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I investigate the population dynamics and distribution of the exotic grass, 

Bothriochloa ischaemum.  I conducted a set of surveys to which habitat types are 

occupied by B. ischaemum in central Texas, to determine the extent to which 

disturbances are necessary to its spread, and to measure its effects on plant 

diversity.  The only habitat in which B. ischaemum was never found was under 

the canopies of woody plants. It was more common in plots near roads, probably 

because roads facilitate seed dispersal. Grazing and fire history did not affect the 

distribution of this species. B. ischaemum-dominated plots had lower species 

diversity and species richness than plots without B. ischaemum.   

The effects of simulated grazing on B. ischaemum were studied to 

determine how grazing affects plant size, morphology, survival, fecundity, and 
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‘population’ growth rate. In a natural population of this species, half of the study 

plots were unclipped and all plants in the remaining plots were clipped to ‘bite 

height’ every two weeks for two years to mimic cattle grazing. Clipping 

decreased the average above-ground dry biomass per plant.  After two years of 

clipping, clipped plants had lower survival rates.  Clipped plants never set seed.  

Neighboring unclipped plants provided a source of seeds in clipped plots.  Despite 

the lower seed input, recruitment tended to be higher in clipped plots than in 

unclipped plots perhaps due to increased seedling survival.  Clipping did not 

affect ‘population’ growth rate.  Increased recruitment levels seem to have 

compensated for the negative effect of clipping on survival. 

Size-based population projection matrices were constructed and used to 

determine the potential population growth rate, potential stable population size 

distribution, and expected individual lifespan of clipped and unclipped plants.  

Elasticities and the proportional change in each matrix element caused by the 

clipping treatment were also calculated.  After two years of clipping treatments, 

clipped plots had a lower potential population growth rate, proportionally fewer 

small individuals, and a shorter expected lifespan than unclipped plots.  The 

ability of adults to survive and maintain their size was more important for the 

maintenance of λeig than was fecundity.   
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Chapter 1:  Introduction 

The central questions of population ecology involve understanding the 

factors that influence population size, population structure, and spatial patterns of 

populations.  These population characteristics are influenced by such biotic and 

abiotic factors as soil conditions, topography, fire history, herbivory, and 

competition.  Understanding how some of these biotic and abiotic factors affect 

plant populations is crucial to a better understanding of population ecology.  The 

increasing interest in management and restoration of natural ecosystems and in 

the preservation of biodiversity makes an understanding of the processes which 

determine plant abundances and distributions even more important. 

  Problems arising from the invasion of natural communities by non-native 

species have received increasing attention over the last decade.  Some of these 

problems include changes in community composition, competitive interactions, 

community diversity, and disturbance regimes (Bock et al. 1986; D’Antonio and 

Vitousek 1992; Christian and Wilson 1999; Williams and Baruch 2000).  Familiar 

examples of non-native problem-causing species include the red imported fire ant 

(Solenopsis invicta) and cheatgrass (Bromus tectorum) (Mack 1981; Gotelli and 

Arnett 2000).  Even “desirable,” that is, deliberately introduced species may have 

negative effects, especially on native biodiversity (Holm et al. 1977).  Two well-

known examples of deliberately introduced species subsequently found to have 

negative effects on native communities are the range grasses Lehmann lovegrass 

(Eragrostis lehmanniana) and buffelgrass (Pennisetum ciliare) (Bock et al. 1986; 
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Anable et al. 1992; Williams and Baruch 2000); I show that Bothriochloa 

ischaemum, the subject of my research, is another such species.  B. ischaemum is 

very common in central Texas where this study was conducted.  Although it has 

not been previously studied in a conservation context, many land managers now 

consider it to be a problem (C. Sexton, USFWS, pers. comm.; T. Siegenthaler, 

Shield Ranch, pers. comm.). 

Herbivory is known to have profound effects on almost any plant trait, 

from its biochemistry to its role in an ecosystem (Crawley 1983).  A number of 

published studies have described the effects of herbivores on survival rates and 

fecundities of plants (e.g., Bishop and Davy 1984; Louda 1984; Doak 1992; 

Ehrlén 1995a).  Of most relevance here are studies that, like the present study, 

examined the effects of ungulate grazing (actual or simulated) on plant survival or 

fecundity (e.g., Bergelson and Crawley 1992; Bastrenta and Belhassen 1992; 

Bullock et al. 1994a; Damhoureyeh and Hartnett 2002; Hickman and Hartnett 

2002).  Many of these studies have reported that grazing reduces plant survival 

and fecundity (Bullock et al. 1994a; Erhlén 1995a; Damhoureyeh and Hartnett 

2002).  In some cases, however, grazing may have positive indirect effects on 

plant performance by reducing plant competition (e.g., Bullock et al. 1994a). 

Although a substantial number of studies have described the effect of 

grazing on individual growth rate, survival, or fecundity (e.g., Doak 1992; Ehrlén 

1995a; Bastrenta and Belhassen 1992; Bergelson and Crawley 1992; Bullock et 

al. 1994b; Hickman and Hartnett 2002; Damhoureyeh and Hartnett 2002) 

relatively few studies have measured the effects of grazing on population growth 
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rate (Doak 1992; Bullock et al. 1994b; Bastrenta et al. 1995; Ehrlén 1995b; 

O’Connor 1993; Hunt 2001).  Because grazing generally reduces plant growth, 

survival, and fecundity (Doak 1992; Ehrlén 1995a; Bullock et al. 1994b; 

Damhoureyeh and Hartnett 2002), one might expect it to reduce population 

growth rate, but much remains to be learned about the relationship between 

grazing and population dynamics, especially of grazing-tolerant species like B. 

ischaemum. 

This study had two primary goals:  (1) to identify some of the 

environmental factors which determine the distribution of an exotic grass, 

Bothriochloa ischaemum, in central Texas and (2) to investigate the effects of 

grazing on the population dynamics of this exotic grass.  In chapter two I 

investigate the distribution of this species in central Texas; I determine the extent 

to which disturbances are necessary to its spread; and I measure its effects on 

plant diversity.  Chapters three and four examine in more detail the effects of 

grazing on B. ischaemum.  In these chapters I determine how grazing affects plant 

size, morphology, survival, fecundity, and population growth rate.  I also use 

these data to construct size-based population projection matrices.  These matrices 

allowed me to investigate the effects of clipping on potential population growth 

rate (λ), potential stable population size distribution, and the expected lifespan of 

plants.  I was also able to measure the contribution of each matrix element to 

changes in λ. 

The increasing interest in the management and restoration of natural 

systems and in the preservation of biodiversity poses substantial challenges to 
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ecologists.  This study has allowed me to simultaneously address basic scientific 

questions about herbivory and conservation problems.  B. ischaemum is the only 

common non-native plant species in grasslands and savannas of the eastern 

Edwards Plateau of central Texas and was therefore an ideal species for me to use 

in these studies.    
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Chapter 2: Current habitat occupation by an invasive grass:  few 
apparent limits to future abundance 

ABSTRACT 

The goals of this study were to describe the habitat types that are occupied 

by the Eurasian grass Bothriochloa ischaemum (King Ranch bluestem) in central 

Texas, to determine the extent to which disturbances are necessary to its spread, 

and to measure its effects on plant diversity.  A set of surveys was made to 

determine the effects of woody cover, slope, roads and trails, prescribed burning, 

and grazing on the distribution and abundance of this species.  Species richness 

and diversity of perennial herbaceous species were compared between plots in 

which B. ischaemum was absent and plots that it dominated.  

The only habitat in which B. ischaemum was never found was under the 

canopies of woody plants. B. ischaemum grew in plots of all inclinations (flat sites 

to steep hillsides), with little evidence of habitat preference. B. ischaemum was 

more often, although not exclusively, found in plots near roads, probably because 

roads facilitate seed dispersal. There was no significant effect of either grazing or 

fire history on the distribution of this species. B. ischaemum-dominated plots had 

lower species diversity and species richness than plots in which no B. ischaemum 

was found.  The results of this study confirm that B. ischaemum is very common 

in the savannas of the eastern Edwards Plateau and indicate that it will continue to 

spread throughout this region and to increase in abundance. 
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INTRODUCTION 

Problems arising from the invasion of natural communities by non-native 

species have received increasing attention over the last decade.  Some of these 

problems include changes in community composition, competitive interactions, 

community diversity, and disturbance regimes (Bock et al. 1986; D’Antonio and 

Vitousek 1992; Christian and Wilson 1999; Williams and Baruch 2000).  Familiar 

examples of non-native, problem-causing species include the red imported fire ant 

(Solenopsis invicta) and cheatgrass (Bromus tectorum) (Mack 1981; Gotelli and 

Arnett 2000).  Even “desirable,” that is, deliberately introduced, species may have 

negative effects such as causing reductions in native biodiversity (Holm et al. 

1977).  Two well-known examples of deliberately introduced species 

subsequently found to have negative effects upon native communities are the 

range grasses Lehmann lovegrass (Eragrostis lehmanniana) and buffelgrass 

(Pennisetum ciliare) (Bock et al. 1986; Anable et al. 1992; Williams and Baruch 

2000).  Here we report the results of a study of another such species, King Ranch 

bluestem (Bothriochloa ischaemum).  B. ischaemum is very common in central 

Texas where this study was conducted.  Although it has not been previously 

studied in a conservation context, many land managers now consider it to be a 

problem (C. Sexton, USFWS, pers. comm.; T. Siegenthaler, Shield Ranch, pers. 

comm.).  We therefore examined its current distribution and its effects upon 

native plant diversity. 

Old World bluestem grasses, including B. ischaemum, were (and still are) 

planted for erosion control, revegetation of plowed or graded areas, fodder, and 
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rangeland improvement.  Interest in these grasses arose from their apparent 

superiority to American bluestems (Andropogon spp., Bothriochloa spp., 

Schizachyrium spp.) and other native grass species with regard to ease of 

establishment, fodder quality and yield, and persistence under grazing (Eck and 

Sims 1984; Coyne and Bradford 1985, Dewald et al. 1985; Dewald et al. 1988).   

B. ischaemum is native to grasslands of Europe and Asia.  The variety B. 

ischaemum var. songarica, commonly called King Ranch bluestem, was 

introduced to the United States in 1917 from Amoy, China, and was first released 

in Texas in 1949 (Sims and Dewald 1982).  It was widely planted for many 

decades, and is still in use.  Many of the areas initially enrolled in the 

Conservation Reserve Program were sown with B. ischaemum (Berg 1990).  It is 

still being planted by the Texas Department of Transportation along highways (N. 

Fowler pers. obs.). 

B. ischaemum invades areas in which it was not seeded (N. Fowler 

unpublished data; Eck and Sims 1984), but it was not clear whether it requires a 

disturbance of some sort to gain a foothold.  Disturbance, or rather, a change in 

the natural disturbance regime, is often a precursor to invasions by non-native 

plant species (Hobbs 1991).  Most, but not all, plant species that are successful 

invaders are early-seral species favored by disturbance (Hobbs 1991; Hobbs and 

Humphries 1995).  Roads, trails, excessive grazing, and fire are all known to be 

disturbances that in some instances favor non-native plant species (Mack 1989; 

D’Antonio and Vitousek 1992; Spellerberg 1998).  Accordingly we investigated 

the role of disturbance in promoting B. ischaemum invasion. 
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This study had three goals:  (1) to describe the habitat types that are 

occupied by B. ischaemum in central Texas, so as to estimate its potential future 

distribution; (2) to determine the extent to which disturbances of various sorts are 

necessary, facilitative, or irrelevant to the spread of B. ischaemum; and (3) to 

determine whether B. ischaemum-dominated areas have lower plant species 

diversity than areas where B. ischaemum is absent. 

METHODS 

Overview 

Five different surveys, each addressing a particular question, were 

conducted in a total of eight sites in central Texas (Table 2.1).  The general 

survey investigated the relationship between B. ischaemum presence and slope, 

percent canopy cover, and the presence of nearby disturbances such as roads and 

trails.  The fire survey investigated the relationship between B. ischaemum 

presence and past fires.  The grazing survey was used to determine the 

relationship between B. ischaemum presence and grazing intensity.  The 

disturbance survey was used to investigate further the relationship between the 

distance from roads, trails and creeks, and the presence of B. ischaemum.  The 

diversity survey compared the diversity of B. ischaemum-dominated sites and 

sites where B. ischaemum was absent. 
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Study sites 

The Edwards Plateau of central and west Texas covers about 93,240 

square kilometers (LBJ School of Public Affairs 1978).  Grasslands of the eastern 

Edwards Plateau (locally called the ‘Hill Country’) are generally restricted to 

gentle slopes, flat or undulating hilltops, and other flat areas.  These areas are not 

treeless expanses; grasslands of the Hill Country are savannas (scattered trees or 

clusters of trees in a grassy matrix).  They may be dominated by either midgrasses 

or shortgrasses.  The dominant grass species are little bluestem (Schizachyrium 

scoparium), Texas wintergrass (Nassella leucotrica), various species of three-awn 

grasses (Aristida spp.), muhly grasses (Muhlenbergia spp.), and grama grasses 

(Bouteloua spp.), and King Ranch bluestem (B. ischaemum).  The most common 

woody species of these savannas are Plateau live oak (Quercus fusiformis) and 

Ashe juniper (Juniperus ashei). 

The surveys described here were carried out in a total of eight sites, all 

located on the eastern Edwards Plateau of central Texas (Table 2.1).  The first site 

surveyed was Pedernales Falls State Park, a 2109.2 ha former ranch that has been 

open to the public as a state park since 1971.  Since then it has not been grazed.  

Some areas of it are managed with prescribed fire. 

Five sites were selected from land parcels composing the Balcones 

Canyonlands National Wildlife Refuge.  None of these sites are currently being 

grazed, although all were grazed in the past, and most are being managed using 

prescribed fires (C. Sexton, USFWS, pers. comm.).  The sites chosen from the 

Refuge were the Doeskin Ranch, Eckhardt, Nagel, Simons, and Victoria tracts.   
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Southwest Texas State University Freeman Ranch is a 1701 ha ranch.  

This ranch is thought to have been managed as a cattle/sheep ranch since the early 

to mid 1800s (Barnes et al. 2000).  The ranch is currently stocked at a rate 

between 1 animal unit/25 acres and 1 animal unit/40 acres (Barnes et al. 2000).  

This stocking rate is similar to those found on many private ranches in this area. 

Shield Ranch is a privately owned tract of 2711.5 ha.  The ranch is 

currently stocked at 1 animal unit/40 acres (T. Siegenthaler, Shield Ranch, pers. 

comm.).  At the time of this study the ranch was not being managed with 

prescribed fire. 

General survey  

In the summer of 1996 a pilot study was conducted at Pedernales Falls 

State Park.  One-hundred and one circular plots were randomly located 

throughout the park.  Their locations were selected by generating random x and y 

coordinates and superimposing these coordinates on a map of the park.  Each plot 

had a radius of one meter.  At each plot the slope (in categories: 0 %, 0 – 5 %, 5 – 

25 %, and greater than 25 %) , percent canopy cover (in categories:  0 %, 0 – 5 %, 

5 – 25 %, 25 – 50 %, 50 – 75 %, and greater than 75 %), type of canopy, evidence 

of perturbation (e.g., road, creek, or trail), presence or absence of B. ischaemum, 

and the identities of all other perennial vascular plant species were recorded.  

Preliminary analysis of these 101 plots revealed that B. ischaemum never 

grew in plots under dense tree canopies.  Therefore all such plots (35 of the 101) 

were discarded from the data set, and all later plots in the general survey were 

selected using a stratified random sampling protocol: any plots that an aerial 
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photograph showed to have a dense tree canopy were discarded a priori.  Using 

this modification of the sampling protocol, 20 more plots were sampled in 

Pedernales Falls State Park in the summer of 1996, for a total of 86 plots from 

Pedernales Falls State Park in 1996.  The same variables were recorded in these 

20 plots that were recorded in the initial 101 plots.   

In the summer of 2001, 89 additional plots were surveyed to increase the 

sample size.  These additional plots were located in Pedernales Falls State Park 

(48 plots) and in five other study sites (Doeskin Ranch, Eckhardt, Nagel, Simons, 

and Victoria; Table 2.1).  The total number of plots in the general survey was 175 

from all sites. 

In each site in 2001, plots were located using the same modified sampling 

protocol that was used for the final 20 plots of 1996.  As in the pilot study all 

plots were circular with a radius of 1 m.  At each plot the slope, percent canopy 

cover, type of canopy, presence of a nearby road, and percent cover (in categories:  

0 %, 0 – 5 %, 5 – 25 %, 25 – 50 %, 50 – 75 %, and 75 – 100 %) of B. ischaemum 

were recorded.  In the 48 plots located in Pedernales Falls State Park in 2001 the 

percent cover of each herbaceous perennial vascular plant species (in categories:  

0 %, 0 – 5 %, 5 – 25 %, 25 – 50 %, 50 – 75 %, and 75 – 100 %) was recorded.  At 

the other five sites, information was not collected about herbaceous species other 

than B. ischaemum, because as the summer progressed it became difficult to 

distinguish between live (but drought-dormant) and dead plants of some species. 

The χ2 test of independence was used to test relationships between the 

presence of B. ischaemum and slope (as two classes: < 5 % and > 5 % inclination) 
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or the presence of a road within 20 m of the plot (Sokal and Rohlf 1994).  The χ2 

test of independence was also used to test associations between B. ischaemum and 

the most common perennial grass species, Schizachyrium scoparium (little 

bluestem).  Multiple testing was taken into account by using Bonferroni’s 

correction (Sokal and Rohlf 1994).  Therefore each of these three analyses was 

done with a α-level of 0.017, to yield an overall α-level of 0.05. 

If a χ2 test was not significant, the power of that test was determined.  For 

example, the test of association between presence/absence of B. ischaemum and 

slope/flat was not significant at the (adjusted) 0.017 level.  Let 1p̂ = the observed 

proportion of flat plots with B. ischaemum present, 1q̂ = the observed proportion 

of flat plots with B. ischaemum absent, and 1p̂  + 1q̂  = 1.0.  Likewise, let 2p̂  = the 

observed proportion of sloped plots with B. ischaemum present, 2q̂  = the 

observed proportion of sloped plots with B. ischaemum absent, and 2p̂  + 2q̂  = 

1.0.  Let N1 = the number of flat plots, N2 = the number of slope plots, and N1 + 

N2 = N, the total number of plots in the analysis.  I constructed every possible 

contingency table for the observed values of N1 and N2.  For each of these 

contingency tables, I determined the likelihood of that contingency table given 

that p1 = 1p̂ , q1 = 1q̂ , and p2 (and therefore q2) had a particular value of interest 

(such as one-third the value of p1).  For example, let N1 = 10, N2 = 10, p1 = 0.6, 

and p2 = 0.2.  In this instance, the probability of obtaining the values (7, 3, 4, 6) 

=
10 107 3 4 6(0.6) (0.4) (0.2) (0.8)
7 4
   

∗   
   

.  Each of these contingency tables was 

tested with a standard χ2 test.  The likelihoods of all significant tables were 
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summed, yielding the probability of a significant test given the particular values 

of p1 and p2 chosen. 

The number of herbaceous perennial species per plot (species richness) 

was calculated for each plot surveyed in Pedernales Falls State Park in 1996 and 

2001.  A Kruskal-Wallis test was used to compare the richness of plots with and 

without B. ischaemum (Zar 1984). 

The cover of each herbaceous perennial species in each plot was estimated 

to be the midpoint of the range of values of its cover category, e. g., a species 

which had 5 – 25 % cover in a plot was considered to have 15 % cover.  Using 

these estimates of cover, the diversity of each plot surveyed in Pedernales Falls 

State Park in 2001 was calculated.  First, pi, the cover of species i divided by the 

summed cover of all herbaceous perennial species in that plot, was calculated for 

each species in each plot.  Then diversity was calculated as Simpson’s diversity 

index D (D = 1/ (Σpi2); Simpson 1949) and Shannon’s diversity index H (H = -Σ 

(pi*lnpi); Shannon 1948).  A Kruskal-Wallis test was used to compare the 

diversity of plots with and without B. ischaemum. 

For each species found in the plots surveyed at Pedernales Falls State Park 

in 1996 and 2001, the number of plots in which it was found was calculated.  

From the 2001 data the mean cover of each species was calculated. 

Fire survey  

The effect of prescribed fire management on B. ischaemum abundance 

was investigated at three sites (Eckhardt, Pedernales, and Simons).  At each of 

these sites a burned area and a similar unburned area were chosen.  At Eckhardt 
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and Simons five plots were randomly located in the burned area of each site and 

five plots in the unburned area of each site.  At Pedernales 10 plots were 

randomly located in the burned area and 10 plots in the unburned area.  The 

percent cover of B. ischaemum was recorded at each of these 40 plots.  The χ2 test 

of independence was used to test the relationship between the use of prescribed 

fire and B. ischaemum presence. 

Grazing survey  

To determine the effects of grazing on B. ischaemum abundance, transects 

were established going away from water sources in randomly determined 

directions at each of two sites (9 transects at Shield Ranch and 15 at Freeman 

Ranch) on the eastern Edwards Plateau.  Plots were located along these transects 

at the following distances from the water source:  0 m, 10 m, 30 m, 50 m , 70 m, 

90 m, and every subsequent 100 m until the distance of 790 m.  If a transect 

crossed a road or fenceline the transect was stopped before it reached 790m.  

These transects were designed to provide a gradient of grazing intensity, with the 

intensity decreasing as the distance from the water source increased.  To confirm 

that cow usage was in fact highest closest to the water source, the number of cow 

pats present in each plot was recorded.  In each plot the percent cover (using the 

same categories as were used in the general survey) of B. ischaemum was also 

recorded. 

To analyze these data I first performed regressions on the data from each 

of the transects (x = distance, y = 0 if B. ischaemum was absent, y = 1 if B. 

ischaemum was present).  Each of these regressions produced a regression line 
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with a slope.  If B. ischaemum were favored by grazing we would expect these 

lines to have negative slopes, if B. ischaemum were less common on heavily 

grazed sites these slopes would be positive, and if B. ischaemum were unaffected 

by grazing the slopes would be close to zero.  A sign test was used to determine 

whether the sample slopes were significantly different from zero (Wackerly et al. 

1996). 

Disturbance survey  

The results from the general survey suggested that B. ischaemum was 

found more frequently near disturbances such as roads, trails, and creeks.  To 

investigate further the effects of different types of disturbance 35 locations were 

randomly selected along roadsides, trailsides, and creeksides at Pedernales Falls 

State Park.  At each of these locations, a ‘starting point’ was chosen 3 m from the 

edge of, and on a line perpendicular to, a road, creek, or trail.  Firstly, the 

presence or absence of B. ischaemum at this ‘starting point’ was recorded.  

Secondly, the presence or absence of B. ischaemum within a 180° semicircle (of 

20 m radius, with its straight line parallel to the road and centered at the ‘starting 

point’) was recorded.  Finally, if B. ischaemum was present at the ‘starting point’ 

the distance to the last B. ischaemum along a line from the ‘starting point’ 

perpendicular to the road, creek, or trail was measured.  The mean distances to the 

last B. ischaemum individual were compared among disturbance types with 

analysis of variance (ANOVA; Sokal and Rohlf 1994).   
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Diversity survey  

To investigate the effect of B. ischaemum on species diversity a survey 

was conducted in summer 2002.  Because B. ischaemum is especially common 

and dense along roadsides, we sampled roadside plots at four sites (Pedernales 

Falls, Doeskin, Eckhardt, Simons).  Random locations along roads were 

identified.  18.2 % of these locations had a nearby patch dominated by B. 

ischaemum, that is, in which B. ischaemum accounted for > 50 % of the total plant 

cover.  At each of the 116 locations with a patch of this type, one plot was located 

at least 10 m from the edge of the road in the closest patch in which B. ischaemum 

accounted for more than 50% of the total cover.  Then a second plot, from which 

B. ischaemum was absent, was located as close as possible to the first plot in each 

location.  In each plot, the percent cover of each herbaceous perennial vascular 

plant species was recorded.  Cover was recorded using the categories 0 %, 0 – 5 

%, 5 – 25 %, 25 – 50 %, 50 – 75 %, and 75 – 100 %. 

The species richness and the diversity of each plot were calculated as 

described above.   Species richness and each of the indices of diversity were used 

to compare plot types with a paired t-test (Sokal and Rohlf 1994). 

RESULTS 

General survey  

Bothriochloa ischaemum was never found under dense tree canopies, but 

was common elsewhere.  It was present in 30.3% of all study plots (Table 2.2).  

The frequency of plots it dominated (i.e., accounted for > 50 % of the total plant 

cover) varied from 0 % to 75 % of all plots (Table 2.2).   
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B. ischaemum was found on slopes from 0° to > 25°, that is, the full range 

of slopes sampled.  For statistical testing, plots were classified as ‘slope’ (> 5°) or 

‘flat’ (< 5°).  There was a trend for B. ischaemum to be more common in flat 

plots (present in 34 %) than in plots on slopes (present in 16 %), but the 

association between B. ischaemum presence and slope was not significant at the α 

= 0.017 level of significance (χ2 = 3.99, df = 1, p = 0.05).  The test, however, was 

not very powerful at this α level.  B. ischaemum would have had to have been 

three times more common on flat areas than on slopes for the test to have had a 

power above 0.9 (i.e., a 90 % chance of detecting the effect).   

B. ischaemum was found in disturbed and in undisturbed areas.  B. 

ischaemum was especially common along roadsides (χ2 = 16.11, df = 1, p < 

0.0001) (Figure 2.1), but was not limited to roadside plots.   

The most common herbaceous perennial species in the Pedernales Falls 

State Park plots in both 1996 and 2001 was Schizachyrium scoparium (little 

bluestem grass).  It was found in 49 % of plots (41 of 86 in 1996 and 24 of 48 in 

2001).  B. ischaemum was found in 22 % of plots (17 of 86 plots in 1996 and 12 

of 48 plots in 2001), making it the 3rd or 4th most frequently found grass species.  

There was no relationship (negative or positive) between B. ischaemum presence 

and S. scoparium presence (25 % of plots with S. scoparium present also had B. 

ischaemum present; 24 % of plots in which S. scoparium was absent had B. 

ischaemum present).    

Cover was estimated in 2001 for the 48 plots in Pedernales Falls State 

Park.  The average total cover of all herbaceous perennial species was 30.2 %.  
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The cover of S. scoparium, averaged across all plots, was 12.3 % (24.7 % in the 

plots in which it occurred).  Each of the other herbaceous perennial species had 

less than 3 % cover averaged over plots.  The cover of B. ischaemum, averaged 

across all plots, was 1.6 % (= 5.3 % of total plant cover).  The average cover of B. 

ischaemum in the plots in which it occurred was 6.5 %.  

The average number of herbaceous perennial species per plot was 2 in 

1996 and 2.9 in 2001.  Plots without B. ischaemum had on average fewer species 

(1.9 versus 2.6 in 1996, p < 0.01; 2.7 versus 3.7 in 2001, p < 0.05).  If the average 

number of species other than B. ischaemum in each plot is calculated and 

compared (1.9 versus 1.6 in 1996; 2.7 versus 2.7 in 2001) plots with and without 

B. ischaemum were not significantly different. 

Diversity (as Simpson’s D and Shannon’s H indices) was estimated for the 

2001 Pedernales Falls State Park plots using the estimated cover values.  B. 

ischaemum was included in the calculation of diversity.  Plots with and without B. 

ischaemum did not differ significantly in diversity by either index.  

Fire survey  

B. ischaemum was common in both burned and unburned plots (Figure 

2.2).  There was a non-significant trend for B. ischaemum to be more common in 

burned plots than in unburned plots (χ2 = 2.85, df = 1, p = 0.09).  This was not a 

very powerful test.  Even with large differences in B. ischaemum abundance (the 

probability of B. ischaemum presence in an unburned plots being 0.20 and the 

probability of B. ischaemum presence in a burned plot being 0.50) there was less 

than a 50 % chance of detecting a significant difference.   
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Grazing survey 

The abundance of cow pats decreased as distance from the nearest water 

source increased (Figure 2.3), confirming that the distance from the nearest water 

source is a good surrogate for grazing intensity.  The plots closest to the water 

source did have less B. ischaemum than plots further along the transect; this is 

because plots right at the water source have little vegetation of any kind due to the 

very high degree of trampling there.  However the relationship between the 

presence of B. ischaemum and the distance of a plot from the nearest water source 

was non-significant (p = 0.19) and B. ischaemum was found at all distances from 

water sources with no indication of any relationship with grazing intensity (Figure 

2.4). 

Disturbance survey 

Roads had a very strong association with B. ischaemum; B. ischaemum 

was present on the roadside (i.e., at the ‘starting points’, which were 3 m from the 

road’s edge) in 82 % of all roadside locations (Figure 2.5).  This is much higher 

than the 30 % of plots that had B. ischaemum in the general survey.  (All roadside 

‘starting points’ were in the open, due to road construction and maintenance, so 

the general survey is an appropriate comparison).  100 % of roadside locations 

were within 20 m of a B. ischaemum plant. 

The association was weaker for creeks, partly because some of these 

locations were in wooded areas, where B. ischaemum is not found.  30 % of 

creekside plots had B. ischaemum in them and 80 % were within 20 m of a B. 

ischaemum plant (Figure 2.5).  In the pilot study, which included both wooded 
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and unwooded areas and is therefore an appropriate comparison, B. ischaemum 

was found in only 16 % of the study plots.  There was no association between 

trails and B. ischaemum presence (14 % compared to 16 % in pilot study), but the 

sample size was small (14 trailside plots) and most of the trails were in wooded 

areas.    The distance to the last B. ischaemum was greatest along roadsides 

(Figure 2.6), although the difference between the three types of transect was not 

quite significant (F2, 14 = 2.53, p = 0.12). 

Diversity survey 

Plots dominated by B. ischaemum had lower species richness than did 

their paired plots in which B. ischaemum was absent (an average of 3.7 species 

including B. ischaemum versus 5.3 species, Table 2.3; p < 0.0001).  Plots 

dominated by B. ischaemum also had lower diversity, by both indices (Table 2.4; 

p < 0.0001).  Plots dominated by B. ischaemum also had lower grass species 

richness and grass species diversity than did their paired plots (Table 2.4; p < 

0.0001).  

DISCUSSION 

The results of this study confirm that Bothriochloa ischaemum is very 

common in the savannas of the eastern Edwards Plateau.  They also suggest that 

this Eurasian grass will continue to spread throughout this region.  The only areas 

where B. ischaemum was never found were areas dominated by trees and large 

shrubs; B. ischaemum does not grow under dense canopies of woody species.  

Therefore, in sites where an increase in Juniperus ashei is converting savannas to 

‘cedar brakes’, we can expect B. ischaemum, like the native grass and forb 
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species, to decrease.  (The increase in J. ashei in former savannas, probably due to 

a reduction in fire frequency, is another land management problem in this region, 

beyond the scope of this study.)   

Although B. ischaemum tended to be more common in flat plots than in 

plots on hillsides, its distribution was not limited by slope.  In this region soil 

type, soil depth, and slope are all closely correlated (Fowler and Dunlap 1986).   

B. ischaemum can evidently grow in all common soil types in this region.   

Disturbances such as roads evidently favor B. ischaemum, but are not 

required for its establishment or spread.  B. ischaemum was found to be more 

common in plots nearer to roads, but was also present far from roads.  The roads 

surveyed in this study were at most 2 lane paved roads with a shoulder (including 

ditch) < 3 m wide, and most were graded dirt roads with no shoulder.  It is 

unlikely that B. ischaemum was deliberately sown along them, although it may 

have been sown in some of the adjoining rangeland (or former rangeland).  There 

are therefore two not mutually exclusive reasons for the abundance of B. 

ischaemum close to these roads: (1) disturbances caused by road construction 

(e.g., grading) and maintenance (e.g., re-grading of dirt roads, mowing of the 

shoulders of paved roads) may promote the establishment of this species and (2) 

roads may facilitate seed dispersal.  B. ischaemum is a bunchgrass with no 

obvious mechanism of seed dispersal.  Its tendency to form ‘advancing fronts’ in 

the sites it is invading (pers. obs.) is consistent with limited dispersal abilities.  

Roads probably promote dispersal via seeds picked up with mud by tires and 

similar mechanisms.  Regardless of which reason for the ‘road effect’ is more 



 22

important, once B. ischaemum is established by a road, it spreads outward from 

the road into areas not directly affected by the road.  We can expect this species to 

continue to spread along roadsides and out from them.  Because the entire region 

is covered with a network of public and ranch roads, it will eventually reach all 

suitable sites.  

Grazing intensity seems to have little effect on the distribution of B. 

ischaemum.  This is consistent with its reputation as a highly grazing tolerant 

species.  However, B. ischaemum was also common in Pedernales Falls State 

Park, which had not been grazed for 30 years, so simply removing grazing does 

not control this species.   

Unfortunately the region apparently does not have any savanna sites that 

have never been grazed by domestic stock (Fowler pers. obs.), so we cannot 

determine what the effect of past grazing by domestic stock has been on the 

invasibility of the savannas of the eastern Edwards Plateau.  Although bison were 

once present in central Texas, grazing intensity and duration increased with the 

introduction of domestic livestock and fencing.   It has been suggested that many 

Eurasian plants have invaded North America because they possess competitive 

advantages over native species in the presence of grazing (Mack and Thompson 

1982; Mack 1989).  For example, the Eurasian grasses Agropyron desertorum and 

Bromus tectorum, which have become naturalized in the Great Basin, are both 

more grazing-tolerant than the native Agropyron spicatum (Pyke 1986).  It may be 

that B. ischaemum is the only common non-native grass in the rangelands of the 
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eastern Edwards Plateau because most native species are somewhat grazing-

tolerant due to the historical presence of bison.   

B. ischaemum appears to be highly tolerant of prescribed fire.  It was very 

common in both burned and unburned areas, although there was a non-significant 

tendency for it to be more common in burned areas.  All the burned sites included 

in this study had received winter burns.  It is possible that other burning regimes 

might have different effects on B. ischaemum.   It is also possible that B. 

ischaemum may alter fire characteristics, because stands of B. ischaemum tend to 

have large quantities of standing dead material (pers. obs.) 

 Plots dominated by B. ischaemum were found to have significantly lower 

levels of plant species richness and diversity than plots where this species was 

absent.  Plots dominated by B. ischaemum had on average 2.7 herbaceous 

perennial species other than B. ischaemum, while plots without B. ischaemum had 

on average 5.3 herbaceous perennial species, and diversity of such species (even 

with B. ischaemum included in the calculation)  was approximately halved.  This 

is consistent with the visual impression of near-monoculture that many stands of 

B. ischaemum give.   It also confirms the concerns of local land managers that B. 

ischaemum presents a serious problem for those attempting to maintain native 

species and communities. 

However, in the general study, plots containing B. ischaemum had slightly 

higher species richness and diversity than plots without B. ischaemum.  In this 

survey, species richness and diversity could be calculated only from plots located 

in Pedernales Falls State Park, where the invasion of B. ischaemum seems to be in 
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the early stages.  As a result, this data set included almost no plots dominated by 

B. ischaemum.  It seems most likely that under these circumstances the negative 

effects of B. ischaemum on other species were concealed by the opposing 

tendency of species richness, diversity, and the likelihood of encountering any 

particular species, including B. ischaemum, in a plot all to be greater in plots with 

deeper soil, slightly higher soil moisture, and so on. 

Unfortunately the results of this study do not suggest any methods of 

controlling B. ischaemum, although the cessation of deliberate sowing would 

presumably slow its spread.  Neither protection from grazing nor prescribed 

burning appeared to control B. ischaemum.   The native species that would seem 

most likely to be able to out-compete it is Schizachyrium scoparium (little 

bluestem) , a common, relatively large, relatively grazing-sensitive grass that may 

have dominated these savannas before settlement and is known to have been a 

dominant in the Blackland Prairie to the east of this region (Diamond and Smeins 

1985).  However no evidence of a negative association between S. scoparium and 

B. ischaemum was detected in this study and in an experimental study (Gabbard 

and Fowler 2003) B. ischaemum outcompeted S. scoparium.   

The combination of deliberate introduction, broad environmental 

tolerances, strong negative impact upon native diversity, and no known method of 

control is shared by B. ischaemum with other, better-known invasive grasses such 

as Eragrostis lehmanniana (Lehmann lovegrass) and Pennisetum ciliare 

(buffelgrass).  It is not yet clear whether the effects of B. ischaemum upon native 

diversity will equal theirs; this invasion is still in progress.  The question is not 
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just ‘will it spread throughout all savanna sites in the region?’ but ‘will it come to 

dominate sites throughout the region?’  Will it form B. ischaemum-dominated, 

low diversity stands like those surveyed in the diversity survey in many or even 

most sites in this region?  Although it was very easy to find plots dominated by B. 

ischaemum for the diversity survey, at the time of this study (1999 – 2002) such 

stands were relatively uncommon more than 50 m away from roads in some sites 

(such as Pedernales Falls State Park), but were very common throughout other 

sites (such as those at Balcones Canyonlands National Wildlife Refuge; Table 

2.2).  There is unfortunately no obvious reason to expect that B. ischaemum-

dominated areas will not eventually become very common throughout the region, 

even quite far away from roads. 

B. ischaemum is one of a group of related grasses known as Old World 

bluestems.   Introduction, development, and release of other species of Old World 

bluestems continue.  For example, research at Texas Tech University (Lubbock, 

TX) directed towards developing sustainable agricultural systems has 

Bothriochloa bladhii (WW-B. Dahl, released in 1994) as its permanent pasture 

species (http://www.orgs.ttu.edu/forageresearch/SAREHome.htm 2003).  This 

cultivar was developed by the USDA-ARS Southern Plains Range Research 

Station in Woodward, OK, (http://www.sprrs.usda.gov 2003), which has 

developed and released other Old World bluestems such as WW-Ironmaster 

(another cultivar of B. ischaemum) and Caucasian (B. caucasia).  These cultivars 

have been developed as forage grasses for rangeland and permanent pasture, just 

as King Ranch bluestem, the Old World bluestem of this study, was.  In view of 
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the apparent invasiveness of King Ranch bluestem, it would seem that much more 

caution in the introduction, development, and release of other Old World 

bluestems is warranted.  Selected for the same traits, they would seem to have a 

high probability of being equally invasive and of having equally negative effects 

upon native biodiversity.  Educational materials and programs directed towards 

land owners and managers could also be modified to recommend native species in 

place of Old World bluestems. 
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Table 2.1.   Descriptions of each site surveyed in this study.  The rightmost 
column shows in which sites each of the surveys was conducted.  
BCNWR, Balcones Canyonlands National Wildlife Refuge. 

  

Site County Size (ha) Grazing history Fire history Surveys 
conducted in 
that site 

Doeskin, 
BCNWR  

Burnet      18.9  Ungrazed for 
previous 9 years 

3 cool season 
prescribed burns 

General 
survey, 
diversity 
survey 

Eckhardt, 
BCNWR 

Burnet     21.2 Ungrazed for 
previous 9 years 

Prescribed burns General 
survey, 
prescribed 
burn survey, 
diversity 
survey 

Freeman 
Ranch 

Hays 1701.0 Currently grazed No prescribed 
burns 

Grazing 
survey 

Nagel, 
BCNWR 

Burnet     11.0 Ungrazed for 
previous 9 years 

Prescribed burns General 
survey 

Pedernales 
Falls State 
Park 

Blanco 2109.2 Ungrazed for at 
least 30 years 

Some areas have 
had prescribed 
burns within the 
last 5 years; 
others have not 

General 
survey, 
prescribed 
burn survey 
(some plots 
only), 
disturbance 
survey, 
diversity 
survey 

Shield Ranch Travis 2711.5   Currently grazed No prescribed 
burns 

Grazing 
survey 

Simons, 
BCNWR 

Burnet     29.3 Ungrazed for 
previous 9 years 

3 cool season 
burns in most 
areas; also has a 
control area 
where 
prescribed burns 
have not 
occurred 

General 
survey, 
prescribed 
burn survey, 
diversity 
survey 

Victoria, 
BCNWR 

Travis     19.3 Ungrazed for 
previous 8 years 

No prescribed 
burns 

General 
survey 
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Table 2.2.   Number of plots in which B. ischaemum was present and number of 
plots that were dominated by B. ischaemum in each site.  For 
Pedernales State Park, all calculations that depended on the percent 
cover of B. ischaemum were only done for the 48 plots surveyed in 
2001, because that was the only year during which cover data were 
collected. 

 
site Nplots NB. ischaemum 

present 
N B. ischaemum > 50% 

cover 
N B. ischaemum > 

50% of summed plant 

cover  
Doeskin    8  1  (13 %) 0 0 

Eckardt    9  8  (89 %) 3  (33 %) 5 (56 %) 

Nagel  10  5  (50 %) 1  (10 %) 1 (10 %) 

Pedernales Falls  134 29  (22 %)  0/48 (0%) 4/48 (8 %) 

Simons   10  7  (70 %) 2  (20 %) 2 (20 %) 

Victoria     4  3  (75 %) 3  (75 %) 3 (75 %) 

Overall 175 53  (30 %) 9  (11 %) 13 (15 %) 
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Table 2.3.   Species richness and diversity of all herbaceous perennial vascular 
plant species in B. ischaemum-dominated plots and in plots without 
B. ischaemum.   

 
 B. ischaemum – 

dominated plots 
plots without B. 
ischaemum 

Species richness 3.6829 5.2805 

Simpson diversity index 1.2957 2.4039 

Shannon diversity index 0.3799 0.9244 

 

 

 

 

Table 2.4.     Species richness and diversity of grass species in B. ischaemum-
dominated plots and in plots without B. ischaemum. 

 
 B. ischaemum – 

dominated plots 
plots without B. 
ischaemum 

Species richness 3.15 4.55 

Simpson diversity index 1.32 2.35 

Shannon diversity index 0.41 0.91 
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Figure 2.1.  Presence and absence of B. ischaemum in plots near
a road (within 20m) and plots far from a road (p < 0.0001).
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Figure 2.2.  Presence and absence of B. ischaemum in burned and 
unburned plots  
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Figure 2.3.  Mean number of cow pats at each distance along the
transects (error bars, 1 sd).  
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Figure 2.4.  Proportion of plots in which B. ischaemum was present
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Chapter 3:  Effects of simulated grazing on the exotic grass, 
Bothriochloa ischaemum                                                                

ABSTRACT 

The effects of simulated herbivory upon an exotic perennial grass, 

Bothriochloa ischaemum, were studied to determine how grazing affects plant 

size, morphology, survival, fecundity, and ‘population’ growth rate. In a natural 

population of this species, half of the study plots were unclipped and all plants in 

the remaining plots were clipped to ‘bite height’ every two weeks for two years to 

mimic cattle grazing. In each plot the size (as number of tillers) and seed set of 

each individual of B. ischaemum were recorded in each year of the study.  At the 

end of the study plants were harvested and weighed.   

Clipping decreased the average above-ground dry biomass per plant. After 

one year of clipping, there was no difference in survival rates between clipped and 

unclipped plots.  After two years of clipping, clipped plants had lower survival 

rates.  In unclipped plants fecundity was proportional to plant size, while no 

clipped plants set seed.  Neighboring plants provided a source of seeds in clipped 

plots and contributed to recruitment in unclipped plots.  Despite the lower seed 

input, recruitment tended to be higher in clipped plots than in unclipped plots 

perhaps due to increased seedling survival.  There was no significant difference in 

‘population’ growth rate between clipped and unclipped plots.  It seems likely that 

increased recruitment levels compensated for the negative effect of clipping on 

survival. 
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INTRODUCTION 

Herbivory can have profound effects on almost any trait of a plant, from 

its biochemistry to its role in an ecosystem (Crawley 1983).  The present study 

examines the effects of herbivory on the individual plant traits that have the 

greatest effect upon population dynamics: survival rates and fecundities.  A 

number of published studies have described the effects of herbivores on these 

traits (e.g., Bishop and Davy 1984; Louda 1984; Doak 1992; Ehrlén 1995a).  Of 

most relevance here are studies that, like the present study, examined the effects 

of ungulate grazing (actual or simulated) on plant survival or fecundity (e.g., 

Bergelson and Crawley 1992; Bastrenta and Belhassen 1992; Bullock et al. 

1994a; Damhoureyeh and Hartnett 2002; Hickman and Hartnett 2002).  Many of 

these studies have reported that grazing reduces plant survival and fecundity 

(Bullock et al. 1994a; Ehrlén 1995a; Damhoureyeh and Hartnett 2002).  In some 

cases, however, grazing may have positive indirect effects on plant performance 

by reducing plant competition (e.g., Bullock et al. 1994a). 

The effects of herbivores upon plant size and plant growth rate also have 

strong effects upon population dynamics.  Because individual survival and 

fecundity are almost always closely related to plant size, herbivores can reduce 

population growth rate simply by reducing average plant size.  If herbivores 

reduce mean plant size, they generally also alter the size distribution of the 

population (i.e., the relative proportion of plants of each size) (Bullock et al. 

1996).  Any change in the size distribution is likely to alter the population growth 

rate, because plants of different sizes differ greatly in survival probability and in 
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mean fecundity.  For these reasons, among others, the size (as number of tillers) 

of each plant was recorded in each year of this study and the effects of herbivory 

on average individual size and on the size distribution were determined. 

Herbivory may also alter the size-specific survival or mean fecundity of 

one or more size classes.  In other words, herbivory may change the relationship 

between plant size and survival or plant size and fecundity.  A change in the 

relationship between plant size and fecundity or plant size and survival rate will 

alter the asymptotic (i.e., ‘equilibrium’ or ‘stable’) size distribution of a 

population, while a change in the population’s size distribution will not alter the 

asymptotic size distribution if size-specific survival and fecundity remain constant 

(Caswell 2001).  

Herbivory often affects individuals of different sizes differently.  For 

example, smaller plants will be more harmed than larger ones if the herbivore 

removes a constant amount of plant tissue, but small plants may be less harmed 

than larger ones if the herbivore is a grazer that removes plant tissues only above 

‘bite-height’.  In the latter situation, smaller plants will generally lose 

proportionately less tissue than larger ones because a larger proportion of their 

tissue will be below bite-height.  The smallest plants may escape damage 

altogether.  If the effect on larger, competing plants is great enough, the positive 

indirect effect of herbivory may even outweigh the negative direct effect (if any) 

of grazing.  This phenomenon is best known between species (e.g., Fowler 2002) 

but presumably also operates between conspecifics.   
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Herbivory often causes changes in morphology.  The direct effect of 

grazing, for example, is to reduce leaf or culm length.  Some changes in 

morphology are adaptive responses.  For example, many grazing-tolerant grass 

species are known to adopt a prostrate morphology when grazed by ungulates, 

presumably to reduce tissue loss (Detling and Painter 1983; Carman and Briske 

1985; Campanella 1997).  Here I report a morphological response that may also 

be adaptive, a change in biomass allocation to tillers.    

This study examines the effects of herbivory on (1) size-specific survival 

rates, (2) size-specific mean fecundities, (3) size-specific growth rates, (4) 

biomass allocation (g per tiller), (5) mean plant size, (6) the size distribution of 

the population, and (7) the observed rate of population growth.  The first five of 

these are individual traits (or, more precisely, population-level descriptors of 

individual-level traits), while the final two are purely population traits.  Which of 

these is most affected by grazing?  Does grazing affect plant populations 

primarily through its effects on plant size and morphology, or does it also have 

important effects upon the relationship between plant size and survival, or plant 

size and fecundity? 

METHODS 

Study site and organism 

This study was conducted at a site in Pedernales Falls State Park on the 

Edwards Plateau in central Texas.  The vegetation of the study site was a savanna, 

with clusters of woody plants, primarily Quercus fusiformis, Juniperus ashei, and 

Berberis trifoliolata, scattered in a matrix of herbaceous vegetation.  Bothriochloa 
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ischaemum was an important and increasing component of the herbaceous 

vegetation of this site, which was otherwise dominated by shortgrass species.  A 

further description of the study site can be found in Fowler (1984).  

Bothriochloa ischaemum, a C4 grass, is widely distributed in grasslands of 

Europe and Asia.  B. ischaemum var. songarica, commonly called King Ranch 

bluestem, was first introduced to the United States in 1917 from Amoy, China, 

and was first released in Texas in 1949 (Sims and Dewald 1982).  Since then it 

has been sown for grazing and soil conservation, and is now common along 

roadsides and in rangeland throughout central Texas.  

Experimental design 

In the fall of 1997, 17 pairs of permanent plots were randomly placed in 

area of approximately 700 m2.  Each plot was 0.5 m away from its paired plot.  

Plots were 0.5 m x 0.5 m in size.  To determine potential plot locations, an x,y-

coordinate system was placed over a map of the area and x,y-coordinates were 

generated by a random number generator.  These potential plot positions were 

then located in the field.  If B. ischaemum was present at a position a pair of 

permanent plots was established there.   

Clipping treatments were begun in July 1998 and continued for the length 

of the study.  For each pair of plots one (randomly chosen) plot was clipped to 5 

cm height (a typical ‘bite height’ for cattle) every 2 weeks during the growing 

season; the other plot was left unclipped.  This level of clipping was chosen to 

simulate a high grazing intensity and frequency.   
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Censuses were carried out in the summers of 1998, 1999, and 2000.  

During the summers of 1998 and 1999 censuses were conducted on all 17 pairs of 

plots.  In 2000 only eight pairs of plots were included in the census.  At each plot 

a 0.5 m x 0.5 m grid was placed above the plot; wires in the grid demarcated 

every 10 cm on the grid.  Levels were permanently affixed to the corners of the 

grid to make sure the grid was parallel to the ground.  The grid was used to 

determine the location of each plant.  Two rulers were glued together to form a 

right angle.  These rulers were placed in each corner of the grid and aided in the 

determination of exact plant locations. 

Within each plot the number of tillers and location of each individual of B. 

ischaemum were recorded.  The number of tillers was the best available non-

destructive measure of size in this species.  Plants in the outer 10 cm of the plots 

were not included in the census to avoid edge effects.  To estimate fecundity the 

length of each inflorescence was measured.  Once an inflorescence had been 

measured its culm was marked with a lightweight colored wire so that the same 

inflorescence was not measured more than once.  To determine the relationship 

between inflorescence length and seed-set, inflorescences were harvested from 

eleven randomly chosen plants located in the same area as the study plots.  The 

inflorescences were measured and all seeds on each inflorescence were counted.  

Inflorescence length provided a very good estimate of total number of seeds 

produced (R2 = 0.9951, p < 0.0001).  This species does not have a seed bank (B. 

Gabbard unpublished data), so the seeds set during the growing season of a given 

year were the only source of new recruits to the population for that year.   
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Size (number of tillers) and survival were recorded once a year, in June or 

July, for each individual in each plot censused.  A total of 729 individuals was 

sampled in 1998 from 34 plots, 925 individuals from 34 plots in 1999, and 397 

individuals from 16 plots in 2000.  The total inflorescence length produced 

(surrogate for number of seeds produced) was measured every other week 

throughout the growing season whenever plants were flowering.  At the end of the 

experiment (Fall 2000) the above-ground biomass of all plants from all study 

plots was harvested, dried, and weighed.   

Statistical analyses 

General 

Most statistical analyses were done on a plot, not an individual basis.  The 

sample size for the 1998-1999 interval size is 17 pairs of plots, and the sample 

size for the 1999-2000 interval is eight pairs of plots.  For the statistical analysis 

of population size distributions, the plants of all plots were pooled. 

Plant size 

For each plot the mean final above-ground dry biomass of the individuals 

in that plot was calculated.  The mean biomasses of clipped and unclipped plots 

were compared with a paired t-test (Zar 1984).  Biomass per tiller was measured 

for clipped and unclipped plants at the end of the experiment.  Biomass in 1999 

was estimated by multiplying the number of tillers of each clipped plant in 1999 

by the mean biomass per tiller of clipped plants in 2000 and by multiplying the 

number of tillers of each unclipped plant in 1999 by the mean biomass per tiller of 

unclipped plants in 2000. 
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A linear regression confirmed that the number of tillers a plant had in one 

year was correlated with the number of tillers it had the next year (independent 

variables were number of tillers in first year and plot pair; dependent variable was 

number of tillers in second year; intercept set at 0,0) (Neter et al. 1996).  Four 

separate linear regressions were done:  one on clipped plots in the 1998-1999 

interval, one on unclipped plots in the 1998-1999 interval, one on clipped plots in 

the 1999-2000 interval, and one on unclipped plots in the 1999-2000 interval.  

The data used in these regressions only included individuals that were present in 

both years of the survey.  (In other words, new recruits and individuals that died 

were excluded from this analysis).   

The mean number of tillers per plant was calculated for each plot in 1999 

and 2000, and clipped and unclipped plots were compared with paired t-tests.  For 

each plot in 1999 and 2000 the mean number of tillers of new recruits and the 

mean number of tillers of survivors were also calculated, and clipped and 

unclipped plots were compared with paired t-tests.  Plots which had either no 

survivors or no recruits in a given year were not included in the analysis for that 

year. 

Plant growth  

Individual net plant growth was calculated for each annual interval as the 

difference between the size in year two and the size in year one (i.e., difference 

between 1999 and 1998; difference between 2000 and 1999).  The net difference 

was used rather than a measure of proportional change because proportions can 

not be expected to have a normal distribution but the mean difference should be 
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normally distributed (according to the central limit theorem).  Paired t-tests were 

used to compare the mean net growth of clipped and unclipped plants during the 

1998-1999 interval and the 1999-2000 interval. 

Fecundity  

To determine the relationship between a plant’s number of tillers and the 

number of seeds it produced, a linear regression was conducted on the data from 

the unclipped plots for the data from 1998 (the dependent variable was 

inflorescence length; independent variables were number of tillers and plot pair).   

Survival 

Logistic regressions were used to determine the relationship between the 

number of tillers a plant had and its survival and whether or not clipping affected 

survival (independent variables were plot pair, clipping treatment, and number of 

tillers; dependent variable was survival) (Cook and Weisberg 1999).  Separate 

analyses were done for each annual interval (1998-1999 and 1999-2000).  

Interaction terms which were far from significant were dropped from the analyses.  

Therefore the only interaction term which was included in the 1998-1999 analysis 

was the number of tillers x plot interaction.  In the 1999-2000 analysis the number 

of tillers x plot and plot x treatment interactions were included in the model.  A 

logistic regression was also used to determine the relationship between a plant’s 

estimated biomass and its probability of survival during the 1999-2000 interval.  

This analysis also included the estimated biomass x plot and plot x treatment 

interactions. 
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For comparison purposes mean survival rates were calculated for each size 

class.  Each plant was assigned to a size class based on its number of tillers.  Each 

plant censused in 1999 was also assigned to a size class based on its estimated 

biomass.  The definitions of the size classes are given below.   

Plant morphology 

For each plot in each treatment, the average above-ground dry biomass of 

individual tillers in 2000 was calculated by dividing the total above-ground dry 

biomass of all individuals in a plot by the number of tillers of all individuals in a 

plot.  The mean average biomasses of individual tillers in each of the two 

treatments were compared with a paired t-test. 

Number of individuals 

The mean numbers of individuals in clipped and unclipped plots in 1999 

and 2000 were compared with paired t-tests.  The mean numbers of new recruits 

and survivors in 1999 and 2000 in clipped and unclipped plots were also 

compared with paired t-tests. 

Density 

The number of tillers in each plot was used as a measure of B. ischaemum 

density.  The mean densities of B. ischaemum in clipped and unclipped plots in 

1999 and 2000 were compared with paired t-tests. 

Size distribution 

Each plant was assigned to a size class based on its number of tillers.  Size 

classes were chosen to group plants with similar survival rates and fecundities 
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together.  Most new recruits had less than four tillers and so all plants with fewer 

than five tillers were assigned to the first size class.  Five size classes were used 

(size class one:  1-4 tillers; size class two: 5-9 tillers; size class three: 10-20 

tillers; size class four 21-30 tillers; size class five: more than 30 tillers). 

For each treatment I determined the average size distribution at each 

census (1999 and 2000) by pooling the data from all plots.  To compare the size 

distributions of clipped and unclipped plots for each of the two censuses I used χ2 

tests of independence (Sokal and Rohlf 1994).  In the analysis of the 2000 data, 

size classes four and five were pooled because there were not enough individuals 

in size class five to allow a χ2 analysis.   

At the end of the experiment, plants were assigned to biomass classes 

based on their above-ground dry biomass.  These size classes were 0 – 0.27 g, 

0.27 – 1.03 g, 1.03 – 3.66 g, 3.66 – 7 g, more than 7 g.  These size classes were 

used to determine the biomass distributions of clipped and unclipped plots at the 

end of the experiment.  These size distributions were compared with a χ2 test of 

independence.  Biomass classes three, four, and five were pooled to satisfy the 

sample size requirements of a χ2 analysis. 

Observed ‘population’ growth rate  

The observed population growth rate during the first annual interval was 

calculated for each plot as the number of individuals present in 1999 divided by 

the number of individuals present in 1998.   The same calculation was done in the 

second interval using the number of individuals present in 2000 and the number 

of individuals present in 1999.  Mean and median population growth rates were 
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calculated for each treatment.  Differences in observed population growth rates 

were compared with a Wilcoxon paired-sample test (Zar 1984).   

Relative change in tiller density was calculated as the number of tillers 

present in the one year divided by the number of tillers present in the previous 

year.  A Wilcoxon paired-sample test was used to compare the relative change in 

tiller density of clipped and unclipped plots. 

RESULTS 

Plant size  

The mean final above-ground dry biomass of plants in clipped plots was 

significantly less than it was in unclipped plots (t = -2.48, df = 13, p = 0.03); on 

average (i.e., mean of plot means) clipped plants were 0.25 g and unclipped plants 

were 0.99 g (Figure 3.1).  In 1999 clipped plants were also smaller than unclipped 

plants (0.44 g versus 0.88 g).  For both treatments in both years of the study the 

number of tillers in one year was highly correlated with the number of tillers in 

the next year (Figure 3.2, Figure 3.3).  In 1999 clipped plants had on average 

more tillers than did unclipped plants, although not significantly so (t = 1.79, df = 

16, p = 0.09); on average clipped plants had 11.8 tillers and unclipped plants had 

7.7 tillers (Table 3.1).  In 2000, however, unclipped plants had more tillers, 

although again the difference was not significant (t = -1.57, df = 8, p = 0.16); on 

average clipped plants had 3.7 tillers and unclipped plants had 5.9 tillers (Table 

3.2).  In 1999 new recruits to the population had significantly more tillers in 

clipped plots than in unclipped plots (t = -2.96, df = 15, p = 0.01) (Table 3.1).  

Because new recruits to clipped plots had more tillers than those in unclipped 
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plots, many of these recruits were classified in the second size class whereas in 

the unclipped plots most recruits were classified in the first size class.  In 2000 

there was no significant difference between the number of tillers per new recruit 

in clipped and unclipped plots (t = 0.65, df = 7, p = 0.53) (Table 3.2).  In 1999 

survivors (individuals present in 1999 that were not new recruits to the 

population) just missed having significantly more tillers in clipped plots than in 

unclipped plots (t = 2.09, df = 14, p = 0.06); in 2000 there was no significant 

difference between clipped and unclipped plots (t = -1.50, df = 7, p = 0.18) (Table 

3.1, Table 3.2). 

Plant growth  

During the first annual interval of 1998 – 1999 surviving plants in clipped 

plots had a greater net gain of tillers than did surviving plants in unclipped plots (t 

= 3.10, df = 13, p = 0.01).  Clipped plants gained on average 4.7 tillers during the 

1998-1999 interval; unclipped plants lost on average 1.36 tillers during the same 

period.  Surviving plants in clipped plots were therefore more likely to grow into 

a larger size-class than were plants in unclipped plots and less likely to ‘grow’ 

into smaller size-class.  During the second annual interval of 1999-2000, most 

surviving plants in both unclipped and clipped plots ‘grew’ smaller.  On average 

plants in the clipped plots had a greater net loss of tillers than did plants in the 

unclipped plots (t = -2.76, df = 7, p = 0.03).  During the 1999-2000 interval the 

clipped plants lost an average of 15.8 tillers and the unclipped plants lost an 

average of 2.98 tillers. 



 49

Fecundity  

For the unclipped plants the number of tillers was a good predictor of 

seedset in 1998 (Figure 3.4).  In the first year of the study (1998) a few plants in 

the clipped treatment plots set seed before the clipping treatments began, but once 

the treatments began no clipped plants set seed.  In the second year of the study 

(1999) only a very few plants, all in the unclipped plots, set seed. 

Survival 

As expected, plants with more tillers had higher survival rates than did 

plants with fewer tillers (Table 3.3, Table 3.4, Figure 3.5).  In the 1998 – 1999 

interval clipping did not significantly affect the survival of individuals (Table 

2.3).  In the 1999 – 2000 interval clipped plants had significantly lower survival 

rates overall (Table 3.4).  Clipped plants had lower survival rates than unclipped 

plants with the same number of tillers (Figure 3.5).  Clipped plants, however, had 

higher survival rates than unclipped plants with the same estimated biomass (p = 

0.0002) (Figure 3.6). 

Plant morphology 

The mean biomass of individual tillers of clipped plants was less than the 

mean biomass of individual tillers of unclipped plants (p = 0.01); clipped plants 

had a mean tiller biomass of 0.04 g and unclipped plants had a mean tiller 

biomass of 0.11 g (Figure 3.7).  In other words, clipping reduced average tiller 

weight. 
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Number of individuals 

There was no significant difference in either 1999 or 2000 in mean 

number of individuals in clipped and unclipped plots (Figure 3.8).  Likewise there 

was no significant difference in either the number of new recruits or the number 

of survivors in clipped and unclipped plots in either year (Figure 3.9, Figure 

3.10).   

Density 

In 1999 the clipped plots had a higher mean density, measured as number 

of tillers per plot, than did unclipped plots (t = 3.471, df = 16, p = 0.0032).  In 

2000 there was no significant difference in mean density between clipped and 

unclipped plots (t = -1.448, df = 8, p = 0.1850) (Figure 3.11). 

Size distribution 

In both 1999 and 2000 clipped and unclipped plots had significantly 

different size distributions (1999:  χ2
4 = 28.1570, p < 0.0001; 2000: χ2

3 = 30.1260, 

p < 0.0001) (Figure 3.12, Figure 3.13).  In 1999 clipped plots had proportionally 

fewer individuals in size-class one (the smallest plants) and proportionally more 

individuals in size-class three (mid-sized plants) and size-class five (largest 

plants).  The decrease in the proportion of individuals in size class one can be 

explained by the fact that many of the recruits to the clipped population were in 

the second and third size classes whereas most of the recruits to the unclipped 

population were in the first size class.  In 2000 clipped plots had proportionally 

fewer individuals in the largest size class (size-class four and size-class five, 

analyzed as one pooled class).  At the end of the experiment clipped and 
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unclipped plots had significantly different biomass distributions (χ2
2 = 18.84, p < 

0.0001).  The clipped plots had proportionally more individuals in the smallest 

biomass category and proportionally fewer individuals in the largest biomass 

categories (Figure 3.14). 

Observed population growth rate 

The average rate of observed population growth, that is, the relative 

change in number of individuals in a plot, did not differ significantly between 

treatments in either annual interval (Figure 3.15, Figure 3.16).  In the first annual 

interval ‘populations’ in both clipped and unclipped plots were growing (mean 

population growth rate was 1.45 in clipped plots and 1.29 in unclipped plots; 

median population growth rate was 1.15 for clipped plots and 1.11 for unclipped 

plots).  During the second annual interval the populations were either declining in 

size or very slowly increasing (mean population growth rate was 0.91 in clipped 

plots and 1.04 in unclipped plots; median population growth rate was 0.68 in 

clipped plots and 0.97 in unclipped plots).   

The relative change in number of tillers was higher in clipped plots than in 

unclipped plots at the end of the first annual interval although not quite 

significantly so (mean relative change in number of tillers was 1.80 in clipped 

plots and 1.38 in unclipped plots; median relative change in number of tillers was 

1.40 in clipped plots and 0.80 in unclipped plots) (0.05 < p < 0.10) (Figure 3.17).  

In the second interval relative change in number of tillers was significantly higher 

in the unclipped plots (mean relative change in number of tillers was 0.24 in 

clipped plots and 0.60 in unclipped plots; median relative change in number of 
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tillers was 0.26 in clipped plots and 0.52 in unclipped plots) (p =  0.02) (Figure 

3.18). 

DISCUSSION 

In general, the responses of Bothriochloa ischaemum were found to be 

similar to those of other grazing-tolerant grass species, and broadly similar to 

those of other herbaceous species.  Despite its grazing tolerance, the direct effects 

of clipping on individual adult plants of this species were uniformly negative.  As 

has been observed in other species, the above-ground plant biomass of clipped 

plants was significantly less (cf., Ehrlén 1995a; Pfeiffer and Hartnett 1995; 

Hickman and Hartnett 2002), their survival rate in the second year was 

significantly lower (cf. Bishop and Davy 1984; Pyke 1986; Noy-Meir and Briske 

1996), and their fertility was reduced to zero (cf.  Bishop and Davy 1984; Ehrlén 

1995a, but see Bergelson and Crawley 1992 for less complete fertility reductions).   

The clipping treatment was relatively intense, although not unrealistic.  

Plants were clipped to 5 cm, a realistic ‘bite-height’ in this vegetation (pers. obs.), 

every two weeks.  This clipping frequency is high, but not unrealistic, as many 

ranches in the region are stocked at very high rates (relative to the productivity of 

the plant community).  Although clipped plants continued to form flowering 

culms, there was not time for seeds to form in the intervals between clippings.  

Actual grazing is generally less uniform than an experimental clipping treatment, 

however, so even in a heavily grazed stand some culms probably escape grazing.  

Nevertheless the results indicate that seedset must be greatly reduced by grazing.   
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Grazing can sometimes have indirect positive effects on individual plants 

when it harms their neighbors more than themselves (e.g., Van der Wal et al. 

2000; Fowler 2002).  Because the experimental stands were near-monocultures of 

B. ischaemum, a benefit from a reduction in inter-specific competition was not 

likely in the present study.  There was, however, evidence for an intra-specific 

indirect positive effect.  The clipped plots had larger new recruits and much 

higher rates of seedling survival (or perhaps of seed germination, although this 

species does not have a persistent seed bank).  Although no seed was set in 

clipped plots, some seeds dispersed into them from the surrounding vegetation.  In 

the control plots, plants set about 8691 seeds/m2 in 1998 and 1470 seeds/m2 in 

1999.  Presumably dispersal of seed out of a control plot was approximately equal 

to dispersal of seed into the same plot from the surrounding vegetation.  Despite 

the much greater supply of seeds in the control plots, the average number of new 

recruits to the population was not significantly different between the treatments.  

Evidently clipping improved the environment for seedlings, probably via the 

reduction in the above-ground biomass of existing plants which caused an 

obvious (albeit unmeasured) reduction in cover.  There may also have been a 

reduction in below-ground biomass and a concomitant increase in soil moisture in 

clipped plots.  Others have also reported increased rates of seedling emergence in 

grazed or mown plots (e.g., Silvertown and Smith 1989; Bullock et al. 1994a; 

Hitchmough 2003).  It seems likely that the greater survival rate of clipped plants 

in the intermediate biomass-based size classes was also due to an indirect positive 

effect of clipping that was caused by reduced competition (Fig. 2.6).  However, 



 54

this increase in survival rate was not enough to counteract the reduction in 

survival rates caused by the smaller size of clipped plants.   

Grazing is known to alter grass morphology.  The most commonly 

reported morphological change is in the angle at which tillers grow.  Tillers tend 

to grow sideways instead of vertically when grazed, making the plant more 

prostrate and reducing the relative amount of biomass that is above bite height 

(e.g., Detling and Painter 1983; Carman and Briske 1985; Fahnestock and Detling 

2000).  B. ischaemum becomes quite prostrate when grazed, mown, or clipped 

(Campanella 1997), and was observed to do so in this study, although tiller angle 

was not measured.  Grazing has been shown to increase the number of tillers per 

plant in other grass populations (e.g., Noy-Meir and Briske 1996) and to result in 

smaller shoots in both grasses (Briske and Stuth 1982) and other herbaceous 

plants (Hickmann and Hartnett 2002).  In this study average biomass per tiller was 

60 % lower in clipped plants.  As a result, clipped plants actually had more tillers 

than unclipped plants after one year.  However, after two years of clipping, 

clipped plants had fewer tillers as well as smaller tillers.  The adaptive 

significance of a reduction in tiller size is not clear, but it may be that having 

smaller tillers allows an individual plant to have more tillers and therefore to 

regrow leaf tissue more rapidly than it could with fewer, larger tillers.  Rapid re-

growth appears to be an important part of grazing tolerance; most grazing-tolerant 

grasses regrow very rapidly after defoliation (Ferraro and Oesterheld 2002). 

One consequence of the change in tiller size was that the relationship 

between tiller number and plant biomass differed between the clipped and control 
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plots:  23 tillers/g in clipped plots and 9 tillers/g in unclipped plots.  Tiller number 

was the best available non-destructive measure of plant size, as it usually is (e.g., 

Fowler 1986; Silva et al. 1991), but it must be interpreted with caution.  Note that, 

if size is defined as number of tillers per plant, unclipped plants had higher 

survival rates than clipped plants of the same ‘size’ (Figure 3.5), but when tiller 

counts are corrected for the difference in biomass/tiller, clipped plants had the 

higher survival rates (Figure 3.6).  We conclude that studies that use tiller number 

(or leaf number, stem number, etc.) as a non-destructive measure of size should 

check to see whether treatments are affecting tiller (leaf, stem, etc.) biomass. 

We initially asked if the effect of clipping was solely upon size, or also 

affected size-specific survival rates and average fecundities.  The latter proved to 

be the case.  Reproduction was prevented regardless of size, and size-specific 

survival rates were slightly higher in clipped plants, although the overall rate of 

survival of clipped plants was still lower, because they were so much smaller.  In 

contrast, Bullock (1994b) reported that size-specific fecundity of Cirsium vulgare 

was not affected by grazing.  Any changes in size-specific survival rates or 

fecundities will change the asymptotic size distribution, while simple changes in 

average plant size will not.  Changes in size-specific survival rates or fecundities 

will also change the properties of the population projection matrix (Gabbard 

chapter 3).  

As expected, clipping shifted the size distribution towards a higher 

proportion of smaller plants.  Part of this was due to the direct reduction of the 

size of clipped adult plants, and part to the increased rate of recruitment in clipped 
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plots.  Similar shifts in size distributions have been reported by Ehrlén (1995b) 

and Pfeiffer and Hartnett (1995).  A population composed of smaller plants is 

likely to be more strongly affected by drought or other climatic stresses.  During 

this study cumulative rainfall for the 12 months prior to the census in nearby 

Johnson City, Texas, was 40.38 inches from July 1997 through June 1998 and 

21.59 inches from July 1998 through June 1999.  The rainfall in 1998 through 

1999 was well below the 30-year average cumulative rainfall of 33.17 inches 

(National Climatic Data Center 2003).  Thus the overall survival rate in the 

second, drought year of this study was only 31 % in the clipped plots while it was 

52 % in the unclipped plots.  This pattern is consistent with the observation that 

grazing has its greatest effects on plants in drought years (Stoddart et al. 1975; 

Thurow and Taylor 1999).  More generally, grazed populations, because they 

have a higher proportion of smaller, younger plants, will be more susceptible to 

all sorts of environmental stresses.  We would therefore predict synergistic 

interactions between the effects of grazing and the effects of other stresses, not 

just of drought. 

Unexpectedly, clipping did not significantly reduce population size, that 

is, the total number of individuals per plot.  Nor did it significantly reduce 

population growth rate.  The deaths were compensated by the new recruits, 

although of course these new recruits were very small.  However the non-

significant 20 % reduction in population growth during the second year suggests 

that over time population size might also be decreased by clipping or grazing, 

especially if there were a series of dry years.  In contrast, total above-ground 
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biomass was certainly decreased (2.5 g versus 5.7 g per plot at the end of the 

experiment).          
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Table 3.1.     Mean (± 1 standard deviation) number of tillers of clipped and 
unclipped plants in 1999.  Comparisons which were significant at the 
α = 0.05 level are marked with an *. 

 Clipped Unclipped 

All individuals 11.76 ±   8.03  7.66 ± 4.44 

New recruits only  *   5.79 ±   3.75  2.92 ± 1.20 

Survivors only   16.32 ± 11.12 10.22 ± 5.11 

 

 

Table 3.2.     Mean (± 1 standard deviation) number of tillers of clipped and 
unclipped plants in 2000.  None of the comparisons were significant 
at α = 0.05. 

 Clipped Unclipped 

All individuals 3.75 ± 1.83 5.88 ± 4.91 

New recruits only 1.73 ± 0.49 1.58 ± 0.39 

Survivors only 5.89 ± 2.30 9.00 ± 6.92 
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Table 3.3.     Logistic regression with a type III analysis of effects (on survival), 
1998-1999 data. 

Effect df Wald χ2 p-value 

Number of tillers/plant (1998)   1 52.5488 <0.0001 

Plot pair 16 34.3316   0.0049 

Treatment   1   0.3408   0.5594 

Number of tillers x plot 16 28.7219   0.0259 

 

 

 

Table 3.4.     Logistic regression with type III analysis of effects (on survival), 
1999-2000 data. 

Effect df Wald χ2 p-value 

Number of tillers/plant (1999) 1   7.6565   0.0057 

Plot pair 7 30.5229 <0.0001 

Treatment 1 13.7159   0.0002 

Number of tillers x plot 7 20.2819   0.0050 

Plot x treatment 7 26.5149   0.0004 
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Figure 3.1.  Mean biomass of clipped and unclipped individuals
at the end of the experiment (Fall 2000).
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Figure 3.2.  Regression of the number of tillers each
individual had in 1999 on the number of tillers it had
in 1998.  Black circles represent clipped plants; white
circles represent unclipped plants.  
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Figure 3.3.  Regression of the number of tillers each
individual had in 2000 on the number of tillers it had in
1999.  Black circles represent clipped plants; white
circles represent unclipped plants.  
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R2 = 0.68, p < 0.0001

Figure 3.4.  The relationship between number of tillers and
estimated seedset in unclipped plants in 1998.
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Figure 3.5.  Survival rate of clipped and unclipped plants
during the 1999-2000 interval by size class (number of tillers).
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Figure 3.6.  Survival rate of clipped and unclipped plants
during the 1999-2000 interval by size class.  Size classes
are based on the estimated size of plants in 1999.
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Figure 3.7.  Mean biomass per tiller at the end of the
experiment (Fall 2000).  
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Figure 3.8.  Mean number of individuals (+ one standard
deviation) in clipped and unclipped plots in 1999 and 2000.
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Figure 3.9.  Mean (+ 1 standard deviation) number of new
recruits to clipped and unclipped plots in 1999 and 2000.  
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Figure 3.10.  Mean number of individuals surviving the interval
(+ 1 s.d.) in clipped and unclipped populations for 1999 and
2000.  
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Figure 3.11.  Mean number of tillers per plot in clipped and
unclipped plots in 1999 and 2000.  
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Figure 3.12.  Proportion of plants in each size class (based
on number of tillers) in 1999 in clipped and unclipped plots.
Data were pooled from all plots within a treatment.  
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Figure 3.13.  Proportions of plants in each size class (based
on number of tillers) in 2000 in clipped and unclipped plots.
Data were pooled from all plots within a treatment.  
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Figure 3.14.  Proportion of plants in each size class (based
on biomass) in 2000, at the end of the experiment, in clipped
and unclipped plots.  Data were pooled from all plots within a
treatment.
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Figure 3.15.  Population growth rates in 1998 -1999 in
clipped and unclipped plots.  Population growth rate =
number of individuals in 1999/number of individuals in
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Figure 3.16.  Population growth rates in 1999 - 2000 in
clipped and unclipped plots.  Population growth rate = 
number of individuals in 2000/number of individuals in
1999.  
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Figure 3.17.  Relative change in tiller density in 1998-1999
in clipped and unclipped plots.  Relative change in tiller 
density = number of tillers in 1999/number of tillers in 1998.  
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in clipped and unclipped plots.
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Chapter 4:  The effects of grazing on plant population projection 
matrices 

ABSTRACT 

In this study I examine the effects of simulated grazing (clipping) on the 

growth rate (λ) of a population of the grass Bothriochloa ischaemum.  In a natural 

population of this species, half of the study plots were unclipped and all plants in 

the remaining plots were clipped to "bite height" every two weeks for two years to 

mimic cattle grazing. In each plot the size (as number of tillers) and seed set of 

each individual of B. ischaemum were repeatedly recorded.  Size-based 

population projection matrices were constructed from these data and were used to 

determine the potential population growth rate, potential stable population size 

distribution, and expected individual lifespan of clipped and unclipped plants.  

Elasticities and the proportional change in each matrix element caused by the 

clipping treatment were also calculated (i.e., an LTRE analysis, Caswell 2001).  

Combining elasticities and actual change in element matrix values provided a 

better measure of the contribution of each matrix element to changes in λ than 

either measure does separately.   

After two years of clipping treatments, clipped plots had a lower potential 

population growth rate (λeig, the principle eigenvalue of the population projection 

matrix), proportionally fewer small individuals, and a shorter expected lifespan 

than unclipped plots.  Despite a dramatic negative effect of clipping on fecundity, 
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the effect on the ability of adults to survive and maintain their size had a much 

greater effect on λeig.   

In contrast to λeig, the observed population growth rates (Nt+1/Nt) were 

similar in clipped and unclipped plots, due to seed dispersal from unclipped 

neighboring plots into the clipped plots and a resulting increase in the numbers of 

new recruits to the population.  However, population size one year in the future 

(Nt+2) in the clipped plots was predicted to decline in the absence of continuing 

seed input. 
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INTRODUCTION 

Herbivory can have profound effects on almost any plant trait, from its 

biochemical composition to its ecosystem role (Crawley 1983).  In this study I 

examine the effects of simulated grazing (clipping) on the growth rate (λ) of a 

population of the grass Bothriochloa ischaemum.  While a substantial number of 

studies have described the effect of grazing on individual growth rate, survival, or 

fecundity (e.g., Doak 1992; Ehrlén 1995a; Bastrenta and Belhassen 1992; 

Bergelson and Crawley 1992; Bullock et al. 1994b; Hickman and Hartnett 2002; 

Damhoureyeh and Hartnett 2002), including one of this species (Gabbard chapter 

2), relatively few studies have measured the effects of grazing on population 

growth rate (Doak 1992; Bullock et al. 1994b; Bastrenta et al. 1995; Ehrlén 

1995b; O’Connor 1993; Hunt 2001).  Because grazing generally reduces plant 

growth, survival, and fecundity (Doak 1992; Ehrlén 1995a; Bullock et al. 1994b; 

Damhoureyeh and Hartnett 2002; Gabbard chapter 2), one might expect it to 

reduce population growth rate, but much remains to be learned about the 

relationship between grazing and population dynamics, especially of grazing-

tolerant species like B. ischaemum.   

In this study, as in most comparable studies of perennial plants, population 

projection matrices were used to investigate population dynamics.  Because an 

individual plant’s survival and fecundity are better predicted by its size than its 

age (Harper and White 1974; Begon et al. 1986), most studies of plant 

populations, including this one, use size-based population projection matrices 

(also known as Lefkovitch matrices; Lefkovitch 1965).  I report here population 
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projection matrices of experimental plots with and without simulated grazing.  

Using these matrices, the potential stable population growth rates (i.e., the 

principal eigenvalues) of clipped and unclipped plots were calculated and 

compared, as were the potential stable size distributions and expected lifespans.  

This paper also presents predicted short-term effects of clipping (i.e., transient 

population dynamics) based upon these matrices. 

The use of such matrices also allows one to compare the contribution of 

each matrix term to changes in the population growth rate.  Standard methods 

exist for determining the relative sensitivity (i.e., elasticity) of the population 

growth rate to changes in each matrix element.  The results of a large number of 

analyses of this type have been summarized by Silvertown et al. (1993, 1996).  In 

this study, because matrices were calculated for both treatment and control plots, 

it was possible to take this analysis further.  The actual amount of change in each 

matrix element caused by the treatment was calculated.  Elasticity predicts what 

would happen to λ if matrix element aij changed; the observed amount of change 

in element aij tells us whether this element actually does change in response to an 

environmental factor, in this case to clipping.  Combined, the two measures 

provide a better measure of the contribution of each matrix element to changes in 

λ than either measure does separately.  I am aware of only one other published 

study that has done a similar analysis of the contributions of different matrix 

elements to the response of λ to grazing (García and Ehrlén 2002).   

Because data were collected over two years, I was also able to investigate 

annual variation in plant population dynamics and in the response of these plants 
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to clipping.  A drought occurred during one year of this study and the results of 

this study suggest that there may be an interaction between grazing and other 

environmental conditions.  Only a few other studies have investigated the 

relationship between grazing and environmental variability (O’Connor 1993; 

Bastrenta et al. 1995). 

METHODS 

Study site and organism 

This study was conducted in Pedernales Falls State Park on the Edwards 

Plateau in central Texas.  The vegetation of the study site was a savanna, with 

clusters of woody plants, primarily Quercus fusiformis, Juniperus ashei, and 

Berberis trifoliolata, scattered in a matrix of herbaceous vegetation.  Bothriochloa 

ischaemum was an important and increasing component of the herbaceous 

vegetation, which was otherwise dominated by shortgrass species.  A further 

description of the study site can be found in Fowler (1984).  

Bothriochloa ischaemum, a C4 grass, is widely distributed in grasslands of 

Europe and Asia.  B. ischaemum var. songarica, commonly called King Ranch 

bluestem, was first introduced to the United States in 1917 from Amoy, China, 

and was first released in Texas in 1949 (Sims and Dewald 1982).  Since then it 

has been sown for grazing and soil conservation, and is now common along 

roadsides and in rangeland throughout central Texas.  
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Experimental design 

In the fall of 1997, 17 pairs of permanent plots (0.5 m x 0.5 m) were 

randomly located in an approximately 700 m2 area of Pedernales Falls State Park, 

Blanco County, Texas.  Each plot was 0.5 m away from its paired plot.  Clipping 

treatments were begun in July 1998 and continued until November 2000.  For 

each pair of plots one (randomly chosen) plot was clipped to 5 cm height (a 

typical ‘bite height’ for cattle) every two weeks during the growing season; the 

other plot was left unclipped.  This level of clipping was chosen to simulate a 

heavy, but realistic, grazing intensity and frequency. 

Censuses were carried out in the summers of 1998, 1999, and 2000.  

During the summers of 1998 and 1999 censuses were conducted on all 17 pairs of 

plots.  In 2000 only eight pairs of plots were included in the census.  Within each 

plot the size (number of tillers) and location of each individual of B. ischaemum 

were recorded in the manner described in chapter 2.  Throughout the growing 

season I estimated the fecundity of each plant in each study plot from the summed 

length of all inflorescences on an individual plant, a good predictor of the number 

of seeds produced (Gabbard chapter 2). 

Construction of population projection matrices 

For a general treatment of the construction and analysis of population 

projection matrices, see Caswell (2001).  A separate size-based population 

projection matrix was calculated for each treatment.  Because individual plots did 

not have large enough sample sizes, the data from all plots receiving the same 

treatment in an annual interval were pooled in the calculations.  Matrices were 
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calculated using SAS PROC IML (SAS 1999).  A copy of the SAS code is 

available in Appendix A. 

Each plant was assigned to a size class based on its number of tillers.  Size 

classes were chosen to group plants with similar survival rates and fecundities 

together.  Most new recruits had less than four tillers and so all plants with fewer 

than five tillers were assigned to the first size class.  Five size classes were used 

(size class one:  1-4 tillers; size class two: 5-9 tillers; size class three: 10-20 

tillers; size class four: 21-30 tillers; size class five: more than 30 tillers). 

There are two ways by which a plant of size class j can give rise to an 

individual of size class i.  The first is by surviving the interval and ‘growing’ into 

size class i (which may involve growing larger and moving up one or more size 

classes, growing smaller and moving into a lower size class, or not changing size 

enough to change size class).  A ‘growth’ matrix G was calculated from these 

probabilities.  The second way a plant of size class j can give rise to a plant of size 

class i is through the production of seeds that result in new recruits of size class i.  

A ‘fecundity’ matrix F was calculated for recruit production.  The corresponding 

elements of these two matrices were summed to obtain a population projection 

matrix (T) for each treatment during each annual interval. 

The ‘growth’ matrix G was obtained for each treatment in each annual 

interval by classifying each plant in each year by size class and calculating the 

proportion of the plants in size class j at the beginning of the annual interval that 

had entered size class i by the end of the interval.  For each size class j, the sum of 
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these proportions was the probability of a plant of size class j surviving the annual 

interval.   

The ‘fecundity’ matrix based on the unclipped data, Funclipped, was 

calculated for each treatment in each annual interval, using the average seedset of 

each individual of a given size class during a given interval in the unclipped plots.  

I assumed that seed immigration was equal to seed emigration in the unclipped 

plots.  Therefore, the probability that a seed became a new recruit to the 

population was estimated as the number of new recruits to the population at the 

end of the annual interval divided by the number of seeds produced by the 

population during the interval.  The probability that a new recruit was in size class 

i was estimated by dividing the number of recruits in size class i by the total 

number of new recruits in all size classes.  The average number of new recruits of 

size i produced by a plant of size j was estimated as the product of three terms: the 

mean fecundity of a plant of size class j, the probability that a seed became a new 

recruit, and the probability that a new recruit was in size class i.  

Clipped plots had approximately the same number of new recruits as 

unclipped plots but they had almost no seed production, indicating that seed 

immigration was much higher than seed emigration in these plots.  This made it 

impossible to estimate directly the probability that a seed became a new recruit to 

the population in these plots.  Instead, I assumed that the probability that a seed 

became a new recruit was equal in the clipped and unclipped plots.  The 

probability that a new recruit in the clipped plots was in size class i was calculated 

by dividing the number of recruits in size class i by the total number of new 
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recruits in all size classes.  Using these estimates, two separate F matrices were 

calculated for the clipped plots for each year:  a lower-bound estimate and an 

upper-bound estimate (Fclipped upper-bound and Fclipped lower-bound).  The lower-bound 

F matrix (Fclipped lower-bound) used the observed, very low, average fecundities of 

plants in the clipped plots.  The upper-bound matrix F (Fclipped upper-bound) used the 

average fecundities of the unclipped plots.  In either case, the average number of 

new recruits of size j produced by a plant of size i was estimated as the product of 

three terms: the mean fecundity of a plant of size class j, the probability that a 

seed became a new recruit, and the probability that a new recruit was in size class 

i. 

For each treatment and each annual interval, the ‘growth’ matrix and the 

‘fecundity’ matrix were added, element by element, to yield the population 

projection matrix of that treatment in that interval:  G + F = T (Table 4.1).  

Because there were two F matrices for the clipped treatment, there were also two 

T matrices for the clipped treatment (Tclipped upper-bound and Tclipped lower-bound). 

Calculation of population growth rate and stable size distribution 

Three measures of population growth were calculated for each of the two 

annual intervals:  λeig, λobs, and λpred.  The potential population growth rate, λeig, is 

the principal eigenvalue of the population projection matrix.  The corresponding 

right eigenvector represents the stable size distribution of the population.  I also 

calculated the observed rate of population growth, λobs, which was calculated as 

the number of individuals in one year divided by the number of individuals in the 

previous year (λobs = Nt+1/Nt).  Although the value of λobs will asymptotically 
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approach the value of λeig if the values of the elements in the population 

projection matrix remain constant (Caswell 2001), it may take many years to do 

so if the initial size distribution is quite different from the stable size distribution.  

Therefore, a short-term prediction of the population growth rate, λpred, was also 

calculated: λpred = Nt+2/Nt+1, where Nt+2 = sum of the elements of the vector Nt+2 

and Nt+2 = (T* Nt+1). 

Calculation of expected lifespan 

For each matrix the expected average lifespan of individuals in those plots 

was calculated.  This was done by using a starting population size distribution, N0, 

whose terms were the proportions of new recruits in each size class in the 

unclipped plots.  The appropriate growth matrix (G) was multiplied by N0.  The 

difference between the sum of the elements of the resulting vector (N1) and the 

sum of the elements of N0 is the proportion of individuals that have a lifespan of 

less than 12 months; these were considered to have a lifespan of 0 years.  G 

multiplied by N1 yields N2.  The difference between the sum of the elements of N2 

and the sum of the elements of N1 is the proportion of individuals that have a 

lifespan of more than 12 months and less than 24 months; these were considered 

to have a lifespan of one year.  The process was repeated 200 times to determine 

the proportion of the population with lifespans of two years, three years, and so on 

up to 200 years.  The sum of these proportions was the expected lifespan 

associated with G matrix.  (SAS code is in Appendix B)  Expected lifespan was 

calculated separately for clipped and unclipped plots, using Gclipped and G unclipped. 
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Elasticities, changes in matrix elements, and the relative importance of 
different elements 

Elasticities were calculated for each population projection matrix using 

standard formulae (Caswell 2001).  The elasticity of a matrix element is the 

relative effect on λeig of an infinitesimal relative change in the value of an element 

of a population projection matrix, in this case of an element of Tunclipped.  The 

elasticity of a matrix element also provides an estimate of the relative effect on 

λeig of a larger relative change in the matrix element.  Elasticities differ from 

sensitivities in being relative; sensitivities estimate the absolute change in λeig of a 

given absolute change in the value of a matrix element. 

Elasticities only tell us how responsive λeig would be to a change in an 

element, should the matrix element’s value change.  If a treatment such as grazing 

does not affect the value of that matrix element, the elasticity of that element is 

irrelevant; that matrix element will not play a role in any changes in λeig caused by 

the treatment.  Therefore it is also useful to determine the actual change in each 

matrix element caused by a treatment. 

The effect of a treatment on λeig (relative to its ‘control’ value) was 

determined by the product of the relative change in each matrix element 

multiplied by its elasticity.  For each matrix element dλ/λcontrol was estimated by 

the product of (tij-treated – tijcontrol)/tij-control) and the elasticity of tij in the control 

plots.  Further discussion of this topic can be found in Caswell (2001), where 

analyses of this sort are referred to as ‘life table response experiments’ or LTREs. 

The product of the relative change in the value of a matrix element 

multiplied by the elasticity of that matrix term therefore provides a different, and 
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perhaps more informative, measure of the importance of a matrix element than 

does its elasticity alone.  All three measures, that is, the elasticity of each term of 

Tunclipped, the observed difference in the value of each matrix element between the 

clipped and control plots, and the product of these, are reported, for each of the 

two annual intervals of this study. 

Confidence limits of λeig 

The data of all of the unclipped plots were pooled to construct one matrix 

(Tunclipped) for each annual interval and the data from all of the clipped plots were 

pooled to construct two versions of another matrix (Tclipped lower-bound and Tclipped 

upper-bound) for each annual interval.  Because there was only one (or two versions 

of one) matrix for each treatment-interval combination, there was no replication 

with which to estimate confidence intervals for matrix parameters such as λeig.  

Instead, confidence intervals were obtained from a stochastic individual-based 

model.  There were six versions of the stochastic individual-based model, one for 

each population projection matrix.  Each version of the stochastic individual-

based model was parameterized with values from the same data that were used to 

parameterize the corresponding population projection matrix (referred to below as 

the reference interval and reference matrix). 

The stochastic individual-based model was similar to the models of 

Batchelor (2002) and Gabbard (2002).  Each individual was assigned to one of the 

five size classes used to construct the population projection matrices.  Each 

individual was assumed to move from one size class to another with a probability 

equal to the value of the appropriate reference matrix element.  To determine the 
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fate of a given individual in a given iteration (i.e., annual interval), a random 

number was obtained from a uniform distribution.  If, for example, plants of size 

class two had a 0.5 chance of remaining in the same size class (g22 = 0.5), a 0.2 

chance of moving up one size class (g32 = 0.2), and a 0.3 chance of dying (1 – Σgi2 

= 0.3), then a random number between 0.0 and 0.5 left the individual in size class 

two, a random number between 0.5 and 0.7 moved it into size class three, and a 

random number between 0.7 and 1.0 killed it.  A separate random number was 

generated to determine whether an individual reproduced in a given iteration.  

Each individual had a probability of reproducing during its iteration equal to the 

proportion of individuals of its initial size class that reproduced during the 

reference interval.  If an individual did reproduce, seedset for that individual was 

generated using a normal distribution with mean and variance calculated from the 

data of the reference interval, but any seedset less than zero was reset to zero.  

The number of new recruits per size class at the end of the iteration was 

calculated just as it was for the population projection matrices:  the number of 

seeds was summed, multiplied by the proportion of seeds that became new 

recruits in the reference interval, and then multiplied by the proportion of new 

recruits in the appropriate size class at the end of the reference interval.  The 

entire process was repeated for 50 iterations, representing 50 annual intervals, per 

run.  Fifty iterations were sufficient to stabilize the variation in the observed 

population growth rate.  The SAS IML code of the stochastic individual-based 

model is provided in Appendix C. 
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One thousand runs of each version of the model were made.  For each run 

of each version of the model one value of λ was calculated: N50/N49.  From these 

values of λ, 95 % confidence limits of λeig were obtained for each version of the 

model. 

RESULTS 

Effects of clipping on population growth rates 

Clipping had surprisingly little effect on the observed numbers of plants in 

a plot during either annual interval.  During the first annual interval, the number 

of plants per plot increased by 26 % in unclipped plots (λobs = 1.26) and 27 % in 

clipped plots (λobs = 1.27) (Table 4.2).  During the second annual interval, the 

number of plants per plot fell in both treatments, but the rate of decline was only 6 

% greater in the clipped plots (Table 4.3). 

The principal eigenvalue, λeig, provides a measure of potential population 

growth; what the population growth rate would be if a particular set of values of 

the elements of a population projection matrix were to remain constant for many 

years.  Clipping significantly affected λeig in each interval.  In the first annual 

census interval, the population projection matrix of the unclipped (control) plots 

had a λeig of 1.03 (Table 4.2).  In the second annual census interval the matrix 

values yielded a value of λeig of 0.59 in the unclipped plots (Table 4.3).  The effect 

of clipping λeig in each interval was estimated using two clipped-plot matrices, an 

upper-bound matrix and a lower-bound matrix (see Methods).  The effect of 

clipping on λeig differed between the two intervals.  Using the matrix values of the 

first annual census interval, clipping had an effect on λeig that fell between an 
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increase of 18 % (λeig = 1.22 in clipped plots, upper-bound matrix) and a reduction 

of 15 % (λeig = 0.88 in clipped plots, lower-bound matrix).  Using the matrix 

values of the second annual census interval, clipping reduced λeig 56 % (upper-

bound matrix) to 71 % (lower-bound matrix). 

If the matrix values had remained constant for one year after the first 

census interval, the population growth rate of the unclipped plots (λpred) would 

have been 1.26 during that year, identical to the observed population growth rate 

(λobs) during the census interval used to make the prediction (Table 4.2).  

Similarly if the matrix values had remained constant for one year after the second 

census interval, the population growth rate (λpred) of the unclipped plots would 

have been 0.86, almost identical to the 0.87 actual growth rate (λobs) of the 

population during the census interval used to make the prediction (Table 4.3).  In 

other words, if the values of the matrix elements had not changed, the population 

growth rate of the unclipped plots would not have changed. 

The same would have been true of the unclipped plots only if the upper-

bound matrices (see Methods) were relatively good estimates of the values of 

their matrix elements.  The observed population growth rate (λobs) in clipped plots 

in the first census interval, 1.27, was relatively close to the population growth rate 

predicted for the following year (λpred) by the upper-bound matrix, 1.19, but quite 

different from the value predicted by the lower-bound matrix, 0.70.  Likewise, the 

observed population growth rate in the clipped plots in the second census interval, 

0.82, was relatively close to the population growth rate predicted for the following 

year by the upper-bound matrix (0.86) but quite different from the value predicted 
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by the lower-bound matrix (0.28).  Of course, the matrix values did change quite a 

bit between census intervals, so the prediction of the lower-bound matrix of the 

first interval (λpred = 0.70) was actually the better prediction of observed 

population growth in the second interval (λobs = 0.82). 

Effects of clipping on stable size distributions 

Another property of a population projection matrix is the stable size 

distribution associated with a particular set of matrix values.  The stable size 

distributions associated with the matrices of the unclipped plots had the high 

proportions of small individuals that are typical of plant populations (Figure 4.1, 

Figure 4.2).  The stable size distributions associated with the clipped treatment 

upper-bound matrices were similar to those of the matrices of the unclipped plots.  

Note, however, that the upper-bound matrix of the first census interval yielded a 

stable size distribution of clipped plants with somewhat fewer small individuals 

than the corresponding size distribution of unclipped plants.  The lower-bound 

matrix yielded a stable size distribution with many fewer small individuals for 

both census intervals.  There were no individuals in the largest size class in the 

stable size distribution of either clipped plot matrix of the second interval.  

Effects of clipping on expected lifespan 

Another property of a population projection matrix is expected lifespan.  

This parameter, like λeig and the stable size distribution, is only a potential 

measure; it is what the average lifespan would be if matrix element values 

remained constant for many years.  Because it is based only on growth and 

survival, not fecundity (the G matrix, not the T matrix; see Methods), there was 



 94

no need to calculate upper- and lower-bound values.  Clipping greatly increased 

expected lifespan in the first year, and greatly decreased it in the second year 

(Table 4.4).  

Elasticities of matrix elements 

The elasticity of each element of the population projection matrices of the 

unclipped (control) plots was calculated (Table 4.5).  In the matrix of the first 

census interval, the largest elasticity was associated with matrix element t44, the 

probability of a plant of size class 4 remaining in that size class.  The other large 

elasticities were all associated with smaller size classes:  the probability of a small 

plant remaining in a size class (t11, t22), and the probability of a small plant 

increasing in size (t21, t32).  (Production of offspring by plants of size classes 1 and 

2 was very rare.)  In the second census interval, by far the largest elasticity was 

associated with matrix element t55, the probability of a large plant surviving.  In 

both matrices other diagonal (remaining in the same size class) and off-diagonal 

(moving up one size class) elements had moderate elasticities. 

Effects of clipping on the relative magnitude of matrix elements 

Just as we have reported elasticities, which measure the potential effects of 

relative changes in matrix elements, we report the relative (not absolute) observed 

changes in matrix elements (Table 4.6).  This has the advantage of not unduly 

emphasizing terms that involve fecundity, but may give undue prominence to rare 

events.  For example, the very large relative changes in matrix elements t51 and t52 

involved very few plants.  The most obvious effect of clipping was the large 

reduction that clipping caused in fecundity, which greatly reduced the relative 
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magnitude of all terms in the first rows of the lower-bound matrices of both 

intervals, and to some extent also elements of the second row, in both intervals.  

(Recall that the upper-bound matrices use the fecundities of the unclipped plots.)  

In the first census interval clipping increased t55, the probability of a large plant 

surviving and remaining in its size class, and t53 and t54, the probability of a size 

class 3 or 4 plant moving into class 5.  In the second census interval, in clipped 

plots, no plants remained in size classes 4 or 5, or moved into these classes, in 

marked contrast to the situation in unclipped plots (so that the relative changes in 

t55, t44, t54, and t43 were all -1.0 in this interval).  In both intervals, clipping 

reduced the survival and growth of small plants (relative changes in t11, t12, t21, 

and t22 were between -0.10 and -0.59 in the upper-bound matrices, Table 4.7).  

Importance of matrix elements in determining the effect of clipping on λeig 

The contribution of a matrix element to the change in λeig caused by 

clipping is approximated by the product of its elasticity and the relative change in 

its value.  Inspection of these products (Table 4.8) reveals that the terms in the 

upper right section of these matrices (t13 – t15, t23 – t25), which primarily represent 

fecundity, had little effect on λeig.  In the first census interval, the effect of 

clipping on λeig was primarily due to the decreases in t44 and in the elements in the 

upper left corner (t11, t12, t21, t22), and in the increases in several off-diagonal 

elements (t31, t32, t51, t53).  In the second interval, a single element was responsible 

for almost all of the change in λeig, t55. 

Thus fecundity, which was greatly affected by clipping but appeared in 

terms with very low elasticities, had very little effect on λeig.  In the matrix of the 
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second interval, the very large elasticity of t55 caused it to be the dominant cause 

of the effects of clipping on λeig, despite the equally large effects of clipping on 

three other matrix terms and its substantial effects upon several others.  

Elasticities were not the sole determiners of the importance of matrix elements in 

the matrix of the first interval; although t44 had an especially large effect due to its 

elasticity, as did the elements of the upper left corner to a lesser extent, elements 

t31 and t54 had a large effect because their magnitudes were so increased by 

clipping, as did the other elements of the fifth row to a lesser degree. 

DISCUSSION 

Although Bothriochloa ischaemum is, like many grasses, quite tolerant of 

grazing (Gabbard chapter 1; Fowler 2002), previous studies have found that 

grazing (or its surrogate, clipping) has negative effects on this species 

(Campanella 1997; Fowler 2002; Gabbard chapter 2).  As reported elsewhere 

(Gabbard chapter 2), the comparison of clipped and control plots in the present 

experiment revealed a number of negative effects of clipping on individual traits 

of this species, including a reduction in individual biomass, a reduction in survival 

rates in the second year, and the near-elimination of seed set in both years.  There 

was evidence, however, of some indirect compensatory effects, apparently due to 

the reduction in competition that was a secondary effect of clipping.  In particular, 

there appeared to be an increase in seedling survival, as evidenced by the absence 

of an effect of clipping on the numbers of new recruits in clipped plots despite the 

great reduction in seed input into these plots.  What would the joint effect of all of 

these effects, negative and positive, be on a grazed population?  To answer this 
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question, separate population projection matrices were calculated and analyzed 

for clipped and unclipped plots. 

The similarity of the observed population growth rates (Nt+1/Nt, referred to 

as λobs in this paper) in clipped and unclipped plots was due to the larger numbers 

of new recruits to the population in the clipped plots.  In the clipped plots, almost 

all of these new recruits were due to seed dispersing into the plots from B. 

ischaemum plants just outside the plots. (This species has no apparent adaptations 

for animal or wind dispersal and does not have a seed bank; pers. obs.).  The 

‘lower-bound matrices’ of the clipped plots were calculated using the observed 

size-specific fecundities of plants in the clipped plots and assumed no net seed 

input into these plots.  Without continuing seed input, these lower-bound matrices 

predicted much reduced population growth rates the following year; the value of 

λpred of the clipped plots was 44 % and 67 % below the value of λpred of the 

unclipped plots (Table 4.2, Table 4.3).  They also yielded potential population 

growth rates (λeig, the principal eigenvalue of the population projection matrix) of 

the clipped plots 15 % and 71 % less than those of the unclipped plots.  These are 

large effects, although much less than the reduction in fecundity caused by 

clipping, which was 97 % in 1998-1999 and 100 % in 1999-2000.   

The effects of clipping on λpred and λeig were much less if the observed 

size-specific fecundities of the unclipped plants were combined with the survival 

and growth rates of the clipped plants (the ‘upper-bound matrices’ of the clipped 

plots), supporting the conclusion that the direct negative effect of clipping on 
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fecundity would have had a much greater effect on population size if seed had not 

been dispersing into the clipped plots. 

The effect of clipping on λeig and other population parameters was, 

however, much more complex than its effects on fecundity, and the effects of 

clipping on fecundity were much less important than they appeared to be.  To 

determine the importance of each matrix term to the difference in λeig between 

clipped and unclipped plots, I calculated both the elasticity of each matrix element 

of the control (i.e., unclipped) plots and the actual change in each matrix element 

caused by clipping.  The product of these two quantities is an estimate of the 

contribution of the particular matrix element to the effect of clipping on λeig 

(Table 4.7).  Analyses of this sort have been called ‘life table response 

experiments’ (LTRE) by Caswell (2001). 

The results of this analysis revealed that the effects of clipping on 

fecundity in fact contributed little to the effects of clipping on λeig in either annual 

interval.  The primary reason for this was the low elasticities of the matrix 

elements that incorporated fecundity (primarily t13 – t15 and t23 – t25) (Table 4.5).  

A very large elasticity made the t55 matrix element, that is, the reduction in the 

probability of a large plant surviving and remaining large, the dominant cause of 

the negative effect of clipping on λeig in the second annual interval.  The situation 

was much more complex in the first annual interval.  The t44 element was an 

important negative contributor to the effect of clipping on λeig due to its large 

elasticity.  Large elasticities also made the matrix elements t11, t12, and t21 

important negative contributors to the effects of clipping on λeig.   Clipping caused 
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large increases in matrix elements t31, t32, t54, t53, and t51, which therefore were 

important positive contributors to the effect of clipping on λeig, despite modest 

elasticities.  These later elements represent the probability of a plant increasing 

the number of its tillers sufficiently to move up one (t54), two (t31, t53), or four (t51) 

size classes. 

Some of the effects of clipping on matrix elements in the first interval 

were due to a change in biomass allocation caused by clipping during that first 

year of the study, there was a shift in clipped plants towards lower mass per tiller, 

and hence more tillers per plant of a given biomass (Gabbard chapter 2).  

Therefore the increase in matrix element t54 and the decrease in t44 that were 

caused by clipping during the first interval were in part due to the shift towards 

more, smaller tillers in clipped plants, which increased the number of tillers, and 

hence the size class, of plants that began the interval in size class 4.  The positive 

effect of clipping on t53 was probably also due, at least in part, to the same cause.  

To the extent that survival and fecundity are a function of biomass, not of tiller 

number per se, this sort of shift in allocation pattern should alter matrix element 

values but not λeig.  It is essentially equivalent to a change in the researcher’s 

choice of size class boundaries, which in theory should not affect the estimate of 

λeig in any systematic way.  In other words, plants may appear to move up in size 

class, but if they are not actually larger they should ‘take their survival rate and 

fecundity with them’ and their new size class should have the survival and 

fecundity rates of their old one. 
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Clipping did not affect biomass allocation (mass per tiller) in the smallest 

plants, because these plants were mostly below ‘bite-height’ and hence were not 

directly affected by clipping.  In the first annual interval, the negative effects of 

clipping on t11, t12, t21, and t22 and the positive effects of clipping on t31, t51, and t52 

primarily reflect the increased likelihood of these small plants moving up one or 

more size classes.  These negative and positive effects on the matrix terms that 

involve the survival and growth of small plants, taken together, indicate a net 

positive effect of clipping on the survival and growth rates of small plants.  This 

indirect positive effect of clipping was most likely due to a reduction in 

competition caused by the direct negative effect of clipping on the survival and 

growth of the larger plants. 

In summary, the effect of clipping on λeig, the potential population growth 

rate, was primarily due to the reduction it caused in the ability of plants to 

maintain their size (t55 in the second annual interval, t44 in the first annual 

interval).  Despite the dramatic negative effect of clipping on fecundity, the 

negative effect on the ability of adults to survive and maintain their size had much 

greater effects on λeig.  Finally, the negative effects of clipping on λeig were 

partially offset in the first interval by a positive effect on the survival and growth 

rates of the smallest plants. 

The conclusion that the effects on adult survival and growth (or size 

maintenance) were more important than the effects on fecundity is broadly similar 

to the conclusions reached by other studies of the effects of herbivory or 

harvesting on plant populations (e.g., Ehrlén 1995b; Hunt 2001; Raimondo and 
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Donaldson 2003).  Most of these studies, however, have relied on elasticities 

alone to reach their conclusions.  I am aware of only one other study of the effects 

of herbivory that has also examined the effects on λeig of the actual changes in 

individual matrix elements; this study, however, only investigated the effects of 

herbivory on reproductive individuals and could say nothing about the relative 

importance of transitions from vegetative as opposed to reproductive individuals 

(García and Ehrlén 2002).  There are a few other studies that have used this 

approach (i.e., and LTRE analysis) to examine the effects of other experimental 

treatments (e.g., Hoffmann 1999, Fowler et al. in prep). 

Two methodological conclusions can also be drawn from this part of the 

present study.  First, elasticities by themselves do not necessarily provide a 

reliable indication of the relative contribution of each matrix element to the 

effects of a treatment or environmental factor on λeig.  Examination of the relative 

magnitude of the response of each matrix element to the treatment or 

environmental factor may reinforce or oppose the predictions provided by 

comparisons of elasticities.  The product of elasticity and relative change in 

matrix value is useful indicator of the contribution of each matrix element to the 

change in λeig. 

Second, while counts of tillers, leaves, and other plant parts are often the 

best available non-destructive measures of plant size, herbivore-induced shifts in 

biomass allocation can make caution in the interpretation of size-based population 

projection matrices advisable.  The effects of shifts in allocation patterns should 

be taken into account in the interpretation of matrix elements.  Nor are herbivory 
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and its surrogates the only treatments that can potentially alter biomass allocation 

patterns in ways that move plants of the same biomass from one size class to 

another.  A general awareness of this potential complexity would seem advisable 

for everyone working with plant population projection matrices. 

Two other population projection matrix properties were calculated for 

each matrix, the stable size distribution and the expected life span.  The lower-

bound matrices of the clipped plots yielded size distributions with fewer small 

plants than the corresponding matrices of the unclipped plots yielded, due to the 

reduction in fecundity in the clipped plots.  There was also an absence of plants in 

the largest size class in both the lower-bound and the upper-bound clipped plot 

matrices of the second annual interval, reflecting the zero value of the t55 element 

in these matrices.  Expected life span was shorter in the clipped plots than in the 

unclipped plots in the second interval, as one might expect.  Interestingly, 

however, expected lifespan was longer in the clipped plots than in the unclipped 

plots in the first interval.  Biomass per plant is closely correlated with survival 

rate and with fecundity (Gabbard chapter 2).  Evidently the more rapid growth of 

the small plants in the clipped plots more than compensated for the reduction in 

the average biomass of the larger plants in those plots in the first year of the 

experiment. 

Because the second year of the experiment was much drier (Gabbard 

chapter 2) as well as being the second year of a continuing treatment, it is not 

possible to separate completely the effects of environmental variation from the 

effects of a second year of clipping.  The biomass allocation shift was apparently 
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complete by the end of the first annual interval (pers. obs.).  The decline in 

population growth rate in the unclipped plots, from 1.26 to 0.87, and the decline 

in λeig in those plots, from 1.03 to 0.59, indicate that the rainfall shortage had a 

strong negative effect on these populations.  The effects of the rainfall shortage 

during the second annual interval were stronger on the clipped plants than on the 

unclipped plants, which may indicate that the effects of grazing are most severe in 

drought years, even when the bite-height and defoliation frequency are constant.  

This would be consistent with the range management literature (e.g., Stoddart et 

al. 1975), although defoliation frequency is rarely held constant, and as available 

forage decreases during a drought defoliation frequency may even increase 

(Thurow and Taylor 1999). 

In this study, an increase in recruitment compensated for the decrease in 

fecundity and survival caused by clipping, and maintained λobs in the clipped 

plots.  This would occur naturally if grazing was sufficiently patchy, so that seed 

input from outside the patches could occur, as it did in theses plots.  The λeig 

values of the upper-bound matrices of the clipped plots reflect this possibility, 

while the lower-bound matrices have the λeig values that would be expected if 

grazing was sufficiently uniform to insure that seed was set no more often than it 

was in the clipped patches.  As grazing is rarely uniform, presumably some plants 

would set seed, even under a grazing regime in which defoliation occurred on 

average at the experimental frequency.  It is unlikely, however, that seed input 

would be as high as it was in the clipped plots unless the grazing regime also had 
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a lower average defoliation frequency.  The experimental clipping treatment was 

relatively intense but not unrealistic for the region (Gabbard chapter 2). 

Because Bothriochloa ischaemum is an invasive non-native species of 

conservation concern (Gabbard chapter 1), it is appropriate to point out that the 

negative effects of clipping on this species found by this study unfortunately do 

not mean that grazing or mowing will control B. ischaemum.  It is quite grazing- 

and fire-tolerant (Gabbard chapter 1; Fowler 2002) and grazing intensities 

sufficient to control it would have very deleterious effects on most native species. 
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Table 4.2.    Measures of population growth rate (λeig, λobs, and λpred).  Lower- 
and upper-bound estimates are provided for the clipped plots (See 
Methods).  1998-1999 data.  95 % confidence limits in parentheses. 

 

Treatment λeig λobs λpred 

Clipped plots, 
lower-bound 
 

0.88  (0.87, 0.89) 1.27   0.69  

Clipped plots, 
upper-bound 
 

1.22   (1.21, 1.27) 1.27 1.15   

Unclipped plots 1.03  (1.02, 1.06) 1.26 1.23 
 

 

 

Table 4.3.    Measures of population growth rate (λeig, λobs, and λpred).  Lower- and 
upper-bound estimates are provided for the clipped plots (see 
Methods).  1999-2000 data.  95 % confidence limits in parentheses. 

 Treatment λeig λobs λpred 

Clipped plots 
lower-bound 
 

0.17  (0.16, 0.18) 0.82    0.28  

Clipped plots 
upper-bound 
 

0.26  (0.25, 0.28) 0.82 0.86   

Unclipped plots 
 

0.59  (0.56, 0.61) 0.87 0.86 
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Table 4.4.    Expected lifespans in the clipped and unclipped plots, calculated 
from the G matrices that were based on the data collected in 1998-
1999 and 1999-2000 (see Methods). 

Treatment 1998-1999 1999-2000 

Clipped 3.16 years 0.15 years 

Unclipped 2.99 years 0.57 years 
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Table 4.5.    Elasticities of the population projection matrices based on the data 
from the unclipped plots in 1998-1999 and 1999-2000. 

Interval Elasticity matrix 

1998-1999 0.09  0.06  0.02  0.03  0.02 

0.10  0.08  0.05  0.02  0.01 

0.03  0.08  0.06  0.02  0.00 

0.00  0.03  0.06  0.12  0.02 

0.00  0.00  0.00  0.04  0.06 

1999-2000 0.06  0.02  0.01  0.00  0.02 

0.05  0.02  0.01  0.00  0.00 

0.00  0.05  0.06  0.01  0.01 

0.00  0.00  0.05  0.03  0.05 

0.00  0.00  0.00  0.08  0.46 
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Table 4.6.    Proportional differences in matrix elements between clipped and 
unclipped plots in 1998 – 1999 and 1999-2000, calculated as 
proportional difference = (matrix element of clipped plots matrix – 
matrix element of unclipped plots matrix)/matrix element of 
unclipped plots matrix.  Proportional differences were calculated by 
using both the upper- and lower-bound matrices of the clipped plots.  
A period is shown when the matrix for the unclipped plots had a zero 
value for a matrix element and therefore the proportional change is 
undefined for that matrix element. 

year Lower-bound matrix used Upper-bound matrix used 

1998-

1999 

 -0.52  -0.70  -0.74  -0.98  -0.97 

 -0.24  -0.20  -0.24  -0.53  -0.87 

  3.53   0.52    0.44   0.34  -0.74 

    .      -0.08  -0.30  -0.74  -0.54 

39.23   8.25  12.99   1.49   0.36   

 -0.53  -0.35   -0.27   0        -0.01 

 -0.14  -0.08   -0.32   0.21    0.12 

  4.62    0.49    0.16   0.78   -0.17 

    .       -0.12  -0.30  -0.69   -0.58 

48.94    8.84  13.92   2.02     0.30    

1999-

2000 

-0.80  -0.76   -0.80  -0.71 -0.93 

-0.38  -0.54    0.01  -1       -0.09 

 0       -0.83   -0.74  -0.52   0.68  

 0          .       -1       -1        0.68 

 0        0          0       -1      -1    

-0.59  -0.27  -0.14   0.28   0.04 

-0.36  -0.51   0.06   0        0.19 

 0       -0.83  -0.74  -0.51   0.68  

 0          .       -1      -1        0.68 

 0        0          0      -1      -1    
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Table 4.7.    The product of the elasticity of a matrix element and the proportional 
difference in its value based on both upper-and lower-bound data 
from the clipped plots.  Periods represents cells whose product is 
undefined. 

Year Lower-bound matrix used Upper-bound matrix used 

1998-

1999 

-0.04  -0.04   -0.02   -0.03  -0.02 

-0.03  -0.02   -0.01   -0.01  -0.01 

  0.11   0.04    0.02    0.01    0.00 

   .        0.00   -0.02  -0.11   -0.01 

  0.04   0.02    0.04   0.06     0.02  

-0.05  -0.02   0.01     0.00   0.00 

-0.01  -0.01  -0.02     0.00   0.00 

 0.13    0.04  -0.01     0.02   0.00 

   .        0.00  -0.02   -0.08  -0.01 

 0.05    0.03   0.04     0.08   0.02   

1999-

2000 

-0.02   -0.01   -0.01    0.00  -0.06 

  0.00    0.00     0.00   0.00    0.00 

  0.00    0.00   -0.01    0.00   0.00 

  0.00      .         0.00  -0.01   0.00 

  0 .00   0.00     0.00  -0.01  -0.23 

-0.01   0.00    0.00    0.00    0.00 

  0.00   0.00    0.00   0.00    0.00 

  0.00   0.00  -0.01    0.00   0.00 

  0.00      .       0.00  -0.01   0.00 

  0.00   0.00    0.00  -0.01  -0.23 
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Figure 4.1.  Stable size distribution of clipped and unclipped plots based on
1998-1999 data.  Stable size distributions were calculated using both the 
upper- and lower-bound matrices of the clipped plots.
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Figure 4.2.  Stable size distribution of clipped and unclipped plots based on
1999-2000 data.  Stable size distributions were calculated using both the 
upper- and lower-bound matrices of the clipped plots.  
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Chapter 5:  Conclusion 

Before this study very little was known about the factors which may affect 

the distribution of B. ischaemum and the effects of this species on native diversity 

had not been quantified.  The increasing interest in management and restoration of 

natural ecosystems and in the preservation of biodiversity makes it important to 

gain this basic insight into the ecology of exotic species such as this one. 

In addition to its importance for conservation interests this study is 

important because it increases our understanding of how grazing affects grass 

populations.  Although many studies have described the effects of grazing on 

individual growth rate, survival, or fecundity (e.g., Doak 1992; Ehrlén 1995a; 

Bastrenta and Belhassen 1992; Bergelson and Crawley 1992; Bullock et al. 

1994b; Hickman and Hartnett 2002; Damhoureyeh and Hartnett 2002), relatively 

few studies have measured the effects of grazing on population growth rate (Doak 

1992; Bullock et al. 1994b; Bastrenta et al. 1995; Ehrlén 1995b; O’Connor 1993; 

Hunt 2001).  The study presented here is one of the only studies that has expanded 

this analysis to also examine the effects on population growth rate of the actual 

changes in individual matrix elements.  This approach allows us to determine not 

only what traits grazing effects but also which effects are most important to the 

population dynamics of the species. 

The results of this study confirm that B. ischaemum is very common in the 

savannas of the eastern Edwards Plateau and indicate that it will continue to 

spread throughout this region and to increase in abundance.  The only habitat in 
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which B. ischaemum was never found was under the canopies of woody plants. B. 

ischaemum grew in plots of all inclinations (flat sites to steep hillsides), with little 

evidence of habitat preference. B. ischaemum was more often, although not 

exclusively, found in plots near roads, probably because roads facilitate seed 

dispersal. There was no significant effect of either grazing or fire history on the 

distribution of this species. B. ischaemum-dominated plots had lower species 

diversity and species richness than plots in which no B. ischaemum was found.   

As would be expected, clipping had a negative effect on many of the plant 

traits measured.  Clipping decreased the average above-ground dry biomass per 

plant. After one year of clipping, there was no difference in survival rates between 

clipped and unclipped plots.  After two years of clipping, clipped plants had lower 

survival rates.  In unclipped plants fecundity was proportional to plant size, while 

no clipped plants set seed.  Neighboring plants provided a source of seeds in 

clipped plots and contributed to recruitment in unclipped plots.  Despite the lower 

seed input, recruitment tended to be higher in clipped plots than in unclipped 

plots, perhaps due to increased seedling survival.  There was no significant 

difference in ‘population’ growth rate between clipped and unclipped plots.  It 

seems likely that increased recruitment levels compensated for the negative effect 

of clipping on survival. 

After two years of clipping treatments, clipped plots had a lower potential 

population growth rate (λeig, the principle eigenvalue of the population projection 

matrix), proportionally fewer small individuals, and a shorter expected lifespan 

than unclipped plots.  Despite a dramatic negative effect of clipping on fecundity, 
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the effect of clipping on the ability of adults to survive and maintain their size had 

a much greater effect on the population growth rate.   

Taken together, the results from the three chapters of this study give a 

picture of a highly grazing tolerant invasive grass species.  Although simulated 

grazing had strong negative effects on plant size and fecundity, increased 

recruitment seemed to compensate for these negative effects.  The plant trait that 

was most strongly affected by clipping was fecundity.  This was also the trait that 

had the smallest effect on the population growth rate.  Furthermore no 

relationship was found between grazing intensity and the presence of B. 

ischaemum in the descriptive study.  It seems that as long as grazing is patchy 

enough in time and/or space to allow some seed production it will have little 

effect on the abundance of this species. 

The combination of deliberate introduction, broad environmental 

tolerances, strong negative impact on native diversity, and no known method of 

control is shared by B. ischaemum with other, better-known invasive grasses such 

as Eragrostis lehmanniana (Lehmann lovegrass) and Pennisetum ciliare 

(buffelgrass) (Bock et al. 1986; Anable et al. 1992; Williams and Baruch 2000).  

It is not yet clear whether the effects of B. ischaemum on native diversity will 

equal theirs; this invasion in still in progress.  B. ischaemum also shares its 

grazing tolerance with other invasive grass species such as E. lehmanniana, 

Agropyron desertorum, and Bromus tectorum (Mack and Thompson 1982; Mack 

1989; Anable et al. 1992).  Unfortunately, the data from this study suggest no 

obvious reason to expect that B. ischaemum-dominated areas will not eventually 
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become very common throughout the eastern Edwards Plateau.  This species has 

been seeded further west in Texas as well as in parts of Oklahoma and seems to 

do well in these areas (Berg 1990). 

This study only addresses the distribution of this species in the eastern 

Edwards Plateau.  To the best of my knowledge this is the only study that 

examines the habitat preference of this species and therefore it is unknown 

whether B. ischaemum has such broad habitat tolerances in other areas of North 

America.   

In addition to answering questions of conservation importance about an 

exotic grass species, this study also addresses questions of how grazing affects 

plant populations.  In general, the responses of B. ischaemum to simulated grazing 

were found to be similar to those of other grazing-tolerant grass species, and 

broadly similar to those of other herbaceous species.  Despite its grazing 

tolerance, the direct effects of clipping on individual plants of this species were 

uniformly negative.  As has been observed in other species, the above-ground 

plant biomass of clipped plants was significantly lower (cf. Ehrlén 1995a; Pfeiffer 

and Hartnett 1995; Hickman and Hartnett 2002), their survival rate in the second 

year was significantly lower (cf. Bishop and Davy 1984; Pyke 1986; Noy-Meir 

and Briske 1996), and their fertility was significantly reduced (cf. Bishop and 

Davy 1984; Bergelson and Crawley 1992; Ehrlén 1995a).  There was evidence, 

however, of some indirect compensatory effects, apparently due to the reduction 

in competition that was a secondary effect of clipping.   
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The conclusion that the effects of clipping on adult survival and growth 

(or size maintenance) were more important than the effects on fecundity is 

broadly similar to the conclusions reached by other studies of the effects of 

herbivory on plant populations (e.g., Ehrlén 1995b; Hunt 2001).  Most of these 

studies, however, have relied on elasticities alone to reach their conclusion.  I am 

aware of only one other study of the effects of herbivory that has also examined 

the effects on the principal eigenvalue of the actual changes in individual matrix 

elements (García and Ehrlén 2002).    

Because B. ischaemum is an invasive non-native species of conservation 

concern, it is appropriate to point out that the negative effects of clipping on this 

species found by this study unfortunately do not mean that grazing or mowing 

will control B. ischaemum.  It is quite grazing- and fire-tolerant and grazing 

intensities sufficient to control it would have very deleterious effects on most 

native species. 
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Appendix A:  Sample SAS/IML code for the calculation of 
transition matrices and elasticities 

FILENAME transit 'd:\sas\matrices\survival9899.txt'; 

FILENAME fecund 'd:\sas\matrices\fecund1.txt'; 

data tinput; 

infile transit; 

input plot $ 1-3 id $ 5 trtment $ 7 a01 9-10 a02 12 a03 14 a04 16 a05 18 

a10 20-21 a11 23-24 a12 26 a13 28-29 a14 31 a15 33 

a20 35 a21 37 a22 39 a23 41 a24 43 a25 45 

a30 47 a31 49 a32 51 a33 53 a34 55 a35 57 

a40 59 a41 61 a42 63 a43 65 a44 67 a45 69 

a50 71 a51 73 a52 75 a53 77 a54 79 a55 81; 

*proc print data=tinput; 

data finput; 

infile fecund; 

input plot $ 1-3 id $ 5 trtment $ 7 

sc1 9-13 sc2 15-19 sc3 21-25 sc4 27-31 sc5 33-38 

nf1 40-41 nf2 43 nf3 45-46 nf4 48 nf5 50; 

*proc print data=finput; 

data tinput1; set tinput; keep plot trtment; 

*proc print data=tinput1; 

*title 'results for 1998-1999'; 
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*above is to make a data file of the labels (observation, plot, label, 

treatment); 

data tinput2; set tinput; keep a01-a05 a10-a15 a20-a25 a30-a35 a40-a45 

a50-a55; 

*proc print data=tinput2; 

*title '98-99 transition data'; 

*above is to make a data files of the transitions; 

*c1 (below) is the average seed set per individual who flowered in a size 

class; 

*note I am using culm length as a substitute for # seeds.  as the 

relationship between the two is linear; 

data finput1; set finput; keep plot trtment; 

*proc print data=finput1; 

*title 'seedset 1998-1999'; 

data finput2; set finput; keep sc1-sc5 nf1-nf5; 

*proc print data=finput2; 

*title 'seedset 1998-1999'; 

run; 

 

proc iml; 

title 'results for 98-99'; 

*transfer data to iml; 

use tinput2; read all into TALL; 
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use finput2; read all into FALL; 

use tinput1; read all var {plot trtment} into TID; 

use finput1; read all var {plot trtment} into FID; 

*TALL and FALL have data; 

*TID and FID are label sets; 

*print TALL; 

*print FALL; 

*print TID; 

*print FID; 

* I am looking at the grand totals of all my plots (ignoring plot 

differences); 

*divide TALL into clipped and unclipped submatrices; 

TALLC = TALL[{1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17}, ]; 

TALLU = TALL[{18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 

33, 34}, ]; 

*print TALLC;  

*print TALLU; 

FALLC = FALL[{1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17}, ]; 

FALLU = FALL[{18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 

33, 34}, ]; 

*print FALLC;  

*print FALLU; 
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* sum columns in TALL; 

ONEMAT = j(1, 17, 1);  

*print ONEMAT; 

*multiplying TALL by onemat will give me the summat; 

SUMMATC = ONEMAT*TALLC; 

SUMMATU = ONEMAT*TALLU; 

*print SUMMATC; 

*print SUMMATU; 

SUMFC = ONEMAT*FALLC; 

SUMFU = ONEMAT*FALLU; 

*print SUMFC; 

*print SUMFU; 

tin1c = SUMMATC [{7,8,9,10,11}];  *1-->j 5x1; 

tin1u = SUMMATU [{7,8,9,10,11}]; 

tin2c = SUMMATC [{13,14,15,16,17}];   *2-->j 5x1; 

tin2u = SUMMATU [{13 14 15 16 17}];  

*print tin2c; 

*print tin2u; 

tin3c = SUMMATC [{19 20 21 22 23}];  *3-->j 5x1; 

tin3u = SUMMATU [{19 20 21 22 23}]; 

tin4c = SUMMATC [{25 26 27 28 29}];   *4-->j 5x1; 

tin4u = SUMMATU [{25 26 27 28 29}]; 

tin5c = SUMMATC [{31 32 33 34 35}]; *5-->j 5x1; 
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tin5u = SUMMATU [{31 32 33 34 35}];   

TINC = tin1c||tin2c||tin3c||tin4c||tin5c; 

TINU = tin1u||tin2u||tin3u||tin4u||tin5u; 

*print tinc; 

*print tinu; 

yr21c = SUMMATC [{1,7,13,19,25,31}]; 

yr21u = SUMMATU [{1 7 13 19 25 31}]; 

yr22c = SUMMATC [{2 8 14 20 26 32}]; 

yr22u = SUMMATU [{2 8 14 20 26 32}]; 

yr23c = SUMMATC [{3 9 15 21 27 33}]; 

yr23u = SUMMATU [{3 9 15 21 27 33}]; 

yr24c = SUMMATC [{4 10 16 22 28 34}]; 

yr24u = SUMMATU [{4 10 16 22 28 34}]; 

yr25c = SUMMATC [{5 11 17 23 29 35}]; 

yr25u = SUMMATU [{5 11 17 23 29 35}]; 

tinyr2c = yr21c||yr22c||yr23c||yr24c||yr25c; 

tinyr2u = yr21u||yr22u||yr23u||yr24u||yr25u; 

*print tinyr2c; 

*print tinyr2u; 

* the jth col is the # indiv in the jth size class yr 2- coming from ith size 

class; 

n11c = SUMMATC [{6 7 8 9 10 11}]; 

n11u = SUMMATU [{6 7 8 9 10 11}]; 
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*yr 1 size 1 is n11, yr1 size 2 is n12, etc; 

n12c = SUMMATC [{12 13 14 15 16 17}]; 

n12u = SUMMATU [{12 13 14 15 16 17}]; 

n13c = SUMMATC [{18 19 20 21 22 23}]; 

n13u = SUMMATU [{18 19 20 21 22 23}]; 

n14c = SUMMATC [{24 25 26 27 28 29}]; 

n14u = SUMMATU [{24 25 26 27 28 29}]; 

n15c = SUMMATC [{30 31 32 33 34 35}]; 

n15u = SUMMATU [{30 31 32 33 34 35}]; 

N1c = sum(n11c)//sum(n12c)//sum(n13c)//sum(n14c)//sum(n15c); 

*print N1c; 

N1U = sum(n11U)//sum(n12u)//sum(n13u)//sum(n14u)//sum(n15u); 

*print N1u; 

N2c = sum(yr21c)//sum(yr22c)//sum(yr23c)//sum(yr24c)//sum(yr25c); 

*print N2c; 

N2u = sum(yr21u)//sum(yr22u)//sum(yr23u)//sum(yr24u)//sum(yr25u); 

*print N2u; 

*rc is # new recruits in clipped plots, ru # new recruits in unclipped plots; 

rc = SUMMATC [{1 2 3 4 5}]; 

ru = SUMMATU [{1 2 3 4 5}]; 

*print rc; 

*print ru; 

Rec = sum(rc); 
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Reu = sum(ru); 

*print Rec; 

*print Reu; 

*tc is total culm production - clipped and unclipped; 

tcc = SUMFC [{1 2 3 4 5}]; 

tcu = SUMFU [{1 2 3 4 5}]; 

*print tcc; 

*print tcu; 

totseedc = sum(tcc); 

totseedu = sum(tcu); 

*print totseedc; 

*print totseedu; 

prseedc = tcc/totseedc; 

prseedu = tcu/totseedu; 

*print prseedc; 

*print prseedu; 

fc = SUMMATC [{6 7 8 9 10}]; 

fu = SUMMATU [{6 7 8 9 10}]; 

g = j(5, 1, 1); 

*print fc; 

*print fu; 

*print g; 

*fc, fu, and g are all 5 rows x 1 column; 
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*nfc = fc<>g; 

*nfu = fc<>g; 

rt = ru/totseedu;  *5 rows x 1 column; 

*print rt; 

*rt is the probability a seed becomes a recruit of ea size class;   

*I'm using unclipped data for the clipped and unclipped plots; 

mfc = tcc/N1c; 

mfu = tcu/N1u; 

*next I want to create leftkovitch matrices; 

T2c = rt*mfc`; 

*print T2c; 

T2u = rt*mfu`; 

*print T2u; 

bc = N1c`//N1c`//N1c`//N1c`//N1c`; 

bu = N1u`//N1u`//N1u`//N1u`//N1u`; 

*print bc; 

*print bu; 

T1C = TINC/bc; 

T1U = TINU/bu; 

*print T1C; 

*print T1U; 

Tcl = T1C + T2u; 

Tuc = T1U + T2u; 
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*print Tcl; 

*print Tuc; 

*Tcl and Tuc are my 2 leftkovich matrices; 

*to test- Nt2u should equal N2u and it did; 

Nt2c = Tcl*N1c; 

Nt2u = Tuc*N1u; 

*print Nt2c; 

*print N2c; 

*print Nt2u; 

*print N2u; 

*so now I have my lefkovitch matrices:  Tcl and Tuc; 

*next I will find eigenvalue, right and left vectors, using eigen function; 

Lc = eigval(Tcl); 

Lu = eigval(Tuc); 

RVc = eigvec(Tcl); 

RVu = eigvec(Tuc); 

TTc = Tcl`; 

TTu = Tuc`; 

L2c = eigval(TTc); 

L2u = eigval(TTu); 

LVc = eigvec(TTc); 

LVu = eigvec(TTu); 
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*print Lc; 

*print Lu; 

*print RVc; 

*print RVu; 

*print L2c; 

*print L2u; 

*print LVc; 

*print LVu; 

*Sensitivity - for now I'm just going to entire the results into sas directly.; 

*w is the right vector, v is the left vector; 

wc = {.824010, .441973, .33417, .068873, .096165}; 

*print vc; 

wu = {.86274, .4680949, .1691163, .087278, .0186824}; 

vc = {.0622031, .0893715, .1755701, .3810337, .9011836}; 

vu = {.0414009, .0859456, .160721, .4660688, .864782}; 

sensc = (vc*wc`)/(vc`*wc); 

sensu = (vu*wu`)/(vu`*wu); 

*print sensc; 

*print sensu; 

elasc = (1/1.2237139)#sensc; 

elasu = (1/1.0318101)#sensu; 
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propchange = (Tcl-Tuc)/Tuc; 

*print propchange; 

deltaL = Tuc#propchange#elasu; 

*print deltaL; 

Nstc = {217, 92, 45, 13, 25}; 

Nstu = {173, 85, 47, 12, 20}; 

Npredc = Tcl*Nstc; 

Npredu = Tuc*Nstu; 

Lpredc = sum(Npredc)/sum(Nstc); 

Lpredu = sum(Npredu)/sum(Nstu); 

print Lpredc; 

print Lpredu; 

quit; 



 129

 

Appendix B:  Sample SAS/IML code for the calculation of 
expected lifespan 

proc iml; 

*G = {0.1889401 0.1630435 0.1333333 0 0, 

      0.1797235 0.2717391 0.3333333 0.1538462 0.08, 

      0.1612903 0.2391304 0.3555556 0.3846154 0.04, 

      0.0230415 0.0217391 0.0888889 0.1538462 0.16, 

      0.0092166 0.0108696 0.0444444 0.2307692 0.72}; 

*above is the clipped matrix 98-99; 

*G = {0.3641618 0.3764706 0.1702128 0         0.05, 

       0.2312139 0.3058824 0.3617021 0.0833333 0, 

       0.0346821 0.1529412 0.2340426 0.25      0.05, 

    0         0.0235294 0.1276596 0.5833333 0.35, 

       0         0         0         0.0833333 0.5};  

*above is the unclipped matrix 98-99; 

*G = {0.0614035 0.1384615 0.2340426 0.2222222 0.2631579, 

     0.0350877 0.0615385 0.212766  0         0.1578947, 

     0         0.0153846 0.0638298 0.1111111 0.2105263, 

     0         0.0153846 0.0       0         0.2105263, 

     0         0         0         0         0}; 

*above is the clipped matrix 99-00; 
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G = {0.2444444 0.2962963 0.4  0         0.125, 

      0.0555556 0.1296296 0.2  0         0.125, 

      0         0.0925926 0.25 0.2307692 0.125, 

   0         0         0.05 0.1538462 0.125, 

      0         0         0    0.1538462 0.5}; 

*above is the unclipped matrix 99-00;  

N1 = {390, 177, 92, 25, 45}; 

n=200; 

*print Nu; 

Le = j(n,1); 

do i = 1 to n; 

 popsize = 729; 

 N2 = G*N1; 

 ndie = sum(N1)-sum(N2); 

 *print Ndie; 

 *print N2; 

 pdie = Ndie/popsize; 

 *print pdie;  

 Le[i] = (i-1) * pdie; 

 N1 = N2; 

 end; 

 *print Nu; 

 *print p; 
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 *print Le; 

 Lex = sum(Le); 

 print Lex; 

quit; 

*print N2; 
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Appendix C:  Sample SAS/IML code for the individual-based 
stochastic model 

 

proc iml; 

/*use dat1; read all into S1;*/ 

nruns = 1000; 

arlambda = j(nruns, 1, 1); 

do sim = 1 to nruns; 

a = j(2100, 1, 2); 

b = j(1800, 1, 6); 

c = j(2650, 1, 15); 

d = j(1550, 1, 25); 

e = j(1900, 1, 35); 

S1 = a//b//c//d//e; 

nstart = nrow(S1); 

*print S1; 

*print nstart; 

s11 = 0; *s11 is the number of ind in class 1, yr 1; 

s12 = 0; *s12 is the number of ind in class2, yr1; 

s13 = 0; 

s14 = 0; 

s15 = 0;  
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do i = 1 to nstart; 

 if S1[i] < 5 then s11 = s11 + 1; 

 if S1[i] > 4 & S1[i] < 10 then s12 = s12 + 1; 

 if S1[i] > 9 & S1[i] < 21 then s13 = s13 + 1; 

 if S1[i] > 20 & S1[i] < 31 then s14 = s14 + 1; 

 if S1[i] > 30 then s15 = s15 + 1; 

 end; 

*print s11; 

*print s12; 

*print s13; 

*print s14; 

*print s15; 

stsize = s11 + s12 + s13 + s14 + s15; 

*print stsize; 

N1 = s11//s12//s13//s14//s15; 

*print N1; 

numyrs = 50; 

SuSD = j(5, 1, 0); 

L = j(numyrs, 1, 0); 

NEND = j(numyrs, 1, 0); 

do yr = 1 to numyrs; 
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n11 = 0; 

n21 = 0; 

n31 = 0; 

n41 = 0; 

n51 = 0; 

n12 = 0; 

n22 = 0; 

n32 = 0; 

n42 = 0; 

n52 = 0; 

n13 = 0; 

n23 = 0; 

n33 = 0; 

n43 = 0; 

n53 = 0; 

n14 = 0; 

n24 = 0; 

n34 = 0; 

n44 = 0; 

n54 = 0; 

n15 = 0; 

n25 = 0; 
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n35 = 0; 

n45 = 0; 

n55 = 0; 

*print yr; 

*below are the growth probabilities; 

count1 = N1[1]; 

*print count1; 

*below are numbers for uc 1998-1999; 

do i = 1 to count1; 

 rannum1 = uniform(0); 

 if (rannum1 <= 0.3641618) then n11 = n11 + 1; 

if (rannum1 > 0.3641618 & rannum1 <= 0.5953757) then n12 = 

n12 + 1; 

if (rannum1 > 0.5953757 & rannum1 <= 0.6300578) then n13 = 

n13 + 1; 

 end; 

count2 = N1[2]; 

*print count2; 

do i = 1 to count2; 

 rannum2 = uniform(0); 

 if (rannum2 <= 0.3764706) then n21 = n21 + 1; 

if (rannum2 > 0.3764706 & rannum2 <= 0.682353) then n22 = n22 

+ 1; 
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if (rannum2 > 0.682353 & rannum2 <= 0.8352942) then n23 = n23 

+ 1; 

if (rannum2 > 0.8352942 & rannum2 <= 0.8588236) then n24 = 

n24 + 1; 

 end; 

count3 = N1[3]; 

*print count3; 

do i = 1 to count3; 

 rannum3 = uniform(0); 

 if (rannum3 <= 0.170213) then n31 = n31 + 1; 

if (rannum3 > 0.170213 & rannum3 <= 0.531915) then n32 = n32 

+ 1; 

if (rannum3 > 0.531915 & rannum3 <= 0.765958) then n33 = n33 

+ 1; 

if (rannum3 > 0.765958 & rannum3 <= 0.893617) then n34 = n34 

+ 1; 

 end; 

count4 = N1[4]; 

*print count4; 

do i = 1 to count4; 

 rannum4 = uniform(0); 

 if (rannum4 <= 0.083333) then n42 = n42 + 1; 
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if (rannum4 > 0.083333 & rannum4 <= 0.333333) then n43 = n43 

+ 1; 

if (rannum4 > 0.333333 & rannum4 <= 0.916667) then n44 = n44 

+ 1; 

 if (rannum4 > 0.916667 & rannum4 <= 1) then n45 = n45 + 1; 

 end; 

count5 = N1[5]; 

*print count5; 

do i = 1 to count5; 

 rannum5 = uniform(0); 

 if (rannum5 <= 0.05) then n51 = n51 + 1; 

 if (rannum5 > 0.05 & rannum5 <= 0.10) then n53 = n53 + 1; 

 if (rannum5 > 0.10 & rannum5 <= 0.45) then n54 = n54 + 1; 

 if (rannum5 > 0.45 & rannum5 <= 0.95) then n55 = n55 + 1; 

 end; 

/* 

*below are the numbers for clipped 98 -99; 

do i = 1 to count1; 

 rannum1 = uniform(0); 

 if (rannum1 < 0.1889401) then n11 = n11 + 1; 

if (rannum1 > 0.1889401 & rannum1 < 0.3686636) then n12 = n12 

+ 1; 
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if (rannum1 > 0.3686636 & rannum1 < 0.5299539) then n13 = n13 

+ 1; 

if (rannum1 > 0.5299539 & rannum1 < 0.5529954) then n14 = n14 

+ 1; 

if (rannum1 > 0.5529954 & rannum1 < 0.562212) then n15 = n15 

+ 1; 

 end; 

count2 = N1[2]; 

*print count2; 

do i = 1 to count2; 

 rannum2 = uniform(0); 

 if (rannum2 < 0.1630435) then n21 = n21 + 1; 

if (rannum2 > 0.1630435 & rannum2 < 0.4347826) then n22 = n22 

+ 1; 

if (rannum2 > 0.4347826 & rannum2 < 0.673913) then n23 = n23 

+ 1; 

if (rannum2 > 0.673913 & rannum2 < 0.6956521) then n24 = n24 

+ 1; 

if (rannum2 > 0.6956521 & rannum2 < 0.7065217) then n25 = n25 

+ 1; 

 end; 

count3 = N1[3]; 

*print count3; 
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do i = 1 to count3; 

 rannum3 = uniform(0); 

 if (rannum3 < 0.1333333) then n31 = n31 + 1; 

if (rannum3 > 0.1333333 & rannum3 < 0.4666667) then n32 = n32 

+ 1; 

if (rannum3 > 0.4666667 & rannum3 < 0.8222222) then n33 = n33 

+ 1; 

if (rannum3 > 0.8222222 & rannum3 < 0.9111111) then n34 = n34 

+ 1; 

if (rannum3 > 0.9111111 & rannum3 < 0.9555556 ) then n35 = 

n35 + 1; 

 end; 

count4 = N1[4]; 

*print count4; 

do i = 1 to count4; 

 rannum4 = uniform(0); 

 if (rannum4 < 0) then n41 = n41 + 1; 

 if (rannum4 > 0 & rannum4 < 0.1538462) then n42 = n42 + 1; 

if (rannum4 > 0.1538462 & rannum4 < 0.5384616) then n43 = n43 

+ 1; 

if (rannum4 > 0.5384616 & rannum4 < 0.6923078) then n44 = n44 

+ 1; 
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if (rannum4 > 0.6923078 & rannum4 < 0.923077) then n45 = n45 

+ 1; 

 end; 

count5 = N1[5]; 

*print count5; 

do i = 1 to count5; 

 rannum5 = uniform(0); 

 if (rannum5 < 0) then n51 = n51 + 1; 

 if (rannum5 > 0 & rannum5 < 0.08) then n52 = n52 + 1; 

 if (rannum5 > 0.08 & rannum5 < 0.12) then n53 = n53 + 1; 

 if (rannum5 > 0.12 & rannum5 < 0.28) then n54 = n54 + 1; 

 if (rannum5 > 0.28 & rannum5 < 1) then n55 = n55 + 1; 

 end; 

*/ 

 *below are fecundity component of matrix;  

ns11 = 0; 

ns12 = 0; 

ns13 = 0; 

ns14 = 0; 

ns15 = 0; 

ns21 = 0; 

ns22 = 0; 

ns23 = 0; 
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ns24 = 0; 

ns25 = 0; 

ns31 = 0; 

ns32 = 0; 

ns33 = 0; 

ns34 = 0; 

ns35 = 0; 

ns41 = 0; 

ns42 = 0; 

ns43 = 0; 

ns44 = 0; 

ns45 = 0; 

ns51 = 0; 

ns52 = 0; 

ns53 = 0; 

ns54 = 0; 

ns55 = 0; 

*set seeds with randomness in the number that flower and randomness in 

the number of seeds; 

*data from unclipped plots; 

do i = 1 to count1; 

 rannum6 = uniform(0); 

 pf1 = 0.2832; 
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 if (rannum6 <= pf1) then do; 

  norm = normal(0); 

  nseeds = (8.72*norm + 10.26); 

  if nseeds < 0 then nseeds = 0; 

  ns11 = ns11 + (nseeds*0.010444); 

  ns12 = ns12 + (nseeds*0.0020279); 

  ns13 = ns13 + (nseeds*0.0003004); 

  ns14 = ns14 + (nseeds*0); 

  ns15 = ns15 + (nseeds*0.0000751); 

   end; 

 end; 

do i = 1 to count2; 

 rannum7 = uniform(0); 

 pf2 = 0.6235; 

 if (rannum7 <= pf2) then do; 

  norm = normal(0); 

  nseeds = (28.50*norm + 25.13); 

  if nseeds < 0 then nseeds = 0; 

  ns21 = ns21 + (nseeds*0.01044); 

  ns22 = ns22 + (nseeds*0.0020279); 

  ns23 = ns23 + (nseeds*0.0003004); 

  ns24 = ns24 + (nseeds*0); 

  ns25 = ns25 + (nseeds*0.0000751); 
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  end; 

 end; 

do i = 1 to count3; 

 rannum8 = uniform(0); 

 pf3 = 0.8936; 

 if (rannum8 <= pf3) then do; 

  norm = normal(0); 

  nseeds = (43.35*norm + 47.65); 

  if nseeds < 0 then nseeds = 0; 

  ns31 = ns31 + (nseeds*0.01044); 

  ns32 = ns32 + (nseeds*0.0020279); 

  ns33 = ns33 + (nseeds*0.0003004); 

  ns34 = ns34 + (nseeds*0); 

  ns35 = ns35 + (nseeds*0.0000751); 

  end; 

 end; 

do i = 1 to count4; 

 rannum9 = uniform(0); 

 pf4 = 0.8333; 

 if (rannum9 <= pf4) then do; 

  norm = normal(0); 

  nseeds = (161.66*norm + 149.7); 

  if nseeds < 0 then nseeds = 0; 
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  ns41 = ns11 + (nseeds*0.01044); 

  ns42 = ns12 + (nseeds*0.0020279); 

  ns43 = ns13 + (nseeds*0.0003004); 

  ns44 = ns14 + (nseeds*0); 

  ns45 = ns15 + (nseeds*0.0000751);end; 

 end; 

do i = 1 to count5; 

 rannum10 = uniform(0); 

 pf5 = .95; 

 if (rannum10 <= pf5) then do; 

  norm = normal(0); 

  nseeds = (365.52*norm + 420.07); 

  if nseeds < 0 then nseeds = 0; 

  ns51 = ns51 + (nseeds*0.01044); 

  ns52 = ns52 + (nseeds*0.0020279); 

  ns53 = ns53 + (nseeds*0.0003004); 

  ns54 = ns54 + (nseeds*0); 

  ns55 = ns55 + (nseeds*0.0000751);  end; 

 end; 

*below are the numbers from clipped plots; 

/* 

do i = 1 to count3; 

 rannum8 = uniform(0); 
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 pf3 = 0.1333; 

 if (rannum8 < pf3) then do; 

  norm = normal(0); 

  nseeds = (14.39*norm + 20.13); 

  if nseeds < 0 then nseeds = 0; 

  ns31 = ns31 + (nseeds*0.0104196); 

  ns32 = ns32 + (nseeds*0.0020239); 

  ns33 = ns33 + (nseeds*0.0002998); 

  ns34 = ns34 + (nseeds*0); 

  ns35 = ns35 + (nseeds*0.000075); 

  end; 

 end; 

do i = 1 to count4; 

 rannum9 = uniform(0); 

 pf4 = 0.2308; 

 if (rannum9 < pf4) then do; 

  norm = normal(0); 

  nseeds = (7.39*norm + 8.47); 

  if nseeds < 0 then nseeds = 0; 

  ns41 = ns41 + (nseeds*0.0104196); 

  ns42 = ns42 + (nseeds*0.0020239); 

  ns43 = ns43 + (nseeds*0.0002998); 

  ns44 = ns44 + (nseeds*0); 
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  ns45 = ns45 + (nseeds*0.000075);end; 

 end; 

do i = 1 to count5; 

 rannum10 = uniform(0); 

 pf5 = 0.48; 

 if (rannum10 < pf5) then do; 

  norm = normal(0); 

  nseeds = (15.54*norm + 23.13); 

  if nseeds < 0 then nseeds = 0; 

  ns51 = ns51 + (nseeds*0.0104196); 

  ns52 = ns52 + (nseeds*0.0020239); 

  ns53 = ns53 + (nseeds*0.0002998); 

  ns54 = ns54 + (nseeds*0); 

  ns55 = ns55 + (nseeds*0.000075);  end; 

 end; 

*/ 

ns1 = round(ns11 + ns21 + ns31 + ns41 + ns51); 

ns2 = round(ns12 + ns22 + ns32 + ns42 + ns52); 

ns3 = round(ns13 + ns23 + ns33 + ns43 + ns53); 

ns4 = round(ns14 + ns24 + ns34 + ns44 + ns54); 

ns5 = round(ns15 + ns25 + ns35 + ns45 + ns55); 

*print ns1; 

ng1 = n11 + n21 + n31 + n41 + n51; 
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ng2 = n12 + n22 + n32 + n42 + n52; 

ng3 = n13 + n23 + n33 + n43 + n53; 

ng4 = n14 + n24 + n34 + n44 + n54; 

ng5 = n15 + n25 + n35 + n45 + n55; 

*print ng1; 

*print ng2; 

*print ng3; 

*print ng4; 

*print ng5; 

if yr = 1 then do; 

n2g = ng1 + ng2 + ng3 + ng4 + ng5; 

*print n2g; 

end; 

npr1 = n11 + n21 + n31 + n41 + n51 + ns1; 

npr2 = n12 + n22 + n32 + n42 + n52 + ns2; 

npr3 = n13 + n23 + n33 + n43 + n53 + ns3; 

npr4 = n14 + n24 + n34 + n44 + n54 + ns4; 

npr5 = n15 + n25 + n35 + n45 + n55 + ns5; 

NPR = npr1//npr2//npr3//npr4//npr5; *without rounding; 

*NPR= round(npr1)//round(npr2)//round(npr3)//round(npr4)//round(npr5); 

*with rounding; 

*print NPR; 
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N2size = sum(NPR); 

N1size = sum(N1); 

NEND[yr] = N2size; 

L[yr] = N2size/N1size; 

*print N2size; 

*print N1; 

end; 

Lsub = L[50:numyrs]; 

arlambda[sim] = Lsub; 

 *print arL; 

*print arSD; 

*print L; 

*print NEND; 

end; 

print arlambda; 

quit; 
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