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INTERACTIONS AMONG COLONIZING ANNUALS: 
IS THERE AN EFFECT OF GAP SIZE?I 

K. D. M. MCCONNAUGHAY AND F. A. BAZZAZ 
Dcparrr?icJrlro f  Orgar-r~srn~c B~ologj., Haward L5zrver.srty, and Evolur~onan. 

Can~t~rirlge,.2faassachusetts 02138 L.5-1 

a Small-scale gaps are often colonized by more than one plant. yet few studies 
to date have directly investigated the interactions among co-invading individuals. We 
examined interactions among co-invading plants within small gaps in an old-field com- 
munity as  a function of the size of the gap being invaded. Several colonizing annual species 
were grown. as single individuals or in conspecific o r  heterospecific pairs, in artificially 
created gaps of 10. 30. and 40 cm diameter in a Pou p ~ a t c ~ r ~ s i s  L. background in two 
successive years. 

The identity of the neighbor influenced plant survivorship for one of the two years 
studied. but had no effect on the probability of becoming reproductively mature. o r  on 
levels of seed production. In contrast, vegetative growth was influenced by neighbor identity 
in both years. Both positive and negative plant-plant interactions were found; the presence 
of a neighbor did not always result in competitive reduction in the target individual. 
Conspecific neighbors were found to reduce vegetative biomass to a greater extent than 
heterospecific neighbors for one of the two years studied, primarily due to  the sensitivity 
of one species. Sclarla.fabcr~l, to  conspecific neighbors. We found n o  evidence o f a  consistent 
competitive hierarchy present in this system. Finally, although increasing gap size had 
significant. positive erects on survivorship. growth. and reproduction. the size of the gap 
being colonized had no erect  on plant-plant interactions between co-invading individuals. 

In this system the number and identity of invading individuals, as  well as the char- 
acteristics of the gap itself. interact to  dictate the composition of the invading community 
and the relative performance of each individual colonist. This complexity may contribute 
to  increased diversity in plant communities in which small-scale disturbances provide 
opportunities for earlier successional species to  persist in localized patches within later 
successional vegetation. 

t i c l  it,ords. ar-rnual; ber-reficence; coloniz~ng; conlpetrtron; conlpetrtrve hrerarchj~; conspecific; drs- 
rurbarzce; gap srre; 1z~t~rosp~c.rfic; rze~ghhor.;old field; plant-planr inrrractions. 

INTRODUCTION 1987a, Koide et al. 1987, McConnaughay and Bazzaz 

Small-scale disturbances generated by animal activ- 1987). However, the effects of  small-scale gaps on com- 

ities are known to influence plant community structure munity structure and dynamics depend not only upon 

and dynamics in herbaceous systems, and often allow species' responses to  gap characteristics but also upon 

lcss competitive species to  persist locally (e.g.. Platt the interactions that occur among individuals coloniz- 

1975. King 1977. Rabinowitt 1978. Hobbs and Moo- ing a gap. 


ncy 1985). Community properties such as  diversity, Small-scale gaps may be colonized b!. few (e.g.. Platt 


in~asabi l i ty .  and the identities and characteristics of and Weis 1985. this study) o r  many (e.g.. Tilman 1983. 

component species may be influenced by the frequency, Hobbs and Mooney 1985. Goldberg 1 9 8 7 ~ )  individual 

distribut~on. and characteristics of such disturbances plants, but few studies to  date have directly investi- 

(see Baz7az 1983. 1986. Tilman 1983. Pickett and White gated the interactions among co-invading individuals 

1985, Inouye et al. 1987). Attention has been increas- (Platt and Weis 1985. Rabinowitz and Rapp 1985). 

ingly focused on the life-history and physiological at- Consequently. little is known about how the number 

tributes of coloniting species. and on characteristics of and identity of colonists will influence the survivor- 

the gaps themselves (e.g.. site. time of formation. re- ship. growth. and reproduction of individual plants 

source l e ~ e l s )  that might influence the response of the within a gap. Co-invading plants must share gap re- 

i n ~ a d i n g  plant populations to  these gaps (e.g., Davis sources, which may or  may not be limiting. depending 

and Cantlon 1969. Platt 1975. King 1977, Gross and on gap characteristics and the number and resource 

Werncr 1982. Goldberg and Werner 1983a, Hobbs and requirements of the co-invaders. If complementarity 

Mooney 1985, Rapp and Rabinowitz 1985, Goldberg in architectures, resource utilii-ation. etc.. among co- 
invading individuals reduces negative plant-plant in-
teractions. heterospecific neighbors may reduce plant 

' Manuscript rccelk ed 3 March 1989. re\ lsed 24 No\ ember performance to a lesser extent than conspecific neigh- 
1989 accepted 30 No\embcr 1989 bors. Heterospecific interactions may be species-spe- 
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c~fic(i.c.. gi\ en neighbor species havingdifferent effects 
on each c o - i n ~ a d i n g  "target" species) or may be rep- 
resented by a high degree of "competitive equivalency" 
(scnsu <;oldberg and Werner 198311). They may or  may 
not bc characteristic of a competitive hierarchy. In 
sonic cases. interactions aniong co-invaders may be 
posltixc (Hunter and Aarssen 1988). For example, 
neighbors might serve as supports for clinlbing species, 
or ameliorate unfa~orab le  environmental conditions, 
such as widelg fluctuating temperatures. that are pres- 
cnt in open habitats (Ba/zar 1979). 

Furthermore. characteristics of the gaps themselves 
may inllucnce patterns of plant-plant interactions. Pre- 
\-lous work in herbaceous communities found differ- 
ences among species in response to gap size that could 
rcsult in differing competitive outcomes in gaps of dif- 
ferent sifes (McConnaughay and Barrar 1987). G a p  
si/c 1n11uenccs the amounts  and patterns ofdistribution 
of resources (e.g.. light. moisture. and nutrients). tem- 
perature and humidity profiles, and herbivore and 
pathogen pressure in complex ways in forest systems 
(see reviews by Bazzaz 1983, Collins et al. 1985, Run- 
kle 1985. Canham 1988). Less is known about how 
resources might change as a function of gap size in 
herbaceous systems. and the few available data sets are 
inconsistent. Few differences were found in resources 
as  a function of gap si/e in Michigan old fields (Gold- 
berg and Werner 1983a. Bradshaw and Goldberg 1989). 
H o w e ~cr, larger gaps in an Illinois old-field community 
had higher light intensities at  canopy level and at  the 
soil surface. and lower lelels of soil nutrients (mea- 
sured as total N. available P. K. Ca. Mg, and Na) and 
soil water (K .  D. M. McConnaughay and F. A. Bazzaz. 
personal ohscrvalior~).Colonizing annuals exhibit in- 
creased growth and reproduction in larger gaps in this 
system (McConnaughay and Bazzaz 1987). 

The present study examines the interactions among 
plants colonizing gaps of various s i ~ e s  and addresses 
the following questions: (1) Can the performance (i.e.. 
sur\.i\orship. growth. reproductive output) of an in- 
dividual plant coloniring a gap be affected by the pres- 
ence or  the identity of a co-invading plant'? (2) Is the 
effect of a given neighbor species similar for all target 
specics. o r  are interactions species-specific'? (3) Is there 
a consistent competitive hierarchy aniong these species? 
(4) D o  the consequences of conspecific and heterospe- 
cific interactions difer'? (5) Can the characteristics of 
the gap itself. specifically the si/e of the gap being in- 
~ a d e dand consequent resource levels within the gap. 
influence plant-plant interactions among co-invading 
indi\.iduals'? 

MATERIALSAND METHODS 

The research was conducted in 1984 and 1985 on a 
10-yr-old field located in the University of Illinois Bi- 
ological Research Area. located 6 km east of  Urbana. 
Illinois. The soil was a nutrient-rich prairie soil (mol- 

lisol). Poa pratcnsis L. dominated the site. while Sol-
rdago altrssit?~a L.. Erigeror~species, and woody species. 
such as  Rubus and Glr~ditsia,were present in lesser 
numbers. Natural levels of seedling establishment in 
artificial gaps in which the seed bank was left relatively 
intact were monitored in 1985 (Table 1). Levels of 
seedling establishment in 1984 were similar to those 
reported in Table 1. Based on the levels of natural 
seedling establishment in small gaps in this field, we 
chose to  limit the number of potential colonists to two 
plants per gap. 

Circular gaps of 10 c n ~ ,  20 c n ~ .  and 40 cm diameter 
were established at  1 - n ~  intervals in Poa neighborhoods 
by removing all above- and below-ground material to 
a depth of 15 c n ~  and replacing the soil with unsterilired 
prairie soil of the same type from a nearby field. The 
species used. .lbufilotz thcopl~rasti Medic., Srlariu,fa-
Derrr Herm.. ('hcrzol~odr~ct?~alf11ot1L., and Ipot~zoca 
1zcder.ac.r~Jacq.. are natural co lon i~ers  of disturbed 
areas for this region. Chosen from a larger group of 
species used in a previous study that e x a m ~ n e d  the 
response of individuals to  a range of gap sizes (Mc- 
Connaughay and Baz/az 1987). these species represent 
a diversity of growth form: .l/~~rrilorzforms sturdy. up- 
right seedlings with broad, long-petioled leaves: Sctut,ra 
is an erect grass; C'l~et~opodillt~~ seedlingsforms tin! 
with many small leaves and has delayed maturation: 
and Ipor?~oruis a climbing plant derived from very 
large seeds and seedlings. Seedlings of similar age and 
s i ~ ewere chosen from populations of seeds collected 
from the same field and germinated in the greenhouse. 

Pairs of seedlings were transplanted into the gaps on 
7 June 1984. Each species was grown with every other 
species as  well as  with itself. and each of these "target 
x neighbor" treatments was replicated 10 times in each 
of the three gap s i ~ e s  studied. The two individuals were 
planted 1-3 cni apart in the center of the gap. and this 
planting distance was maintained in each of the gap 
s i ~ e s .  Each pair of  seedlings was then enclosed by a 
wire mesh cylinder for protection against herb ivon  bq 
rodents, which can be significant in this field (Kirk- 
patrick and Bazzaz 1979). Immediately following 
transplanting and for a few daqs afterward. the seed- 
lings were watered to reduce mortality due to  trans- 
plant shock. 

The  following gear. we reduced the tcst species to 
.Ihlrtilotz, C'lzt~t~opodi~t?~, Ipot~zocu.The experi- and 
mental design was identical to that used in 1984. except 
that each species was also grown as individuals in the 
absence of any neighbor at all. Seedlings were trans- 
planted into the gaps on 4 June 1985. The plants were 
handled in the same fashion in both years. 

At the end of each growing season (mid-October). 
the above-ground parts of the surviving plants were 
measured for height, harvested. and separated into 
seeds, flowers, fruits. and vegetative parts. All samples 
were ovendried to  a constant mass and subsequently 
weighed. 
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TABLE1 Mean numbers of naturall? rccrurted secdl~ngs and 
or shoots pcr gap (11 = 10) Data \bele taken on 4 June 1985 
and represent peak popula1ron5 

G a p  diameter (cm) 

DUL~CIIXcarofa 
7'r1,fi)111~1~1\p. 
Pol~.~orzirti~pcrzs~.lt,anicum 
C 'hc~nopocliiitnalbum 
tt]~~fil(irzf/~c(i[~hra.sf~ 

Cirasses 
I 'nknoun 
Total 
Range 

The proportions of plants that s u n  i ~ e d ,  flomered, 
and set seed mere compared across nelghbor treatments 
and gap sl/es for each target species in each year using 
log-likclit~ood calculations (the 1984 BMDP Statistical 
Soliwarc Package BMDP4F. Dixon 1985). Log-linear 
models (described in Bishop et al. [1975]. and Sokal 
and Rohlf [ I 9 8  I]) arc additive. which is particularly 
useful fol- experimental designs in which the number 
of cells in each combination of treatments is preas- 
signed. a \  mas true for the present stud). Accordingly. 
all of thc models we examined included fixed inter- 
action terms that could not be directly estimated (see 
UI-own [I9851 and Sokal and Rohlf [I9811 for discus- 
sion). Thus. in order to determine the efect  of gap size 
and neighbor treatment on survivorship for a given 
target species. our preliminary models necessarily in- 
cluded the gap size x neighbor treatment interaction 
term. We then fit models that included the terms of 
interest (i.e.. gap size and neighbor species) and ob- 
tained log-likelihood ratio (G2) values through sub- 
traction. All hqpotheses tested were assumed to be two- 
tailed 

4 n a l ~ s 1 sof Larlance tests were performed for each 
qear on log-transformed values of plant helght. number 
of seeds produced. and \egetati\e biomass uslng the 
General L ~ n e a r  Modell~ngprocedure (GLM) In the Sta- 
t ~ s t ~ c a l4nalLs1s S ~ s t e m  (Joyner 1985). The trans-
lormed parameters and the residuals obtained via our  
models mere all judged to be normally distributed. F,,,,, 
tests (Sokal and Rohlf 198 1) indicated that the van-  
ances mere not sign~ficantly different. The models ex- 
amined mere full factorial models using target species, 
neighbor treatment. and gap size as fixed main effects. 
All maln effects and interactions were tested using the 
residual (error) vanance. T o  further elucidate the effect 
of neighbor treatment on plant performance. contrasts 
here  specified to  test for differences betmeen conspe- 
cific and heterospecific interactions (1 984 and 1985 
data) and between the presence or absence of a neigh- 
bor (1 985 data). Ftests  were constructed for these com- 
parisons by calculating the mean square (variance) as- 
sociated with the effect in question and dividing by the 

residual (error) variance. In all cases Type I11 sums of 
squares were employed. In cases where there was a 
significant neighbor treatment o r  neighbor treatment 
interaction term, least-square means were computed. 
and f tests with associated Bonferroni probabilities (ad- 
justed for multiple comparisons) were computed to 
assess differences between treatments. 

Including year as  a random efrect in our models 
showed significant main effects of year and many sig- 
nificant interactions between year and one or  more of 
the other effects (target species. gap size, and neighbor 
treatment) included in the models. Thus. for statistical 
reasons as well as  for simplicity in interpretation. data 
were analyred separately for each year. 

Survivorship was generally high (9 1°/o for all target 
species and treatments combined) in 1984 (Fig. 1A). 
While there were no significant efects  of neighbor 
species on the probability of survivorship or  repro- 
duction for any of the target species. there were some 
effects of gap size (Table 2). Chrrlopodrurtl and. mar- 
ginally. I~~oniocahad greater survivorship in larger gaps 
(Fig. 1A). Furthermore, the proportions of plants that 
flowered and set seed increased with gap site for both 
Chenopodil(rr1and Iporr~o~u.When the proportions of 
plants that flowered or that set seed were analyzed using 
only those plants that had survived or  that had flow- 
ered, the effects of gap s i ~ e  disappeared for C'hcrzo~~~o-
diurrz (Table 3) .  Thus. although the probabilities of 
surviving. flowering. and setting seed were all greater 
in larger gaps for Chrr~opodiur?l,the probability of sur- 
viving plants becoming reproductive was unafected 
by the size o f the  gap. In contrast. I~ IOI? IOCUhad a higher 
probability of developing mature fruits (given that 
flowers were present) as the size of the gap was in-
creased, and had marginally higher probabilities of 
flower initiation and survivorship as well. 

In contrast to 1984, survivorship was quite low in 
1985 (<50°/o for all species combined. Fig. IB). We 
observed a great deal of physical damage both within 
gaps and in the surrounding vegetation in our  experi- 
mental area, possibly due to  the activities of dogs, deer, 
or other mammals. Partially as a consequence of this 
damage, survivorship was particularly low in the 40- 
cm gaps. making con~parisons within this gap size dif- 
ficult. lpornoea was the only target species for which 
there was a significant effect of gap size on survivorship 
in the second year (Table 2). and this effect may have 
been partially due to  the reduction in survival in the 
40-cm gaps (Fig. 1B). Ipomoea also had higher prob- 
abilities of flowering and seed-set in larger gaps. and 
higher probability of developing mature fruits from 
flowers (Table 2). As in 1984. the probability of flow- 
ering and setting seed in Chenopodium was directly 
related to  survivorship: virtually all surviving individ- 
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10 20 40 q604, C4sQ0 ho*o 
Qooe 

GAP DIAMETER (cm) &ow'%O3 

I 1 1 NEIGHBOR TREATMENT 

Surr~vng,but not fower~ng 1 1 ( aFlowering, but not setting seed 

Setting seed 
40 

GAP DIAMETER (cm) 

I I. Percentage of individuals surviving. flowering, and setting seed. over a n  18-wk period. in relation to (A) gap size 
in 1984. (B) gap s17e in 1985. and  (C) neighbor treatment in 1985. 

uals went on to produce mature seed. N o  reproductive 
.-lh~~fi/otzindividuals were present in thc 1985 cohort. 

In I985 therc were significant effects of neighbor 
treatment (including no-neighbor treatment) on sur- 
vivorship for both .-lhutilor~and C'herzopodiun~(Table 
2. Fig. 1C'). C'hrrzopodiurn survivorship was louer  when 
grown with Iport~oea,regardless of gap size. whereas 
sur\.i\-orship for .-lh~~tilorzwas apparently lower for in- 
di\-iduals grown with either Iponloeu or Cherzopodilln~ 
(except in the 40-cm gaps. for which the data arc least 
complctc due to  the aforementioned damage). Iponzo~a 
was not affected by neighbor treatment. 

Plant helght. \. egetati\. e biomass and reproductive 
output mere all s ign~f ican t l~  affected b j  gap s u e  in both 
!ears (Table 3) 411 target specles and target specles x 
gap si/e intelaction terms here  also sign~ficant (mar- 
g ~ n a l l j  sign~ficant for helght in 1985) except that f o ~  
number of seeds produced in 1985 Although all target 

species studied produced more biomass in larger gaps 
(Fig. 2). the significant interaction indicates t h a t  t h e  
target species differed in thcir sensitivity to variation 
in gap size. For example. in 1984. Srtaria was quite 
responsive to  differences in gap size. while . l l ~ ~ ~ t i l o n  
and particularly Ipor?zoeu were less affected (Fig. 2). 
Furthermore. some target species apparently differed 
in sensitivity to  gap size from one year to the next (cf. 
Ipornoea in 1984 vs. 1985). Height growth patterns in 
relation to gap size (data not shown) resemble those 
for vegetative biomass presented in Fig. 2. Cherzopo-
di~rrn,and to a lesser extent Ipot~lora,produced greater 
numbers of seeds in larger gaps, and seed production 
for Chenopodil~n?in 1984 was particularly sensitive to  
differences in gap size (Fig. 2). 

The height of a target plant was also responsive to  
the neighbor treatment. although levels of significance 
were marginal in both )ears (Table 3). However. we 
found no evidence of a simple trend in presence vs. 
absence of neighbor or In conspecific vs. heterospecific 
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TABLE2 Results of log-Ilkellhood tests of association of gap size and  nelghbor treatment on the proportions of indl\.lduals 
s u n  l\Ing flo\\er~ng and settlng seed b> the end of the growing season. for each target species. 

Proport~on of i n d ~ \  duals 
l/~utrlorz Chetzopodi~irrr Iporrioeu Setarra 

at end of season G a p  size Iuelghbor G a p  size Neighbor G a p  size Neighbor Gap size Neighbor 

Flo\\erlng 
a )  all ~ n d ~ \  NS NS *** NS ** NS NS NSduals 

b) s u n  I \  ing i n d ~ ~  
iduals 

Se t t~ngseed 
a )  all ~ n d ~ \  duals 

b) I loner~ng ~ n d ~ \  
duals 

Survix ing 

Flou crlng 
a )  all ~ n d ~ \  duals 

b) s u n  I \  lng 1 n d 1 ~  duals 


Setting seed 
a )  all indi\ iduals 
b) flo\vcr~ng indi\ iduals 

***P .:.OOl. ** .0I -,P -. .00l.  * .05 > P > .01. (*) . lo  > P > .05. N S P> . l o .  
+ Insufficient data to perform analhses. 

neighbors. Furthermore. there wasno  significantneigh- notable exception was that in 1985 Ipotnoc~aplants 
hor treatment x target species interaction in either neighbors were signilicantl> taller grown with . - l l ~ ~ ~ t ~ / o r z  
>car. Pairwise multiple comparisons yielded few sig- when compared to all other neighbors or no neighbor 
nlficant difTerences at either the .05 or  the . I 0  level: a (Fig. 3). Thus. for both years. the height of the target 

TABLE3. 4nal)sis of variance of plant height. vegetative biomass. and  numbers of seeds produced. The model tested is a 
full-factorial, fixed-effects model. Refer to Alfaterral.\ and rnethods: Statistical arzab.rer for a discussion of the additional 
contrasts. 

Number of seeds 
Height Vegetative biomass produced 

Source of variation MS df  P MS df P MS df P 

A) 1984 
Gap s i x  11.5327 2 .0001 0.0570 2 ,0001 4.0047 2 ,0014 
Target species 11.2634 3 ,0001 0.0210 3 ,0001 42.4278 3 ,0001 
Neighbor treatment 0.4381 3 ,0529 0.0029 3 ,1612 0.1024 3 ,9141 
Ciap si/e x target species 0.5423 6 .0044 0.0066 6 ,0008 2.0102 5 ,0058 
G a p  si/e x neighbor treatment 0.2627 6 ,1608 0.001 1 6 ,6880 0.2490 6 ,8636 
Target species x neighbor treatment 0.1780 9 .3995 0.0042 9 ,0096 0.2203 9 ,9466 
G a p  silt x target spccies x neighbor 

treatment 0.1805 18 ,3866 0.0017 18 ,4655 0.6494 12 .3622 
Residual (crror) 0.1697 445 0.0017 445 0.5899 174 
Total 492 492 2 14 
Conspecific vs. heterospecific neighbors 0.0017 1 ,9204 0.0178 1 ,0013 0.0546 1 ,7620 

B) 1985 
Gap sire 3.9590 2 .0001 0.0216 2 ,0001 2.8552 2 ,0017 
Target species 9.9571 2 .0001 0.0233 2 .0001 30.3724 1 .0001 
Neighbor treatment 0.4629 3 ,0840 0.0090 3 ,0019 0.3215 3 ,5197 
G a p  s i x  x target spcclcs 0.4694 4 ,0622 0.0049 4 ,0264 0.0638 2 ,8604 
G a p  silt x neighbor treatment 0.1003 6 ,8171 0.0029 6 ,1284 0.1704 6 ,8765 
Target spccles x nc~ghbortreatment 0.2693 6 ,2550 0.0046 6 .0168 0.0210 3 ,9853 
G a p  si/e x target species x neighbor 

treatment 0.1803 1 1  ,5644 0.0025 1 1  ,1557 0.1783 6 ,8639 
Residual (error) 0.2057 182 0.0017 182 0.4239 117 
Total 2 16 216 140 
Conspecific vs. heterospecific neighbors 0.2600 1 ,2606 0.0037 1 ,1504 t 
Presence \ s. absence of neighbor 0.0429 1 ,6470 0.0001 1 .8469 0.4521 1 ,2968 

+ Insufficient data to pcrforni contrast. 
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FIG 2 Vegetat~ked n  biomass and numbers of seeds produced over an 18-wk penod. In relatlon to gap size. for two 
successi\e >ears (means r SE) Means ha\e been adjusted for main effects of neighbor treatment 

indi\-idual was only moderately influenced by the iden- 
tit? of its neighbor. with n o  significant difference in the 
way each target species responded to the neighbor treat- 
ments. 

Vegetative biomass was significantly affected by 
neighbor treatment in 1985 and by neighbor treatment 
x target species in both years. The  accun~ulation of 
dry mass of the target individual was influenced by the 
neighbor treatment, but the nature of that relationship 
differed among the target species examined. Exami- 
nation of the additional contrasts shows that in 1984 
there was a highly significant effect of conspecific vs. 
heterospecific target-neighbor pairs. Individuals grown 
in conspecific pairs had on average less vegetative bio- 
mass at the end of the season than did individuals 
grown in heterospecific pairs. This was obvious only 
in the case of Sctur~u,however (Fig. 3). Contrasts of 
conspecific vs. heterospecific neighbors and the pres- 
ence 1,s. absence of neighbors were not significant in 
1985. Consistent with the height response. there were 
few significant pairwise contrasts between neighbor 
treatments. I ~ O I ? Z ( I C N  neigh-plants grown with A - l / ~ ~ ~ t ~ l o n  
bors in 1985 were significantly heavier when compared 
to all other neighbors o r  no neighbor. also consistent 
with the height response (Fig. 3). 

In ncither year was number of seeds produced af- 
fected by the neighbor treatment. nor were there any 
significant interactions between neighbor treatment and 
target 5pecies. Finally. none of the traits showed any 

evidence for either a neighbor treatment x gap sire o r  
a neighbor treatment x target species x gap size in- 
teraction in either year. 

C n ~ ~ t ~ ~ t ~ ~ ~ ~ c n t a lhctct opc t~c l t~  

En\ lronmental har~a t ion  w ~ t h i n  seasons ma? affect 
plant  performance a n d  c o m p e t i t i \ e  r e l a t ~ o n s h i p s  
(Fowler 1982) As noted, the stud) site is a relat~\elq 
recentlq abandoned agricultural field It 01erlies a sin- 
gle soil t) pe and exhibits little \ a r i a t ~ o nin topograph~ 
Furthermore, the gaps were located in a single back- 
ground \egetati\e matnx and were created w ~ t h l n  weeks 
of each other We therefore expected that en\iron- 
mental heterogeneit? would be quite low Ne\ ertheless. 
we performed a posterior^ tests to  assess the effects of 
an) potentla1 microen\ ironmental heterogeneit~ on the 
results of the model presented Includ~ng w~thin-field 
location in our model did not Improle normalit) of 
the data or of residuals. nor did this allow us to exp la~n  
more of the Lar~at ion The inclusion of this factor did 
not change the relationships examined more than would 
be expected b\ chance alone 

A further test of the importance of small-scale en- 
\ ~ronmental  heterogene~t) was performed b) careful 
examination of the residuals o b t a ~ n e d\ l a  our original 
model using both plant height and \egetati\e biomass 
produced as independent \ariables Due to the low 
number of reproductlhe indi \~duals .  pairs in which 
both plants produced seed were too scarce to  permlt 
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NEIGHBOR TREATMENT 

Abutilon Chenopodium lpomoea Setaria Abublon Chenopodium lpomoea 

TARGET SPECIES TARGET SPECIES 

FIG 3 Height and \egetatl\e dr\ biomass produced b) the end of an 18-uk period. in relat~on to neighbor treatment. 
lor t\ho SUCCC'SSI \C  gears (means r SE) Means have been adjusted for maln effects of gap slze Ne~ghbor treatments different 
'11 L3onlerron1-adjustedP = 05. based on pairwlse t tests, are marked bq different lowercase letters 

this a n a l ~ s ~ s  using numbers of seeds produced. Resid- 
uals from pairs o f  plants (corresponding to the pairs 
present in each individual gap) were correlated to assess 
an! poss~ble interdependence. Positive correlations in- 
dicate that both members of a pair deviated from our 
model in similar fashion: i.e., either both plants were 
larger or both were smaller than would be predicted 
b! our model. This would be indirect e\-idence that 
microen\ ironmental heterogeneit? was an important 
force in this stud! (cf. Mitchell-Olds 1987). We did 
this for cach gap si7e and for each target x neighbor 
species pair and found significant positive correlations 
on11 in the !O-cm gaps. Furthermore. while none of 
the correlations for heterospecific pairs were significant 
(min. I' = ,276). correlations for all conspecific pairs. 
\vith the cxception of Iliotr~ocu pairs. were significantlq 
p o s i t i ~ c  (max.  I' = .01 1). Thus. \vhile there may ha\-e 
been some effect of heterogeneity in this field. it seems 
that onl! conspecific pairs in the smallest gaps exhib- 
ited a rncasurablc response to it. 

Although results from the two bears agreed well on 
J coarse le\ cl (c.g.. greater performance In larger gaps. 
pl~nt-plant  lnteractlons ~ndependent  of gap s ~ / e ) .  a 

number of subtle differences between the qears emerged 
01erall s u n  I \  orship ( Ih~rtllon Fig 1). \egetatl\ e 
growth In relation to gap sl/e ( Ihirtilot~ and Ipotriocu, 
Fig 2) and to ne~ghbor  treatment (Ipot?~oc,u Flg 3) 
and seed production in response to gap slrc (Chctzo- 
11odi~rrl1,F I ~2) d~ffered between the two >ears studled 
This ?ear-to-?ear a r ia t~on  In specles' responses sug- 
gests that r e l a t ~ \ e  spec~es'  abundances w111 fluctuate in 
this comrnunit> Consequentlq. the persistence of an> 
one species 1s more probable o \ e r  time Temporal het- 
erogenelt? In spec~es'  response I S  also e l  ldent when 
comparing recults from the present stud? to those ob- 
t a ~ n e dIn prel lous work that examined the response ol 
slngle ~ n d ~ \ ~ d u a l s  to  these same gap sues  in 1982 
(McConnaugha) and B a z ~ a z  1987) Most strlk~nglq 
01erall le\els of s u n  i \orship (1 985). gron th and re- 
product~on were cons~derabl? reduced In the present 
stud? reldti\e to  la lues obtalned in 1982 as u a s  the 
rate ol ahole-ground gap closure ( K  D M Mc-
Connaugha). prr totzul o/i~ci,utrorz) The fact that we 
were unable to detect an\  d~fferences In an! tralt mea- 
sured. between plants wlth and w ~ t h o u t  ne~ghbors  In 
1985 suggests that competltl\e reduct~on cannot ex- 
p l a ~ n  the reduced performance o b s e n e d  In the present 
stud? 

Examination of climatolog~cal data collated b! the 
L rbana. I l l ~ n o ~ s  o\erallweather station le\eals that 
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FIG 4 Mean dad) temperature and total nionthls preclpltat~on.from June through October. collated from Illino~sState 
Water Survc) data. 1890-1 985 

year-to-beai xariatlon in c l ln~a teamong the three bears 
n a s  modest. and that all three >ears fell n ~ t h l nthe 
langc of climate obser\ed In thls area (Flg 4) June 
1984 howeker did e x h ~ b i trelati\elq high tempera-
tures and low precipitation (Flg 4) and this ma) ha \e  
contributed to reduced performance re la t~ \e to  the pre-
\ ious stud? While temperatures and prcclpitatlon le\ els 
durlng the growlng season for 1985 mere quite normal 
(Fig 4) the relati\ el\ low number of clear dabs (39 \ s 
65 In 1981) o r  cl~matologicalo r  b~olog~ca lr ar~ables  
not measured ma! h a \ e  been responsible for reduced 
sur\ 1) o r s h ~ pand grouth in thls bear 
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Plut?f-plarzt irztcruc,t!or7s irz rclatron to gap .size 

Surprisingl>. there u a s  no e\  ldence that the nature 
of the relat~onshipbetmeen ~ndl \ idua lssharlng a gap 
\\as Influenced bq the slre of that gap There were no 
significant interactions betneen nelghbor treatment and 
gap SIK o r  neighbor treatment. target specles. and gap 
slte lor an) trait measured In elther )ear  Thus ~tap-
pears that resource lekels withln the gaps. nhlch are a 
functlon of gap size had n o  effect on lnteractlons be-
tnecn co-in\ ading plants Thls could indicate that plant 
gronth in these gaps was not resource llmlted (unlikel: 
gl) en the increased le\ els ofgron th seen In larger gaps). 
that lnteractlons among c o - l n ~ a d l n gplants are \erq 
weak or absent o \ e r  the range of  gap slzes examlned 
(unlikel! gi \en the significant neighbor effects seen), or 
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that s u n  ivorship and growth of invading seedlings was 
primarily influenced by competition with the existing 
perennial matrix. Alternatively. because these species 
are characterired by a relatively high degree of niche 
overlap and competitive equivalency (Bazzar 1987). 
the outconle o f  specific interactions may appear ran-
dom. Fowler (1990) has interpreted such interactions 
as "disorderly", and lists a number of deterministic 
and stochastic factors that contribute to  the "disor-
derliness"of plant-plant interactions. and thus the sig-
nificance of chance events (e.g., t ime of germination. 
microsite effects). in predicting competitive outcome. 
Although studies have shown that plant-plant inter-
actions can change as a function of resource levels un-
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der controlled greenhouse conditions (Plckett and Ba1-
raz 1976. 1978. Fonler  1982. B a z ~ a zand Garbutt 
1988). the s l tuat~onin the field is more complex (Ber-
endse 1983. Fowler In ptesr, t h ~ ~stud!) We knon of 
no data sets that clearl! demonstrate changes in coni-
petltlx e relationships with \ arqlng lekels of resources 
in the field. 

In a n  earlier stud) conducted In the same field in 
1982 (McConnaugha) and B a ~ z a z1987), ind~vlduals  
of both Sctatra and Chenopotl~ut?~dlsplaqed greater 
s u n  11orship In larger gaps. and all specles evcept Ip-
ot?~ocahad greater p r o b a b ~ l ~ t i e sof reproducing in larg-
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el gaps In contrast, in this stud> Ipot??oeamas the on11 
specles tor w luch gap slze affected the abllit! to  lnltlate 
o r  mature fruits and seeds S u n  i \  orship in relation to 
gap sire for these \ arious species also differed from our 
prex lous find~ngs Ipor~iocumas responslb e In both 
>ears Cl~cr~opotlrut~iin 1984 on1>. and Yetaria was not 
responsibe to differences In gap size at  all Thus. in the 
e a ~ l l e rexperiment I11(1,or~oca lack of was unique In ~ t s  
response to gap size, whereas it was one of the most 
lesponslhe species in the present stud? 

In both studies \ egetat~xe gron th was greater in larg- 
er gaps (except for Il~(~,orr~oeu 1982). although the in 
degree of sen sit^^ 11) to gap slze differed among specles 
and heals Howe\er. the increases in growth seen at  
the largest gap size in this stud) were not as dramatic 
as those found in the ea r l~er  stud>. nor was there an) 
e\ idence of increased repro duct^^ e output In larger gaps. 
a ~ e s u l t  that was \er)  striking in the pre\ious stud! 
As has been discussed In the pre\ ious section home\ er. 
>ear-to->eardifferences In gross cl~matological patterns 
ma> ha\  e contributed to  differences in s u n  i b  o r s h ~ p .  
g ~ o w t h  and reproduction 

( [ f a  r~c~ighbor. 

The presence o f a  neighbor did not result in a simple 
trend of reduced performance for target plants. in con- 
trast with other recent field studies (Goldberg 1987t1, 
Fowler. ir? prccs: see Connell [l983] and Schoener [I9831 
for earlier references). It was not the presence of a 
neighbor. but rather the identity of that neighbor. that 
was of critical importance in determining the response 
of the target indix-idual in the present study. This sug- 
gests that some species pairs may have had good "eco- 
logical combining abilities" (sensu Aarssen 1983) and 
thus were not actually competing. Furthermore. some 
combinations resulted in positive interactions and can 
be described as "beneficent" (sensu Hunter and Aars- 
sen 1988). 

The greater performance of Ipouloru individuals 
growing ~vi th  .-1f~uti/ot1in 1985 are suggestike of be- 
neficent interactions (Fig. 3). Il~(~,c,r~?oruis a climbing 
plant and might easily benefit from a neighbor's pres- 
ence. Scturia, a grass, produces fairly erect. sharp-edged. 
silicon-laden blades. while C/zcrzo~~odiurnhas a delayed 
phenology. remaining quite small throughout most of 
the growing season. These traits might make these 
species less desirable than .4hurilor? as supports. It is 
unclear why the same increase in performance of ID-
otrzora targets grown with .4t1utilotzneighbors was not 
seen in 1984. however. 

The identity of a neighboring plant in the same gap 
had \-aried effects on the performance of an individual 
colonist. While survivorship was unaffected by neigh- 
bor treatment in 1984. it was significantly affected for 
two of three target species in 1985. In neither year was 
the likelihood of an individual plant flowering or  set- 
ting seed affected by neighbor treatment. In contrast. 

and rhc r~rc~scr~ce~~id(~ tz t i t~~P1~1tztprt;fijrt?zut~(,~ species comparisons were not consistent anlong years 

vegetative growth was influenced by neighbor treat- 
ment in both years. The two measures of growth. height 
and biomass. were affected in very different ways. how- 
ever. Plant height was only marginally affected by the 
main effect of neighbor treatment. and there were no 
significant target species x neighbor treatment inter- 
actions. In contrast. there were significant target species 
x neighbor treatment interactions for vege ta t i~e  bio- 
mass in both years. Thus. the accun~ulation of biomass 
was affected in a species-specific manner. Species-spe- 
c i fc  responses are less likely to result when access to 
the limiting resource(s) is ordered (i.e.. asymmetrical). 
as has been found in respect to competition for light 
(Miller and Werner 1987). The fact that interactions 
were species-specific in the present study suggests that 
plant growth was limited primarily by soil resources 
o r  by a number of resources simultaneously. Therefore. 
in the present study biomass accumulation may be a 
more integrated estimate of overall plant performance 
than is plant height. These broad-scale conclusions 
aside. it is notable that relatively few of the pairwise 
comparisons of neighbor treatments were significant. 
Furthermore. the results of specific target x neighbor 

(e.g.. Ipornoca's response to  .4hurilot1in 1984 vs. 1985). 
Thus no clear competitive hierarchy can be constructed 
from these data. 

The present study did not detect any effect of neigh- 
bor treatment on either the probability of a target plant 
becoming reproductive or the number of seeds pro- 
duced b!, that plant, both of which were lower than we 
expected based on our previous work with these species 
in this field. While it is possible that if the growing 
season had been more favorable for plant growth and 
reproduction in general (i.e.. cooler, sunnier. wetter). 
plant-plant interactions might have had an effect on 
reproductive output. the two years of  the current study 
are representative of the range of climatic variation 
seen in this area (Fig. 4). 

Other studies have recently addressed plant-plant 
interactions in gaps in herbaceous systems. Rabinowitz 
and Rapp (1985). working in small (5.8 c m  diameter) 
artificial gaps in Missouri tallgrass prairie, followed the 
fate of colonizing perennial seedlings and shoots for 
several hears. They found little evidence ofany density- 
dependent mortality in these populations. indicating 
that plant-plant interactions have little effect on the 
s u n  ivorship of individuals colonizing gaps. a result 
that is partially consistent with the findings o f t h e  pres- 
ent study. 

Platt and Weis (1 985) examined plant-plant inter-
actions in large gaps (50-60 crn diameter) in tallgrass 
prairie in Iowa. Similar to  the results obtained by Ra-  
binowitr and Rapp (1 985). they found little evidence 
that competitive neighborhood influenced the survi- 
vorship of the perennial plants coloniring the gaps. 
However. the presence of a co-invading plant consis- 
tently resulted in a reduction in vegetative growth and 
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reproduction. in contrast with the findings ofthis study. 
In addition. they were able to  demonstrate the exis- 
tencc of a clear competitive hierarchy. Conspecific in- 
teractions were shown to result in greater reductions 
in plant performance than heterospecific interactions. 
a result that is only partially consistent with our find- 
ings. 

Conclusion 

Our  results indicate that the identity o f a  co-invading 
individual can have significant effects on the perfor- 
mance of annuals colonizing small-scale gaps in this 
herbaceous community. These effects were found pri- 
marily in differences in vegetative growth. although 
survivorship was influenced by neighbors in one of the 
two years studied. The presence of a neighbor did not. 
however. result in a simple competitive reduction in 
plant growth; both positive and negative plant-plant 
interactions were found. One  species, Seturiu .fuherii, 
had significantly reduced growth in the presence of 
conspecific neighbors relative to heterospecific neigh- 
bors. We did not find a consistent competitive hier- 
archy in the present study. Rather. competitive rela- 
tionships appeared to be complex. and to differ between 
years. Finally. perhaps as a consequence of the com- 
plexity of interactions anlong co-invading plants, gap 
size did not affect plant-plant interactions among co- 
invading individuals. even though the size of the gap 
had many significant effects on the survivorship, growth. 
and reproduction of these species. Thus. in this system. 
the number and identity of invading individuals. as  
well as  the characteristics of the gap itself. interact to 
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