4 1  



Table 22.  Mean v e g e t a t i v e  leaf v a r i a b l e s  (mm) and  ANOVA r e s u l t s  f o r  
l e a f  v a r i a b l e s .  Mean values w i t h  matching le t ters  w i t h i n  i n  each 
v a r i a b l e  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  N=25 f o r  a l 1  p l o t s .  

P l o t  Mean Max. Min. SD 

Vegetative 

S h e a t h  l e n g t h  
A -  h e n d e r s o n i i  C-1 3 6 . 4 ~  57 1 5  1 0 . 7  

C-3 3 4 . 6 6 ~  47 22 7 .2  
C-5 28.2ab 39 1 9  6.7 
B-1 26.2a 44 1 3  7 .4  
0-1 23.9a 36 14 5 .7  
0-4 24.3a 33 14 4 . 5  

A. lemmonii C-8 38 . Oc 56 25 7 .7  
C-10 48.0d 76 33 9 . 9  

B l a d e  l e n g t h  
A. h e n d e r s o n i i  C-1 71.7e 105 26 2 2 . 1  

C-3 70. l e  110 44 1 9 . 9  
C-5 49.2f 77 31  1 2 . 9  
B - l  46.6f 75 2 5  1 3 . 6  
0-1 42 .4 f  72 26 1 2 . 1  
0-4 42. lf 6 1  32  7.3  

A .  lemmonii C-8 80.5e  138 30 25 .9  
C-10 118.7g 178 5  7  29 .0  

B l a d e  wid th  
A .  hendersonii  C-1 1.16h 1.4 0 . 7  0 . 2 0  

C-3 1 .30h i  1 .9  0 .8  0 . 2 8  
C-5 1. l l h  1 . 4  0 .8  0 . 2 1  
B - 1  1.15h 1.5 0 . 7  0 . 2 3  
0-1 1 . 4 4 i  2 .0  1 . 0  0 . 2 6  
0-4 1 . 4 2 i  1 . 9  1 . 0  0 . 2 8  

A. lemmonii C-8 1.25h 1 .8  0 . 5  0 . 3 1  
C-10 1 . 4 3 i  2.0 1 . 0  0 . 2 7  

Ligule l e n g t h  
A. h e n d e r s o n i i  C-1 0 . 4 3 j k l  0 .8  0 .2  0 . 1 5  

C-3 0 .35 jk  0 .5  0 . 1  0 . 1 0  
C-5 0 . 2 8 j  0 . 5  0 . 1  0 . 1 0  
B- 1 0 .38 jk  0 .6  0 . 2  0 .09  
O- I 0.541 0 . 7  0 .4  0 .07  
0-4 0 .49k l  0.9 0 . 3  0 .13  

A. lemmonii C-8 1.17m 1.9  0 .6  0 . 4 1  
C-10 1.32m 2 . 1  1 . 0  0 .29  



s i g n i f i c a n t l y  d i f f e r e n t  from each o the r .  Mean i n f l o r e s c e n c e  blade width o f  

A. lemmonii from p l o t  CS was n o t  s i g n i f i c a n t l y  d i f f e r e n t  than A. hendersonii 

from p l o t s  C l  and C3, nor  f rom t h e  Ochoco s tudy s i t e  p l o t s .  Achnatherum 

lemmonii p l o t  C 8  mean i n f l o r e s c e n c e  sheath  length  was s i g n i f i c a n t l y  g r e a t e r  

than mean i n f l o r e s c e n c e  s h e a t h  l eng th  from a l 1  o t h e r  p l o t s ,  wh i l e  A. lemmonii 

Colockum p l o t  C l 0  was n o t  s i g n i f i c a n t l y  g r e a t e r  than A. hendersonfi p l o t  C3, 

al though it  was s i g n i f i c a n t l y  g r e a t e r  than t h e  remaining p l o t s .  Achnatherum 

lemmonii mean i n f l o r e s c e n c e  l i g u l e  lengths  were s i g n i f i c a n t l y  d i f f e r e n t  from 

each o t h e r ,  and both were s i g n i f i c a n t l y  g r e a t e r  than  a l 1  o t h e r  p l o t s .  

Mean v e g e t a t i v e  l e a f  morphofogy followed a s i m i l a r  p a t t e r n  t o  mean 

i n f l o r e s c e n c e  l e a f  morphology (Table 2 2 ) .  Achnatherum lemmonii p l o t  Cl0 mean 

v e g e t a t i v e  b lade  l eng th  was s i g n i f i c a n t l y  g r e a t e r  than  mean v e g e t a t i v e  b l a d e  

widths from a l 1  o t h e r  p l o t s .  Achnatherum lemmonii v e g e t a t i v e  mean b l a d e  

length  f o r  p l o t  C8 was no t  s i g n i f i c a n t l y  d i f f e r e n t  from Colockum s tudy s i t e  

A. hendersonii p l o t s  C I  and C3 .  Mean vege ta t ive  b lade  l eng ths  f o r  Colockum 

s tudy s i t e  p l o t  C5, t h e  Brewton s tudy  s i t e ,  and t h e  Ochoco s tudy s i t e  were 

n o t  s i g n i f i c a n t l y  d i f  f e r e n t .  Mean vege ta t ive  b lade  width  was s i m i l a r  between 

a l 1  s tudy s i t e s  and between A. hendersonii and A. lemmonii. Mean v e g e t a t i v e  

sheath  length  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  between t h e  Ochoco s tudy s i t e ,  

t h e  Brewton study s i t e ,  and p l o t  C 5  a t  t h e  Colockum s tudy  s i t e .  Mean 

v e g e t a t i v e  shea th  lengths  f o r  the rernaining A. hendersonii p l o t s  a t  t h e  

Colockum s tudy s i t e  were s i m i l a r .  Achnatherum lemmonii p l o t  Cl0 mean 

v e g e t a t i v e  shea th  length  was s i g n i f i c a n t l y  longer than  i n  any o t h e r  p l o t .  

Mean v e g e t a t i v e  f i g u l e  l e n g t h  was s i m i l a r  f o r  a l 1  A. hendersonii p l o t s .  

Achnatherum lemmonii had s i g n i f i c a n t l y  longer mean v e g e t a t i v e  l i g u l e  l e n g t h s  

than A. hendersonii . 

Inflorescence Leaf PCA 

PCA in f lo rescence  l e a f  d a t a  f o r  A. hendersonii and A. lemmonii r e s u l t e d  

i n  67% of t h e  t o t a l  va r i ance  expla ined  by t h e  f i r s t  a x i s  (Table 2 3 ) .  A l 1  

four  l e a f  v a r i a b l e s  loaded n e g a t i v e l y  on t h e  f i r s t  a x i s  i n d i c a t i n g  a s i z e  



Table 23. Principal components analysis of 
Achnatherum hendersonii and A. lemmonii 
inflorescence Leaf morphology, eigenvalues and 
eigenvectors for axes 1 and 2. 

Axes 

Eigenvalues 2.676 O. 705 
X of total variance 66.90 17.63 

Eigenevectors 
Blade length -0.5042 0.4611 
Blade width -0.5269 -0.1553 
Sheath length -0.4253 -0.7991 
Ligule length -0.5359 0.3531 



g r a d i e n t  i nc reas ing  €rom r i g h t  t o  l e f t  among t h e  p l a n t s  analyzed.  O f  t h e  PCA 

second a x i s  e igenvec to r s ,  i n f lo re scence  b lade  l e n g t h  had the  s t r o n g e s t  

p o s i t i v e  loading  and i n f l o r e s c e n c e  sheath length  had t h e  s t r o n g e s t  n e g a t i v e  

loading  . 
Analysis of  va r i ance  of t h e  PCA a x i s  s c o r e s  f o r  i n f l o r e s c e n c e  

morphology revea led  wi th in  s p e c i e s  s i m i l a r i t y  and among s p e c i e s  d i f f e r e n c e s  

( T a b l e  24) .  In  o t h e r  words, t h e  amount of v a r i a t i o n  i n  i n f l o r e s c e n c e  

morphology a long PCA a x i s  one f o r  A .  hendersonii  from a i l  s i t e s  i s  t h e  same, 

a s  i s  t he  amount of v a r i a t i o n  f o r  A .  lemmonii. 

The 95% confidence e l l i p s e s  f o r  i n f lo re scence  l e a f  morphology i n d i c a t e d  

a sepa ra t ion  between t h e  A .  lemmonii p l o t s  (C8 and C I O )  and t h e  A .  

hendersoni i  p l o t s  (F igure  1 7  and Table 2 5 ) .  Although both  spec ie s  had 

s i rn i l a r  e c c e n t r i c i t y  (ocde r )  and t h e t a  ( o r g a n i z a t i o n  sensu s t r i c t o )  v a l u e s ,  

a r e a  ( v a r i a t i o n )  va lues  were g r e a t e r  f o r  A .  lemmonii. These r e s u l t s  

i n d i c a t e d  t h a t  a l though organized s i m i l a r l y ,  A. lemmonii had g r e a t e r  

i n f lo re scence  l e a f  v a r i a t i o n  than  A.  hender son i i .  The e l l i p s e  f o r  A .  

hendersoni i  p l o t  C 5  had t h e  s m a l l e s t  a rea  ( v a r i a t i o n ) ,  i n d i c a t i n g  t h a t  t h i s  

popula t ion  had t h e  l e a s t  v a r i a t i o n .  The A.  hender son i i  p l o t s  overlapped 

cons iderably  and had s i m i l a r  e c c e n t r i c i t y  ( o r d e r ) ,  t h e t a  ( o r g a n i z a t i o n  sensu  

s t r i c t o ) ,  and area ( v a r i a t i o n ) ,  va lues .  The excep t ion  was t h e  popula t ion  a t  

p l o t  Cl, which had a cons i d e r a b l y  m a l  l e r  t h e t a  ( o r g a n i z a t i o n  sensu s t r i c t o )  

va lue ,  i n d i c a t i n g  t h a t  t h i s  popula t ion  had a  d i f  f e r e n t  o rgan iza t ion  sensu 

s t r i c t o .  

Vegetat ive Leaf PCA 

PCA of A .  hendersoni i  and A. lemmonii v e g e t a t i v e  l eaves  r e s u l t e d  i n  63% 

of  t h e  t o t a l  va r i ance  expla ined  by PCA ax i s  one (Table  2 6 ) .  A l 1  PCA a x i s  one 

e igenvector  loadings were n e g a t i v e  with t h e  s t r o n g e s t  loading  on v e g e t a t i v e  

b l ade  width and t h e  weakest on vege ta t ive  shea th  l e n g t h  (Table 26) .  For PCA 

a x i s  two, v e g e t a t i v e  shea th  l eng th  had t h e  s t r o n g e s t  n e g a t i v e  loading and 

b lade  length had the  s  t r o n g e s t  p o s i t i v e  loading.  



Table 24. Mean PCA first axis scores for morphology at each s i te .  Mean scores 
i n  the same row with matching letters are n o t  s i g n i f i c a n t l y  d i f f e r e n t .  N=25 f o r  
al1 p l o t s .  

- - - - - - - - - - - - - - - - - -- - - 

A c h n a t h e r u m  hendersoni i A. lemmonii 

Cl C3 C5 B 1 01 0 4  C8 CIO 

I n f l o r .  0.039a 0 .024a  0 . 0 8 4 a  0 .084a  0 .057a  0 . 0 5 1 a  -0.171b -0 ,168b  

Veg . 0.001a 0 .008a  0 .0776  0 .077b  0 .060ab  0 . 0 6 4 a b  - 0 . 0 8 8 ~  -0.2OOd 

In f  lor. 
+ v e g .  0.029ab 0 .025a  0 . 1 1 3 ~  0 . 1 1 2 ~  0 . 0 8 5 b c  0 . 0 8 5 b c  -0.187d -0.262e 



Ache 

Figure 17. PCA ordination of inflorescence leaf  morphology. 95% confidence 
limit ellipses denote the morphological organization and variation in each 
plot. Cl. C3. C5.  CB. C l o .  Colockum: B1. Brewton: 01. 04. Ochoco: Ache. 
Achnatherum hendersonii; Acle. A .  lemmonfi. 



Table 25.  Descriptive s t a t i s t i c s  of the  95% confidence 
ellipses f rom the PCA of inf lorescence Leaf rnorphology 
of Achnatherum h e n d e r s o n i i  (Ache) and A. l e m o n i i  (Acle)  
by p l o t .  See text fo r  explanation of d e s c r i p t i v e  
s t a t i s t i c s  and p l o t  desc r ip t ions .  

Plot Species Theta Eccen. Area 

Cl Ache 6.45 O. 862 0.024 
C3 Ache 51.05 0.814 0.034 
C5 Ache 49.13 0.864 0.021 
BI Ache 43.02 O. 758 0.032 
01 Ache 41.17 O. 823 O. 045 
04 Ache 61.30 0.940 O. 035 
C8 Acle 38.78 0.887 0.088 

Cl0 Acle 21. $7 0.779 O. 127 



Table 26. Principal components analysis of 
Achnatherum hendersonii and A. lemmonii 
vegetative leaf morphology, eigenvalues and 
eigenvectors for axes 1 and 2 .  

Eigenvalues 2.515 0.921 
% of total variance 62.86 23.02 

Eigenevectors 
Blade length -0.5684 0,2418 
Blade width -0.5863 O. 1740 
Sheath length -0.2432 -0.9545 
Ligule length -0.5235 -0.0140 



Analysis of variance of the PCA axis scores for vegetative morphology 

revealed that A. hendersonii from Colockum study site plots Cl and C3, and 

Ochoco study site plots 01 and 04 were not significantly different from each 

other (Table 24). Colockum study site plot CS, Brewton study site plot B1, 

and Ochoco study site plots 01 and 04 were also not significantly different 

from each other. However, Colockum study site plots Cl and C3 were 

significantly different from Colockum plot C5 and Brewton study site plot BI. 

Both A. lemmonii plots were significantly different from each other and were 

significantly different from the A. hendersonii plots. The amount of 

variation in vegetative leaf morphology observed along PCA axis one for A. 

hendersonii was similar among populations in its northern and southern 

distribution range, although there were some inconsistencies between 

sympatric populations. 

The 95% confidence ellipse results for A. hendersonii and A. lemmonii 

vegetative morphology are given in Figure 18 and Table 27. Unlike the 

inflorescence leaf results (Figure 17 and Table 25), there was greater 

similarity between A. hendersonii and A. lemonii as indicated by overlap of 

the ellipses, Achnatherum lemonii had greater vegetative blade lengths and 

ligule lengths than A. hendersonii, resulting in the two populations (C8 and 

CIO) being ordinated more negatively along PCA axis one (Table 26 and Figure 

18). Ellipse eccentricity (order) values were fairly consistent throughout 

al1 populations of both species. Ellipse theta (organization sensu stricto) 

values were more variable in A. hendersonii vegetative leaves than were 

observed in inflorescence leaves (Tables 27 and 2 5 ) ,  an indication that 

organization sensu stricto differs between these structures. Achnatherum 

hendersonii populations at the Colockum study site plot Cl and at the Brewton 

study site B1 had considerably higher theta (organization sensu stricto) 

values than the remaining populations. Achnatherum lemmonii, as in 

inflorescence leaf morphology, had greater area (variation) values than A. 

hendersonii and also had different theta (organization sensu stricto) values 

(Table 27). Thus, it appears that A. lemmonii has more variation in 



Acle 

Figure 18.  PCA ordination of vegetative leaf morphology. 95% confidence 
lirnit ellipses denote the morphological organization and variation in each 
plot. Cl. C3. C5. C8, C l o .  Colockum; B1. Brewton; 01. 04, Ochoco; Ache. 
Achna therum hendersonii : Acle, A .  lemmonif. 
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Table 27. Descriptive statistics of the 95% confidence 
ellipses from the PCA of vegetative leaf morphology of 
Achnatherum hendersonii (Ache) and A. lemmonii (Acle) by 
plot. See text for explanation of descriptive statistics 
and plot descriptions. 

Plot Species Theta Eccen. Area 

Ache 
Ache 
Ache 
Ache 
Ache 
Ache 
Acle 
Acle 



vegetative leaf rnorphology than A. hendersonii, and that the two species have 

different vegetative leaf organization sensu stricto. Area (variation) 

values among the A. hendersonii populations differed slightly, with the 

population at Ochoco plot 04 displaying the least variation, and the 

population at Colockum plot Cl displaying the most variation. The sympatric 

populations of A. hendersonii at the Colockum site had dissimilar area 

(variation) values, with the population at plot C5 showing the least amount 

of variation, This population was the last to begin seasonal growth, and was 

several weeks behind the other two populations studied at Colockum. Although 

al1 populations were measured at the same stage of development, the 

compressed growing season may account for decreased variation at plot CS. 

There appears to be more variation in vegetative leaf morphology, both 

within and among populations of A. hendersonii, than in inflorescence leaf 

morphology as indicated by ellipse area values (Tables 27 and 25). Similar 

area values indicate that variation in inflorescence and vegetative leaf 

morphology are similar within and between populations of A. lemmonii (Tables 

27 and 25). Although both species tend to have similar inflorescence and 

vegetative leaf morphology organization in the sense of order (eccentricity), 

organization sensu stricto (theta) and variation differ between the species 

(Tables 27 and 25). 

Inflorescence & Vegetative Leaf PCA 

PCA of Achnatherum hendersonii and A. 1ennnonii inflorescence and 

vegetative leaf data combined, resulted in 56.7% of the total variance 

explained by the first axis (Table 28). Al1 first axis eigenvector loadings 

were negative, with the s tronges t foading on inflorescence blade width and 

the weakest on vegetative sheath length (Table 28). On the second PCA axis, 

vegetative sheath length had, by far, the strongest positive loading and 

inflorescence ligule length had the strongest negative loading. 

Analysis of variance of the PCA axis one scores for inflorescence and 

vegetative leaf morphology combined indicated that the two plots of A. 



Table 28. Principal components analysis of 
Achnatherum hendersonii and A. lenrmonii leaf 
morphology (inflorescence and vegetative), 
eigenvalues and eigenvectors for axes 1 and 2. 

Axes 

Eigenvalues 4.538 1.025 
X of total variance 56.73 12.81 

Eigenevectors 
Inflorescence 
Blade length -0.3686 -0.1630 
Blade width -0.4092 -0.0913 
Sheath length -0.2643 0.2852 
Ligule length -0.3852 -0.2051 

Vegetative 
Blade length -0.3791 -0.0410 
Blade width -0.3979 0.0060 
Sheath length -0.1203 0.9164 
Ligule length -0.4024 0.0100 



lemmonii were significantly different from each other (Table 24). The A. 

hendersonii plots for the Ochoco study site, the Brewton study site, and 

Colockm plot C5 were generally not significantly different from each other. 

However, Colockum plots Cl and C3 were not significantly different, and 

Colockurn plot Cl was not significantly different from the Ochoco plots. 

Essentially, there was Little difference in the combined data set between A. 

hendersonii populations. 

Figure 19 shows the 95% confidence limit ellipses calculated for A. 

hendersonii and A. lemmonii leaf morghology. Table 29 contains the 

descriptive statistics for these ellipses. Achnatherum lemonii (plots C8 

and CIO) had greater area (variation) values than A. hendersonii (plots Cl, 

C3, C5, B1, 01, and 04), an indication that A. lemonii had greater leaf 

morphological variation than A. hendersonii. Al1 variables contributed 

negatively to A. lemonii variation along PCA axis one, suggesting that this 

was primarily an axis of increasing size from right to left (Table 28). The 

A. lemmonii population from plot C8 was influenced more by vegetative sheath 

length and inflorescence ligule length on PCA axis 2 than the population from 

plot Cl0 (Figure 19 and Table 28). With the exception of the A. hendersonii 

populations at Colockum plot Cl and Brewton plot B1, the remaining A. 

hendersonii populations have similar ellipse theta (organization sensu 

stricto) values, dif fering from the two A. lemmonii populations. Ellipse 

eccentricity (order) values (Table 29) were more varied among the populations 

of A. hendersonii than was observed in the separate inflorescence and 

vegetative leaf morphology analyses (Tables 25 and 27). The A. hendersonii 

plots overlapped considerably, and al1 had more variation along PCA axis two 

than along PCA axis one. There was a slight overlap between the two species 

along PCA axis one. 

Cornparison of Morphological PCAs 

In al1 analyses at least 50% of the total variance was accounted for by 

PCA axis one (Tables 23, 26, and 28). Also in al1 analyses, A. lemonii, 



Figure 19. PCA ord ina t ion  of leaf morphology (inflorescence and vegetative 
combined). 952 confidence limit ellipses denote the morphological 
organization and variation in each plot. Cl, C3, C5. C8. Clo. Colockum; 81. 
Brewton; 01, 04, Ochoco; Ache, Achnatherum hendersonii; Acle. A. l e m o n i i .  
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Table 29. Descriptive statistics of the 95% confidence 
ellipses from the PCA o f  leaf morphology (inflorescence 
and vegetative combined) of Achnatherum hendersonii 
(Ache) and A. l e m o n i i  (Acle) by plot. See text  for 
explanation of descriptive s t a t i s t i c s  and p l o t  

Plot S~ecies The ta Eccen. Area 

Ache 
Ache 
Ache 
Ache 
Ache 
Ache 
Acle 
Ac le 



ordinated more towards the negative end of PCA axis one than A. hendersonii 

(Figures 17, 18, and 19). The variation (area) and organization (theta and 

eccentricity) of the inflorescence leaf rnorphology was similar to that of the 

respective whole plant (inflorescence and vegetative leaf morphology 

combined) for both the rare and the common species (Figures 17 and 19). 

Achnatherum hendersonii had the greatest amount of relative variation (area; 

Table 27) in the vegetative leaves (Figure 18), compared to the inflorescence 

leaf morphology (area, Table 26; Figure 17). and the leaf morphology of the 

whole plant (area, Table 29; Figure 19). Achnatherum lemonii had sirnilar 

amounts of variation (area) in inflorescence leaves, vegetative leaves, and 

whole plant leaves (Tables 25, 27, and 29). 

In general, population level variation (area) and organization (theta 

and eccentricity) in A. hendersonii were similar within and among sympatric 

and disjunct populations, and were similar among sympatric populations of A. 

lemmonii. Although the two species have similar population level 

organization in the sense of order (eccentricity) , organization sensu stricto 

(theta), and especially variation (area) differed. 

Comparison of Vegetation and Morphology Organization 

Direct comparisons between vegetation and morphology were made by 

contrasting results from the PCA of A. hendersonii and A. lemmonii vegetation 

with the PCA of A. hendersonii and A. lemonii morphology (inflorescence and 

vegetative combined) for al1 study sites (Tables 18 and 29, and Figures 15 

and 19). The results for combined inflorescence and vegetative leaf 

morphology were used because they more accurately portray the whole plant, 

and because of their similarity with the separate vegetative and 

inflorescence leaf results; further comparisons would have been redundant. 

Only 13.9% of the variance was accounted for by the first PCA axis for 

vegetation, while 56.7% of the variance was accounted for by the first PCA 

axis for morphology (Tables 16 and 28). The unequal amounts of total 

variance explained by the first axes reflects the different degree of 



complexity in the community and population level data sets, and comparisons 

should be made with this in mind. Regardless, any rneaningful synthesis 

requires this comparison. 

Tables 8 and 24 show the results for analysis of variance on PCA axis 

one scores for vegetation and morphology respectively. Cornparisons are made 

with A. hendersonii and A. lemmonii communities for vegetation (Table 8) and 

inflorescence + vegetative for morphology (Table 24). On the community level 

(vegetation; Table 8) the northern (Colockum and Brewton) and southern 

(Ochoco) study sites were significantly different from each other, whereas, 

on the population levei (morphology; Table 24), the northern and southen 

populations of A. hendersonii showed instances where they were not 

signif icant ly dif ferent . The range of dif ferences for the A. hendersonii 

populations (Table 24; i n f l . +  veg., 0.113 - 0.025). is less than that for the 

A. hendersonii comnities (Table 8; Ache + Acle, 0.013 - -0.328). On both 

the community and population levels, A. l e m o n i i  was significantly different 

from A. hendersonii. Achnatherum lemmonii plots on the comnity level were 

not significantly dif ferent from each other, but were signif icantly dif ferent 

on the population level. Opposite results were observed for A. hendersonii 

at the Ochoco study site (i.e. different on the comnity level, but not 

different on the population level). Thus, patterns in mean PCA axis one 

scores observed in morphology were not necessarily observed in the 

corresponding vegetation. 

A comparison of the PCA 95% confidence limit bivariate ellipses results 

for vegetation (Figure 15) and morphology (Figure 19) shows that vegetation 

is separated geographically and by species, whereas morphology is separated 

only by species. Ellipses for the vegetation (Table 18) indicated that the 

Ochoco study site vegetation plot with intact crut (04) had the greatest 

amount of variation (area) , whereas for morphology (Table Z g ) ,  greater 

variation was observed in A. lemmonii. Organization sensu stricto (theta) 

for vegetation (Table 18) changed with respect to geographical location, 

whereas for morphology (Table 29). organization was similar for both species 



( A .  hendersonii at Brewton, BI, deviates slightly). Organization in the 

sense of order (eccentricity) was more consistent for vegetation (Table 18) 

than for rnorphology (Table 29). 

An ordination of the first PCA axis scores for A. hendersonii and A. 

lemmonii vegetation plotted against the mean of the randomized f irst PCA axis 

scores for morphology (inflorescence + vegetative) graphically synthesizes 

community and population organization (organization sensu stricto and order) 

and variation (Figure 20). The descriptive statistics for these ellipses 

mathematically synthesize the degree of comrmnity and population levels of 

organization and variation (Table 30). Theta (organization sensu stricto) 

values were similar for al1 ellipses. with the exception of the ellipse for 

the Ochoco study site with intact cryptogamic crust (04). Therefore, 

organization sensu stricto was similar for synthesized community and 

population levels of both species, excepting the previously noted Ochoco 

study site plot. Eccentricity (order) values were also similar for al1 

ellipses, although the Ochoco study site with disturbed cryptogamic crust 

(01) differed slightly. Again, this indicates that both species had similar 

synthesized cornrnunity and population organization in the sense of order. 

Area (variation) values exhibited the strongest pattern for both geographic 

and species separation. The northern (Colockum and Brewton) sites had the 

lowest A. hendersonii variation, with similar among site variation. The 

southern (Ochoco) sites had the highest A. hendersonii variation, and 

variation between the sites also differed, the site with intact crust (04) 

had the greatest amount of variation. Overall, however, synthesized 

community and population variation was the greatest for A. lemmonii. 

In summary, synthesized community and population organization 

(organization sensu stricto and order) was similar for both species in the 

northern distribution range of A. hendersonii. In the southern range 

dissimilarities in both organization sensu stricto and in the sense of order 

were observed. In contrast, synthesized community and population variation 

differed in respect to geographic location and species. 
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Vegetatlon PCA Axis- 1 Scores 

Figure 20. Representive o r d i n a t i o n  of  Achnatherum hendersonii and A. 
l e n m ~ n i i  vege ta t ion  PCA a x i s  1 s c o r e s  versus  morphology (inflorescence and 
vegetat ive  combined) PCA axis  1 scores. 9 5 2  conf idence  limit e l l i p s e s  
deno te  synthesized community and p o p u l a t i o n  level o r g a n i z a t i o n  and v a r i a t i o n .  
Cl. C3. CS. C8. C l o .  Colockum; Bl. Brewton: 01. 04. Ochoco; Ache. A. 
hendersonii: Acle. A .  lemmonii;  Ic.  i n t a c t  cryptogamic cnist: Idc. d i s t u r b e d  
cryptogamic crust. 
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Table 30. Mean descriptive statistics of the 95% confidence ellipses of A. 
hendersonii and A. lemmonii vegetation first PCA axis scores and morphology 
(inflorescence and vegetative combined) firs t PCA axis scores. Ache, A. 
hendersonii; Acle, Achnatherum l e m o n i i ;  Ic, cryptogamic crust intact; Ide, 
cryptogamic crust disturbed. See text for explanation of descriptive 
statistics and plot descriptions. 

Communi ty / 
Plot species Theta SD Eccen. SD Area SD 

Cl Ache 87.99 2.30 0.974 0.0016 0.021 0.0006 
C3 Ache 90.76 7.02 0.898 0.0080 0-028 0.0007 
C5 Ache 88.02 9.04 0.827 0.0182 0.019 0.0005 
B1 Ache 82.46 4.87 0.928 0.0121 0.018 0.0012 
01 Ache / dc 98.17 15.70 0-657 0.0503 0.055 0.0011 
04 Ache/c 6 . 2  4.38 0.861 0.0113 0.089 0.0022 
C8 Acle 87.70 11.52 0.803 0.0208 0.088 0.0021 
Cl0 Acle 87.62 5.21 0.918 0.0067 0.087 0.0027 



Growth Experiment 

Height f o r  a l 1  p l a n t s  i nc reased  f o r  t h e  f i r s t  h a l f  o f  t h e  growing 

season and remained s t a b l e  f o r  t h e  l a s t  h a l f  ( F i g u r e  21). In  gene ra l ,  Poa 

secunda was t a l l e r  t han  A. hendersonii by t h e  end o f  t h e  growing season,  and 

reached i t s  maximum h e i g h t  e a r l i e r  than A. hendersonii. Diameter was more 

v a r i a b l e  than h e i g h t  o v e r  t h e  growing season ( F i g u r e  2 2 ) .  Poa secunda 

diameters  demonstrated a s l i g h t  i n c r e a s e  by t h e  end of  t h e  growing season.  

whereas, A. hendersonii demonstrated a decrease .  

Achnatherum hendersonii growing with P. secunda ( A p )  and A. hendersonf f 

growing wi th  i t s e l f  ( A A )  had s i g n i f i c a n t l y  l e s s  growth o v e r  t h e  1996 growing 

season than  P. secunda growing a lone .  The 1996 growth f o r  a l 1  o t h e r  

combinations were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from one a n o t h e r  (Table 3 1 ) .  

Despi te  no s i g n i f i c a n t  d i f f e r e n c e  between s e a s o n a l  growth f o r  most 

combinations i t  is  i n t e r e s t i n g  t o  n o t e  the  ranked o r d e r  of  means: 

These r e s u l t s  g ive  t h e  impress ion  t h a t  P. secunda grows b e s t  o v e r a l l ,  under 

c u l t i v a t e d  cond i t ions ,  and even appears  t o  suppres s  growth i n  A. hendersonii ; 

however, A. hendersonii growing witn i t s e l f  a l s o  appea r s  t o  have suppressed  

growth. Achnatherum hendersonii appears  t o  grow b e s t  wi thout  neighboring 

p l a n t s ,  r ega rd le s s  of s p e c i e s .  These r e s u l t s  cou ld  a l s o  i n d i c a t e  t h a t  A. 

hendersonii has a s lower  growth r a t e  than P. secunda. 



6 1 I 1 1 I 1 

13 APR 23 APR 3 MAY 13 MAY 21 MAY 1 JUN 

DATE 

Figure 21 .  Mean h e i g h t s  for growth experiment combinations over the 1996 
growing season. 
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Figure 22.  Mean diameters for growth experiment combinations over the 
1996 growing season. 
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Table  31. Mean seasonal growth for the Achnatherum hendersonii and Poa 
secunda growth experiment .  Combinations are: A, A. hendersonii 
growing a lone;  AA. A. hendersonii growing with A. hendersonii; Ap, A. 
hendersonii growing wi th  P. secunda; P ,  P. secunda growing a lone ;  PP ,  
P. secunda growing with  P. secunda; and Pa, P. secunda growing wi th  A. 
hendersonii. Uppercase l e t t e r  denotes p l a n t  measured. Growth values 
with  the same l e t t er  are no t  s i g n i f i c a n t l y  different. 

Combination 

Growth (cm3) -4.3a 16.8a 22. lab 3 0 . 3 a b  47.7ab 64.0b 
SD 15.6 36.9 23.9 37 .0  6 6 . 1  54 .0  
N 10 20 10 20 10 10 



DISCUSSION 

Communi ty 

The p l a n t  comrnunities 1 have descr ibed  f o r  t h e  v e g e t a t i o n  a t  the  

Colockum and Brewton study s i t e s  correspond t o  Daubemire '  s  (1970)  l i t h o s o l i c  

h a b i t a t  types .  Although they s h a r e  common spec ies ,  t h e  c o m n i t i e s  a t  the  

Colockm s tudy  s i t e  a r e  d i s t i n c t  from each o the r ,  a s  evidenced from t h e  PCA 

o r d i n a t i o n  (F igure  1 0 ) .  For exarnple t h e  community t h a t  t h e  r a r e  g r a s s ,  

Achnatherum hendersonii, occupies i s  a  d i f  f e r e n t  p l a n t  comntunity f rom 

Agropyron spicatum dominated a r e a s .  These two communities s h a r e  many spec ies  

i n  common, y e t  occupy d i f f e r e n t  a r e a s  of the PCA o r d i n a t i o n .  They a r e  

desc r ibed  by 9517 confidence e l l i p s e s  of d i f f e r e n t  o r i e n t a t i o n ,  s i z e ,  and 

shape (F igure  10  and Table 9 ) .  The d i f f e r e n c e s  i n  shape and o r i e n t a t i o n  

i n d i c a t e  t h a t  t h e  two communities a r e  organized i n  d i f f e r e n t  ways. This  i s  

probably a  r e s u l t  of  d i f f e r e n t  r e l a t i o n s h i p s  among t h e  s p e c i e s  i n  cornmon a s  

w e l l  a s  t h o s e  unique t o  each community, A d e t a i l e d  e x p l o r a t i o n  of 

o r g a n i z a t i o n a l  d i f f e r e n c e s  may of  f e r  more i n s i g h t s  a s  t o  why Achnatherum 

hendersonii grows where i t  does. These d i f f e rences  need t o  be assessed  

through much more i n t e n s i v e  sampling of  both vegeta t ion  and a b i o t i c  f a c t o r s .  

The sympatr ic  popula t ions  of A. hendersonii occur w i t h i n  t h e  same p l a n t  

community and have minimal v a r i a t i o n  between them. The 95% confidence 

b i v a r i a t e  e l l i p s e s  p l o t  i n  t h e  same a r e a  of the o r d i n a t i o n  and have s i m i l a r  

shape and o r i e n t a t i o n .  T h i s  i n d i c a t e s  t h a t  they a r e  o rgan ized  s i m i l a r l y .  

P l o t  C l  appears  in t e rmed ia te  between t h e  Agropyron spicatum communities and 

t h e  Achnatherum hendersonii communities. P l o t  Cl was l o c a t e d  on an exposed 

south-facing p o r t i o n  of t h e  s lope  and had the  lowest t o t a l  p e r c e n t  p l a n t  

coverage of any vege ta t ion  p l o t  a t  t h e  Colockum study s i t e .  

The minus A. hendersonii (-Ache) vegeta t ion  p l o t s  ( C 7  and Cg) a r e  not  

a  s e p a r a t e  p l a n t  community from t h e  A. hendersonii communities (F igure  10). 

The 95% conf idence  e l l i p s e s  a r e  p l o t t e d  i n  the  same l o c a t i o n  a s  t h e  A. 

hendersonii e l l i p s e s  and have e i t h e r  s i m i l a r  o r g a n i z a t i o n  ( p l o t  Cg) o r  

s i m i l a r  v a r i a t i o n  ( p l o t  C7). Some subtle d i f f e r e n c e s  do occur  i n  t h e  -Ache 



communities. The ellipse of vegetation plot C7 has a different organization. 

This may reflect the lack of A. hendersonii. The ellipse for plot C9 is 

larger, indicating that it has more variation than plot C7, possibly 

ref lecting a greater species richness . 
The community in which the common grass, Achnatherum lemonii, occurs 

is, as expected, a distinct plant comrnunity and diffets from plant 

comnities containing A. hendersonii, Agropyron spicatum, and f rom the -Ache 

community. Achnatherum hendersonii cornmunities Vary along PCA axis two. 

These comnities are therefore more inf luenced by Tortula intermedia, 

Antennaria flagellaris, Lewisia rediviva, Poa secunda, and Arternisia rigida, 

whereas A. lemmonii communities Vary along PCA axis one, and are more heavily 

influenced by Collinsia parviflora, Lomatium triternatum, and A. lemmonii. 

Although the 95X confidence ellipses have similar eccentricities, indicating 

a common order, they are plotted in a different portion of the ordination, 

have different organization sensu stricto, and have significantly greater 

variation (Figure 10). The larger size of the ellipses indicates that the 

plant community in which A. lernmonii occurs has greater overall variation 

than the other vegetation types at the Colockum study site (Figure 10 and 

Table 9). This is a possible indication of greater species diversity, 

because despite the fact that they have similar numbers of species, the 

community in which A. lemmonii occurs has greater total percent coverage of 

species (Table 3). 

The PCA of the Colockum vegetation without the A. lemmonii vegetation 

plots clarifies the relationship among the A. hendersonii, -Ache, and 

Agropyron spicatum vegetation types, and allows for comparisons with the 

vegetation at the Brewton study site. The results are similar to the PCA of 

al1 communities at Colockum (Figures 11 and 10). The biggest differences are 

in the -Ache vegetation plots. Plot C7 (-Ache) appears nearly identical to 

plot C5 (A. hendersonii community). On the other hand, plot C9 (-Ache) is 

significantly different from plot C5, has greater variation as indicated by 

ellipse area, and different organization sensu stricto, as indicated by 



e l l i p s e  t h e t a  (Table 1 0 ) .  P lo t  C7 i s  a d j a c e n t  t o  p l o t  C 5  i n  t h e  f i e l d .  This 

p a r t l y  exp la ins  t h e  s i r n i l a r i t y  between t h e s e  communities. By c o n t r a s t  p l o t  

C9 i s  approximately 10 rn away from the n e a t e s t  a r e a  where A. hendersonii is 

p resen t .  The d i f f e r e n c e s  i n  s i z e  and shape  of t h e  95% conf idence  e l l i p s e s  

f o r  t h e  vege ta t ion  types  r e f l e c t s  s u b t l e  d i f f e r e n c e s  i n  o r g a n i z a t i o n  among 

t h e  communities a long the  s tudy slope.  

The PCA r e s u l t s  from t h e  Brewton s t u d y  s i t e  demonst ra te  a d i s t i n c t i o n  

between the  A. hendersonii and the Agropyron spicatum communities t h a t  i s  

s i m i l a r  t o  t h e  r e s u l t s  a t  Colockm (Figure  1 2 ) .  A s  wi th  t h e  Colockum s tudy 

s i t e ,  a l 1  communities a t  t h e  Brewton s t u d y  s i t e  have s p e c i e s  i n  common. 

However, u n l i k e  Colockum, t h e  95% conf idence  e l l i p s e s  p l o t  i n  d i f f e r e n t  

l oca t ions  of t h e  PCA o r d i n a t i o n  and have d i f f e r e n t  o r i e n t a t i o n s .  The 

e c c e n t r i c i t i e s  of a l 1  t h e  e l l i p s e s  a r e  s i m i l a r  but  a r e a s  are  d i f f e r e n t ,  

i n d i c a t i n g  t h a t  t h e r e  i s  s i m i l a r  o rgan iza t ion  i n  t h e  s e n s e  o f  o r d e r ,  but a  

d i f f e r e n c e  i n  t h e  amount o f  v a r i a t i o n  (Table  12 ) .  The Agropyron spicatum 

dominated c o m n i t y  has t h e  l e a s t  amount of v a r i a t i o n ,  and the -Ache 

vege ta t ion  p l o t  has t h e  inost. The p l a n t  community i n  which Achnatherum 

hendersonii occurs  and t h e  -Ache vege ta t ion  p l o t  have t h e  most s p e c i e s  i n  

common. They a l s o  have s i m i l a r  t o t a l  coverage of v e g e t a t i o n  and ba re  ground 

(Table  11). Although they  have s l i g h t l y  d i f  f e r e n t  o r g a n i z a t i o n  sensu 

stricto, they have s i m i l a r  o rde r  and v a r i a t i o n .  This  i n d i c a t e s  t h a t  t hese  

two communities a r e  c l o s e l y  r e l a t e d  t o  each o t h e r  (Table 1 2 ) .  The d i f f e r e n c e  

i n  o rgan iza t ion  appears  t o  be because t h e  -Ache c o m n i t y  has  a  h igher  

coverage o f  Exiogonum thymoides and lower coverage of cryptogamic c r u s t ,  i n  

p a r t i c u l a r  t h e  moss, Ceratodon purpureus. Fros t  a c t i o n  cou ld  account  f o r  

t h e  d i f f e r e n c e s  i n  cryptogamic c r u s t  coverage,  but  such p rocesses  were no t  

ev iden t  during my f i e l d  v i s i t s .  

The vege ta t ion  a t  t h e  Ochoco study s i t e  corresponds somewhat t o  t h e  

Artemisia rigidalPoa secunda a s s o c i a t i o n  d e s c r i b e d  by H a l l  (1967), al though 

t h e  A. r i g i d a  component i s  no t  a s  s t rong .  The Ochoco v e g e t a t i o n  d i f f e r s  

cons iderably  from t h e  Colockum and Brewton vege ta t ion .  Cons ider ing  t h e  



geographic separation, it is not too surprising that the plant comnities 

are dissimilar; however, what was unexpected is the substantial arnount of 

variation within the vegetation at the Ochoco study site (Tables 8 and 14). 

The vegetation plots of the two sympatric populations of A. hendersonii are 

less similar to each other than to the vegetation plots without A. 

hendersonii. Furthermore, the vegetation of one A. hendersonii plot (01) is 

a subset of the vegetation without A. hendersonii (Figure 13). 

The 95% confidence ellipses of vegetation plots 01 (A. hendersonii) , 02 

and 03 (-Ache) al1 occur in the same portion of the PCA ordination and have 

similar orientations (Figure 13). Vegetation plot 04 (Ache), however, is in 

a different location and has a different orientation from the other plots. 

What is striking at this site is that the vegetation within areas where the 

cryptogamic crut is intact has more variation and higher species percent 

coverage than do the areas where the cryptogamic crust is not intact (Tables 

14 and 13) . Achnatherum hendersonii percent coverage and density are similar 

whether or not the cryptogamic crust is intact (Tables 13 and 5). Even 

though the two plots have A. hendersonii in common, other species within the 

plots appear to control the character of the plant community. 

Comparisons of vegetation from al1 three study sites combined, from A. 

hendersonii and A. lemmonii vegetation combined, and from A. hendersonii 

vegetation alone, substantiate the patterns of organization observed for the 

individual study sites (Figures 14, 15, 16, and Tables 15, 18, and 19). The 

95% confidence ellipses between the northem and southern study sites are 

plotted in different locations of the PCA ordination. The ellipses of the 

Colockum and Brewton study sites are al1 in the same location on the PCA 

ordination. This indicates that comnities at the northern distribution 

lirnit of A. hendersonii are similarly organized, and the comnities southern 

distribution limit are sirnilarly organized, but the northern and southem 

comnities are organized dif ferently from each other. 

The pattern of community organization differs between the northem and 

southern distribution limits of A. hendersonii. The comnity that contains 



A. lemmonif , al though sirnif a r l y  organized  t o  the  A. hendersonii communities i n  

t h e  nor the rn  d i s t r i b u t i o n  l i m i t ,  has g r e a t e r  v a r i a t i o n  than  t h e  communities 

t h a t  c o n t a i n  A. hendersonii a t  Colockum and Brewton. On t h e  o t h e r  hand, 

communities con ta in ing  A.  lenzmonii have l e s s  v a r i a t i o n  than  t h e  c o m n i t i e s  

con ta in ing  A. hendersonii a t  t h e  Ochoco study s i t e .  The vege ta t ion  a t  t h e  

southern  d i s t r i b u t i o n  l i m i t  of t h e  r a r e  grass  has more v a r i a t i o n  than t h a t  

f o r  e i t h e r  t h e  r a r e  o r  common g r a s s  i n  the  n o r t h e r n  d i s t r i b u t i o n  range. 

Therefore ,  vege ta t ion  of the r a r e  g r a s s  does no t  n e c e s s a r i l y  have less 

v a r i a t i o n  than t h e  v e g e t a t i o n  of  a  common congener. Moreover, s p e c i e s  

composition and c o m n i t y  p r o p e r t i e s  a r e  not c o n s i s t e n t  over  t h e  d i s t r i b u t i o n  

range of  A. hendersonii. I t  fol lows t h a t  t h i s  t y p e  of  r a r i t y  i s  n o t  

a s s o c i a t e d  wi th  a  p a r t i c u l a r  p l a n t  c o m n i t y  type.  

P r e d i c t i n g  t h e  l o c a t i o n s  where r a r e  p l a n t s  occur  has  been, f o r  t h e  most 

p a r t ,  a  concern o f  conse rva t ion  b io logy (Mi l l e r  1986; M i l l e r  and Bra t ton  

1987; White and M i l l e r  1988; Nilsson e t  al. 1988). The l i t e r a t u r e  

demonstrates  mixed r e s u l t s  o f  p r e d i c t i n g  r a r i t y .  M i l l e r  (1986) found t h a t  

spec ies-area  r e l a t i o n s  f o r  rare p l a n t s  were s t r o n g e r  w i t h i n  t h e  Great Smokey 

Mountain National  Park than i n  t h e  southern Appalachian region  o v e r a l l .  

E leva t iona l  and s lope  d i v e r s i t y  were found t o  be impor tant  p r e d i c t o r s  of r a r e  

p l a n t  s p e c i e s  r ichness  i n  t h e s e  a r e a s  (Mi l l e r  1986; M i l l e r  and Brat ton 1987). 

The p r a c t i c a l  a p p l i c a b i l i t y  o f  t h e s e  r e s u l t s ,  however, was i nconc lus ive ,  

Ni lsson e t  a l .  (1988)  concluded t h a t  t h e  only  p r e d i c t a b l e  f e a t u r e  found 

i n  t h e i r  s tudy of r a r i t y  a long  r i v e r  banks was t h a t  s p e c i e s  r i chness  was 

h ighe r  on s i t e s  with r a r e  s p e c i e s  than  on s i t e s  wi thout  rare s p e c i e s .  T h e i r  

r e s u l t s  sugges t  t h a t  every r i v e r  has l a r g e l y  unique v e g e t a t i o n  f e a t u r e s .  

This means t h a t  ex tens ive  f i e l d  surveys  a r e  t h e  only gua ran tee  o f  success i n  

s e l e c t i n g  conservat ion  s i t e s .  

I n  my s tudy s o i l  depth does no t  appear t o  c o n t r o l  the d i s t r i b u t i o n  of  

t h e  p l a n t  communities on t h e  l i t h o s o l s .  However, s o i l  depth  was found t o  be 

an important  f a c t o r  i n  c o n t r o l l i n g  spec ies  d i s t r i b u t i o n  i n  g r a n i t e  rock 

outcrop communities i n  Sonthern Oklahoma (Co l l ins  e t  a l .  1989).  Soi1 depth  



differences did not accurately delineate the various comnities except in 

the extreme cases between the A. hendersonii comrnunities and the A. lemmonii 

comrnunities, where soil depths were significantly different (Table 4). 

Daubenmire (1970) speculated that in lithosols any controlling factors 

related to soil depth are associated with the fracture patterns of the basalt 

bedrock. 

The basalt outcrop habitats where A. hendersonii is found have 

physiognomy and physical structure similar to alpine and subalpine habitats. 

00th also have similar microclimate influences; cold winters, short growing 

seasons, precipitation predominantly in the winter usually in the form of 

snow. Soi1 rnoisture is an important factor in controlling the distribution 

of plants in alpine and subalpine habitats (Billings and Bliss 1959; Billings 

and Mooney 1959; Klikoff 1965; Bliss 1969; Brooke et al. 1970; Billings 1973; 

Canaday and Fonda 1974; Douglas and Bliss 1977; Bell and Bliss 1979; Isard 

1986: Evans and Fonda l99O), and in salt-desert shrub vegetation in Utah 

(West and Caldwell 1983)- Depth and duration of the snowpack in these 

habitats influences the microclimate and soil moisture release. Considering 

the sirnilarities between these habitats, it is possible that, as in alpine 

and subalpine habitats, snowpack also affects vegetation pattern in the 

basalt outcrops of rny study areas. This may explain the difference in 

community level organization between the northern and southern distribution 

limits of A. hendersonii. The locations where this species occurs in its 

southern dis tribut ion limi t have deeper and longer persis ting snowpacks than 

in its northern distribution limit. 

1 observed no striking differences or patterns in the nutrient and 

texture analysis of the soils from the three study sites. 1 was mainly 

interested in detecting coarse scale dif ferences in soils among the d i f  ferent 

comrnunities. Hence, 1 pooled individual soil samples. Since the initial 

soils analysis indicated similar soil nutrient levels, 1 did not perform 

further analysis. 



Other studies have examined soil variation at finer scales. For 

example, Schlesinger et al. (1996) found that the spatial distribution of 

essential and limiting plant nutrients in desert soils of the southwestern 

United States was autocorrealted to the area of biogeochemical cycling under 

the shrub canopy. It is possible that a similar fine-scale pattern exists in 

the basalt outcrop habitats of my study. However, no such patterns were 

indicated in the preliminary soil nutrient analyses. 

Kruckeberg (1969) predicted that speciation within a contiguous genus 

is a response to sharp discontinuities in soil chemistry, where the 

difference in soil chemistry can serve as an isolating mechanism to bring 

about speciation. The soils in which A. lemmonii and A. hendersonii grow did 

not exhibit a sharp discontinuity in chemistry, indicating that this was 

probably not a factor in explaining the existence of the tare species or the 

differentiation of the vegetation types. 

Rare species in the Sheffield region of central England are 

concentrated within less fertile sites (Hodgson 1986). Many of these rare 

species have a narrow ecological range. Hodgson (1986) States that, in this 

region, no single ecological characteristic is totally diagnostic of either 

comrnon or rare species. Rather, rnost differences between comrnon and rare 

species in the Sheffield region may be interpreted in terms of the 

availability of suitable habitats within the region, with common species 

occupying common habitats and rare species occupying less common habitats. 

Achnatherum hendersonii appears to follow this pattern. It is restricted to 

a specific habitat (basalt outcrops with shallow soils), and this habitat is 

not common. The implication that no single factor is totally diagnostic is 

confirmed by how little of the variance is explained in the f irst few axes of 

the PCA analyses (Tables 6 and 16). Al1 in all, it appears that the 

interaction of the factors involved in forming vegetation are too complex to 

reliably use vegetation to predict forms of rarity. The large amount of 

variation observed in the A. hendersonii comrmnities throughout its 

distribution range illustrates this point. 



Varia t ion  i n  t h e  v e g e t a t i o n  i n  which A .  hendersonii occurs  wi th in  t h e  

sou the rn  d i s t r i b u t i o n  l i m i t  is cons ide rab le .  Here, syrnpatr ic  popula t ions  o f  

A .  hendersonii do n o t  appear  t o  grow i n  t h e  same c o m n i t y .  The vege ta t ion  

of b a s a l t i c  outcrops i n  t h i s  r eg ion  appears t o  be i n f l u e n c e d  by t h e  coverage 

of  cryptogamic c r u s t .  There i s  more v a r i a t i o n  i n  t h e  v e g e t a t i o n  loca ted  i n  

a r e a s  where t h e  cryptogamic c m s t  i s  i n t a c t  t han  i n  a r e a s  where t h e  

cryptogamic c t u s t  is  d i s t u r b e d .  

Cryptogamic c r u s t  appea r s  t o  b e  an important  f a c t o r  i n  s p e c i e s  r i chness  

and, poss ib ly ,  i n  s p e c i e s  d i v e r s i t y .  The l i t e r a t u r e  l a c k s  s t u d i e s  on t h e  

importance of cryptogamic c r u s t  i n  r e l a t i o n  t o  s p e c i e s  composition and 

r i c h n e s s .  Fur ther  r e s e a r c h  o f  t h i s  i n t e r a c t i o n  i s  n e c e s s a r y  t o  understand 

t h e  processes involved and c l a r i f y  t h e  r e l a t i o n s h i p .  Such re sea rch  would 

invo lve  comparing s p e c i e s  r i c h n e s s  and d i v e r s i t y  among a number of d i f f e r e n t  

s i t e s  t h a t  have i n t a c t  and d i s t u r b e d  cryptogamic c r u s t s .  Determining t h e  

sources  of the  d i s t u r b a n c e ,  such a s  n a t u r a l  o r  anthropogenic ,  would a l s o  

a s s i s t  i n  c l a r i f y i n g  t h e  r e l a t i o n s h i p s .  A cornparison o f  cryptogamic c r u s t s  

from d i f f e r e n t  biomes, such a s  shrub-steppe,  a r c t i c ,  a l p i n e ,  and d e s e r t ,  

would determine p a t t e r n s  a s s o c i a t e d  with t h i s  r e l a t i o n s h i p  i n  regard t o  

macroclimate in f luences .  

The cryptogamic c r u s t  a t  t h e  Ochoco s tudy  s i t e  appea r s  t o  be d i s tu rbed  

by n a t u r a l  cryogenic p rocesses  such a s  f r o s t  b o i l s ,  f r o s t  heave, and 

downslope s o i 1  f r o s t  c reep .  1 observed cryogenic p rocesses  a t  t h e  Colockurn 

and Brewtor. s tudy s i t e s ,  b u t  1 d i d  no t  observe t h e  d i f f e r e n c e  i n  v a r i a t i o n  

and organiza t ion  wi th  r e s p e c t  t o  t h e  cryptogamic c r u s t  a t  t h e s e  s i t e s  as  1 

d i d  a t  t h e  Ochoco s tudy s i t e .  

Sor t ing  of t h e  s u b s t r a t e  by cryogenic p rocesses  was observed i n  t h e  

a l p i n e  regions of Wyoming (Bliss 1956;  B i l 1 i i . g ~  and Mooney 1959) and nea r  

t i m b e r l i n e  i n  t h e  S i e r r a  Nevada (Kl ikoff  1965) .  Benedic t  (1970)  observed 

downslope s o i 1  movement i n  t h e  Colorado a l p i n e  r eg ion ,  and S m i t h  ( 1 9 8 7 )  

observed f r o s t  heave and s o i 1  f r o s t  c reep  a c t i v i t y  i n  t h e  Canadian Rocky 

Mountains. A l 1  of these  r eg ions  have deeper s o i l s  t h a n  t h e  b a s a l t  outcrops  



of my s tudy .  However, t h e  same p r i n c i p l e s  apply .  F r o s t  b o i l s  a r e  t h e  r e s u l t  

of  f r e e z i n g  s o i l  water pushing rock and s i l t  t o  t h e  s o i l  s u r f a c e .  F r o s t  

heave involves  t h e  upward pushing of p l a n t s  and s o i l  t o  form a mound, o r  t h e  

a c t i o n  o f  pushing i n d i v i d u a l  rocks and p l a n t s  o u t  of  t h e  s o i l  d u r i n g  

f r eeze l thaw cyc les .  I t  occurs  i n  s a t u r a t e d  cond i t ions  t h a t  f r eeze  s lowly and 

deeply (Bliss 1956; Benedict 1970: Brady 1984)-  F ros t  c reep  is t h e  n e t  

downslope displacement t h a t  occurs  when t h e  s o i l ,  dur ing  a f r eeze l  thaw c y c l e ,  

expands p a r a l l e l  t o  i t s  subsur face  and s e t t l e s  perpendicular  t o  i t  (Benedic t  

1970). 

Downslope movernent ( f r o s t  c reep)  o f  s o i l s  i n  t h e  a l p i n e  regions  o f  

Colorado i s  i n f  luenced by d i f  fe rences  i n  mois ture  a v a i l a b i l i t y  and s l o p e  

g r a d i e n t ,  but i s  unaffec ted  by s o i l  t e x t u r e  and temperature (Benedict  1970 ) .  

The a c t i o n  of f r o s t  c reep  r e s u l t s  i n  l a r g e r  m a t e r i a l s  being s o r t e d  from 

smal l e r  rna te r i a l s ,  w i t h  t h e  l a r g e r  m a t e r i a l s  moving downs lope a t  a f a s t e r  

r a t e ,  forming t r e a d s  and r i s e r s .  I n  c a s e s  where t h e  s u b s t r a t e  c o n s i s t s  o f  

rock and sand,  t h i s  s o r t i n g  r e s u l t s  i n  a r e a s  termed stone-banked, o r  s o r t e d  

t e r r a c e s  (Benedict 1970). This  r e s u l t  corresponds t o  the  p e r p e n d i c u l a r  

s t r i p i n g  observed a t  t h e  Ochoco s tudy s i t e .  Stone-banked t e r r a c e s  were 

repor ted  t o  be c h a r a c t e r i z e d  by an absence o f  vege ta t ion  (Benedict  1970).  

However, whether t he  absence of v e g e t a t i o n  was a r e s u l t  of f r o s t  c reep  o r  

some o t h e r  f a c t o r ,  was no t  examined. 

1 observed f r o s t  heave, f r o s t  b o i l s ,  and f r o s t  c reep  a t  t h e  Colockum 

and Brewton s tudy s i t e s ,  bu t  saw no d i f f e r e n t i a l  p a t t e r n  of v e g e t a t i o n  

v a r i a t i o n  i n  r e l a t i o n  t o  t h e  cryptogamic c r u s t .  Such an u n s t a b l e  s o i l  

s u r f a c e  would reçu1 t i n  t h e  displacement  of cryptogamic crus  t and i n h i b i t  

i n i t i a l  vascu la r  p l a n t  e s t ab l i shment .  Th i s  process  could e x p l a i n  t h e  

v e g e t a t i o n  s t r i p i n g  phenomenon a t  t h e  Ochoco s tudy  s i t e .  Areas i n  which t h e  

cryptogamic c r u s t  was n o t  d i s t u r b e d  p o s s i b l y  rece ived l e s s  f r o s t  a c t i o n .  

Thus, more p l a n t s  would be a b l e  t o  p e r s i s t .  This  could e x p l a i n  t h e  

d i f f e r e n c e s  i n  comrnunity l e v e l  o r g a n i z a t i o n  observed a t  t h e  Ochoco s t u d y  

s i t e .  



An a l t e r n a t i v e  explanat ion  of p rocesses  determining s p a t i a l  

he t e rogene i ty  i n  v e g e t a t i o n  was a r r i v e d  a t  i n  a  s tudy  on t a l u s  s lopes  of  t h e  

Niagara Escarpment, On ta r io  (Cox and Larson 1 9 9 2 ) .  In  t h a t  s tudy ,  l o c a l  

he t e rogene i ty  was c o n t r o l l e d  by n u t r i e n t  i n p u t s  from slowly decaying woody 

m a t e r i a l  a r r i v i n g  from up-gradient l o c a t i o n s  on t h e  s lope .  This  n u t r i e n t  

i n p u t  was fol lowed by a c c e l e r a t e d  vege ta t ion  development on t h e  more f e r t i l e  

patches of s o i l .  

The r a r e  g r a s s ,  A .  hendersoni i ,  i s  l i m i t e d  t o  a  r e s t r i c t e d  h a b i t a t ,  

c h a r a c t e r i z e d  by low p l a n t  cover ,  and exposed b a s a l t i c  bedrock wi th  sha l low 

s o i l s .  The cornmon g r a s s ,  A.  lemmonii, has  a  m c h  wider d i s t r i b u t i o n ,  

occur r ing  i n  s i m i l a r  a r e a s  a s  A .  hender son i i ,  b u t  a l s o  found on deeper  s o i l s  

and i n  a r e a s  wi th  h ighe r  p l a n t  coverage. Given t h e  r e s t r i c t e d  h a b i t a t  of  A .  

hender son i i ,  i t  would seem t h a t  t h e  r a r e  g r a s s  should  grow i n  a  s i m i l a r  p l a n t  

c o m n i t y  type throughout  i t s  d i s t r i b u t i o n  range. Although c o m n i t y  

s t r u c t u r e  i s  s i m i l a r  throughout the  d i s t r i b u t i o n  range o f  A .  hender son i i ,  

composition and p a t t e r n s  of  o rgan iza t ion  are n o t .  In c o n t r a s t ,  t h e  comrnon 

g r a s s ,  given i t s  p o t e n t i a l  f o r  growing i n  more d i v e r s e  h a b i t a t s ,  would be  

expected t o  grow i n  a v a r i e t y  of p l a n t  c o m n i t y  types .  Fu r the r  s tudy  of  t h e  

v e g e t a t i o n  throughout  t h e  d i s t r i b u t i o n  range o f  the common g ras s  would r e v e a l  

whether t h e r e  i s ,  o v e r a l l ,  more c o m n i t y  l e v e l  v a r i a t i o n  f o r  t h e  common 

g r a s s  than f o r  t h e  r a r e  g r a s s .  

Popula t ion  

The morphological p a t t e r n s  of sympatr ic  and d i s  j unc t  popula t ions  of  t h e  

r a r e  g r a s s ,  A .  hender son i i ,  a r e  congruent (F igures  1 7 ,  18, 19). The PCA 

o r d i n a t i o n s  of  t h e  95% confidence e l l i p s e s  f o r  A .  hendersoni i  a r e  a l 1  

superimposed, r e g a r d l e s s  of  the d a t a  s e t  ana lyzed  ( s e p a r a t e  i n f l o r e s c e n c e  

l e a f  and v e g e t a t i v e  l e a f  d a t a  s e t s ,  a s  we l l  a s  t h e  cornbined i n f l o r e s c e n c e  and 

v e g e t a t i v e  l e a f  d a t a  s e t ) .  A l 1  but  one o f  t h e  popula t ions  have s i m i l a r  

o r i e n t a t i o n ,  s i z e ,  and shape, an i n d i c a t i o n  t h a t  they  a r e  s i m i l a r l y  organized  

and have s i m i l a r  amounts of  v a r i a t i o n  (Figures 1 7 ,  18, and 1 9 ) .  



Population Cl, although superimposec! with the other populations, has 

inflorescence and vegetative ellipses of different shape (eccentricity) and 

orientation (theta), from the others. This indicates that this population 

has some organizational differences (Tables 25 and 27). These differences 

are lost when a PCA of the whole plant (inflorescence and vegetative leaves 

combined) is performed (Table 29). The differences may reflect the location 

of population Cl on an exposed south-facing slope, where the plants begin 

growth earlier than the other populations at the Colockum study site. As a 

result of its location, this population appears to have a shorter growing 

season, than the other populations at this site. This potentially decreases 

phenotypic variation. In general, the amount of phenotypic variation 

observed among sympatric and between disjunct populations of A. hendersonii 

is insignificant. Morphologically, A. hendersonii is nearly identical at its 

northern and southern distribution limits. 

The morphology of the common grass, A. lemmonii, is more variable than 

that of the rare grass. The 95% confidence ellipses for inflorescence, 

vegetative, and combined morphology are plotted in a different location in 

the PCA ordination, and are larger than the ellipses for A. hendersonii 

(Figures 17, 18, and 19). For the most part, the 95% confidence ellipses for 

both species have similar shape and orientation, an indication that these two 

species have similar organization. This probably reflects the fact that 

these are closely related congeners. As indicated by greater ellipse areas 

(Tables 25, 27, and 29), there is more phenotypic variation in sympatric 

populations of A. lemmonii than in sympatric or disjunct populations of A. 

hendersonii. Rapson and Maze (1994). and Robson and Maze (1995) made similar 

observations between A. hendersonii and several common congeners, but only 

with local populations of the species. 

In cornparing variation in leaf  types of A. hendersonii, phenotypic 

variation in inflorescence leaves is less than in vegetative leaves (Figures 

17 and 18 and Tables 25 and 27). Achnatherum lemmonii has more phenotypic 

variation in its inflorescence leaves than A. hendersonii. The 95% 



confidence ellipses for the two species lie in separate areas of the PCA 

ordination, although they overlap slightly. Those for A .  lemmonii are larger 

and have different orientations between the populations, an indication of 

some organizational diversity within this species (CS and C I O ;  Figure 1 7  and 

Table 2 5 ) .  Again, A. hendersonii has less variation arnong sympatric and 

between dis junct populations than A. lemmonii bas among sympatric 

populations. 

The amount of variation in the morphology of vegetative leaves is 

similar in both A. hendersonii and A. lemmonii. The 95% confidence ellipses 

overlap the most in this PCA ordination (Figure 1 8 ) .  The amount of variation 

in the vegetative morphology of A. hendersonii approximates the amount of 

variation observed in the vegetative morphology of the common grass A. 

lemmonii. As a result, the vegetative leaves of these two species are 

similarly organized (Table 27). 

In previous studies of variation in A. hendersonii and common congeners 

(Rapson and Maze 1994; Robson and Maze 1 9 9 5 ) ,  vegetative shoots tended to be 

more variable than reproductive shoots. Although 1 found this to be true for 

A .  hendersonii, vegetative and inflorescence leaf variation within A. 

lemmonii appeared to be similar (Figures 17, 18, and 19, and Tables 25, 27, 

and 29). 

Overall, the morphology of the rare grass, Achnatherum hendersonii, has 

less variation than the closely related common grass, A. lemmonii. These 

observations coincide with those made by Rapson and Maze ( 1 9 9 4 )  and Robson 

and Maze (1995). Rapson and Maze ( 1 9 9 4 )  found that phenotypic variation 

among populations of A. hendersonii was lower than that of parapatric 

populations of A. l e m o n i i  and A .  thurberiana. In addition to lower levels 

of phenotypic variation, Robson and Maze ( 1 9 9 5 )  also observed lower growth 

rates in A. hendetsonii as compared to its common congeners, A . lemmonii, A. 

occidentale, and A. thurberiana. Plants that grow faster are inferred to be 

better cornpetitors. Therefore, it was implied that the slower growth rate of 

A .  hendersonii precludes its survival away €rom its typical habitat (Robson 



and Maze 1995). This concurs with observations on Arctostaphylos myrtifolia 

(Gankin and Major 1964). 

Less phenotypic variation in the rare grass, A. hendersonii, than in 

the closely related common grass, A. lemmonii, is consistent with other works 

comparing rare and related common species ( e - g .  Babbel and Selander 1974; 

Hamrick and Godt 1990; Rapson and Maze 1994; Robson and Maze 1995:). 

However, Fiedler (1987) found no dif ferences in leaf morphology variation in 

rare and closely related conunon species of Calochortus. 

Primack (1980) compared phenotypic variation between rare and 

widespread species of Plantago. Based on reproductive structures 

(inflorescence number per plant, capsule number per inflorescence, seed 

number per capsule, and weight per seed), no obvious pattern of increasing 

variation with increasing distribution was found. In other words, rare 

species of Plantago had neither more nor less phenotypic variation as 

compared to comrnon species . From these results, Primack ( 1 9 8 0 )  concluded 

that rare species do not necessarily have less phenotypic variation than 

closely related common species. This would indicate that we cannot assume 

that rare species are prone to extinction because they have insufficient 

genetic variation to respond to environmental changes. 

Because Primack (1980) examined only reproductive structures, his 

results are not completely comparable with mine; nevertheless, 1 did find 

that Achnatherum hendersonii had more phenotypic variation in its vegetative 

ieaves than in its reproductive leaves. These results indicate that the 

amount of phenotypic variation can be incongruent among di fferent structures 

within a taxon. Since the amount of phenotypic variation in the vegetative 

leaves of A. hendersonii is similar to that of the more widespread grass, A. 

lenmonii (Figure 18). it appears that A. hendersonii is not necessarily 

genetically impoverished. The longer lifespan of vegetative leaves possibly 

explains their greater phenotypic variation, because they are exposed to a 

greater diversity of abiotic and biotic selective pressures. An indication 

that A. hendersonii may not necessarily be genetically impoverished is the 



e x i s t e n c e  of  a  r e c e n t l y  d e s c r i b e d  c l o s e l y  r e l a t e d  r a r e  s p e c i e s ,  Achnatherum 

wallowaensis Maze and K . A .  Robson (Maze and Robson 1996).  Th i s  s p e c i e s  has 

been observed only  i n  Oregon. I ts d i s t r i b u t i o n  ove r l aps  w i t h  t h a t  of A. 

hendersonii i n  n o r t h - c e n t r a l  Oregon, but  t h e r e  a r e  a l s o  d i s  j u n c t  popula t ions  

i n  n o r t h e a s t  Oregon. Genet ic  v a r i a b i l i t y ,  however, does n o t  gua ran tee  t h a t  

t h e  populat ion w i l l  p e r s i s t  i f  environmental  changes a r e  o u t s i d e  t h e  phys ica l  

t o l e r a n c e s  of t h e  s p e c i e s  (Meagher e t  a l .  1978). 

Cornpetition 

The r e s u l t s  from t h e  p l a n t s  grown i n  pots  f o r  t h e  1996 growing season 

i n d i c a t e  t h a t  Poa secunda has  more o v e r a l l  seasonal  growth and appears  t o  

have a  f a s t e r  growth r a t e  than  A. hendersonii. Therefore ,  P. secunda may 

have an  o v e r a l l  advantage i n  t h e  f i e l d .  Poa secunda i s  a  widespread s p e c i e s  

(Hitchcock e t  a l .  1969) t h a t  has  t h e  a b i l i t y  t o  grow i n  a v a r i e t y  of  

s u b s t r a t e s  (Daubenmire 1970).  Even though both A. hendersonii and P. secunda 

o f t e n  grow wi th in  t h e  same clump i n  rocky b a s a l t i c  s u b s t r a t e s ,  t h e i r  

d i f f e r e n t i a l  growth h a b i t s  and rnorphology al low them t o  occupy the same s i t e  

w i thou t  n e c e s s a r i l y  competing f o r  resources .  Achnatherum hendersonii has 

fewer bu t  longer r o o t s  t han  P. secunda (Maze 1981). This  enab les  i t  t o  take  

advantage of resources  deep i n  t h e  c racks  of t he  b a s a l t  bedrock. 

The longer r o o t s  of A. hendersonii a l s o  aid i n  anchor ing  t h e  p l a n t  i n  

t h e  s o i l  during f r o s t  heave events. 1 f r equen t ly  observed P. secunda p l a n t s  

t h r u s t  out  of t h e  ground (F igure  3 )  i n  the  same l o c a t i o n s  where ad jacen t  

p l a n t s  of A. hendersonii remained anchored i n  the s o i l .  1 a l s o  observed A. 

hendersonii and P. secunda p l a n t s  growing in t h e  same clump (F igure  2 3 ) .  

This  r a i s e s  t h e  i n t r i g u i n g  p o s s i b i l i t y  t h a t  A. hendersonii rnay a c t u a l l y  

p rov ide  a  s t a b l e  l o c a t i o n  where P. secunda i s  a b l e  t o  p e r s i s t ,  whi le  

i n d i v i d u a l  P. secunda p l a n t s  growing i n  i s o l a t i o n  f a c e  a g r e a t e r  risk of 

be ing  t h r u s t  from t h e  s o i l  by f r o s t  heave, Thus, r a t h e r  t han  cornpet i t ion,  

t h e  i n t e r a c t i o n  between A. hendersonii and P. secunda rnay be one of  

f a c i l i t a t i o n .  



Figure 2 3 .  Achnatherum hendersonii (left o f  pencil) and Poa secunda 
( r i g h t  o f  pencil) growing in t h e  same c lump .  



A s  a l o g i c a l  ex tens ion  of t h e  s p e c u l a t i o n s  o f  Gankin and Major (1964) ,  

Robson and Maze (1995) t e s t e d  t h e  hypo thes i s  t h a t  widespread s p e c i e s  should  

grow a t  a f a s t e r  r a t e  than r a r e  s p e c i e s .  They found t h a t  common s p e c i e s  of 

Achnatherum indeed grew a t  a f a s t e r  r a t e  than t h e  r a r e  A.  h e n d e r s o n i i ,  

i n d i c a t i n g  d i f f e r e n t i a l  cornpetitive a b i l i t y  between the  common and rare 

s p e c i e s .  However, t h e  populat ions of t h e  r a r e  and common s p e c i e s  occur red  i n  

d i f f e r e n t  s o i 1  types  (Robson and Maze 1995).  Although slower growing, A .  

h e n d e r s o n i i  i s  a b l e  t o  p e r s i s t  i n  t h e  sha l low s o i l s  of  rocky b a s a l t i c  

ou tc rops  f rom which common congeners are exc luded. Fo 1 lowing Gankin and 

Major 's  (1964) argument, the  p e r s i s t e n c e  of A. hendersonii i n  t h e s e  a r e a s  rnay 

be more s t r o n g l y  r e l a t e d  t o  t h e  environment l i m i t i n g  the  growth r a t e  of  o t h e r  

s p e c i e s  o r  excluding them a l t o g e t h e r .  S i m i l a r  observat ions  were a l s o  made i n  

s e v e r a l  s p e c i e s  of Talinum (Reinhard and Ware 1989) ,  and i n  Sedum p u l c h e l l u m  

(Ware 1990) .  al1 of which grow on rock outcrops .  

Resource p a r t i t i o n i n g  i s  o f t e n  proposed f o r  species  t h a t  appea r  t o  

occupy t h e  same t r o p h i c  and phys ica l  n i c h e  (Begon e t  a l .  1990).  Accordingly,  

i t  appea r s  t h a t  n i che  differentiation/resource p a r t i t i o n i n g  i s  a p o s s i b l e  

mechanism f o r  t h e  coexis tence  of A .  henderson i i  and Poa secunda. The two 

s p e c i e s  may n o t  be using d i f f e r e n t  r e sources ,  but  in s t ead  a r e  o b t a i n i n g  

s i m i l a r  r e s o u r c e s  ( i n  form) frorn a d i f  f e r e n t  space;  hence, t h e  compe t i t ion  is 

apparen t  b u t  n o t  r e a l .  

S t u d i e s  on cornpetitive r e l a t i o n s h i p s  between n a t i v e  and in t roduced  

g r a s s e s  o f  t h e  shrub-steppe regions of  western North America i n d i c a t e  t h a t  

t h e  r a t e  o f  r o o t  e longat ion  is p e r t i n e n t  t o  s e e d l i n g  s u r v i v a l  ( H a r r i s  1967;  

H a r r i s  and Wilson 1 9 7 0 ) .  Species t h a t  had r a p i d  roo t  e longa t ion  were more 

success  f u l  cornpeti tors .  Following t h i s  reasoning,  A.  h e n d e r s o n i i ,  w i th  

longer  r o o t s  than  P. secunda (Maze l 9 8 l ) ,  presumably has a c o m p e t i t i v e  

advantage.  1 observed t h a t  both P. secunda (Daubenmire 1972)  and A .  

henderson i i  have two seasons of v e g e t a t i v e  growth, one i n  m i d f a l l  and a n o t h e r  

i n  May. T h i s  f u r t h e r  emphasizes the importance of d i f f e r e n t i a l  r o o t  growth. 



In response to predominant views in the Literature that interspecific 

competitive abilities are an explanation for local abundances, and that the 

rarity or cornmonness of a species depends on its ability to compete with 

neighbors for limited resources, Rabinowitz et al. (1984) tested the 

competi tive ability of rare and common perennial grasses of mixed genera 

comrnon to tallgrass prairies- Results from a greenhouse de Wit replacement 

series indicated that rare species were not disadvantaged by interactions 

with their common neighbors . I t was concluded that the competitive abilities 

of the rare species were not a cause of their rarity. Rather, their good 

competitive abilities appeared to be a mechanism that offset the hazards of 

low density and made Local persistence more probable. Although A. 

hendersonii has lower growth rates than its common congeners and persists in 

restricted habitats, its unique root morphology may give it a cornpetitive 

advantage in those habitats. 

Synthesis 

Cornparisons between community and population levels of organization 

can be made using the A. hendersonii and A. lemmonii vegetation and 

rnorphology results (Figures 15 and 19; Tables 18 and 29). 

Although the first PCA axis describes the highest amount of variation 

in the data set, 56.7% of the total variance is explained by the first PCA 

axis for population level variation (Table 28), while only 13.9% of the total 

variance is explained by the first PCA axis for community level variation 

(Table 16). In fact, it takes ten axes to explain 54.3% of the total 

variance at the community level, almost as much as is explained in the first 

axis at the population level. Because the amounts of total variance 

explained by the first axes for community and population levels of variation 

are not equal, comparisons should be made with prudence. The comnity is 

complex. This complexity is reflected by the number of axes it takes to 

explain 50% of the total variance. Considzring the number of factors and the 

complexity of interactions controlling vegetation. this is not surprising. 



Although a low percentage of the variation is accounted for by the first two 

PCA axes, it is greater than any other combination. Relying on other 

combinations of axes, e.g. those with eigenvalues greater than one, would 

generate a Large number of comparisons, thereby rendering meaningful 

comparisons difficult, if not impossible to interpret. It would also be 

subject to criticism associated with selecting specific combinations that 

coincide with preconceived hypotheses. 

Despite the discrepancy in the amount of variance explained by the 

first PCA axes of the vegetation and morphology data sets, PCA is an 

effective technique for comparing and synthesizing comnity and population 

levels of organization. Because this technique is flexible, it allows more 

potential for comparison of disparate entities at different levels of 

biological organization. Other techniques specifically designed to assess 

relationships between two sets of variables, such as canonical correlation 

analysis, are not, strictly speaking, appropriate, as they rely on the units 

of study being the same (Gauch 1982). In my study the units were not the 

same: quadrats as "community-unitsl*, and individual plants as "population- 

uni tsl*. 

The plots in the northern distribution limit of A. hendersonii have 

more morphological variation than vegetation variation. This is true for the 

cornmon grass as well. In the southern distribution limit of A. hendersonii, 

the results are inconsistent. Plot 04 has greater vegetation variation than 

morphological whereas Plot 01 has s lightly more morphological variation than 

vegetation. Over its distribution range, A. hendersonii, has greater 

vegetation variation than morphological. 

Achnatherum lemmonii, the comon grass, appears to have more population 

level variation than comnity level variation. Within the northern 

distribution range of the rare grass, more variation in vegetation and 

morphology is observed in the cornmon grass than the rare grass. However, 

this does not hold true when comparisons are made with the southern 

distribution limit of A. hendersonii. When the entire distribution of the 



r a r e  g r a s s  is incorpora t ed ,  t h e r e  i s  more c o m n i t y  l e v e l  v a r i a t i o n  f o r  t h e  

r a r e  g r a s s  compared wi th  t h e  comrnon g r a s s ,  a l though the comrnon g r a s s  r e t a i n s  

more popula t ion  l e v e l  v a r i a t i o n .  A common spec ie s  does n o t  n e c e s s a r i l y  have 

more c o m n i t y  l e v e l  v a r i a t i o n  t h a n  a  c l o s e l y  r e l a t e d  r a r e  s p e c i e s .  The 

amount o f  community l e v e l  v a r i a t i o n  can Vary throughout t h e  d i s t r i b u t i o n  

range of  a r a r e  s p e c i e s ,  The f a c t o r s  a f f e c t i n g  c o m n i t y  l e v e l  v a r i a t i o n  a r e  

more numerous than  those  af f e c t i n g  popula t ion  l e v e l  v a r i a t i o n ,  t he reby  

i n c r e a s i n g  t h e  p o t e n t i a l  o f  r e l a t i v e  v a r i a t i o n  a t  t h e  community l e v e l  of 

obse rva t ion .  More s p e c i f i c a l l y  t h e  sources  of v a r i a t i o n  a t  t h e  popu la t ion  

l e v e l  a r e  found i n  t h e  p l a n t s  themselves,  and i s  expres sed  i n  t h e i r  

phenotype, which r e s u l t s  €rom t h e  i n t e r a c t i o n  between t h e  p l a n t  and t h e  

environment i n  which i t  r e s i d e s .  The sources  of v a r i a t i o n  a t  t h e  c o m n i t y  

l e v e l  cornes from a l 1  t h e  p l a n t s  t h a t  make up t h e  community, which i n c l u d e s  

t h e  i n t e r a c t i o n s  between a l 1  t h e  p l a n t s  with t h e  environment ,  t he reby  

i n c r e a s i n g  c o m n i t y  l e v e l  v a r i a t i o n .  

There i s  a c o n s i s t e n t  p a t t e r n  t o  t h e  ana lyses  r e p o r t e d  h e r e .  The 

v a r i o u s  c o m n i t i e s  i n  which A. hendersoni i  occurs  a r e  more d i f f e r e n t  from 

one ano the r  than  a r e  t h e  p o p u l a t i o n s  that occupy t h e  v a r i o u s  s i t e s .  T h i s  i s  

true whether one i s  c o n s i d e r i n g  t h e  r e l a t i o n s h i p  a s  de termined by t h e  

v a r i a t i o n  among t h e  e n t i t i e s  be ing  compared ( c o m n i t i e s  o r  p o p u l a t i o n s ) ,  

i. e. how d i f f e r e n t  they a r e  from each  o t h e r ,  o r  t he  o r g a n i z a t i o n a l  p r o p e r t i e s  

( o r d e r  and o rgan iza t ion  sensu stricto) w i t h i n  each of  t h e  e n t i t i e s  compared. 

On the  assumption t h a t  p a t t e r n s  perceived r e f l e c t  some under ly ing  

c a u s a l  agent ,  d i f f e r e n t  p a t t e r n s  could  be i n t e r p r e t e d  as t h e  r e s u l t  of 

d i f f e r e n t  causa l  agents .  These d i f f e r e n t  causa l  agen t s  might  be  sought  i n  

t h e  d i  f f  e rences  t h a t  exis t arnong popu la t ions  and communi t ies  . Popu la t ions  

c o n s i s t  o f  f a i r l y  t i g h t l y  i n t e g r a t e d  components ( i n d i v i d u a l  p l a n t s )  that have 

a  c e r t a i n  h i s t o r y  t h a t  can be fol lowed back through i n t e r g e n e r a t i o n a l  

reproduct ion  t o  an a n c e s t r a l l d e s c e n d e n t  r e l a t i o n s h i p .  Or, the p o p u l a t i o n s  

can be r e l a t e d  t o  an e v o l u t i o n a r y  l i n e a g e .  In t h i s  l i n e a g e  t h e  changes t h a t  



occur  a r e  s t r o n g l y  determined by t h e  l i n e a g e  i t s e l f  because o f  t h e  s imple  

exped ien t  t h a t  o f f s p r i n g  t h a t  a r e  too  extreme a r e  unable t o  s u r v i v e .  

C o m n i t i e s  are l e s s  t i g h t l y  i n t e g r a t e d  because t h e r e  a r e  many 

d i f f e r e n t  components t h a t  can c o n t r i b u t e  t o  a  community t h a t  p e r s i s t s .  A s  

w e l l ,  t h e r e  a r e  many more environmental f a c t o r s  which a f f e c t  a  community than 

a f f e c t  i n d i v i d u a l  p l a n t s .  Furthermore, a p a r t  o f  a p l a n t  t h a t  happens t o  be 

non-funct ional  may be l e t h a l  t o  t h e  p l a n t ,  whereas s e v e r a l  d i f f e r e n t  p l a n t s  

can f u l f i l  a  c e r t a i n  " func t iona l  r o l e "  i n  a c o m n i t y .  Also,  d i s c o r d a n t  

d i s t r i b u t i o n  p a t t e r n s  mean t h a t  t h e  same s p e c i e s  w i l l  n o t  be  a v a i l a b l e  t o  

f o m  communities i n  p l a c e s  as d i s t a n t  as t h e  t h r e e  s tudy  s i t e s  o f  t h i s  s tudy .  

The p rev ious  p o i n t s  argue t h a t  t h e r e  are d i f f e r e n t  phenornena t h a t  

de termine  t h e  n a t u r e  of  rare p l a n t s  and t h e  communities i n  which t h e s e  p l a n t s  

occur .  Rare p l a n t s  a r e  the  r e s u l t  of  a unique  e v o l u t i o n a r y  h i s t o r y  t h a t  i s  

mani fes ted  o v e r  a  broad geographic range,  r e g a r d l e s s  of t h e  d r i v i n g  f o r c e  of  

e v o l u t i o n .  The uniqueness of t h a t  e v o l u t i o n a r y  h i s t o r y  is a s s u r e d  by t h e  

o r g a n i z a t i o n a l  p r o p e r t i e s  ( h i s t o r i c a l  c o n s t r a i n t )  o f  t h e  organisms i n  t h a t  

l i n e a g e .  The c o m n i t i e s  a r e  a l s o  the r e s u l t  o f  unique e v e n t s ,  b u t  t h e s e  

e v e n t s  a r e  more l o c a l  i n  c h a r a c t e r .  Thus, when we seek t o  account  f o r  

taxonomic r a r i t y ,  i t  is t he  evo lu t iona ry  h i s t o r y  and t h e  a t t r i b u t e s  of t h e  

p l a n t  i t s e l f  t h a t  should  b e  t h e  focus of s tudy .  On t h e  c o n t r a r y ,  when w e  

s eek  an account  of t h e  communities i n  which t h e  r a r e  s p e c i e s  occur ,  i t  i s  t h e  

l o c a l  c o n d i t i o n s  (ecology)  t h a t  should  be t h e  focus of s tudy.  

Desp i t e  t h e  argument t h a t  d i f f e r e n t  phenomenon determine the n a t u r e  of 

a  r a r e  s p e c i e s  and t h e  c o m n i t i e s  i n  which t h e s e  p l a n t s  occur ,  u l t i m a t e l y ,  

popu la t ions  and communities cannot  be  s e p a r a t e d .  The r a r e  s p e c i e s  i s  a  p a r t  

of  t h e  community, and t h e  c o m n i t y  i s  i n  p a r t  made up of p o p u l a t i o n s  o f  t h e  

r a r e  s p e c i e s .  The f a c t o r s  t h a t  c o n t r o l  and i n f l u e n c e  t h e  c h a r a c t e r  of  t h e  

community a l s o  c o n t r o l  and i n f l u e n c e  t h e  rare s p e c i e s  ( e .g .  phenotypic  

e x p r e s s i o n ) .  The re fo re ,  a  syn thes i s  of  p o p u l a t i o n  and community o r g a n i z a t i o n  

and v a r i a t i o n  should  inc rease  our  unders tanding  o f  t h e  phenornenon of  r a r i t y .  



Fiedler's (1986, 1987) attempt of a synthesis consisted of a 

compilation of numerous cornparisons between rare and closely related 

widespread species of Calochortus. The diffetences she observed between the 

rare and common species were not always consistent, Some of the 

characteristics initially thought to be unique to the rare species were also 

observed in some of the cornmon species. Fiedler's (198, 1987) approach to 

synthesis did not actually synthesize community and population levels of 

biological organization. 

In my study, a synthesis of these levels of organization was achieved 

by the ordination of the vegetation first PCA axis scores and the morphology 

first PCA axis scores. The 95% confidence bivariate ellipses and descriptive 

statistics quantify this synthesis (Figure 20 and Table 30). If population 

level and community level organization were coincident, the 95% confidence 

bivariate ellipses would plot as perfect circles. Coincident organization 

would indicate that the underlying processes of organization were the same. 

Not surprisingly, community and population Levels of organization were not 

coincident, arguing that the underlying processes of organization differ. 

The amount of variation at each level is an indication of biological 

organization. where increased variation indicates increased organizational 

complexity (Brooks and Wiley 1986). If the amounts of variation are equal at 

each level, then the biological organization of each level is the same. 

Greater variation at the community level implies that the community level is 

more complex. Greater variation at the population level implies that the 

population level is more complex. The community is a function of the 

interaction of the populations of plants present, the remainder of the biotic 

factors, and the abiotic factors. Therefore, community level variation and, 

consequently, organization is expected to be greater than population level 

variation. This relationship should be even more pronounced between a 

community and a population of a rare species that displays less phenotypic 

variation than a closely related common congener. The community reflects the 

variation of the populations of species as well as the interaction of the 



species and abiotic environment. By contrast, the population reflects only 

the variation observed in the single species. 

Variation is greater in A. lemmonii than in A. hendersonii (area: Table 

30). On the abstract synthesized level of organization, the comrnon species 

has more variation than the rare species. Variation in A. hendersonii is 

greater in the southern distribution than in the northern distribution range, 

suggesting that this form of organization changes with respect to 1 ati tudinal 

position. Variation is congruent in A. hendersonii at the northem 

distribution limit. This congruency of variation within a geographic range 

does not hold in the southern distribution limit of A. hendersonii. It is 

possible that rare species in northern regions have less variation than rare 

species in southern regions. This raises a question: Does variation in rare 

species increase as latitude decreases? 

Achnatherum hendersonii and A. lemmonii generally have similar 

strengths of correlation or order (eccentricity; Table 30). There appear to 

be more differences in order between sympatric populations of A. lemmonii 

than between sympat ric populations of A. hendersonii , al though A. hendersonii 

population 01 is different from al1 other populations of this species. 

Common species do not necessarily have greater diversity in organization, in 

the sense of order, than rare species. 

Except for population 04 (Ache), covariance or organization sensu 

stricto is essentially the same between A. hendersonii and A. lemmonii 

(theta; Table 30). This suggests that these species have similar 

organization. The extremely dif ferent theta value for population 04 

indicates that despite similarity, there is a certain amount of divergence in 

organization. This result is interesting and warrants further research to 

determine if this is a genuine phenomenon or a sampling artifact, and if 

indeed genuine, to determine the underlying mechanism of this divergence. 

According to the information presented in Figure 20, it appears that in 

the northern distribution range there is more variation at the population 

level for the rare grass and the common grass than at the comrmnity level. 



This  goes a g a i n s t  t h e  expec ta t ion  t h a t  t h e  comrminity i s  more cornplex, and 

t h e r e f o r e ,  should have more v a r i a t i o n .  In  t h e  southern d i s  t r i b u t i o n  range  

t h e  amount of  comrnunity l e v e l  v a r i a t i o n  i s  g r e a t e r  than  p o p u l a t i o n  l e v e l  

v a r i a t i o n  f o r  one populat ion o f  the r a r e  g r a s s  and n e a r l y  e q u a l  f o r  a  

syrnpatr ic  popu la t ion .  The popu la t ion  t h a t  has g r e a t e r  c o m n i t y  l e v e l  

v a r i a t i o n  i s  t h e  populat ion t h a t  occurs  i n  an a r e a  where cryptogamic crust i s  

i n t a c t ,  whereas t h e  populat ion wi th  n e a r l y  equal  v a r i a t i o n  i s  i n  an a r e a  

where cryptogamic c r u s t  i s  d i s tu rbed .  This  is i n t e r e s t i n g  i n  t h a t  i t  seems 

c o n t r a d i c t o r y  t o  t h e  in t e rmed ia t e  d i s t u r b a n c e  hypothes is ,  which p r e d i c t s  

g r e a t e r  s p e c i e s  d i v e r s i t y  i n  a r e a s  o f  moderate d i s tu rbance  (Conne11 1978) .  

The a r e a s  iackirig cryptogamic c r u s t  appear  t o  be a f f e c t e d  by s o i 1  

d i s t u r b a n c e s  c r e a t e d  by f r o s t  a c t i o n .  Na tu ra l  d i s tu rbances  p l ay  an  impor t an t  

r o l e  i n  t h e  o rgan iza t ion  of  c o m n i t i e s  (Sousa 1984). Once a n  a r e a  i s  

d i s t u r b e d ,  a  gap i s  formed and, acco rd ing  t o  t h e  in t e rmed ia t e  d i s t u r b a n c e  

h y p o t h e s i s ,  h i g h e r  spec ies  d i v e r s i t y  occurs  during s u c c e s s i o n a l  s t a g e s .  

Spec ie s  d i v e r s i t y  dec l ines  once the gap i s  f i l l e d .  This  h y p o t h e s i s  was 

suppor t ed  by observa t ions  on i n t e r t i d a l  a l g a l  comrmnities (Sousa 1979a.b)  and 

on t h e  f i l l i n g - i n  of gaps i n  i n t e r t i d a l  beds of  mussels ( P a i n e  and Levin 

1981) .  In  o l d - f i e l d  p l a n t  c o m n i t i e s ,  t h i s  hypothes is  i s  suppor t ed  

depending upon t h e  age of t h e  community (Armesto and P i c k e t t  1985) .  F i e l d s  

t h a t  were 7  y e a r s  o ld  supported t h e  hypo thes i s ,  whereas f i e l d s  t h a t  were 2 

y e a r s  o l d  d i d  n o t .  I n  t a l l g r a s s  p r a i r i e s  t h e  hypothes is  was n o t  suppor t ed  

wi th  r e s p e c t  t o  interrnediate  l e v e l s  of d i s tu rbance ,  but  was suppor t ed  i n  

r e l a t i o n  t o  an in termedia te  time span fo l lowing d i s tu rbance  ( C o l l i n s  e t  a l .  

1995) .  

A t  t h e  Ochoco study s i te ,  1 found t h a t  a r eas  where t h e  c ryptogamic  

c r u s t  was d i s t u r b e d  had s i g n i f i c a n t l y  lower v a r i a t i o n  than  a r e a s  where the 

cryptogamic c r u s t  was i n t a c t .  According t o  t h e  hypothes is ,  i f  the f requency 

o f  d i s t u r b a n c e  i s  high o r  low then s p e c i e s  r i chness  w i l l  be lower t h a n  a t  

i n t e r m e d i a t e  l e v e l s  of d is turbance .  I n  s h o r t g r a s s  p r a i r i e s ,  t h e  impact  o f  

d i s t u r b a n c e  on Bouteloua g r a c i l i s  depends upon frequency and s i z e ,  f requency 



tending to be inversely related to size (Cof f in and Lauenroth 1 9 8 8 ) .  Size 

and frequency together determine the total area affected by disturbances. If 

this hypothesis is supported in areas where frost action disturbances occur, 

then the frequency of frost action needs to determined. If the frequency is 

high or low relative to mean frequencies of frost action disturbance, then 

the hypothesis would be supported. 

Although the variation between comnity and population level 

organization is not coincident, comparing these two levels of organization 

and synthesizing or integrating them increases our overall understanding of 

rari ty. Population level observations increase Our understanding of the 

individual species and the factors that affect it. Community level 

observations increase the overall understanding of the position of a rare 

species in relation to the larger community and provides a broad spectrum 

analysis in which plausible causal mechanisms are revealed. Understanding 

that the population is an integral part of the comnity and that species 

rarity is as much a process of comnity level organization as it is of 

population level organization, is important to the understanding of the 

processes of rarity as a whole. 

A synthesis of comnity and population levels of organization does not 

answer why Achnatherum hendersonfi is rare. Neither does it develop a 

general theory about rarity. It does, however, acknowledge that a rare 

species is not isolated from its community and that an understanding of the 

causes and consequences of rarity requires unders tanding comnity as well as 

population levels of organization. A synthesis forces one to analyze a rare 

species at several biological levels, thereby increasing the potential of 

reaching conclusions about the cause of rarity. 

Whether looking at peculiarities of common species or at the 

idiosyncracies of rare species, comparative studies of comnity and 

population levels of organization and variation and a synthesis of these 

levels facilitate comprehension of underlying order and leads to otherwise 

unconsidered causal factors. A synthesis of synecological and autecological 



s tudies, in turn. enhances our understanding of ecological and evolutionary 

processes. 
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