
Competition in desert winter annuals:
Effects of spatial and temporal variation.

Item Type text; Dissertation-Reproduction (electronic)

Authors Pantastico, Marissa Capistrano.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:13:13

Link to Item http://hdl.handle.net/10150/185362

http://hdl.handle.net/10150/185362


INFORMATION TO USERS 

The most advanced technology has been used to photograph and 

reproduce this manuscript from the microfilm master. UMI films the 

text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any 

type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

U-M-I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

3131761-4700 800'521-0600 





Order Number 9121549 

Competition in desert winter annuals: Effects of spatial and 
temporal variation 

Pantastico, Marissa Capistrano, Ph.D. 

The University of Arizona, 1991 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI48106 





NOTE TO USERS 

THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES 

WITH POOR PRINT. PAGES WERE FILMED AS RECEIVED. 

THIS REPRODUCTION IS THE BEST AVAILABLE COPY. 





COMPETITION IN DESERT WINTER ANNUALS: EPPECTS OP 

SPATIAL AND TEMPORAL VARIATION 

by 

Marissa Capistrano Pantastico 

A Dissertation Submitted to the Paculty of the 

DEPARTMENT OP J.COLOGY AND EVOLUTIONARY BIOLOGY 

In Partial Pulfillment of the Requirements 
For the Degree of 

DOCTOR OP PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

199 1 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

2 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by ___ M_ar_'_·s_s_a __ C_. __ Pa_n_t_a_s_t_i_c_o __________________ ___ 

entitled COMPETITION IN DESERT WINTER ANNUALS: 

EFFECTS OF SPATIAL AND TEMPORAL VARIATION 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Ph. D. in Ecology and Evolutionary Biology 

{!)4 (6 Mav 1990 
Date 

Date 

Date ~~bQ? 
4'av~-y 16:;;0' Iff'~ 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 

reqUire~ 

Dissertation D~rector Date 



3 

S~ATEMEHT BY AUTBOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. . 

Brief quotations from this dissertation are allowable 
without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head 
of the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the 
material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the 
author. 

SIGNED: ~OJ>';" t rZtL 



4 

ACKNOWLEDGEMENTS 

I thank the members of my doctoral committee, Larry 
Venable, Rob Robichaux, Conrad Istock, Mike Donoghue and 
Ray Turner, for their guidance an~ encouragement. Larry 
Venable, my major professor, deserves my heartfelt thanks 
for his valuable suggestions and constant support. 

I am grateful .to Cathie Pake, Susan Schwinning, Mark 
Fishbein, Peter Sundt, Bill Mitchell, Tony Caprio and Peter 
Chesson for their many constructive comments. Tony Caprio 
also helped me set-up the 1987-88 experiments and produced 
the rainfall and temperature graphs - my special thanks. 

I thank many friends and fellow graduate students in 
the Departmment of Ecology and Evolutionary Biology, the 
staff in the EEB office and my family back in the 
Philippines for their encouragement and assistance. I also 
thank the McGinnies scholarship and the University of the 
Philippines at Los Banos for their financial support. 

Finally, I share this dissertation with my husband, 
Juan Caldas. Thanks for your help, patience, encouragement 
and love. 



TABLE OP CONTENTS 

LIST OF ILLUSTRATIONS .............................. 
LIST OF TABLES 

ABSTRACT ........................................... 
CHAPTER 1: EXPERIME'NTAL NEIGHBORHOOD ANALYSIS OF 

COMPETITION IN TWO SPECIES OF WINTER ANNUALS 

6 

7 

9 

ALONG A TOPOGRAPHIC GRApIENT ................... 11 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 11 

Materials and Methods •................••....... 16 

Resul ts .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 27 

Discussion ....... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 53 

CHAPTER 2: EFFECTS OF TEMPORAL VARIATION ON THE 
EXPRESSION OF COMPETITION IN A DESERT WINTER 
ANNUAL • • • • • • . • • . . • • • • . . . . • . • • • • • • . • • • . • • • • • • • •• 64 

Introduction .......... . . . . . . . . . . . . . . . . . . . . . . . .. 64 

Materials and Methods .•...•....••...•..•....•.. 66 

Resul ts .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 78 

Discussion .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 87 

LITERATURE CITED ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 96 

5 



LIST OF ILLUSTRATIORS 

FIGURE 1. Daily precipitation and temperature 
(min/max) at Tumamoc Hill from October 1987 to May 

6 

1988 ............... . ........ ........................ 17 

FIGURE 2. Density effects on the expected focundity 
of an emerging seedling, lxbx, in monocultures 
of a) Plantago patagonica and b) Pectocarya recurvata 
at three habitats along a topographic gradient •.•.. 30 

FIGURE 3. Two hypothesized density effects on plant 
fitness at three habitats along a topographic 
gradient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 

FIGURE 4. Daily precipitation and temperature 
(min/max) at Tumamoc Hill from October to May during 
the a) 1986-87 and b) 1988-89 seasons •••.••••••••... 68 

FIGURE 5. Residual sum of squares divided by the 
total sum of squares (1-R2) of the regression of 
the expected fecundity of a reproductiv~ Plantago 
patagonica plant, bx , with number of neighbors at 
different neighborhood radii: a) with conspecific 
neighbors b) With Schismus barbatus neighbors ....••. 71 

FIGURE 6. Effects of neighbor density on the 
a) probability to survive to reproduction, lx, 
b) expected fecundity of a reproductive plant, bx, 
c) expected fecundity of an emerging seedling, lxbx ' 
d) number of leaves and e) plant height during the 
1986-87 and 1987-88 growing seasons •.•••..••.......• 89 



7 

LIST OF TABLES 

TABLE 1. Means and standard errors of soil moisture 
content C%) for each combination of sampling date, 
habitat and depth effects and analysis of variance 
CANOVA) on soil moisture content ..•...••••.••••.•.•.. 28 

TABLE 2. ANOVA for a) the effects of habitat and 
density on the probability of survival to 
reproduction, lx, expected fecundity of a 
reproductive plant, bx , expected probability 
of an emerging seedling, lxbx, number of leaves and 
plant height of Plantago patagonica for monoculture 
neighborhoods and b) the effects of density on 
the lxbx within each habitat for monoculture 
neighborhoods .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 31 

TABLE 3. ANOVA for a) the effects of habitat and 
density on the lx, lxbx, bx , number of basal 
shoots and plant height of Pectocarya recurvata 
for monoculture neighborhoods and b) the effects 
of density on the lxbx within each habitat for 
monoculture neighborhoods ••.•..•••••.••.•.•.....•... 33 

TABLE 4. Reanalysis of the effects of habitat and 
density on the lxbx of Plantago patagonica for 
monocuture neighborhoods excluding isolated plants ... 34 

TABLE 5. Reanalysis of the effects of habitat and 
density on the lxbx of Pectocarya recurvata for 
monocuture neighborhoods excluding isolated plants 34 

TABLE 6. Means and standard errors of lx, lxbx, bx, 
number of leaves and plant height of Plantago 
patagonica for each combination of habitat, 
density and frequency effects •.•••••...•.•••..•.•..•• 31 

TABLE 1. Means and standard errors of lx, lxbx, bx • 
number of basal shoots and plant height of 
Pectocarya recurvata for each combination of 
habitat, density and frequency effects ...•..•••...•. 42 

TABLE 8. ANOVA for the lx, lxbx. bx , number of 
leaves and plant height of Plantago patagonica 
with habitat, density and neighbor species 
frequency as main factors ...•.•....•..........•...... 41 



TABLE 9. ANOVA for the lx' lxbx' bx, number of 
basal shoots and plant height of Pectocarya recurvata 
with habitat, density and neighbor species 

8 

frequency as main factors •.•.•.••.•••..•••..•.•••••.• 49 

TABLE 10. ANOVA for the lx' lxbx, b x , number of 
leaves and plant height of Plantago patagonica 
in the base of the hill with density and neighbor 
species frequency as main factors .••••••...•.....•.. 51 

TABLE 11. ANOVA for the lx' lxbx, bx, number of 
basal shoots and plant height of Pectocarya 
recurvata in the base of the hill with density 
and neighbor species frequency as main factors •..•.. 52 

TABLE 12. The lx' b x ' lxbx and density 
(seedlings per m2 ) for 2 species in the 1986-87 
and 1987-88 seasons ...••....••.•..•..•....•.•....... 54 

TABLE 13. ANOVA for lx' bx , lxbx, plant height 
and number of leaves of Plantago patagonica 
for the 1986-87 experiment with the combination 
of density and type of neighbor as main factors ..... 79 

TABLE 14. Means and standard errors of lx, b x , 
lxxbx ' plant height and number of leaves of 
Plantago patagonica for the 1986-87 experiment •..... 80 

TABLE 15. Survival probability, lx, of Plantago 
patagonica at 5 censuses for the 1988-899 season ..... 82 

TABLE 16. ANOVA for the lx of Plantago patagonica 
at 5 censuses for the 1988-89 experiment .•.......... 83 

TABLE 17. ANOVA for number of leaves and plant 
width of Plantago patagonica for the 1988-89 
experiment ........................................... 85 

TABLE 18. Means and standard errors of number 
of leaves and plant width of Plantago patagonica 
for the 1988-89 experiment •....•.••.•............... 86 



9 

ABSTRACT 

Removal experiments were conducted to determine 

particular spatial and temporal conditions that can 

influence competitive interactions in seve~al desert 

winter annual speci~s. During the 1987-88 season, variation 

in the magnitude of competition at three habitats along a 

topographic gradient was demonstrated in two co-occurring 

species of winter annuals, Plantago patagonica and 

Pectocarya recurvata. Density effects on the survival and 

reproductive success of either species were weakest at the 

slope. However, the habitats where the two species 

experienced the most intense competition differed. Plantago 

was most affected by competition at the wash while 

Pectocarya was most affected at the base of the hill. The 

most striking pattern observed was that, for both species, 

the habitat with the highest reproductive success for 

plants that were not experiencing competition tended to be 

the worst habitat for plants in competition. 

A comparison of results from two experiments performed 

on Plantago patagonica during two growing seasons showed 

that competition occurred despite large seasonal 

differences in weather and plant performance. When wet and 

dry conditions of different year types were simulated by 
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artificial irrigation during a dry season, competition was 

still detected in both rainfed and irrigated plants 

regardless of the marked differences in plant size as a 

result of the irrigation treatment. A neighborhood density 

roughly equivalent to 8 plants/dm2 appeared sufficient to 

create competitive conditions for Plantago. Effects of 

competition were consistently manifested in reduced plant 

growth and fecundity. There was no evidence for density

dependent seedling mortality (self-thinning) even with 

seedling densities as high as 48 plants/dm2 • 

In two pairs of species tested, Plantago patagonica

Schismus barb at us and Plantago patagonica-Pectocarya 

recurvata, there was no statistically detectable effect of 

neighbor species identity on target plants of Plantago and 

Pectocarya suggesting the possible equivalence of 

competitive effects in these species of desert winter 

annuals. 



CHAPTER 1: EXPERIMENTAL NEIGHBORHOOD ANALYS;rS 

OF COMPETITION IN TWO SPECIES OF WINTER ANNUALS 

ALONG A TOPOGRAPHIC GRADIENT 

INTRODUCTION 

11 

Winter annuals, an important component of vegetation 

in most North American deserts, form a c~mmunity strongly 

influenced by environmental fluctuations. As a consequence, 

their population dynamics have been studied from the point 

of view of density-independent factors, i.e. precipitation, 

temperature and soil (Went 1949, Tevis 1958, Shreve and 

Wiggins 1964, Beatley 1967, Gutierrez and Whitford 1987). 

It is also evident, however, that the assemblage is 

substantially affected by biotic interactions. Seeds of 

these annuals, as well as those of their perennial 

neighbors, have been l~nown to support large populations of 

granivorous ants and rodents (e.g. Brown et al. 1979). 

Several manipulative studies have also demonstrated the 

existence of competition among these plants in their 

natural environment (Klikoff 1966, Inouye et al. 1980, 

Kadmon and Shmida 1990, see Fowler 1986 for review). Still 

lacking, however, is adequate information about the 



frequency of occurrence, intensity, spatial patterns of 

density-dependent processes and how they interact with 

density-independent factors. 
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This paper examines particular conditions under which 

competition is an important determinant of plant survival 

and reproductive success in desert annual populations. It 

has four objectives. The paper describes competitive 

interactions of two winter annual species during a season 

when high densities of December-germinating seedlings in a 

natural population encountered low spring precipitation. It 

also reports variations in the magnitude of competition at 

three sites along a topographic gradient from a slope to 

the wash below. The simultaneous use of two co-occurring 

species allowed me to determine whether the intensity of 

competition is differentially affected by spatial variation 

along the gradient. Finally, the study assesses the 

relative effects of intra- and interspecific competition. 

Spatial variation in the productivity of desert 

annuals along topographic gradients has been previously 

documented. The position of the habitat along a run-off/ 

run-on gradient can substantially influence soil water 

availability (Evenari et al. 1982) which can in turn 

directly determine plant reproductive success. For example, 

seed production of Stipa capensis, an annual in the Negev 
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Desert, has been found to be lowest at the relatively drier 

slope, moderate in shallow depressions, and highest in the 

wadi (wash) habitat (Kadmon and Shmida 1990). An 

observational study by Loria and Noy-meir (1979/80) also 

showed greater survival and reproductive su~cess of other 

Negev Desert annuals in the wetter run-off receiving sites 

on a relatively dry year. 

In humid ecosystems, variation in the productivity of 

different habitats has been found to influence the 

intensity of plant competition for resources. Competitive 

interactions are generally expected to be most intense at 

the productive end of the gradient where density or biomass 

is greatest (Grime 1977, Goldberg 1982, Wilson and Keddy 

1986). Goldberg (1990) argued that this is because the 

greatest magnitude of resource depletion, i.e., greatest 

"effect" on resources, occurs where plants are large and 

closely-spaced. For example, several studies have 

demonstrated an increase in the intensity of competition 

along a gradient of increasing moisture availability (Del 

Moral 1983, Gurevitch 1986). Intense competition in 

productive habitats where nutrients and light are limiting 

is also well-documented (e.g. Mahmoud and Grime 1976, Keddy 

1981, Reader and Best 1989). 
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Among desert annuals, the same trend has been reported 

by Kadmon and Shmida (1990). Using a removal experiment 

(plants with neighbors within a radius of 50 cm removed vs. 

plants in the natural background density of each habitat), 

intraspecific competition in ~ capensis was only detected 

in the wetter downslope habitats of a moisture gradient. 

The range of densities along the gradient was more than 

three orders of magnitude (2 plants/m2 in the slope and 

7710 plants/m2 in the wadi) so competition in the wadi 

(wash) appeared to be a consequence of both high plant 

density and biomass. In contrast, in the experiments I 

present below, I controlled for density when I compared the 

intensity of competition along a topographic gradient. Thus 

my experiments specifically separate the effects of density 

and habitat on the intensity of plant competition. 

The experiments were designed" to take into account the 

localized nature of plant-plant interactions. Studies on 

desert annuals that have used the quadrat methods have 

demonstrated reduction in plant success with increasing 

densities (Klikoff 1966, Inouye et al. 1980). Yet more 

subtle density-dependent effects may have been overlooked 

because these annuals actually interact on a much smaller 

scale. The neighborhood approach I used allowed an 
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assessment of competition on this smaller scale because the 

experiments analyzed the responses of individual target 

plants to conditions within their local neighborhoods, 

defined as that area about a plant circumscribing all other 

individuals that interact with the plant (Pacala and 

Silander 1985). To separate intra- from interspecific 

competition, I varied both densities and frequencies of 

neighbor species. The use of a wide range of density and 

frequency levels has been recommended by proponents of the 

response models (Firbank and Watkinson 1985, Law and 

Watkinson 1987, Connolly 1988) as a better alternative to 

the substitutive methods for studying two-species mix

tures. It has been argued that results from substitutive 

experiments (replacement series) conducted at single total 

densities have limited applicability for understanding the 

dynamics of natural populations. This is because in natural 

populations, densities may vary and the outcome of 

competition may correspondingly change in a density

dependent way (see Connolly 1988 for review of the problems 

with replacement series; but see Taylor and Aarssen 1989 on 

how to control for density-dependence of results). 
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MATERIALS AND METHODS 

study site and species: 

This study was conducted during the winter and spring 

season of 1987-88 at the northwest base of Tumamoc Hill at 

the Desert Laboratory in Tucson, Arizona. The topography is 

characterized by rolling hills and small meandering washes. 

study plots were located in open sites (between shrubs) in 

3 habitats along a topographic gradient: 1) the south-east 

side of a gently sloping hill (90 ), 2) the base of the hill 

(4-60 ) and 3) an adjacent wash consisting of a series of 

shallow (less than 0.5 m deep) and narrow (2-3 m wide) dry 

drainage channels. 

Rainfall at Tumamoc Hill averages about 250 mm/yr. 

Almost half of this precipitation falls during the summer 

months and the rest is unevenly distributed between October 

and April. Winter annuals typically germinate from October 

to January. Seeds are set and plants die in March or April. 

May and June are the two driest months of the year. 

Precipitation and temperature data from October 1987 to 

April 1988 were obtained from the Desert Laboratory at 

Tumamoc Hill (Figure 1). 
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The soil at the slope is composed of basaltic andesite 

(Phillips 1976) with a coarse-sandy loam texture and with 

fragments of basaltic rocks at the surface and embedded in 

it. The surrounding lower areas have recently derived 

alluvial soil with sandy clay soil at the base of the hill 

and loamy sand soil. at the wash. The field capacity at the 

wash and slope is 15% and about twice as much (29%) at the 

base of the hill. There was a trend of increasing rockiness 

(above and below ground rocks) from the wash to the slope. 

The perennial vegetation is dominated by Larrea 

tridentata and Ambrosia deltoidea with ~ tridentata more 

predominant at the base of the hill and wash, and 

~ deltoidea more common at the slope. opuntia fulgida, 

~ phaeacantha and Carnegiea gigantea are scattered 

throughout the area. Among the winter annuals, Plantago 

patagonica and a congeneric species, ~ insularis, are 

generally common at the study site every season while some 

species such as Pectocarya recurvata and Schismus barbatus 

have population sizes that fluctuate from year to year 

(Venable and Caprio unpubl. data). 

This study focused on the two most abundant winter 

annual species of the 1987-88 season, Plantago patagonica 

Jacq. (Plantaginaceae) and Pectocarya recurvata Johnston 

(Boraginaceae). ~ patagonica plants form rosettes with 
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woolly leaves that taper gradually to the base whereas ~ 

recurvata plants tend to be erect and branched from the 

base. At the study site, plants of both species were about 

1-2 cm tall at the peak of their vegetative growth in 1988. 

During this season, the two species occurred in near 

monoculture or mixed stands with each other. 

Analysis of soil moisture: 

Soil samples from the wash, base of the hill and slope 

were collected at depths of 3 and 8 cm on two occasions: 

during a cool and wet day on January 6, 1990 (15 mm of rain 

on January 3, 1990) and a warm day on April 6, 1990 

(12 0 /29 0 min/max temperature) about a week after two 

rainfall events (12 and 6 mm on March 29 and 31, 1990). 

Four samples for each treatment combination were collected 

at each date. The soil samples were collected in tightly 

covered cans, weighed, oven-dried for 48 hours and 

reweighed. Soil moisture content was calculated as the 

weight of water divided by the weight of the oven-dried 

soil. Differences in soil moisture content as affected by 

sampling date, soil depth and habitat were analyzed with 

SAS GLM Procedure, Factorial model using arcsine square 

root transformed values of the soil moisture content (SAS 
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1988). Since the two-way interaction effects were 

significant, another analysis was performed with each 

treatment combination considered as a main effect in a 

one-way analysis of variance. Duncan's multiple-range test 

was used to compare the means of the significant main 

effect (SAS 1988). 

Design of the Competition Experiments: 

To choose the appropriate neighborhood radius for the 

plants at this desert site during the 1987-88 season, data 

from an experiment on Plantago performed at the wash 

habitat the previous year was used (see Chapter 2). Plant 

performance (expected fecundity of a reproductive plant) 

was regressed against the number of neighbors in 

neighborhoods of different radii. The radius that minimized 

the residual sum of squares, 1-R2 (or that yielded the 

highest R2 value) was considered to be the appropriate 

neighborhood size (sensu Silander and Pacala 1985). A 

neighborhood radius of 4 cm was chosen because it was the 

minimum neighborhood radius that provided a relatively low 

1-R2 value. Below 4 cm, the 1-R2 values were considerably 

higher while values between the 4 and 8 cm radii varied 

only slightly (see Chapter 2). The use of the same 

neighborhood size for Pectocarya seemed reasonable because 

it has a plant size similar to Plantago. 
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There was little germination of Plantago and 

Pectocarya in October and November, 1987 and most seedlings 

germinated in late December. The experiments were set-up 

during the second week of January, 1988 when most plants 

were at the early seedling stage (1-2 weeks old; plants 

that had emerged prior to December had mostly died and were 

not included in these experiments). Mortality f~om the time 

of emergence in late December to the time the experiments 

were set-up in January was negligible because of cool moist 

conditions (Figure 1). 

Randomly chosen neighborhoods in high density stands 

of Plantago and Pectocarya in the three habitats were 

marked with color coded toothpicks and nails. These dense 

stands presumably represent fairly homogeneous resource

rich patches in the areas between shrubs. Plants other than 

Plantago and Pec~ocarya were removed from the neighborhoods 

and thinning treatments were randomly assigned to 

manipulate both the density and species of neighbors. 

Seedlings were pulled out carefully so as not to disturb 

the soil in the neighborhoods. Uprooting the seedlings did 

not significantly disturb the soil because the seedlings 

had not yet become completely established and were only 

rooted by short primary roots. Since other species of 
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annuals were removed, density effects may have been 

underestimated. Yet these two species represented about 70% 

of the total density of annuals at the study site that year 

(Venable and Caprio unpubl. data) so this effect is likely 

to be minimal. 

Two sets of neighborhoods were produced, on~ with 

Plantago as the target plant and the other with Pectocarya. 

In each habitat, the neighborhoods were thinned to 3 

density levels: 1, 4 and 24 plants/neighborhood (including 

the target), with frequencies of 1.0:0 (monoculture) 

and .50:.50 (2 species mixtures) for the latter two density 

levels. Eight replicates were used for each treatment 

combination for a total of 40 neighborhoods at each site 

for each target species. In order to examine the effects of 

the density and frequency of neighbors more intensively at 

one habitat, another density level, 8 plants/neighborhood, 

and frequencies of .75:.25 and .25:.75 were included at the 

base of the hill. Hence, 104 neighborhoods were established 

for each species at the base of the hill and 184 

neighborhoods per target species were established for the 

whole experiment. By randomly assigning density and 

frequency levels I was able to obviate or reduce most of 

the statistical problems frequently associated with 

neighborhood designs, such as lack of independence (each 

plant was utilized only once as a neighbor or as a target) 
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and confounding of density with spatially varying 

microhabitat variables (density manipulations are randomly 

assigned). 

The locations of the target plants and their neighbors 

were recorded by placing a mapping table over the 

neighborhoods and marking plant positions on acetate 

sheets. The same acetate sheets were used through the 

entire season and the mapping table was positioned in a 

standard way next to permanent toothpicks and nails in 

order to assure reliable identification of plants. 

Survival to reproduction was scored as 1 if an 

individual target plant produced at least one seed and 0 if 

not. Fecundity of surviving targets was measured by 

counting the seeds of each plant. Two measurements of size 

were obtained for each surviving target: height and number 

of leaves for Plantago and height and number of basal 

shoots for Pectocarya. Height was measured as the length 

of the longest leaf for Plantago and the length of the 

tallest basal shoot for Pectocarya. Fecundity and height 

were measured on the last census date (March 19-23). The 

number of leaves or basal shoots was counted during the 

peak of vegetative growth (February 28-March 1) and the 

mortality of the target plants and their neighbors was also 

monitored on both census dates. 
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Means for different groupings of target plants were 

calculated as lx' the probability of surviving to reproduc

tion; bx , the expected fecundity of reproductive plants; 

lxbx, the expected fecundity of emerging seedlings; and the 

means of the various measures of target plant size. 

Analyses of the Competition Experiments: 

The results were analyzed in three ways focusing on 1) 

habitat and the density and frequency of neighbors, 2) a 

wider range of species frequencies and densities at a 

single habitat (the base of the hill) and 3) habitat and 

monoculture densities that included isolated plants. For 

the first analysis, two levels of density (4 and 24 

plants/neighborhood), 3 habitats (wash, base of the hill 

and slope) and 2 frequencies (1.0:0 and .50:.50, target to 

neighbor species) were used in a factorial design with e 

replicates per treatment combination or a total of 96 

neighborhoods per target species. The second analysis 

focused on plants at the base of the hill where species 

frequencies of 1.0:0, .75:.25, .50:.50 and .25:.75 (target 

to neighbor species) and. densities of 4, e and 24 

plants/neighborhood were available. The data set included a 

subset of the data used in the first analysis (1.0:0 

and .50: .50 neighborhoods at densities 4 and 24 
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plants/neighborhood at the base of the hill) but with the 

additional frequencies and densities. A total of 96 

neighborhoods were analyzed per target species. The same 

three habitats and a wider range of density levels (1, 4 

and 24 plants/neighborhood) were used in the last 

analysis. Since there were no mixed neighborhoods for 

isolated target plants, this analysis was limited to 

monoculture neighborhoods. In effect, this data set 

consisted of a subset from the first analysis (monoculture 

neighborhoods from the three habitats) and the new set of 

data from isolated target plants. With 8 replicates for 

each combination of factors, the analysis used a total of 

12 target plants per target species. 

The 3 analyses were performed separately for Plantago 

and Pectocarya. Fecundity and size measurements of the 

target plants were analyzed with analysis of variance, (SAS 

GLM Procedure, Factorial model, SAS 1988). The variables 

b x ' lxbx' height and number of leaves/basal shoots were 

log-transformed to homogenize variances. The multiplicative 

nature of plant growth provided the biological rationale 

for the log-transformation. The Duncan's multiple-range 

test was used to compare the means when main effects were 

significant. 
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Survival to reproduction was analyzed with a maximum 

likelihood logit model since there are statistical 

difficulties with analysis of variance when the dependent 

variables only take the values of 0 and 1 (SAS CATMOD 

Procedure, Linear Categorical Models, SAS 1988). In this 

model, the independent variables were treated as they are 

in analysis of variance while the dependent variable was 

the logit (or log-odds) of lx' i.e. the natural logarithm 

of the ratio of the probability of successful survival to 

reproduction and the probability of mortality prior to 

reproduction. The model parameters were estimated using 

maximum likelihood rather than least squares so chi-square 

rather than F statistics were used to test the 

significances in the analysis of variance. To compare 

treatment means for significant main effects that have 3 

levels, a randomly chosen pair of levels was analyzed. If 

the difference was significant, one of the levels is 

compared with the level that was left out initially. If the 

initial difference was not significant, the 2 levels are 

lumped and compared with the third level. 
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RESULTS 

Analysis of soil moisture: 

The soil at the study site had significantly more 

moisture on Jan. 6 (3 days after rain) than April 6 (a 

week after rain), at 8 cm than 3 cm deep and at the base of 

the hill than the wash or slope (Table 1a). These 

consistent main effects explained 82% of the variance in 

soil moisture content (Table 1b). An additional 14% was 

explained by the 2-way interactions, principally the habi

tat x depth interaction (9%) and the sampling date x habi

tat interaction (4%). These significant interaction effects 

showed the following trends: 1) The wetness of the base of 

the hill relative to the other two habitats was more 

pronounced at 8 cm than at 3 cm deep: 2) Soil moisture 

difference on Jan. 6 compared to April 6 was highest at the 

wash, intermediate at the base of the hill and least at the 

slope: or expressed another way, while the base of the hill 

was the wettest of the three habitats at both sampling 

dates, the wash was wetter than the slope on a wet day 

(Jan. 6) but as dryas the slope on a relatively drier day 

(April 6): and 3) Soil moisture difference at 3 and 8 cm 

deep on a wet day (Jan. 6) was not as pronounced as the 

difference on a drier day (April 6). 



28 

Table 1. a) Means- and standard errors of soil moisture content (%) for 
each combination of sampling date (T), habitat (H) and depth (D) 
effects and b) analysis of variance on the arcsine square root 
transformed proportions of soil moisture content; values with 
the same letter are not signlficantly different. P<.05. 

A. 

Time Depth 
(cm) 

.lan 
6 

3 
8 

Wash 

8.5 (9.0-a.0)d 
11.2(11.7-10.7)c 

9.8 

Habitat 
Base 

7.6 (8.1-7.1)def 
16.4(16.8-16.1)a 

11.6 

Slope Means 

6.5(6.8-6.2)fg 
7.9(8.5-7.3)de 

7.5 
11.6 

7.2 

Mean 
(.1an. 6) 

9.5 

--------------------------------------------------~--------------------
Apr 

6 
3 
8 

,3.2 
6.0 

(3.3-3.0)1 
(6.2-5.8)g 

4.6 (4.9-4.3)h 
13.1(13.4-~2.8)b 

3.4(3.8-3.1)1 
6.9'(7.3-6.6)efg 

3.7 
8.4 

-----------------------------------------------------------------------

Means 
HaT 

4.5 8.4 5.0 

Mean 
(April 6) 

6.0 

-----------------------------------------------------------------------

Means 3 
H-D 8 

5.5 
8.4 

6.0 
14.7 

4.8 
7.4 

Means 
D' 
5.4 

10.0 

-----------------------------------------------------------------------
Means H 6.9 9.9 6.1 
-----------------------------------------------------------------------

B. Source df ss F p 

-----------------------------------------------------------------------
Date 1 184.44 258.63 0.0001 
Habitat 2 149.58 104.88 0.0001 
Depth 1 290.43 407.27 0.0001 
Date·Habitat 2 27.34 19.17 0.0001 
Date-Depth 1 9.18 12.87 0.0010 
Habitat·Depth 2 71. 62 50.22 0.0001 
Date-Slte*Depth 2 2.71 1.90 0.1640 
Error 36 25.67 
Total 47 760.97 

-----------------------------------------------------------------------
* Means are retranstormed from the arcsine square root transformed 
proportions of soil moisture content and converted to percents. 
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The dryness of the wash several days after a rainfall 

is likely the result of high underground seepage or 

evaporation. The wash receives the most run-off during the 

rain due to its location but is the least effective in 

holding on to the moisture because of its sandy soil. The 

sandy clay soil at the base of the hill and its position 

along the gradient account for its much higher soil 

moisture relative to the other two habitats. The slope is 

the driest habitat only during a wet day when it loses the 

highest amount of moisture from heavy run-off. On a 

relatively drier day when evaporation or percolation is 

more crucial than run-off in determining soil moisture 

content, the sandy loam soil at the slope has the same 

moisture as the sandier soil at the wash. 

Analyses of the competition experiments 

Density explained 15% of the variation in the expected 

fecundity of emerging seedlings (lxbx) of Plantago (P<.Ol) 

and 22% in Pectocarya (P<.OOl) in the monoculture analysis 

(Means,Figure 2; Statistics,Tables 2 and 3). An additional 

13% for Plantago and 11% for Pectocarya were explained by 

the habitat x density interaction (P<.05 for both species). 

The effects of the interaction resulted principally from 
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Figure 2. Density effects on the expected fecundity of an emerging 
seedling, 1 b , in monocultures of a) Plantago patagonica and 
b) Pectocar§axrecurvata at three habitats along a topographic gradient. 



Table 2. ANOVA for a) the effects of habitat, H, and 
density, D, on the lx, lxbx, bx , number of leaves 
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and height of Plantago pata~onica in monoculture 
neighborhoods and b) the ef ects of density on the lxbx of 
P. pataqonica within each habitat in monoculture 
neighborhoods. 

=========================================~================ 
A. Dependent 

variables . Source 

Intercept 
D 
H 
Likelihood 
Ratio 

Source 

D 
H 
D*H 
Error 
Total 

Source 

df 

1 
2 
2 

4 

df 

2 
2 
4 

63 
71 

df 

Chi-square 

17.25 
4.56 

ss 

9.83 
3.11 
8.08 

43.73 
64.75 

ss 

6.50 

6.07 

F 

7.08 
2.24 
2.91 

F 

P 

<.001 
<.10 
<.05* 

<.19 

P 

<.01 
<.11 
<.03 

P 
----------------------------------------------------------

number of 
leaves 

height 

D 
H 
D*H 
Error 
Total 

Source 

D 
H 
D*H 
Error 
Total 

Source 

D 
H 
D*H 
Error 
Total 

2 
2 
4 

46 
54 

df 

2 
2 
4 

61 
69 

df 

2 
2 
4 

58 
66 

4.64 
0.02 
1.12 

10.74 
16.69 

ss 

1.79 
0.08 
0.32 
6.00 
8.20 

ss 

0.45 
0.12 
0.25 
5.39 
6.20 

9.94 
0.03 
1. 20 

F 

9.12 
0.42 
0.82 

F 

2.44 
0.67 
0.67 

<.001 
<.97 
<.32 

P 

<.001 
<.656 
<.519 

P 

<.096 
<.517 
<.613 
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========================================================== 
B. Habitat 

Slope 

Base 

Wash 

Source 

D 
Error 
Total 

D 
Error 
Total 

D 
Error 
Total 

df 

2 
63 
65 

2 
63 
65 

2 
63 
65 

ss 

0.14 
43.73 

2.47 
43.73 

15.31 
43.73 

F 

0.10 

1.78 

11.03 

p 

<.85 

<.19 

<.001 

* The lx in the wash is significantly different from the lx 
in the slope and the base of the hill, P <.05. See text for 
further explanation. 
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Table 3. ANOVA for a) the effects of habitat, Hand 
density, D, on the lx' lxbx' bx, number of basal shoots 
and height of pectocarKa recurvata in monoculture 
neighborhoods and b) t e effects of density on the lxbx of 
P. recurvata within each habitat in monoculture 
neighborhoods. 

========================================================== 
A. Dependent 

variables 

number of 
basal shoots 

height 

Source 

. Intercept 
D 
H 
Likelihood 
Ratio 

Source 

D 
H 
D*H 
Error 
Total 

Source 

D 
H 
D*H 
Error 
Total 

Source 

D 
H 
D*H 
Error 
Total 

Source 

D 
H 
D*H 
Error 
Total 

df 

1 
2 
2 

4 

df 

2 
2 
4 

63 
71 

df 

2 
2 
4 

54 
62 

df 

2 
2 
4 

61 
69 

df 

2 
2 
4 

55 
63 

Chi-square 

ss 

0.47 
0.32 
2.83 

4.47 

18.05 
1. 22 
8.92 

54.20 
82.39 

ss 

5.62 
0.01 
2.46 

19.23 
27.22 

ss 

2.41 
1.08 
1. 26 
12.32 

17.07 

ss 

0.54 
2.41 
0.26 
7.82 
11.01 

F 

10.49 
0.71 
2.59 

F 

7.89 
0.02 
1. 73 

F 

5.96 
2.67 
1. 56 

F 

1.91 
8.48 
0.45 

P 

<.49 
<.85 
<.24 

<.35 

P 

<.001 
<.49 
<.04 

p 

<.001 
<.98 
<.16 

p 

<.004 
<.078 
<.195 

p 

<.158 
<.001 
<.77 
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========================================================== 
B. Habitat Source df ss F P 

Slope D 
Error 
Total 

2 
63 
65 

1.08 
54.20 
55.28 

0.63 <.55 

Base 

Wash 

D 
Error 
Total 

D 
Error 
Total 

2 
63 
65 

2 
63 
65 

22.64 
54.20 
76.84 

5.25 
54.20 
59.45 

12.00 <.001 

3.05 <.07 

Table 4. Reanalysis of the effects of habitat, H, and 
density, D, on the lxbx of Plantago patagonica 
in monoculture neighborhoods excluding isolated plants. 

--------------------------------------------------------------------------------------------------------------Source 

D 
H 
D*H 
Error 
Total 

df 

1 
2 
2 

42 
47 

ss 

1. 55 
8.94 
0.61 

31.11 
42.22 

F 

2.09 
6.04 
0.41 

P 

<.15 
<.01 
<.66 

Table 5. Reanalysis of the effects of habitat, H, and 
density, D, on the lxbx of Pectocarya recurvata 
in monoculture neighborhoods excluding isolated plants. 

======================================================= 
Source 

D 
H 
D*H 
Error 
Total 

df 

1 
2 
2 

42 
47 

ss 

0.88 
4.96 
3.60 

48.82 
58.26 

F 

0.76 
2.13 
1. 55 

P 

<.39 
<.13 
<.22 



the contrasting behavior of the isolated plants when 

compared to plants with neighbors. When these data were 

reanalyzed without the isolated plants, the density x 

habitat interaction was not significant (Tables 4-5). Hence 

the most interesting patterns were seen when the behavior 

of isolated plants were contrasted with that of plants at 

higher densities. 

The trend reflected in the density by habitat 

interaction was towards an increase in the strength of 

density effects from the slope downwards. At the wash, 

isolated Plantago plants (2 plants/dm2 ) had much higher 

l}:bx than did the plants with neighbors (P<.OOl; Means, 

Figure 2a: Statistics, Table 2b). There was no significant 

difference in the lxbx of target plants in the low and 

high density neighborhoods (4 and 24 plants/neighborhood or 

8 and 48 plants/dm2 respectively). At the base of the hill, 

a similar but much less pronounced trend of density-

dependent reduction in the lxbx of Plantago was not 

statistically significant. The lxbx of Pectocarya, on the 

other hand, was most affected by competition at the base of 

the hill (P<.OOl; Means, Figure 2b; Statistics, Table 3b). 

Increasing the neighborhood density from 1 to 4 

plants/neighborhood and from 4 to 24 plants/neighborhood 

significantly reduced the lxbx of Pectocarya (P<.05). At 
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the wash, density-dependent reduction in the lxbx of 

Pectocarya was less in magnitude (P<.07). Density effect in 

the lxbx was not statistically detectable for either 

species at the slope (Means, Figures 2a-b: Statistics, 

Tables 2b and 3b). 

For Plantago, ~ffects of competition were manifested 

in reduced fecundity of reproductive plants (bx ) and number 

of leaves (Means, Table 6: Statistics, Table 2a). Density 

explained 28% of the variations in b x (P<.OOl) and 22% of 

the variations in the number of leaves (P<.OOl). Effects of 

density on survival to reproduction (Ix) and plant height 

were less pronounced (P<.lO for both variables). There were 

significant habitat effects on Ix due to extremely low 

values at the wash (P<.05). While the habitat x density 

interaction in lx' bx ' number of leaves and height were not 

significant, the same apparent pattern of differences among 

habitats in the strength of density effects was found as 

was seen for lxbx. Plant size and b x of Plantago in high 

density neighborhoods appeared to be least affected by 

density at the slope and most affected at the wash (Means, 

Table 6). Likewise, the Ix in the wash was only low for 

target plants with neighbors. 
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Table 6. Means* and standard errors of lx' bx ' lxbx' number of 
leaves and height, cm. of Plantaro patagonica for each combination of 
habitat. density and frequency e~ects. 

-----------------------------------------------------------------~---

Density (1 plant/neighborhood) 

Habitat Frequency Ix leaves height 

Slope 1.0: 0 .875 5.6 4.9 5.5 1.6 
(.75-1'.0) (4.5-6.9) (3.4-7.2) (4.9-6.2) (1.5-1.7) 

n=8 n=7· n=8 n=8 n=8 

Base 1.0: 0 .875 7.6 6.7 7.3 1.9 
(.75-1.0) (6.4-9.0) (4.5-9.7) (6.7-8.0) (1. 6-2.2) 

n=8 n=-7 n=8 n=8 n=8 

Wash 1.0: 0 1.00 8.7 8.7 6.2 1.7 
(6.6-11.4)(6.6-11.4) (5.4-7.0) (1.5-2.0) 

n::8 n=8 n=8 n=8 n=8 
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Table 6. Continued ... 

---------------------------------------------------------------------
Density (4 plants/neighborhood) 

---------------------------------------------------------------------
Habitat Frequency Ix hx lxbx leaves height 
---------------------------------------------------------------------
Slope 1.0: 0 .750 7.4 5.6 6.4 1.S 

(.59-.91) (6.0-9.1) (3.1-9.S) (5.9-6.9) (1. 6-2.0) 
n=S n=6 n=S n=S n=7 

.50: .50 1.00· 7.2 7.2 5.2 1.S 
(5.7-9.0) (5.7-9.0) (4.6-5.S) (1. 6-2.0) 

n=S n=S n=S n=S n=S 

Base 1.0: 0 .S75 7.2 6.4 6.1 1.7 
(.75-1.0) (5.6-9.4) (4.1-9.9) (5.3-7.0) (1. 5-1. S) 

n=S n=7 n=S n=7 n=7 

.75: .25 .500 4.S 2.4 6.0 1.S 
( .31-.67) (4.0-5.7) (1. 0-5.2) (5.6-6.3) (1.5-2.2) 

n=S n=4 n=:.B n=6 n.5 

.50: .50 1.00 7.3 7.3 6.5 2.0 
(6.3-S.4) (6.3-S.4) (6.1-6.S) (1. S-2. 2) 

n=S n=S n::S n=S n=S 

.25: .50 .750 S.O 6.0 6.S 2.0 
( .59-.91)(6.0-10.6)(3.2-10.9) (6.2-7.5) (1.7-2.2) 

n=S n=6 n=S n=7 n=6 

Wash 1. 0: 0 .375 6.7 2.5 7.1 1.6 
( .19-.56) (6.3-7.0) (0.7-7.4) (6.6-7.6) (1.4-1.S) 

n=S n=3 n=S n=7 n=6 

.50: .50 .625 6.9 4.3 6.2 1.7 
( .44-. S1 ) (6.5-7.4) (2.1-S.5) (5.5-6.9) (1. 5-1. 9) 

n::S n=5 n=:.B n=S n=S 
---------------------------------------------------------------------
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Table 6. Continued ... 

Density (6 plants/neighborhood) 

~~~~:~:--~::~~:~~~--:~---------~~-------:~~~-----:~~~~~----~~~~~:----
Base 1.0: 0 .750 6.9 6.2 6.6 1.6 

(.59-.91) (5.7-6.2) (2.9-6.6) (6.0-7.4) (1.6-1.9) 
n=8 n=6 n=8 n:O n=6 

.75: .25 .675' 6.6 6.7 5.7 1.6 
(.75-1.0) (5.2-8.2) (3.8-8.5) (6.1-6.3) (1.0-1.0) 

n=8 n=7 n:6 n=O n:O 

.50: .50 .625 6.5 4. 1 6. 1 2.1 
(.44-.81) (5.6-7.6) (1.9-8.0) (6.4-0.0) 0.0-2.3) 

n=8 n=5 n=8 n=8 n:6 

.25: .50 .625 3.8 2.4 6.4 1.4 
(.44-.81) (3.2-4.5) (1.2-4.3) (5.1-6.8) (1.2-1.0) 

n=8 n=5 n=8 n=8 n=8 



Table 6. Continued ... 

Density (24 plants/neighborhood) 

Habitat Frequency Ix leaves height 

Slope 1.0: 0 .875 
(.75-1.0) 

n=8 
.50: .50 .750' 

( .59- .91 ) 
n=8 

4.3 
(3.5-5.3) 

n=7 
3.5 

(2.7-4.5) 
n=6 

3.8 
(2.7-5.5) 

n~ 

2.6 
(1. 6-4.2) 

n=8 

4.6 
(4.0-5.2) 

n=8 
4.9 

(4.4-5.4) 
n=8 

1.6 
(1.4-1.8) 

n=8 
1.0 

(0.9-1.2) 
n=8 

Base 1.0: 0 .875 2.9 2.5 4.7 1.5 
(.75-1.0) (2.4-3.4) (1.8-3.5) (4.1-5.5) (1.4-1.6) 

n=8 n=7 n~8 n=8 n=8 

.75: .25 .500 4.9 2.5 5.9 1.3 
(.31-.69) (4.4-5.5) (1.0-5.3) (5.4-6.4) (1.1-1.5) 

n=8 n=4 n~ n=8 n-=.8 

.50: .50 .875 5.3 4.6 5.4 1.5 
(.75-1.0) (4.8-5.9) (3.3-6.4) (4.6-6.3) (1.3-1.7) 

n=8 n=7 n=8 n=8 n~8 

.25: .50 .750 4.5 3.4 4.6 1.8 
(.59-.91) (3.6-5.6) (2.0-5.5) (3.8-5.6) (1.6-2.0) 

n=8 n=6 n=8 n=8 n=7 

Wash 1.0: 0 .375 2.5 1.0 4.4 1.3 
(.19-.56) (2.0-3.2) (0.3-2.1) (4.1-4.8) (1.2-1.4) 

n=8 n::3 n=8 n-=8 n=7 

.50: .50 .500 5.6 2.8 4.8 1.3 
(.31-.67) (3.1-9.6) (0.9-7.1). (4.2-5.5) (1.1-1.5) 

n=8 n=4 n=8 n=8 n=8 

40 

* Means of bx ' lxb . number of leaves and height are retransformed 
from the log~trahsrormed values analyzed with AN OVA using a factorial 
design: means of Ix are from raw data analvzed with ANOVA using linear 
categorical models. . 
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For Pectocarya, competitive effects were also 

manifested in reduced b x and number of basal shoots (Means, 

Table 7; Statistics, Table 3a). Density explained 21% of 

the variations in bx (P<.OOl) and 14% of the variations in 

the number of basal shoots (P<.Ol). Isolated plants had 

higher bx and number of basal shoots than plants in low and 

high density neighborhoods (P<.05). It was interesting to 

note that while bx did not vary with habitat, there was a 

tendency for the two measures of plant size to be affected 

in opposite ways by habitat. Plants were significantly 

taller (P<.OOl) but with fewer number of basal shoots 

(P<.08) at the slope. These opposing trends in the effects 

of habitat on plant height and number of basal shoots 

apparently cancelled one another out resulting in the 

absence of a habitat effect on b x . Like Plantago, no 

significant interaction was apparent for lx' b x or plant 

size despite a clear tendency for greater density effects 

at the base of the hill than in the wash, and in the wash 

than in the slope (Means, Table 7). When these individual 

components of plant success were combined into lxbx ' the 

expected fecundity of emerging seedlings, the density x 

habitat interaction effects became statistically 

significant. 
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Table 7. Means· and standard errors of Ix. bx . l~bx' number of basal 
shoots and height of Pectocarya recurvata for eacn'combination of 
habitat. density nnd frequency effects. 

---------------------------------------------------------------------
Density (1 plant/neighborhood) 

----- --- - --- -- --- -- ---- --- -- -- - - ---------- ----- - - ----- ---
Habitat Frequency Ix shoots height 

Slope 1.0: 0 1.00 14.0 14.0 8.1 2.2 
(11.0 17.9}(11.0 17.9l (6.9 9.5l (2.02.4l 
n~8 n=8 n~ n=8 n~8 

Base 1.0: 0 1.00 27.3 27.3 13.7 2.1 
(24.2 30.8)(24.2 30.8)(12.5 15.0) (1.9 2.4) 
n=8 n=8 n::.8 n-:.8 n-=8 

Wash 1.0: 0 1.00 18.0 18.0 12.6 1.6 
(15.1 ~1.6}(15.1 21.6)(10.6 14.9) (1.4 1.9) 
n:8 n=8 n=8 n=8 n=8 

- - - - ---- - - -------_.- - - - - - - - - - - - - - -- -- -- - - - - - -
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Table 7. Continued ... 

---------------------------------------------------------------------
Density (4 plants/neighborhood) 

---------------------------------------------------------------------
Habitat Frequency Ix shoots height 
---------------------------------------------------------------------
Slope 1.0: 0 .875 11.4 10.0 7.5 2.0 

(.75-1.0) (8.4-15.5) (6.0-16.4) (6.7-8.5) (1.8-2.2) 
n=8 0=7 n=8 n=8 n=7 

.50: .50 1.00 17.7 17.7 9.5· 2.5 
(15.6-20.0)(15.6-20.0)(8.8-10.2) (2.2-2.8) 

n=8 n=8 n=8 n=8 n=S 

Ba~e 1. 0: 0 .S75 9.7 S.5 7.1 1.6 
(.75-1.0) (7.9-11.S) (7.4-9.9) (6.0-S.7) (1.4-2.01 

n=8 n=7 n-:.8 n=8 n.:8 

.75: .25 .875 12.7 11.1 11.7 1.6 
(.75-1.0)(10.2-15.9)(7.0-17.5)(10.1-13.5) 11.5-1.5) 

11:8 n:7 n-::8 n=8 n-:8 

.50: .50 .750 20.7 15.5 12.6 1.6 
( .59-.91)(18.4-23.2)(7.5-31.3)(10.2-15.4) (1.4-1.81 

n.:8 n=6 n=8 n=7 n=6 

.25: .50 .625 14.3 9.0 11.1 1.8 
( .44-.811111.0-17.1)(3.6-21.0) (9.4-13.0) (1.5-2.21 

n=8 n=5 n=8 n=8 n=6 

Wa~h 1.0: 0 .750 14.0 10.5 10.6 1.3 
(.59-.91) (9.5-20.6)(4.9-21.7) (9.1-12.3) (1.2-1.5) 

n=S n=6 n=8 n=7 n=6 

.50: .50 .750 11.2 8.4 8.6 1.3 
(.59-.91) (7.8-16.01(4.1-16.6) (7.0-10.6) (1.1-1.5) 

n=8 n=6 n=S n=8 n=8 
---------------------------------------------------------------------
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~able 7. Continued ... 

Density (S plants/neighborhood) 

Habitat Frequency l~ shoots height 

Base 1.0: 0 .S75 11.2 9.S 9.9 1.4 
C.75-1.0)C9.0-13.9)C6.2-15.1} (S.5-11.5) (1.3-1.6) 

n=S n=7 n=S n=S n=7 

.75: .25 1.00 10.1 10.1 9.0 1.6 
(S.5-12.0)CS.5-12.0) (S.O-lO.O) (1.4-1.S) 

n=S n=S n=S n=S n=S 

.50: .50 .875 10.9 9.5 10.2 1.7 
( .75-1.0)(8.2-14.4)(5.5-15.2) (8.8-11.8) (1. 4-2.0) 

n::..B n:7 n=8 n=7 n=7 

.25: .50 .875 11.0 9.6 9.1 1.8 
( .75-1.0)(8.8-13.8)(6.1-15.0) (S.2-10.0) (1.5-2.2) 

n=8 n=7 n=8 n=7 n=7 
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Table 7. Continued .•. 

---------------------------------------------------------------------
Density '24 plants/nei~hborhood) 

Habitat Frequency Ix shoots height 

Slope 1.0: 0 1.00 11.5 11.5 7.4 2.2 
'9.7-13.7)'9.7-13.7) '6.7-8.2) (2.0-2.4) 

n=8 n=8 n=8 n=8 0=8 

.50: .50 .87S 11.0 9.6 S.S 2.4 
(.75-1.0)(8.8-13.8)'6.1-15.0) (4.3-7.0) '2.1-2.6) 

n=8 n=7 n=8 n=8 n=7 

Ba~e 1. 0: 0 .500 7.7 3.8 6.3 1.8 
(.31-.69)(4.9-11.7)(1.3-10.0) (4.7-8.5) (1.5-2.1 ) 

n=8 n=4 n=8 n=7 n=4 

.75: .25 .875 10.4 9.1 8.9 1.9 
(.75-1.0)(7.7-14.0)(5.5-14.6) (8.2-9.7) (1.8-2.1 ) 

0=8 n=7 n=8 0=8 n=7 

.50: .50 .500 6.4 3.2 5.4 1.2 
( .31-.69) (4.8-8.31 (1.2-7.6) (4.1-7.2) (0.9-1.61 

n=8 n=4 n=8 n:.7 0:4 

.25: .50 .750 5.1 3.8 5.8 1.8 
(.59-.91) (4.4-5.9) (2.3-6.1) (5.0-6.7) (1.7-1.9) 

.. n=8 n=6 0=8 n=7 0=6 

Wash 1.0: 0 .875 7.8 6.8 8.2 1.1 
(.75-1.0) (6.0-9.9)(4.4-10.3) (7.5-9.1) (1.0-1.4) 

n=8 0.=7 0=8 n=8 n=7 

.50: .50 .750 13.0 9.8 8.6 1.4 
( .59-.91)(10.9-15.5) (5.18.4) (7.5-9.8l (1.1-1.8) 

n=8 n=6 n=8 n=7 n=6 

* Means of bx . lxbx. number of basal shoots and height are 
retransformed from the log-transformed values analyzed with AN OVA 

using a factorial design: means of Ix are from the raw data 
analyzed with ANOVA using linear categorical models. 
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The main contribution of the habitat x density x 

frequency analysis was to show that the frequency of neigh

bor species (monoculture vs •• 50:.50 mixture) had no effect 

on the probability of survival to reproduction, fecundity, 

number of leaves/basal shoots or height of plants of either 

speciee (Means, Tables 6-7; Statistics, Tables 8-9). The 

habitat and density effects in this analysis were basically 

the same as in the more inclusive monoculture analysis. The 

more detailed density and frequency analysis at the 

base of the hill further confirmed that the identity of 

neighbors (monoculture, .75:.25, .50:.50 and .25:.75) had 

no significant effect on plant performance (Means, Tables 

6-7; Statistics, Tables 10-11). This analysis also showed 

that increasing the density from 4 to 8 plants/neighborhood 

(8 to 16 plants/dm 2) did not result in any significant 

decrease in size, survival or reproductive success of 

plants of either species (Means, Table 6-7). 



Table 8. ANOVA for-the probability of survival to reproduction. Ix. 
expected fecundity of a reproductive plant. bv. expected fecundity 
of an e.erging seedling. lxbx. number of leav~s and plant height 
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of Plantago pata20nica with habitat. H. density; D. and neighbor 
speCIes frequency.:N. as main factors. 

---------------------------------------------------------------------
Dependent variables Source df Chi-square P 
---------------------------------------------------------------------

lxbx 

Intercept 
D 
H 
N 
D*H 
D*N 
H*!'\ 
Likelihood 
Ratio 

Source 

D 
H 
!'\ 
D*H 
D*!'\ 
H*N 
D*H*N 
Error 
Total 

df 

1 
2 
1 
2 
1 
2 
2 

84 
95 

1 
1 
2 
1 
2 
1 
2 

2 

18.20 
1.14 

15.20 

ss 

1.79 
0.35 
2.08 
0.07 

2.21 

5.63 
12.77 

2.19 
0.33 
0.38 
0.74 
1.12 

60.05 
83.20 

F 

7.88 
8.93 
3.07 
0.23 
0.53 
0.51 
0.78 

<.001 
<.29 
<.001* 
< .18 
<.84 
< .15 
<.96 

<.33 

P 

<.01 
<.001 
<.08 
<.79 
<.47 
<.60 
<.46 

---------------------------------------------------------------------
b~: D 1 4.04 18.69 <.001 

H 2 0.02 C.05 <.95 
!\ 1 0.35 1.62 <.21 
D*H 2 0.005 0.01 <.99 
D*t-: 1 0.37 1. 71 <.20 
H*N 2 0.59 1. 37 <.26 
D*H*!'\ 2 0.46 1. 06 <.35 
Error 59 12.77 
Total 70 18.74 
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Table 8. Continued ... 

---------------------------------------------------------------------
Source df ss F P 

---------------------------------------------------------------------
number of D 1 1.08 15.26 <.001 
leaves H 2 0.07 0.47 <.62 

N 1 0.0005 0.01 <.93 
D*H 2 0.09 0.62 <.54 
D*~ 1 0.14 2.04 <.16 
H*N 2 0.09 0.62 <.54 
D*H*N 2 0.03 0.19 <.83 
Error 82 5.79 
Total 93 7.26 

height D 1 0.57 14.82 <.001 
H 2 0.09 1.15 <.32 
r\ 1 0.005 0.13 <.72 
D*H 2 0.03 0.34 <.71 
D*r\ 1 0.11 2.96 <.09 
H*N 2 0.17 2.19 < .12 
D*H*!\ 2 0.04 0.48 <.62 
Error 79 3.06 
Total 90 4.11 

* The 1,. in the wash was significantlv different from the Ix in the 
slope and base of the hill. P <.OOOl:·see text for further 
e:-:plC1naUon. 
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Table 9. ANOVA for the probability of survival to reproduction. Ix. 
expected fecundity of a reproductive plant. bx. expected fecundity 
of an emerging seedling. lxb . number of basal shoots and plant 
height of Pectocarya recurva'a with habitat. H. density. D. and 
neighbor species frequency. N. as main factors. 

---------------------------------------------------------------------
Dependent variablee Source df' Chi-square p 
---------------------------------------------------------------------

Ix Intercept 1 25.23 <.001 
0 1 0.31 <.58 
H 2 5.64 <.06 
~ 1 0.12 <.73 
D*H 2 2.59 <.27 
D*~ 1 0.26 <.61 
H*r\ 2 0.06 <.97 
Likelihood 
Ratio 2 3.14 <.21 

Source df ss F P 

lxhx 0 1 5.13 4.15 <.05 
H 2 11.56 4.67 <.05 
~ 1 0.13 0.11 <.75 
D*H 2 5.92 2.39 < .10 
D*!': 1 0.88 0.71 <.40 
H*N 2 0.19 0.08 <.92 
D*H*~: 2 1. 73 0.70 <.50 
Error 84 103.91 
Total 95 129.45 

bx D 1 2.30 6.85 <.05 
H 2 0.56 0.83 <.44 
r.: 1 0.68 2.03 <.16 
D"'H 2 0.70 1. 04 <.36 
D*r.: 1 0.20 0.60 <.44 
H*N 2 0.05 0.07 <.93 
D*H*~ 2 1. 84 2.74 <.07 
Error 64 21.53 
Total 75 27.63 
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Table 9 Continued ... 

---------------------------------------------------------------------
Source dt ss P P 

---------------------------------------------------------------------
number of D 1 1.55 7.85 <.01 
basal shoots H 2 0.57 1.44 <.24 

N 1 0.02 0.09 <.76 
D*H 2 0.36 0.92 <.40 
D*N 1 0.47 2.37 <.13 
H*N 2 0.28 0.70 <.50 
D*H*N 2 0.76 1.92 <.15 
Error 79 15.59 
Total 90 19.47 

---------------------------------------------------------------------
height D 1 0.001 0.02 <.90 

H 2 1. 76 15.12 <.001 
~ 1 0.001 0.01 <.91 
D*H 2 0.01 0.10 <.67 
D*~ 1 0.02 0.31 <.76 
H*N 2 0.16 1.35 <.33 
D*H*N 2 0.09 0.80 <.45 
Error 67 3.90 
Total 78 5.96 



Table 10. ANOVA for the Ix' lxbx. bx. number of leaves 
and height of Plantago yatagon1ca In the base of the hill 
with density. D. and ne ghbor species frequency. N. 8S 

main factors. 

Dependent variables Source 

Intercept 
D 
N 
Likelihood 
Ratio 

df Chi-square 

1 21.78 
2 0.35 
3 3.87 

6 9.18 

P 

<.001 
<.84 
<.28 

<.16 
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-----------------------------------------------------------
Source df ss F P 

-----------------------------------------------------------
lxbx D 2 2.36 1.51 <.23 

~ 3 3.41 1.46 <.23 
D*~ 6 8.29 1. 77 <.12 
Error 84 65.56 
Total 95 79.62 

b,. .. D 2 1.67 4.70 <.05 
~ 3 0.30 0.57 <.64 
D*~ 6 1.98 1.87 <.10 
Error 60 10.64 
Total 71 15.13 

number of D 2 0.50 3.20 <.05 
leaves ~ 3 0.05 0.19 <.90 

D*~ 6 0.37 0.78 <.59 
Error 80 6.25 
Total 91 7.19 

height 0 2 0.26 3.57 <.05 
~ 3 0.12 1. 06 <.37 
D*~ 6 0.33 1. 51 < .19 
Error 77 2.83 
Total 88 3.57 



Table 11. ANOVA for the. lx~ lxbx. bx ' number of basal shoots 
and height of Pectocarva recurvata at the base of the hill with 
density. D. and neighbor frequency. N. as main factors. 

Dependent variables 

lxbx 

bx 

number of 
basal shoots 

height 

Source df Chi-square 

Intercept 1 
D 2 
N 3 
Likelihood 
Ratio 6 

Source df 

D 2 
N 3 
D*N 6 
Error 84 
Total 95 

D 2 
~ 3 
D*!\ 6 
Error 63 
Total 74 

D 2 
N 3 
D*I\ 6 
Error 78 
Total 89 

D 2 
~ 3 
D*N 6 
Error 66 
Total 77 

24.73 
5.52 
3.41 

3.41 

ss F 

13.13 5.50 
4.45 1.24 
4.14 0.58 

100.30 
122.02 

3.99 7.15 
0.45 0.54 
2.41 1.44 

17.60 
24.28 

2.89 7.92 
0.57 1.05 
1. 51 1.38 

14.22 
19.01 

0.01 0.06 
0.13 0.75 
0.21 0.58 
3.97 
4.30 

P 

<.001 
<.06 
<.33 

<.76 

P 

<.01 
<.30 
<.75 

<.01 
<.66 
<.22 

<.001 
<.38 
<.23 

<.94 
<.53 
<.74 

52 
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DISCOSSION 

Competition in ~ bad year: 

In 1987, the 43 mm of rain that fell between December 

14 and 28 resulted in the emergence of high densities of 

closely-spaced seedlings. The mean background density of 

the combined populations of Plantago and Pectocarya at the 

study site (without manipulation and including natural low 

density stands) was about 2500 seedlings/m2 or more than 12 

plants/neighborhood (Venable and Caprio unpubl. data). 

Between January and March of 1988, however, the period of 

rapid vegetative growth and reproduction for the winter 

annuals, the season only had another 27 mm of rain (Figure 

1). The plants encountered successive droughts of at least 

3 weeks. The nearly month-long drought in March was 

particularly critical because this was the period preceding 

reproduction when the plants should have been at the peak 

of their vegetative growth. As a result, the combined 

effects of low spring precipitation and density-dependent 

inhibition apparently resulted in the low success of plants 

this season. Data on nearby plots located at the same 

topographic gradient showed the relatively low survival and 

reproductive success of plants in 1987-88 compared to 

1986-87 (Table 12, from Venable and Caprio unpubl. data). 



Table 12. Survivorship of seedlings. Ix' number of seeds per 
reproductive plant. bx • expected seed set of an emerging 
seed.lxbx . and densit~. seedlings per m2 . for two species 
for twb ~ears in the bpen habitats (from Venable and Caprio 
unpubl. data). 

Plantago patagonica Pectocarya recurvata 

Year 

1986-87 0.80 17.9 14.3 0.79 49.0 38.5 

density (483) (168) 

1987-88 0.30 3.6 1.1 0.32 8.4 2.7 

density (1155 ) (1305 ) 

54 
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The presence of high initial seedling densities that 

encountered scarce and meager precipitation towards the end 

of their growing season created competitive conditions for 

the plants of both species at 2 of the 3 habitats in the 

study site. 

In habitats where the 2 species experienced the 

greatest density effects, isolated plants had much higher 

success than plants with 3 neighbors. Another 6-fold 

increase in density resulted in a smaller additional drop 

in lxbx. This non-linear, usually hyperbolic, effect of 

density of neighbors on the fitness of target plants had 

been documented by many studies that have used the 

neighborhood approach (e.g. Weiner 1982, Silander and 

Pacala 1985, Goldberg and Fleetwood 1987). 

Competition along the gradient: 

To evaluate 2 possible sources of spatial variation 

along the gradient, I compared soil texture distribution 

and moisture content at the three habitats. The sandy clay 

soil at the base of the hill consistently had the highest 

moisture content immediately after rain in 3anuary and a 

week after rain in April. However, soil moisture 

availability at this habitat may not be as high as what the 
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soil moisture analysis indicated due to the higher 

proportion of clay at the base of the hill. The loamy sand 

soil at the wash had pulses of abundant soil moisture 

associated with rainfall. The slope had low soil moisture 

content relative to the other 2 habitats. 

Variation in habitat quality along the topographic 

gradient affected the magnitude of competition in 

populations of Plantago and Pectocarya. There were 

significant density effects on survival and fecundity at 

the two relatively wetter habitats below the slope. Since 

the wettest habitats in the desert tend to be most 

productive as well, these results appeared to be 

superficially consistent with Grime's (1977) prediction 

that competition should be more intense at the more 

productive end of a productivity gradient (see 

Introduction). Based on this scenario, both species should 

have intensified competition from the slope to the wash 

then the base of the hill (Figure Sa). The absence of 

competition at the slope would have been due to minimal 

interaction among small plants with very small competitive 

neighborhoods. Intense competition at the base of the hill 

would have been due to greater plant growth resulting from 

greater moisture availability. 
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Most productive habitat 

Intermediate 

Least productive habitat 

Most productive habitat 

Intermediate 

Least productive habitat 

Figure 3. Two hypothesized density effects on plant fitness at three 
habitats along a topographic gradient. 



S8 

Results from these competition experiments did not fit 

this scenario well. Plants attained similar sizes in the 3 

habitats so the weak effects of density for either species 

at the drier slope was not due to small plants that were 

effectively isolated from each other; the slope was not 

sufficiently dry to drastically depress plant size. In 

terms of survival and fecundity, there was a slight 

indication of low expected seed set of emerging seedlings 

(lxbx) at the slope but only among the isolated plants. 

Plants with neighbors even had high lxbx at this relatively 

drier habitat (Figures 2a-b). 

However, intense competition particularly for soil 

resources is not expected to occur only 'among rapidly 

growing plants in productive habitats. Plants in less 

productive habitats may also experience intense competition 

due to differences in the ability of plants to tolerate the 

presence of competitors, i.e differential "response" to 

competition (Goldberg and Fleetwood 1987, Goldberg 1990). 

In this scenario, an absence of competition at the most 

productive habitats may be the result of over-abundance of 

resources while plants at the low productive habitats may 

compete intensely because of limited resource availability 

(Figure 3b). 
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The results do not fit this scenario very well either. 

The salient pattern in these results is that for both 

species, the habitat with the highest reproductive success 

for isolated plants tended to be the worst habitat for 

plants in competition (Figures 2a-b). One possible 

explanation for this pattern may be associated with the 

pulses of available moisture during this relatively dry 

year. An isolated plant may have been remarkably successful 

in taking advantage of the temporary abundance of soil 

moisture during the scarce rainfall events. With neighbors, 

on the other hand, these pulses of abundant moisture may 

not have been as pronounced. At the slope, because of high 

runoff, isolated plants did not fare well since there were 

less pronounced pulses of abundant moisture after rain. In 

addition, the relatively high degree of rockiness at the 

slope may have significantly partitioned the plants' 

resource pool reducing plant-plant inhibition at the slope. 

Another intriguing aspect of my results is that the 

two species differed in the habitat where competition was 

most intense. This difference in response is not surprising 

if the plants mainly competed by tolerating low soil 

moisture levels. This is because competitive traits 

associated with high tolerance of low resource levels, e.g. 

increase resource uptake, decrease resource loss, increase 
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efficiency of conversion of resource to growth, storage 

during periods of temporary resource abundance, etc., are 

influenced not only by plant size but even more so by 

physiological mechanisms that may be species-specific 

(Goldberg 1990). Although Plantago and Pectocarya are 

similar in size at the study site, morphological and 

physiological differences are likely able to account for 

the variable responses of the two species at the base of 

the hill and wash. 

Isolated Pectocarya plants performed best on the 

relatively wetter clay soil at the base of the hill, but 

had poor tolerance to the presence of neighbors there. With 

neighbors, plant size and bx were dramatically reduced. 

There was also a tendency for the probability to survive 

to reproduction to be reduced in high density 

neighborhoods. In contrast, isolated Plantago plants tended 

to have the highest success at the wash and were also 

drastically affected by the presence of neighbors there. 

Isolated Plantago plants most likely responded to pulses of 

abundant soil moisture in the sandy soil at the wash better 

than did Pectocarya. With neighbors in the wash, the 

probability of a Plantago seedling surviving to 

reproduction was quite low. However, this low survival to 
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reproduction was a result of relatively mature plants dying 

without reproducing instead of high seedling mortality 

(more than 80% of Plantago plants in the wash survived 

until the peak of vegetative growth). Plantago also 

exprerienced a decline in bx in high density neighborhoods 

in the wash. 

Competition in monocultures and mixtures: 

Across all sites and densities, neither species was 

affected by the species identity of neighbors. Even at the 

base of the hill where a greater range of neighbor 

frequencies was investigated, Plantago and Pectocarya 

clearly responded to density but not to neighbor 

frequency. It seems, therefore, that the two species are 

equivalent in their competitive effects on neighbors. Since 

individuals of the two species of winter annuals had 

roughly the same size and growth form, this result was 

consistent with Goldberg and Werner's (1983) prediction 

that species of similar growth forms may exhibit a large 

degree of equivalence of competitive effects. They argued 

that plant size, more than the identity of species, is 

likely to influence competitive abilities that act via 

effects on resource uptake, i.e. larger plants, regardless 
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of species, can generally take up more resources than 

smaller plants (Goldberg and Fleetwood 1981, Goldberg 

1990). My results were also consistent with the reported 

equivalence in competitive effects in another pair of 

winter annual species that have a similar growth form and 

size, Plantago patagonica and Schismus barbatus (see 

Chapter 2). 

Implications for population dynamics and coexistence: 

This study provides evidence that competition played 

an important role in the population dynamics of Plantago 

and Pectocarya in the open sites of the study area during 

the 1981-88 season. The survival and reproductive success 

of the 2 species were significantly affected by density of 

neighbors at 2 habitats below the slope regardless of 

neighbor identity. 

This differential response by Plantago and Pectocarya 

to competition at the 3 habitats may lead to habitat

specific competitive superiority. For example, during years 

when conditions allow the establishment of high seedling 

densities, intense competition will allow Plantago to 

replenish its seed bank at the base of the hill better than 
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Pectocarya. The opposite will be true at the wash. However, 

in years when competition is less important, Plantago will 

fare better at the wash and Pectocarya, at the base of the 

hill. These variable responses of the 2 species to 

competition in the different habitats imply subtle 

habitat/resource partitioning that can delay, or perhaps, 

even totally prevent competitive exclusion (Chesson and 

Huntly 1989). 



CHAPTER 2: EFFECTS OF TEMPORAL VARIATION ON THE 

EXPRESSION OF COMPETITION IN A 

DESERT WINTER ARNUAL 

INTRODUCTION 
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Broad literature surveys on the importance of 

competition in natural communities have suggested that 

competition tends to be important in terrestrial plant 

communities, particularly in moist environments (Connell 

1983, Schoener 1983). Fowler (1986) reviewed evidence 

showing that competition appears to be important in arid 

and semi-arid regions as well. She suggested that 

competition among plants is both cornmon and strong enough 

to be readily detected in both deserts and dry grasslands. 

However, other results demonstrated that the intensity of 

competition may vary among different habitats (e.g. Kadmon 

and Shmida 1990, Pantastico in prep., Gurevitch 1986), 

among different growth stages within one growing season 

(Holmes 1988) and from year to year within the same 

habitat. We now needed stUdies of the circumstances under 

which competition occurs and its effects upon plant 

populations. 
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This paper examines the temporal variation in the 

magnitude and expression of competition in a desert winter 

annual species, Plantago Batagonica 3acq. (Plantaginaceae). 

Since desert annuals are known to respond strongly to year 

to year variation in environmental conditions, I 

hypothesized that the intensity of competition might also 

vary between years. Winter annuals germinate, grow and 

reproduce between October and April when (and if) soil 

moisture is available following the highly variable autumn 

and winter rains (Went 1948, 1949, Tevis 1958, Beatley 

1967). Fluctuations in temperature and precipitation have 

been shown to directly affect germination (Went 1948, 1949, 

Juhren et al. 1956, Tevis 1958, Beatley 1967, 1974), plant 

growth (Went 1949, Mulroy and Rundel 1977, Gutierrez and 

Whitford 1987), survival and fecundity (Loria and Noy-Meir 

1979/80). Although competition has been previously 

documented in these populations of winter annuals (Klikoff 

1966, Inouye et al. 1980), environmental conditions that 

greatly influence the response to density have not been 

carefully examined. 

During the 1986-87 season, a neighborhood experiment 

was conducted to evaluate the effects of density on plant 

survival, growth and fecundity. I analyzed responses of 

individual plants to density manipulations within local 
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neighborhoods, defined as the area in which a plant 

interacts with its neighbors (Pacala and Silander 1985). 

The relative importance of intra- and interspecifi~ 

competition was assessed by comparing the performance of ~ 

patagonica with conspecific neighbors and neighbors of a 

common winter annual grass, Schismus barbatus (L.) TheIl. 

(Poaceae). To determine the effects of year-to-year 

variation on competition, I compared the results of the 

experiment performed in 1986-87 to those of a similar 

experiment performed in 1987-88 at the same site. To 

further understand temporal variation in density effects, 

another experiment was conducted to simulate contrasting 

year types via artificial irrigation. I determined the 

effects of density, microsite variation and irrigation on 

plant growth and survival. 

MATERIALS AND METHODS 

Study site and species: 

This study was conducted at the northwest base of 

Tumamoc Hill at the Desert Laboratory in Tucson, Arizona 

during two growing seasons: the first experiment was 

performed between December 1986 and March 1987 at the wash 
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habitat and the other experiment, from November 1988 to 

February 1989, at an adjacent site at the base of a gently 

sloping hill. The study site has been described previously 

(see Chapter 1). Precipitation and temperature data during 

the two growing seasons of winter annuals were obtained 

from the Desert Laboratory at Tumamoc Hill (Figures 4a-b). 

Plantago reached a height of approximately 1-4 cm at this 

study site in 1986-87. Plantago and the winter annual 

grass, ~ barbatus, were the two most abundant species 

during the 1986-87 season. 

Neighborhood size: 

Before setting up the 1986-87 experiments, a rough 

estimate of the effective neighborhood size was obtained by 

measuring the spread of roots of 5 Plantago plants from an 

adjacent site upon which seeds germinated early in the fall 

season. The plants were carefully uprooted by initially 

digging and loosening the soil around them. The plants were 

then soaked in water to remove the remaining soil particles 

attached to the roots. A neighborhood radius of 8 cm was 

chosen based on the maximum spread of the exposed plant 

roots. 
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The reliability of this relatively liberal estimate of 

Plantago neighborhood size was eventually evaluated using a 

statistical procedure recommended by Silander and Pacala 

(1985). I obtained the coordinates of each neighbor in the 

8 cm neighborhoods with the target plant as the point of 

reference, i.e., x=O, y=O. The number of neighbors at radii 

ranging from 1 to 8 cm was determined by calculating the 

distance of each neighbor from the target plant based on 

the x and y coordinates and counting the number of 

neighbors included in each neighborhood radius tested. For 

example, the number of neighbors that were 1 em or less 

from the target plant belonged to the 1 em neighborhood 

radius; neighbors 2 em or less from the target plant 

belonged to the 2 cm neighborhood radius and so on. I 

performed this procedure separately for monoculture 

neighborhoods of Plantago and for neighborhoods where the 

target Plantago plants were surrounded by Schismus 

neighbors. I then regressed plant performance (log

transformed bx ' the expected fecundity of a reproductive 

plant) against the number of neighbors in neighborhoods of 

different radii (SAS REG Procedure, Linear regression 

model, SAS 1988). The most appropriate neighborhood radius 

is the one which minimized the residual sum of squares for 



70 

the regression model~ i.e., the radius that had the lowest 

1-R2 (or equivalently the radius with the highest R2 value; 

Pacala and Silander 1985). 

Results from both intra- and interspecific 

neighborhoods showed a radius of 5 cm to be the most 

appropriate neighborhood size for Plantago at the wash 

during the 1986-87 season (Figures Sa-b). However, radii 

ranging from 4-8 cm had 1-R2 values that were close to 

that of the best neighborhood radius. The small residual 

sum of squares for neighborhoods with 4-8 cm radii may 

suggest that the appropriate neighborhood size for 

Plantago at other sites or during seasons of different 

weather conditions fall within this same range. This 

assumes the neighborhoods are either practically 

monocultures or with other neighbors such as Schismus that 

have a plant size more or less similar to that of Plantago. 

Since this result was obtained after the termination of the 

first experiment, it could not be used to design this 

experiment, but was used to design subsequent experiments 

(see Chapter 1). The 8 cm radius used in the 1986-87 

experiment, while larger than the best neighborhood size, 

still had a low 1-R2 value and thus seems biologically 

reasonable. 
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Competition experiments: 

1986-87 experiments. 
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Winter annuals germinate as a response to sufficent 

rainfall, generally >25 mm (Went 1948, 1949, Juhren et al. 

1956, Tevis 1958, Beatley 1974) and low temperature, usual

ly <20oC (Went 1948, Beatley 1966, 1974). In 1986, the 

first heavy rains fell during the first week of December 

(27 mm and 17/11oC max/min temperature; Fig. 1a) producing 

a large December cohort. The first experiment was 

therefore set-up during the last week of December 1986 when 

the seedlings were about 1-2 weeks old. Since germination 

before December was negligible due to insufficient 

precipitation (Venable and Caprio unpubl. data) the 

experiment essentially included plants from a single 

cohort. 

The 1986-87 experiment at the wash habitat tested for 

the effects of density and neighbor identity on plant size, 

survival and reproductive success during a relatively wet 

growing season (Figure 1a). These results were then 

compared with density effects on plant performance in the 

same wash during a relatively drier season (data from the 

1987-88 experiment; see Chapter 1). 
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Randomly chosen Plantago neighborhoods in high density 

stands of Plantago and Schismus in the wash habitat were 

marked with color coded toothpicks and nails and thinned to 

manipulate density and species of neighbors. These dense 

stands presumably represent fairly homogeneous productive 

sites between shrubs. Extra seedlings were carefully 

uprooted to minimize soil disturbance within the 

neighborhoods. This method did not significantly affect the 

microhabitats because the seedlings were still shallowly 

rooted at the time they were pulled out. The neighborhoods 

were thinned to 3 density levels: 1, 15 and 30 plants/ 

neighborhood (excluding the target plan~), referred to as 

isolated, low density and high density neighborhoods 

respectively (roughly 5, 8 and 15.5 plants/dm2 ). The 2 

latter density levels had two types (species) of neighbors: 

one group of neighborhoods with Plantago surrounded by 

conspecific neighbors (intraspecific) and another group 

with Schismus neighbors (interspecific). Each treatment 

combination had 20 replicates for a total of 100 neighbor

hoods for the whole experiment. By randomly assigning the 

treatments, I was able to avoid confounding density with 

microsite variation. I also utilized each plant only once 

as a target or a neighbor in order to satisfy the 

statistical requirement for independence of data points. 
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The locations of plants within the neighborhoods or 

plots were recorded by placing a mapping table over the 

neighborhoods or plots and marking plant positions on 

acetate sheets. To assure reliable identification of 

plants, the mapping table was positioned in a standard way 

next to the toothpicks and nails and the same acetate 

sheets were used through the entire season. 

Two measurements of size were obtained for the 

surviving target plants: plant height and the number of 

leaves. Plant height was measured as the length of the 

longest leaf. Survival to reproduction was scored as 1 if 

an individual target plant produced at least one seed and 0 

if not. Fecundity of the surviving target plants was 

estimated by counting Plantago inflorescences for each 

plant and classifying each inflorescence into five size 

categories: extra small, small, medium, large and extra 

large. I counted the number of seeds from 50 collected 

samples of inflorescences from each size category and 

calculated the number of seeds per target plant. All 

measurements were done on the last census (March 14-16) 

after nearly 3 months of growth. 

Means for different groupings of plants were 

calculated as lx' the probability of survival to 

reproduction, bX1 the expected fecundity of reproductive 
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plants and lxbx, the expected fecundity of emerging 

seedlings. The means of the various measures of plant size 

were also calculated. 

Size measurements and bxwere analyzed with analysis 

of variance (SAS GLM Procedure, SAS 1988). Each combination 

of density and neighbor species was used as a treatment 

level in a one-way analysis of variance (since isolated 

plants cannot have 2 neighbor types, a 2-way analysis would 

result in an incomplete factorial design). Five 

combinations of density and type of neighbor treatments 

were obtained: isolated, low density/intraspecific 

neighbor, low density/interspecific neighbor, high 

density/intraspecific neighbor and high density/ 

interspecific neighbor. 

The variables bx , plant height, and number of leaves 

were log-transformed to homogenize variances. Log

transformation seemed biologically reasonable because of 

the multiplicative nature of plant growth. The Duncan's 

multiple-range test was used to compare the means when main 

effects were significant. 

The variable lxbx was analyzed with Krukall-Wallis 

test (SAS NPAR1WAY Procedure, SAS 1988) instead of ANOVA 

because its bimodal distribution violated the assumption of 

normality in the analysis of variance procedure. When main 



effects were significant, I compared the means using the 

procedure suggested by Leach (1979). 
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Survival was analyzed with a maximum likelihood logit 

model due to the categorical nature of survival data, i.e., 

values are only either 1 or 0 (CATMOD Procedure, Linear 

Categorical Models, SAS 1988). In this model, the 

independent variables were treated as they are in analysis 

of variance while the dependent variable was the logit (or 

log-odds) of lx, i.e. the natural logarithm of the ratio of 

the probability of successful survival to reproduction and 

the probability of mortality prior to reproduction. Maximum 

likelihood rather than least squares waa used to estimate 

the model parameters and chi-square rather than F 

statistics were used to test for significance in the 

analysis of variance. 

1987-88 experiments. 

The design of the competition experiments during the 

1987-88 season has been described in the previous chapter. 

1988-89 experiments. 

In 1988, the critical rains for germination were early 

(55 mm between October 16-20 and 32/14oC max/min 

temperature: Fig. lb) resulting in a large peak of 

germination towards the end of October. Plots were set-up 
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on November 1, 1988 when the seedlings were also about 1-2 

weeks old. This experiment also used seedlings from a 

single cohort. The experiment evaluated the effects of 

density, artificial irrigation and microsite variation on 

plant size and survival at the base of the hill. Circular 

plots with a radius of 8 cm were randomly chosen at two 

microsites in high density stands of Plantago at the base 

of the hill. Data were only collected for the central area 

(4 cm radius) in order to reduce edge effects. Density and 

irrigation treatments were randomly assigned to each plot 

and plots were marked with color coded toothpicks and 

nails. Density was manipulated using the same thinning 

technique as in the 1986 experiment. Irrigation was done by 

spraying plots with about 350-400 ml of water (17-20 mm) 2 

to 3 times a week. At each site, plots were thinned to 3 

density levels: 8, 16 and 32 plants/plot (roughly 4, 8 and 

16 plants/dm2). To obtain equal number of plants for the 3 

density levels, I produced 4 high density plots, 8 medium 

density plots and 16 low density plots at each site. The 

irrigation treatment was randomly assigned to half of the 

plots at each density level. Hence, a sample size of 32 

plants/density level/site were obtained for a total of 192 

plants for the whole experiment. 

Plant width (plants' widest diameter) and the number 

of leaves was measured for all surviving plants on 
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November 29 after more than a month of growth. Survival 

was scored as 1 at each census if the plant had at" least 

one green leaf and 0 if not. Heavy mortality towards the 

end of the season resulted in extremely low sample sizes 

and no further size measurements were made. I continued to 

monitor plant survival for 4 subsequent censuses (Dec. 24, 

Dec. 31, 3an. 23 and Feb. 4). 

Size measurements were log-transformed and analyzed 

with analysis of variance (SAS GLM Procedure, SAS 1988) as 

in the 1986-87 experiments. A complete 3 x 2 x 2 factorial 

design with density, irrigation and site as main factors 

was used. Survival was analyzed with the maximum likelihood 

logit model for each of the e censuses. 

RESULTS 

In the 1986-87 wash habitat experiment, the 

combination of density and type of neighbor treatment 

explained 35% of the variation in bx , the expected 

fecundity of surviving plants (P<.OOOl), and 45% and 27% of 

the variations in the number of leaves and plant height 

respectively (P<.OOOl; Statistics, Table 13; Means, Table 

14). The effects of density/type of neighbor on lxbx, the 

expected fecundity of emerged seedlings, were also 



Table 13. ANOVA for the dependent variables Ix' lxhx· hx· 
number of leaves and height of Plantago patagonica for the 1986 87 
experiment with the combination of density and type of neighbor 
as main factors. 

Source df Chi square p 

Intercept 1 23.69 <.001 
Density/Type 
of neighbor 4 2.70 <.61 

Density/Type 
of neighbor 4 14.28 <.007 

Source df ss F p 

bx Density/Type 
of neighbor 4 15.49 9.99 <.0001 
Error 71 27.53 
Corrected 

Total 75 43.02 

number of Density/Type 
leaves of neighbor 4 3.54 14.28 <.0001 

Error 71 4.40 
Corrected 

Total 75 7.93 

height Density/Type 
of neighbor 4 1.47 5.98 <.0001 
Error 71 4.38 
Corrected 

Total 75 5.86 

79 
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Table 14. Means· and standard errors of Ix. bx • lxhx. height in cm. 
and number of leaves of Plantago patagonica for the 1986 87 experiment: 

means with the some letter are not significantly different (Duncan, ' 
per comparison error rate = 0.05 for hx. height and Dumber of leaves; 
Rank Sum Test. per experiment error rate = 0.20 for lxhx). 

Density/Type 
of neighbor 

isolated 

low density 

intra 
specific 

inter 
specific 

high density 

intra 
specific 

inter 
specific 

.750 
(.65 ~85) 

n=20 

.75a 
(.65 -.85) 

n=20 

.70a 
(.60-.80) 

n-20 

.700 
(.60 -.80) 

0=20 

.900 
( .,83 -.97) 

n .. 20 

84.50 
(74.8-95.4) 

n:15 

27.4b 
(23 . 2- 32 . 2 ) 

n-=15 

27.9b 
(23.0-33.9) 

n-14 

22.4b 
(19.1-26.2) 

n-=-14 

31.7b 
(26.6-37.7) 

n"'18 

63.30 
(34.4-116.0) 

0=20 

20.5b 
(12.6-33.1) 

n=-20 

19.5b 
(11. 1- 34 .1 ) 

n2 20 

15.7b 
(9.2-26.3) 

n:20 

28.5ab 
(20.7-39.2) 

n .... 20 

height 

3.80 
(3.5-4.0) 

n=15 

2.3b 
(2.1-2.6) 

n-=-15 

2.5b 
(2.2-2.9) 

n .. 14 

2.3b 
(2.1-2.5) 

n=14 

2.4b 
(2.2-2.6) 

n=.18 

leaves 

13.7a 
(13.0-14.4) 

n=-15 

7.0b 
(6.4-7.7) 

n=-15 

8.2b 
(7.5-9.0) 

n .. 14 

7.4b 
(6.9-7.8) 

n-14 

8.2b 
(7.7-8.6) 

n=18 

• Means of bx • lxhx. height and number of leaves are retransformed from 
the log transformed values; means of Ix are from the raw data. 
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statistically significant (P<.Ol). These significant main 

effects were mainly due to the disproportionately larger 

and more fecund isolated plants. There was no significant 

effect of either doubling the "density from 15 to 30 

plants/neighborhood or changing the identity (species) of 

neighbors. In contrast to size and fecundity, the 

probability of survival to reproduction, lx, was not 

affected by the density/type of neighbor treatment. 

Results from the competition experiments conducted in 

1987-88 showed that the lxbx of Plantago was also 

inhibited by density in the same wash habitat used in the 

1986-81 experiments (P<.OOl: see Chapter 1). Density 

effects on lx, bx and plant size also showed similar trends 

in the wash. 

" The survival, lx, of plants in the 1988-89 

experiments at the base of the hill showed a drastic 

decline from the first census (>1 month growth) to the last 

census (>3 month growth: Means, Table 15; Statistics, Table 

16). After 5-6 weeks of growth (first census), there was no 

effect of density, irrigation or site on seedling survival. 

From the second until the last census (Dec. 24 to Feb. 4), 

variation in plant survival w~s shown to be increasingly 

affected by the site and irrigation treatments (P<.OOOl 
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Table 15. Survival probability, lx' of Plantago patagonica at 5 
censuses during the 1988-89 season; values with the same letter for 
each census are not significantly different, P<.OOl. 

Main factors Nov. 29 

Density 
Low .89a 

n-64 
Medium .97a 

n-64 
High .88a 

n-64 

Irrigation 
Irrigated .96a 

n-96 
Rainfed .87a 

n-96 

Site 
1 .84a 

n-96 
2 .98a 

n-96 

Census dates 
* Dec. 24 Dec. 31/Jan. 23 

.80a .67a 

.88a .63a 

.78a .70a 

.82a .61a 

.81a .71a 

.77a .54b 

.87a .78a 

Feb. 4 

.28a 

.28a 

.31a 

.15b 

.44a 

.13b 

.46a 

* - Site*irrigation and site*density interaction effects were 
significant on Dec. 24. 

Site 1: rainfed-.71: irrigated-.83 
Site 2: rainfed-.92; irrigated-.81 
Site 1: low density-.66: medium density-.94; high·density-.72 
Site 2: low density-.94; medium density-.81; high density-.84 



83 

Table 16. ANOVA for the probability of survival, lx' of ~ patagonica 
at 5 sampling dates for the 1988-89 experiment. 

Source df Chi-square p 

11-29 Intercept 1 0.76 <.384 
Site 1 0.20 <.653 
Irrigation 1 0.12 <.727 
Density 1 0.16 <.922 
Site*Irrigation 1 0.81 <.368 
Site*Density 2 0.06 <.972 
Irrigation 
*Density 2 2.02 <.365 

Likelihood 
Ratio 2 1.47 <.480 

----------------------------------------------------------------
12-24 Intercept 1 46.71 <.0001 

Site 1 1.41 <.235 
Irrigation 1 0.04 <.837 
Density 2 2.53 <.283 
Si te*Irrigation 1 5.12 <.024 
Site*Density 2 8.11 <.017 
Irrigation 
*Density 2 1.82 <.402 

Likelihood 
Ratio 2 1.77 <.413 

----------------------------------------------------------------
12-31/ Intercept 1 20.46 <.0001 

1-23 Site 1 12.23 <.001 
Irrigation 1 2.50 <.114 
Density 1 0.53 <.766 
Site*Irrigation 1 1.18 <.278 
Site*Density 2 0.76 <.685 
Irrigation 
*Density 2 0.46 <.794 

Likelihood 
Ratio 2 2.93 <.231 

----------------------------------------------------------------
2-4 Intercept 1 26.75 <.0001 

Site 1 19.35 <.0001 
Irrigation 1 15.48 <.0001 
Density 1 0.88 <.645 
Site*Irrigation 1 0.07 <.796 
Site*Density 2 1.99 <.371 
Irrigation 
*Density 2 2.86 <.239 

Likelihood 
Ratio 2 2.47 <.291 
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for both factors during the last census; Tables 15-16). 

During the last census, seedlings in site 1 suffered 

greater mortality than the ones in site 2 and irrigated 

plants had greater mortality than rainfed plants (Table 

15). There was no statistically detectable density effect 

on Ix during any of the 5 censuses. Measurements of plant 

size were only taken during the first census when the 

density treatment was least affected by mortality. 

Density and irrigation significantly affected plant 

growth (size) during the first 5-6 weeks of growth 

(Statistics, Table 17). Density explained 9% of the 

variation in the number of leaves (P<.OOOl) and 4% of the 

variation in width (P<.Ol). Plants in low density plots 

were significantly wider (2.1 cm) and with more leaves 

(6.4) on the average than those at medium (1.8 cm and 5.7 

leaves) and high density plots (1.7 cm and 5.3 leaves; 

P<.05; Means, Table 18). Irrigation explained 15% and 24% 

of the variations in the number of leaves and plant width 

respectively (P<.OOOl for both size measurements). 

Irrigated plants were nearly 1 cm wider (2.3 cm) and with 

one more leaf (6.4 leaves) than rainfed plants (1.4 cm and 

5.2 leaves). In addition, there were small effects of the 

site by density interaction on the two size measurements. 

The interaction accounted for 2% of the variation in the 



Table 17. ANOVA for the number of leaves and width of Plantago 
patagonica for the 1988-89 experiment. 

Source df ss F P 
----------------------------------------------------------------
number of Site 1 0.05 0.94 <.34 
leaves Irrigation 1 1.96 34.07 <.0001 

Density 2 1.14 9.89 <.0001 
Site*Irrigation 1 0.08 1.45 <.23 
Site*Density 2 0.31 2.71 <.07 
Irrigation*Density 2 0.17 1.45 <.24 
Site*Density* 

Irrigation 2 0.18 1.55 <.21 
Error 163 9.38 
Corrected total 174 13.27 

----------------------------------------------------------------
width Site 1 0.17 1.25 <.27 

Irrigation 1 8.00 60.10 <.0001 
Density 2 1.33 5.00 <.008 
Site*Irrigation 1 0.11 0.81 <.37 
Site*Density 2 1.22 4.57 <.012 
Irrigation*Density 2 0.35 1.30 <.28 
Site*Density* 

Irrigation 2 0.72 2.70 <.071 
Error 163 21.70 
Corrected total 174 33.60 
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Table 18. Means* and standard errors of number of leaves and width, 
cm. of Plantago patagonica for the 1988-89 experiment. 

Irrigation Density 

Not 
irrigated 

Low 

Medium 

High 

Leaves 

Site 1 2 

5.6 6.4 
(5.3-5.9) (5.9-7.0) 

n=16 n=12 

4.9 4.8 
(4.6-5.3) (4.4-5.4) 

n::.16 n::.14 

4.9 4.5 
(4.6-5.3) (4.1-4.8) 

n::.15 n=10 

Width 

1 2 

1.6 1.8 
(1.5-1.8) (1.6-2.0) 

n=16 n=12 

1.6 1.4 
(1.4-1.8) (1. 2-1.6) 

n=16 n=14 

1.3 1.2 
(1.1-1.4) (1.1-1.4) 

n::.15 n=10 

86 

----------------------------------------------_._---------------------
Irrigated Low 6.8 6.9 2.6 2.3 

(6.5-7.2) (6.5-7.2) (2.5-2.7) (2.1-2.6) 
n=14 n=15 n=14 n-::15 

Medium 7.3 5.7 2.8 1.8 
(7.0-7.7) (5.5-6.0) (2.6-3.0) (1. 6-1. 9) 

n=.16 n::.16 n=16 n=16 

High 5.9 5.9 2.0 2.5 
(5.6-6.2) (5.6-6.1) (1. 8-2.1) (2.3-2.6) 

n::.16 n-=.15 n=16 n=15 

* Means of the number of leaves and width are retransformed from 
the log-transformed values analyzed with a ANOVA using a factorial 
design. 
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number of leaves (P<.07) and 4% of the variation in width 

(P<.05). These interaction effects implied more pronounced 

density effects in the number of leaves at site 2 than site 

1 and variable density effects in width at the two sites. 

DISCUSSION 

gompeti tiotl ~mder variable environmental conditions: 

The effects of temporal variation in weather 

conditions on the expression of competition in Plantago 

patagonica can be ascertained by comparing the results of 

the 1986-87 experiment with those of a similar experiment 

performed in the same wash in 1987-88 (see Chapter 1) and 

by comparing the results for the irrigated versus rainfed 

treatments in the 1988-89 experiment. 

Comparison of demographic results for 1986-87 and 1987-88. 

In 1987-88, the plants received only 27 mm of rain 

from 3anuary to March, the period of rapid vegetative 

growth and reproduction, whereas in the 1986-87 season they 

received 83 mm of rain during the same critical months. 

1986-87 was one of the better years on record for plant 

survival, growth and reproduction whereas 1987-88 was one 
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of the worst (Venable and Caprio unpubl. data). These 

differences in conditions between years resulted in 

differences in demographic performance. For a comparable 

range of densities, seed production was about ten-fold 

greater in spring, 1987 than for plants at the same wash 

habitat the next year (Fig. 6b-c). Plant size during the 

peak of growth in terms of height and number of leaves was 

also much greater during the 1986-87 than the 1987-88 

season (Fig. 6d-e). Despite these large differences in 

weather and plant performance, similar significant density 

effects on size and fecundity were observed in both years 

(Fig. 6). Thus in the wash habitat, there was no tendency 

for competitive effects to be stronger in more or less 

favorable years. The main source of density effects was the 

difference between isolated plants and those that were in 

either low or high neighborhood densites. A neighborhood 

density equivalent to about 8 p1ants/dm2 appeared to be 

sufficient to create competitive conditions. This plant 

density is not uncommon for Plantago at the study site. A 

7-year demographic data set for two species of Plantago at 

the same site showed combined seedling densities exceeding 

8 p1ants/dm2 on average in each year (Venable and Caprio 

unpubl. data). It seems, therefore, that competition in 

populations of Plantago occurs frequently in this habitat. 
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Figure 6. Density effects on the a) probability to survive to 
reproduction, 1 , b) expected fecundity of a reproductive plant, b , 
c) expected fec~ndity of an emerging seedlin9, lxb, d) number of x 
leaves and e) plant height during the 1986-87 an~ 1987-88 seasons. 
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Supplemental watering in 1988-89. 

The 1988-89 season was a good one for supplemental 

watering experiments because the natural rainfall was very 

low (Fig. 4b) and the natural survival and reproductive 

success of Plantago patagonica is one of the lowest on 

record (Venable and Caprio unpubl. data). Irrigated plants 

were significantly larger than rainfed plants suggesting 

that moisture was limiting as early as the first 5-6 weeks 

of growth in 1988. This growth response to watering was 

not surprising considering the relatively high temperature 

and month-long drought following the October germination 

(Fig. 4b). This suggestion that moisture per se is limiting 

is, however, equivocal due to the possible correlation 

between soil moisture content and nutrient availability 

(Gutierrez and Whitford 1987). Despite considerable 

variation in plant size due to variation in weather 

conditions 

response to 

Plants at 

simulated by irrigation in a 

density was similar for the 

medium and high density were 

dry year, the 

two treatments. 

smaller and had 

fewer leaves and the density effects did not interact 

significantly with irrigation treatment. 



Effects of competition Qn plant size, 

fecundity and survival: 
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For the 1986-81 and 1988-89 experiments, density 

effects were manifested in reduced plant growth instead of 

increased mortality. Watkinson's (1984) explanation that 

interference in even-aged stands (plants of a single 

cohort) involves a stage of plastic response before higher 

densities force mortality appeared to be a reasonable 

description of what was happening in these populations of 

Plantago. Plant densities of up to 16 plants/dm2 , even with 

abundant precipitation, may not have been sufficiently high 

for self-thinning of seedlings to occur in these years. 

Other field studies on desert annuals support this result 

(Went 1949, Tevis 1958, Inouye et al. 1980). 

In 1987-88 at the wash habitat, however, reductions 

in plant size and fecundity were accompanied by a low 

probability of survival to reproduction. This decline in Ix 

occurred at Plantago densities that were as low as 8 

plants/dm2 (see Chapter 1). But this reduction in Ix was 

not actually due to self-thinning among seedlings. The low 

Ix values in plants that had neighbors was the result of 

mature plants failing to reproduce (note that Ix was 

defined in this study to be the probability of surviving to 
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produce at least 1 seed). The nearly month-long drought in 

March 1988, the period when the plants were starting to set 

seeds, may have been responsible for this failure of 

mature plants to reproduce in the presence of neighbors. 

These results indicate that, for a year with a dry spring 

season at least, seedling densities as high as 48 

plants/dm2 were still not sufficiently high for self

thinning to occur. 

In both the 1986-87 and 1988-89 seasons, I was able to 

identify some sources of density-independent mortality. In 

the 1988-89 experiment, survival to February was 

substantially lower among the irrigated plants, 

counteracting the positive effects of irrigation on plant 

size. There was also a difference in mortality at the 2 

sites. These results showed the possible importance of 

mortality due to factors other than competition for 

resources. In this experiment, however, high mortality 

among irrigated plants may have been an artifact of our 

artificial watering treatment. Irrigated plots created 

patches of large plants that were surrounded by smaller 

plants due to low rainfall between November 1988 and 

February 1989 (33 mm of rain). This condition may have 

intensified herbivory. 
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In the 1986-87 experiment in the wash, there was a 

large decrease in plant size and fecundity among target 

plants with some neighbors (8 plants/dm2 ) relative to those 

that were essentially isolated (0.5 plants/dm2 ) and no 

further effect of increasing the density from 8 to 15.5 

plants/dm2 . In the base of the hill during the 1988-89 

season, plants in low density plots (4 plants/dm2 ) were 

also significantly larger than those in either medium (8 

plants/dm2 ) or high density plots (16 plants/dm2 ). Such 

non-linear density effects on size and fecundity have been 

previously reported in other competition studies (Harper 

1977, Weiner 1982, Silander and Pacala 1985, Goldberg and 

Fleetwood 1987, see Chapter 1). 

Intraspecific and interspecific competition: 

The target plants in the 1986-87 experiment were not 

affected by the identity of neighbors despite large effects 

of neighbor density. This result suggested that Plantago 

and Schismus are equivalent in their competitive effects on 

neighbors (Goldberg and Werner 1983). Since Plantago and 

Schismus have roughly similar growth forms and size, the 

equivalence in competitive effects was not surprising. 

Competitive effects are likely to be influenced more by the 

size of the neighbor than by its species identity, i.e. 
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larger plants, regardless of species, can generally take up 

more resources than smaller plants (Goldberg and Werner 

1983). Competitive equivalence was also found for Plantago 

patagonica and Pectocarya re~urvata in their effects on 

each other in 1987-88 further strengthening the concept of 

competitive equ.ivalence in this guild of annuals (see 

Chapter 1). 
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