
previous year's shrub shoots is not included in our 
estimates. 

21. Forforbs, AGB = MI x (49.94 i- 4.76) g/m2 (N = 10) 
and AGB = (percent of areal coverage) X 2.79 g/m2 
(N = 10). For graminoids, AGB = LA x (26.20 + 
2.34) g/m2 (N = 10) and AGB = (percent of areal 
coverage) x (2.19 5 0.23)g/m2(N = 10). Forshrubs, 
incremental AGB = (incremental shoot length in cen- 
timeters per square meter) x (0.028 -C 0.005) g/m2 (N 
= 19), and incremental shoot length = (percent of 
areal coverage) x (1 71.8 i- 11.3) cm/m2 (N = 10). 
Regressions of MI or shoot length against the direct 
measure of AGB carried out separately for each zone 
and for each treatment showed no significant depen- 
dence of regression coefficients on zone or treatment. 

22. F. S. Chapin Ill and G. R. Shaver, Ecology 66, 564 
(1 985). 

23. M. D. Walker, P. J. Webber, E. H. Arnold, D. 
Ebert-May, ibid. 75, 393 (1994). 

24. The need to consider the climate sensitivity of all life 
stages of vegetation is emphasized by F. I. Wood- 
ward and B. G. Williams [Vegetatio 69, 189 (1987)). 

25. C. Whitlock and P. J. Bartlein, Quat. Res. (NV 39, 
231 (1993). 

26. M. S. Kearney and B. H. Luckman, Science 221, 
261 (1983). Although we did not find a Quaternary 
record specifically from the western Rocky Moun- 
tains, the ev~dence cited is from other regions with- 
in the Cordillera. 

27. The importance of reliable forecasts of interannual 
climatic variability IS underscored by our observa- 
tion that the magnitude of the effect of heating on 
AGB varied with summer soil moisture levels: see 
also (23) and N. L. Stephenson, Am. Nat. 135, 649 
(1 990). 

28. Investigation of climate controls on growth of tundra 
species shows that within the broad grouping of 
forbs or shrubs, species at a particular site can differ 

Effects of Competition, Colonization, and 
Extinction on Rodent Species Diversity 

Thomas J. Valone*"fnd James H. Brown 

Analyses of long-term experimental data from the Chihuahuan desert revealed that spe- 
cies diversity of other rodents was higher on plots from which kangaroo rats (Dipodomys 
spp.) had been removed. The difference was due to consistently higher colonization and 
lower extinction probabilities of small granivorous rodents in the absence of competitively 
dominant kangaroo rats. The results of this ecosystem experiment demonstrate the 
importance of both competitive exclusion and metapopulation dynamics for biological 
diversity in a natural community. 

Theoretical and laboratory studies suggest 
that the number of species that coexist in a 
community is influenced by several process- 
es, including competition, predation, mutu- 
alism, disturbance, and physical stress (1-6). 
Although there is evidence that each of 
these factors can affect the relative abun- 
dance of s~ecies  in a natural communitv. , , 
there are few examples of how, either singly 
or in combination, they affect the number of 
coexisting species. Further, in order for these 
processes to alter species diversity rather 
than just relative abundance, they must af- 
fect metapopulation dynamics; that is, the 
probabilities of local colonization and ex- 
tinction (6-8). 

Mathematical models predict, and labo- 
ratory experiments have demonstrated, com- 
petitive exclusion-the capacity of a com- 
petitor to cause the local extinction of an- 
other species (1,  9). Evidence for competi- 
tive exclusion from field studies is more 
equivocal (4, 10-1 3). Examples of extinc- 
tion of species native to islands and other 
isolated habitats are difficult to explain sole- 
ly by competition from invading exotics, be- 
cause such extinctions almost always coin- 
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cide with increased human influence (14). 
Here we demonstrate the effect of com- 

petition on species diversity in a communi- 
ty of rodents in the Chihuahuan desert. The 
removal of seed-eating kangaroo rats (Dip- 
odomys spp.) from small experimental plots 
increased the number of small granivorous 
rodent snecies. These increases in diversitv 
resulted from higher probabilities of coloni- 
zation or lower probabilities of extinction, 
or both. 

In 1977, experimental plots (50 by 50 m) 
were established on a 20-ha site of relativelv 
homogeneous Chihuahuan desert scrub veg- 
etation near Portal, Arizona. Each plot was 
surrounded by wire mesh topped with alumi- 
num flashing to control access by rodents. 
Plots were assigned various experimental 
treatments that included exclusion of differ- 
ent rodent species on the basis of body size. 
Equal access (or control) plots had 16 large 
(3.7 by 5.7 cm) gates in the wire mesh, 
which allowed access to all rodents. Plots 
from which kangaroo rats were removed had 
16 small (1.9 by 1.9 cm) gates in the wire 
mesh, which allowed access by all small- 
bodied rodents but prevented the larger bod- 
ied kangaroo rats (Dipodomys spectabilis, D .  
merriami, and D.  ordii) from entering. From 
1977 to 1987, there were 14 equal access and 
4 kangaroo rat removal plots. In 1988, some 
equal access plots were converted into new 
kangaroo rat removal plots by changing their 

markedly in their responses to environmental influ- 
ences (22). 
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gate size. Thus, from 1988 to the present 
(March 1994), there were eight equal access 
plots, four old kangaroo rat removal plots 
(Dipodomys excluded continuously since 
1977). and four new kangaroo rat removal , , " 

plots (Dipodomys excluded continuously 
since 1988). 

Approximately each month since 1977, 
rodents on all plots have been censused. For 
one night, 49 Sherman live traps were placed 
on each plot and baited with millet. During 
each census, all gates were closed so that 
onlv resident individuals were caueht. All m 

individuals captured were identified, mea- 
sured, uniquely marked, and released (13). 

Kangaroo rats compete strongly with 
other rodents (15) and have large effects on 
vegetation (1 6 ,  17). Within 1 to 2 years of 
removal of kangaroo rats from experimental 
plots, densities of small seed-eating rodents 
increased more than twofold (1 3, 15); 8 to 
10 years after kangaroo rat removal, annual 
and perennial grass density increased more 
than threefold ( 1 6 ,  1 7). 

Species diversity of the other nocturnal 
rodents changed in response to experimen- 
tal removal of kangaroo rats. During the 
past 17 years, a total of 14 such species have 
been recorded. Kangaroo rat removal plots 
usually supported more species of other ro- 
dents than did equal access plots (Fig. 1). 

From 1977 to 1981, there was no  differ- 
ence in the number of non-Dipodomys spe- 
cies caught per month between equal access 
and kangaroo rat removal plots (Table I) .  
From 1982 to 1987, and again from 1988 to 
1994, however, there were more rodent spe- 
cies per month on kangaroo rat removal 
plots than on equal access plots (Table 1). 
The increasing trend in species diversity 
can be attributed, in part, to the indirect 
effect of kangaroo rats on rodents through 
vegetation (18, 19), as well as to the direct 
effect of the relaxation of competition. 

From 1982 to 1994, approximately one 
additional species per month was found on 
dots  from which kangaroo rats had been " 

removed. This difference represents only a 
snapshot of species diversity. Because the 
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total number of species each month is small, 
there is roughly a 60% difference in species 
richness between equal access and kangaroo 
rat removal plots. During this study, overall 
local diversity (total number of species ob- 
served) averaged approximately 27% higher 
on kangaroo rat removal plots than on equal 
access plots (Table 1). Compared to equal 
access plots, kangaroo rat removal plots sup- 
ported more individuals as well as more spe- 
cies of other rodents. For example, during 
the period 1988 to 1994, an average of 117.5 
individuals (of non-Dipodomys species) were 
captured on equal access plots versus an av- 
erage of 23 1 individuals (of non-Dipodomys 
species) captured on kangaroo rat removal 
plots. Thus, one possible explanation of our 
results is that kangaroo rat removal plots 
contained more species simply because they 
contained more individuals ( 18). Rarefac- 
tion techniques (1 9 ,  20) take account of 
how the number of individuals sampled af- 
fects observed species richness and permit 
comparison of the number of species expect- 
ed in samples of equal numbers of individu- 
als. Application of rarefaction revealed that 
when 60 individuals were ca~tured (the few- 
est non-Dipodomys individuals captured on 
any plot), kangaroo rat removal plots con- 
tained significantly more species (9.26) than 
did equal access plots (7.95 species; P = 

0.01. Mann-Whitnev U test). Thus. the in- 
creased species richiess on kangaroo rat re- 
moval plots was not simply due to the greater 
numbers of individuals samnled. 

Equal access plots typically contained 
one kangaroo rat species, and, after 1982, 
kangaroo rat removal plots contained about 
one more species of small granivore per 
month than did equal access plots (Table 
1). Colonization by small granivores, there- 
fore, was sufficient to maintain total small 
mammal species diversity on the experi- 
mental plots. These results contrast with 
recent observations on plant communities 
that showed that colonization bv new sne- 
cies was not sufficient to  compensate for 
local extinctions (21 ). 

Our data also povide insight into the 
mechanisms that generated the differences 
in species richness. Evenness (20) was sig- 
nificantly lower on kangaroo rat removal 
plots during 1988 to 1994 [kangaroo rat 
removal, J = 0.79; equal access, J = 0.88 (P  
= 0.01, Mann-Whitney U test)]; more rare 
species were able to coexist in the absence 
of kangaroo rats. 

cz 

The occurrence of these rare species on 
kangaroo rat removal do ts  should be attrib- - 
utable to some combination of higher rates 
of colonization and lower rates of extinction. 
No species showed a significantly higher col- 
onization probability on equal access plots 
than on kangaroo rat removal plots during 
either 1982 to 1987 or 1988 to 1994 (Table 
2) (22). From 1982 to 1987, onlv Reithrodon- 

tomys megalotis had a significantly higher 
colonization probability on plots from which 
kangaroo rats had been excluded. From 1988 
to 1994, however, five species exhibited sig- 
nificantly higher colonization probabilities 
on kangaroo rat removal plots. More impor- 
tant, four of the five species had similar 
colonization success on both old and new 
kangaroo rat removal plots, indicating that 
colonization probability for these species was 
related to the absence of kangaroo rats and 
not to  the differences in vegetation structure 
on these plots. The remaining species, Sig- 
modon fuluiuenter, which is folivorous and 
characteristic of grassland habitats (23), ex- 
hibited a hieher colonization ~robabilitv on u 

old kangaroo rat removal plots than on new 
kangaroo rat removal plots, indicating that 
its colonization was influenced bv the in- 
creased grass cover on old kangaroo rat re- 
moval plots. 

No species had a significantly higher ex- 
tinction probability on kangaroo rat removal 
plots compared with equal access plots (Ta- 
ble 3). Peromyscus maniculatus had a signifi- 
cantly lower extinction probability on kan- 
garoo rat removal plots from 1982 to 1987, 

whereas Perognathus fZavus and R.  megalotis 
had significantly lower extinction probabili- 
ties on kangaroo rat removal plots from 1982 
to 1994. From 1988 to 1994, Peromyscus 
eremicus had a significantly lower extinction 
probability on old kangaroo rat removal plots 
whereas Chaetodipus penicillatus had a signif- 
icantly lower extinction probability only on  
new kangaroo rat removal plots compared 
with equal access plots. 

Two mechanisms contributed to the 
higher species diversity of other rodents on  
kangaroo rat removal plots. The most impor- 
tant process was a relaxation of competitive 
exclusion. Six of the eight granivorous ro- 
dent species had higher colonization proba- 
bilities or lower extinction probabilities or 
both (Tables 2 and 3) .  None of the ro- 
dents exhibited the opposite pattern, 
which would be expected if there were 
strong indirect effects of competition 
among the rodents such that the removal 
of kangaroo rats would benefit a subset of 
small eranivores. which would then com- 
petitiv:ly inhihi; other species. 

Kangaroo rats compete with seed-eating 
rodents, both by reducing their food supply 

Equal access 
New kangaroo rat removal 

-----. Old kangaroo rat removal 

1978 1980 1982 1984 1986 1988 1990 1992 1994 
Date 

Fig. 1. Effect of different treatments on mean number of species per plot per month. Data are plotted as 
3-month averages for clarity. In all analyses of data from 1988 to 1994, old versus new kangaroo rat 
removal plots were compared. If no significant difference was detected, the data from these plots were 
combined to compare kangaroo rat removal plots to equal access plots. 

Table 1. Comparison of the number of non-kangaroo rat species on treatment plots by month and over 
years. 

Treatment 1977-1 981 1982-1 987 1988-1 994 

Mean number of species per plot per month 
Equal access 0.83 1.28 
Kangaroo rat removal 0.99 1.93* 

Mean total number of species observed 
Equal access 6.1 7.6 
Kangaroo rat removal 8.0$ 9.3t 

' P  < 0.05, equal access versus kangaroo rat removal treatment (repeated measures analysis of variance, with plots as 
unit of replication and months as repeated measures). tP < 0.1. SP i 0.05, equal access versus kangaroo rat 
removal treatment (Mann-Wh~tney U test). 
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and by aggressive defense of space (1 3 ,  23, 
24). Nongranivorous rodent species charac- 
teristic of desert shrub habitats (folivorous 
Neotoma albigula and insectivorous Onych- 
omys leucogaster and 0 .  tonidus), which pre- 
sumably do not compete strongly with kan- 
garoo rats, did not respond to kangaroo rat 
removal (Tables 2 and 3) .  Whereas the re- 
sponses observed largely represent habitat 
selection bv individual rodents, all s~ecies  
have persisied on the plots for atleast skveral 
months and been observed in reproductive 
condition (2.5). ~, 

A second mechanism, of lesser impor- 

tance, was the effect of kangaroo rats on 
vegetation. The increase in grass cover due 
to the long-term removal of kangaroo rats 
resulted in significantly increased coloniza- 
tion of one species characteristic of grassland 
habitats (Table 2). Thus, competitive exclu- 
sion apparently accounted for six of the sev- 
en species that contributed to the higher 
diversity on kangaroo rat removal plots (26). 

Our results show that interspecific com- 
petition affects diversity of this desert ro- 
dent community by altering metapopula- 
tion dynamics. Although early theoretical 
studies examined the effect of colonization 

Table 2. Mean colonization probabilities according to the method of Clark and Rosenzweig (22). 

Kangaroo rat 
Species Equal Kangaroo Equal removal 

access rat removal access 
Old New 

Granivores 
Baiomys taylori 0 0 0.004 0.063 0.01 1 
Chaetodipus penicillatus 0.040 0.060 0.076 0.137 0.191 
C, hispidus 0.003 0.01 2 0.006 0.004 0.004 
Perognathus flavus 0.045 0.068 0.039 0.121* 0.1 29* 
Peromyscus eremicus 0.106 0.132 0.093 0.127 0.144 
Peromyscus maniculatus 0.059 0.220t 0.002 0.020* 0.020* 
Reithrodontomvs fulvescens 0 0.008 0.006 0.01 9* 0.020* 
R. megalotis 0.094 0.31 1 *** 0.152 0.294*' 0.285** 

Nongranivores 
Sigmodon fulviventer 0 0 0.012 0.050* 0.008t 
S. hispidus 0.006 0.01 2 0.01 7 0.060t O t  
S. ochrognathus 0.004 0.01 8 0.016 
Neotoma albigula 0.193 0.159 0.096 0.063 0.071 
Onychomys leucogaster 0.1 76 0.144 0.107 0.066 0.095 
0. torridus 0.154 0.136 0.161 0.149 0.137 

+P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001, equal access versus kangaroo rat removal treatment (t test). t P  
< 0.05 old versus new kangaroo rat removal plots (t test). 

Table 3. Mean extinction probabilities (22). 

Species Kangaroo rat removal 
Equal Kangaroo Equal 

access rat removal access 
Old New 

Baiomys taylori 
Chaetodipus penicillatus 
C. hispidus 
Perognathus flavus 
Peromyscus eremicus 
Peromyscus maniculatus 
Reithrodontomys fulvescens 
R. megalotis 

Sigmodon fulviventer 
S. hispidus 
S. ochrognathus 
Neotoma albigula 
Onychomys leucogaster 
0 .  torridus 

Granivores 

Nongranivores 

+P < 0.1, ' P  < 0.05, '*P < 0.01, ***P < 0.001, equal access versus kangaroo rat removal treatment (t test), t P  < 
0.1, i P  < 0.05, old versus new kangaroo rat removal plots (t test). 

and extinction on the coexistence of com- 
peting species (27), most recent models of 
metapopulation dynamics have assumed 
that colonization and extinction are sto- 
chastic processes (8). Our results suggest 
that competition can have deterministic ef- 
fects on probabilities of local colonization 
and extinction. 

Experimental studies have shown that 
the presence or absence of a top predator 
can propagate through a food web, marked- 
ly altering the diversity and composition of 
a community (2, 28). Our results suggest 
that the presence or absence of a dominant 
competitor can have similar effects. Addi- 
tions or deletions of such species change the 
competitive environment and alter the col- 
onization and extinction probabilities of 
other species. Such cascading effects of 
competition have implications for conser- 
vation policies, because the extinction of 
native species, establishment of exotics, and 
reintroduction of extirpated species will of- 
ten cause further changes in diversity. 
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Synergistic Roles for Receptor Occupancy and 
Aggregation in lntegrin Transmembrane Function 
Shingo Miyamoto, Steven K. Akiyama, Kenneth M. Yamada* 

lntegrin receptors mediate cell adhesion, signal transduction, and cytoskeletal organi- 
zation. How a single transmembrane receptor can fulfill multiple functions was clarified 
by comparing roles of receptor occupancy and aggregation. lntegrin occupancy by 
monovalent ligand induced receptor redistribution, but minimal tyrosine phosphorylation 
signaling or cytoskeletal protein redistribution. Aggregation of integrins by noninhibitory 
monoclonal antibodies on beads induced intracellular accumulations of ~ ~ 1 2 5 ~ ~ ~  and 
tensin, as well as phosphorylation, but no accumulation of other cytoskeletal proteins 
such as talin. Combining antibody-mediated clustering with monovalent ligand occu- 
pancy induced accumulation of seven cytoskeletal proteins, including a-actinin, talin, and 
F-actin, thereby mimicking multivalent interactions with fibronectin or polyvalent peptides. 
lntegrins therefore mediate a complex repertoire of functions through the distinct effects 
of receptor aggregation, receptor occupancy, or both together. 

Transmembrane integrin receptors for 
extracellular matrix proteins mediate sig- 
nal transduction, but they also participate 
in organizing cell adhesion sites and the 
actin-containing cytoskeleton (1 ). How a 
single receptor can fulfill these multiple 
functions, as well as show selectivity in  
effects o n  specific cytoskeletal proteins, 
was examined by comparing the relative 
roles of receptor occupancy and aggrega- 
tion. W e  hypothesized that  even though 
simple aggregation of a number of cyto- 
kine and hormone receptors can mediate 
normal transmembrane signal transduc- 
tion in place of ligand occupancy ( 2 ) ,  
some receptors might be able to  assign 
distinct functions to three types of trans- 
membrane signal: ligand occupancy, re- 
ceptor aggregation, or both together. W e  
determined the requirements for integrin- 
mediated transmembrane control of the 
localization of specific cytoskeletal pro- 
teins and for transmembrane signaling in- 
volving tyrosine phosphorylation. . W e  
found that  (i) integrin receptors induce 
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distinct cellular responses to  binding of a 
ligand, to  aggregation, or to  a combination 
of the two; (ii) integrin receptors can con- 
trol the distribution of specific cytoskel- 
eta1 proteins (one protein was controlled 
by simple receptor aggregation, whereas 
six other cytoskeletal proteins required a 
combination of both aggregation and li- 
gand binding); and (iii) the most proximal 
molecular interactions with integrin cyto- 
plasmic domains appear to involve the  
cytoskeletal protein tensin and the ty- 
rosine kinase pp125FAK (focal adhesion 
kinase), rather than the ~ r e v i o u s  candi- , , 

dates talin and a-actinin. 
Polvstvrene beads coated with substrates 

and antibodies served as mediators of inte- 
grin occupancy or aggregation, whereas sol- 
uble monovalent ligands provided simple 
ligand occupancy. Beads coated with fi- 
bronectin mimic adhesive site generation 
(3) and can induce transmembrane aggre- 
gation of a variety of cytoskeletal molecules 
including F-actin (Fig. 1, A and B). We 
develo~ed ~rocedures to  auantitate this . L 

process and detected similar bead-induced 
transmembrane aggregation with talin, 
a-actinin, tensin, vinculin, paxillin, and 
filamin (Fig. 2A) (4, 5). In addition, 
pp125FAK also showed bead-induced clus- 

differences in colonization or extinction probabilities 
of Onychomys spp, and N. albigula, which should be 
as susceptible to snake predation as granivorous ro- 
dents (Tables 2 and 3) [see also (13)l. 
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tering, whereas tubulin did not (Figs. 1 C  
and 2A). Similar results were obtained with 
beads coated with multivalent Arg-Gly-Asp 
(RGD)-containing peptide conjugates 
(Fig. 2A) and with adhesion-blocking 
monoclonal antibodies (mAbs) to either 
the a, or PI  subunit of the fibronectin 
receptor (Fig. 1, G to I, and Fig. 2B). These 
multivalent antibody ligands induced trans- 
membrane aggregation of all seven cy- 
toskeletal proteins and FAK, but not tubu- 
lin, lactate dehydrogenase, or Jak-2 (Fig. 
1C)  (6). Little or no clustering of any cy- 
toskeletal protein or FAK was observed 
with beads coated with polylysine or con- 
canavalin A (Fig. 1, D to F, and Fig. 2A). 

Unexpectedly, mAbs that do not inhibit 
cell adhesion displayed a distinct and specif- 
ic subset of these properties. The mAbs 11, 
to the a, subunit, and K20, to the PI sub- 
unit, do not inhibit cell adhesion (6-9) and 
will hereafter be termed noninhibitory anti- 
bodies. Each of these noninhibitory mAbs 
coated on beads effectively induced trans- 
membrane aggregation of tensin in  patterns 
that were indistinguishable from tensin ag- 
gregation induced by adhesion-blocking 
mAbs and multivalent ligands (Figs. 1K and 
2B). However, no significant coclustering of 
F-actin, talin, a-actinin, vinculin, paxillin, 
or filamin could be detected (Figs. 1J and 
2B). Interestingly, FAK was also readily co- 
clustered by these noninhibitory mAbs (Figs. 
1L and 2B). Three other mAbs to the PI 
subunit were compared and had similar pat- 
terns; for example, noninhibitory mAbs 
DF5 and LM534 induced aggregation of 
FAK but not F-actin, whereas adhesion- 
blocking mAb P4C10 induced aggregation 
of both FAK and F-actin (6). 

It is now well established that ligand- or 
antibody-induced clustering of a number of 
growth factor, hormone, and other recep- 
tors can mediate transmembrane signal 
transduction, including integrin-mediated 
tyrosine phosphorylation of FAK (2 ,  10). 
As expected if simple aggregation alone 
triggers integrin signaling, beads coated 
with noninhibitory mAbs that do not bind 
to an active site stimulated tyrosine phos- 
phorylation that could be detected by anti- 
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