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ABIOTIC STRESS AND THE RELATIVE IMPORTANCE OF
INTERFERENCE AND FACILITATION IN
MONTANE BUNCHGRASS COMMUNITIES IN
WESTERN MONTANA

Early ecologists emphasized the role of positive interactions in plant communi-
ties occurring in habitats characterized by intense abiotic stress (Clements et al.
1926; Allee et al. 1949). Until recently, however, positive interactions have been
largely overlooked as important factors in community structure. In the last de-
cade, renewed interest in facilitation has resulted in a number of studies that
document the importance of this interaction in communities. Positive interactions
have been described for sessile animals in intertidal zones (Witman 198S; Lively
and Raimondi 1987) and for plants in a variety of environments such as deserts
(e.g., McAuliffe 1988; Franco and Nobel 1989), salt marshes (Bertness 1991;
Bertness and Shumway 1993; Callaway 1994), California oak woodlands (Cal-
laway et al. 1991; Callaway 1992), and Great Lakes sand dunes (Kellman and
Kading 1992; see review in Callaway 1995). Plants acting as facilitators may lower
the soil surface temperature (Franco and Nobel 1989; Evans and Cabin 1995),
decrease evaporation and hence soil salinity beneath their canopies (Bertness and
Shumway 1993), offer protection from herbivores (McAuliffe 1984), or increase
soil nutrients beneath their canopies (Callaway et al. 1991).

Recent research presuming multiple, interacting causal mechanisms for commu-
nity structure has demonstrated that facilitation and interference may operate si-
multaneously and that the overall effect of one species on another may vary among
different microhabitats as mechanisms shift in relative importance (Callaway et al.
1991; Bertness and Hacker 1994; Bertness and Yeh 1994; Chapin et al. 1994). Com-
plex combinations of negative and positive interactions operating simultaneously
suggest that current conceptual models of interplant interactions based on resource
competition alone are limited in their potential for accurately depicting processes
in natural plant communities. In an attempt to integrate biotic and abiotic factors
into one model, researchers have hypothesized (Bertness and Callaway 1994) that
the relative importance of interference and facilitation may vary inversely along
gradients of abiotic stress; the importance of facilitation is predicted to increase,
and the importance of interference is predicted to decrease along a gradient of in-
creasing abiotic stress. Here we provide the first test of this hypothesis.

In 1993, we observed positive spatial associations between a rare endemic
mustard, Lesquerella carinata var. languida (Brassicaceae), and bunchgrasses
on the xeric, rocky slopes of the Garnet Range in western Montana; however,
the association was evident at some sites and not at others. To expand our under-
standing of both the role of positive interactions in ameliorating abiotic stress in
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harsh environments and variation in the relative importance of interference and
facilitation, we conducted field experiments that examined facilitation and inter-
ference between Lesquerella and bunchgrasses among sites and years varying in
apparent abiotic stress.

METHODS

Species and Site

Lesquerella carinata var. languida Rollins (Garnet bladderpod) is a short-lived
rosette- and taproot-forming perennial herb. It is endemic to western Montana,
where it grows on easily disturbed, gravelly, calcareous soils on south- to west-
facing slopes. Common associated species in this xeric habitat are bunchgrasses
(Pseudoregneria spicata [Pursh] Love [bluebunch wheatgrassl, Koeleria cristata
Pers. [prairie junegrass], and Festuca idahoensis Elmer [Idaho fescuel), Purshia
tridentata (Pursh) D.C. (bitterbrush), and Pinus ponderosa Dougl. (ponderosa
pine). The study populations are located at Rattler Gulch (elevation 1,640 m,
46°44' N, 113°16’ W) and Bear Gulch (elevation 1,311 m, 46°45' N, 113°21' W).
The Rattler Gulch site faces south, and the Bear Gulch site faces west. Vegetation
at the Bear Gulch site is characterized by mesic species such as Galium boreale,
Allium cernuum, and Pseudotsuga menziesii, while at Rattler Guich vegetation
characteristic of xeric habitats such as Opuntia fragilis, Juniperus scopulorum,
and Pinus ponderosa is more common. Based on vegetation and aspect, we desig-
nated Rattler Gulch as a relatively ‘‘high-stress’” site and Bear Gulch as a ‘‘low-
stress’’ site.

Spatial Pattern Analysis

To quantify spatial associations between bunchgrasses and Lesquerella, we
determined vegetative cover in May 1993 in 60 randomly selected 0.25-m? plots
along a randomly positioned 50-m transect at Rattler Gulch and 20 randomly
selected plots at Bear Gulch. In each plot, we measured relative cover of open,
bunchgrass, litter, and forb canopies to the nearest 5%. For our spatial analysis,
all bunchgrass species were combined. At each site, we randomly located a differ-
ent 50-m transect in which all adult Lesquerella were identified within a 1-m
radius of randomly selected sampling points along the transect, and the associated
cover for each Lesquerella was recorded. Cover type associations were measured
for 286 Lesquerella at Rattler Gulch and 110 at Bear Gulch. A x? test of goodness
of fit was used to analyze the distribution of Lesquerelia.

To test whether bunchgrass-associated Lesquerella discriminated among
bunchgrass species, relative bunchgrass cover was determined for 50 randomly
selected bunchgrasses in yet a different 50-m transect at Rattler Gulch. A x? test
was used to analyze the association of 51 randomly chosen Lesquerella with
bunchgrasses as described above. A final 50-m transect was selected for this
analysis, and only one Lesquerella per bunchgrass was used. Because expected
cell counts for Koeleria and Festuca are less than five, these two classes were
pooled for calculating the x? statistic.
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Facilitation Experiment

We conducted manipulative field experiments at Rattler Gulch in 1993 as tests
for interference and facilitation. Stress experienced by the plants that year was
probably much less than normal, since it was cooler, wetter, and cloudier than
usual. Data gathered at the U.S. Weather Bureau Station in Missoula, Montana
(80 km west of study area; elevation 975 m), indicate that July 1993 was the
coolest on record since 1892 and the tenth wettest since 1896; mean June and
July temperatures, precipitation, and cloud cover were 14.6° and 15.2°C, 36.8
and 51.3 mm, and 21 and 16 d, respectively (National Oceanic and Atmospheric
Administration 1993). In contrast, 1994 was much warmer, drier, and less cloudy
than 1993 (see below).

Lesquerella seeds were planted under bunchgrass canopies, in the open, ‘‘un-
der”’ clipped bunchgrass canopies, and under artificial shade, which was provided
by Hummert’s 47% shade cloth. We planted 224 seeds into each of four randomly
chosen 4 x 7 m blocks. Each block consisted of 28 1-m? plots, and each plot
contained two bunchgrass treatments, two open treatments, two clipped bunch-
grass treatments, and two shade treatments. Lesquerella does not discriminate in
its association with different bunchgrass species, so we chose mature bunchgrass
clumps randomly without regard to species. All treatments were randomly located
within each plot. Before planting, the seeds were scarified with sandpaper and
stratified at 1°-2°C in the dark for 1 mo. We planted seeds in mid-March 1993,
censused seedlings weekly until May 8, and then monitored seedlings approxi-
mately every 10 d thereafter until September 19, 1993. At this time, the seedlings
were removed and dried at 50°C until repeated weighings showed no change in
mass.

Seedling survivorship was analyzed in two ways. First, a loglinear model was
used that included block, treatment, and survivorship. However, because several
of the expected cell counts were less than one, the x? approximation may not
have been valid. Therefore, we also carried out the analysis as a two-way x? test
of goodness of fit in which we ignored the block effect, which did not have a
significant effect on survival according to the first analysis. Both of the analyses
showed a significant effect of treatment on survival (see Results), and we report
the results of the second analysis.

Root and shoot biomass values were log transformed to normality and analyzed
in two ways because cells were missing in the ANOVA table. First, the incom-
plete block was dropped, and a mixed-model MANOV A (including the interaction
term) was performed. Second, the incomplete block was kept, and a MANOVA
without the interaction term was performed. Planned contrasts were used to com-
pare the experimental treatments (canopy, clipped canopy, shade) with the con-
trol (open). Neither analysis was significant (see Results), so the first analysis is
reported.

The facilitation experiment was performed again at Rattler Gulch in 1994, which
was much drier, warmer, and less cloudy than 1993; mean June and July tempera-
tures, precipitation, and cloud cover were 15.5° and 21.2°C, 36.8 and 23.9 mm,
and 11 and 3 d, respectively (National Oceanic and Atmospheric Administration
1994). Because germination of our hand-planted Lesquerella seeds was very low
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TABLE 1

DISTRIBUTION OF LESQUERELLA CARINATA WITH RESPECT TO VEGETATION COVER
TypE AT BoTH STUDY SITES IN 1993

NUMBER OF ASSOCIATED

LESQUERELLA
RELATIVE
STUDY AREA Cover TYPE FREQUENCY Observed Expected
Rattler Gulch* Open .802 110 229
Bunchgrass A51 135 43
Forb .047 41 13
Bear Gulcht Open 055 19 6
Bunchgrass 166 13 18
Litter 744 74 82
Forb 036 4 4

286, x> = 315.6, d

* For this site, n f =
110, x* = 29.97, df =

2, and P < .0001.
t For this site, n 3

, and P < .001.

o

in 1993, we used naturally occurring seedlings in 1994 to ensure adequate sample
sizes. Sixty randomly located seedlings were assigned per treatment (bunchgrass
canopy, open, clipped bunchgrass canopy, shade) on April 30; survival was mea-
sured on June 18, July 4, July 26, and August 20. On August 20, remaining
seedlings were harvested for biomass measurement as described above. A two-
way contingency table was constructed for x? analysis of the 1994 survivorship
data, loglinear analysis was used to test for an effect of the year-by-treatment
interaction on survivorship, and a protected MANOVA (Scheiner 1993) was used
for analysis of the log-transformed root and shoot biomass data. We cannot test
the biomass data for a significant year-by-treatment interaction because too few
plants survived in the open and clipped treatments in 1994.

The same facilitation experiment was also performed at the more mesic Bear
Gulch in 1994 to assess the relative importance of facilitation versus interference
in what we considered to be a relatively low-abiotic-stress environment. The
methods, measurement dates, and data analysis were the same as those described
at Rattler Guich in 1994, with the exception that 50 seedlings per treatment were
used.

No physiological measures of stress were taken in either year; however, the
significant differences in overall seedling survivorship between 1993 and 1994
(78% vs. 6%; see Results) and between the mesic and xeric site (39% vs. 8%; see
Results) support our evaluation of these years and sites with respect to abiotic
stress.

RESULTS

Spatial Pattern

Adult Lesquerella showed significant positive associations with bunchgrasses
at the high-stress site, Rattler Guich. Although open, gravelly soil was the pre-
dominant cover type, occupying 80% of the area, 47% of Lesquerella occurred
under the canopy of bunchgrasses, which composed only 15% of the vegetative
cover (table 1). Lesquerella that occurred under bunchgrass canopies did not
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TABLE 2

DISTRIBUTION OF LESQUERELLA CARINATA WITH RESPECT TO
BUNCHGRASS SPECIES AT RATTLER GULCH IN 1994

NUMBER OF
ASSOCIATED
LESQUERELLA
RELATIVE
Cover TyPE FreuENcY  Observed  Expected
Pseudoregneria spicata .88 46 449
Koeleria cristata .08 5 4.1
Festuca idahoensis .02 0 2.0

Note.—For this analysis, n = 51, x? = 0.23, df = 1, and
P < 64,

discriminate among bunchgrass species (table 2). At the low-stress site, Bear
Gulch, a negative spatial association was observed with fewer adult Lesquerella
positioned under bunchgrass canopies than expected, and more were found in
the open and in the litter layer (table 1).

Field Experiments

In 1993, 76 of 896 (8.5%) Lesquerella seeds germinated in all treatments com-
bined, and there were no significant differences in germination between treat-
ments. At Rattler Gulch, the effects of bunchgrasses on Lesquerella varied be-
tween years. Although there was a positive spatial association of Lesquerella and
bunchgrasses at Rattler Gulch, we found no experimental evidence of facilitation
in 1993. In this cool, wet year, significantly fewer experimental seedlings survived
under bunchgrass canopies than in the open (fig. 1A), which demonstrates that
interference was the predominant interaction between bunchgrasses and Lesquer-
ella. No significant differences in root or shoot biomass were found between the
open and bunchgrass treatments (fig. 2A4).

Seedling survival and root biomass were substantially lower at Rattler Gulch
during the hot, dry summer of 1994 than in 1993. Average survival of Lesquerella
seedlings across all treatments was 78% in 1993 versus only 6% in 1994 (fig. 14,
B; x? = 154.3, df = 1, P < .001). Root biomass over all treatments was signifi-
cantly lower in 1994 than in 1993 (t = —3.013, df = 78.2, P = .003). Of the
original 60 seedlings in each treatment in 1994, fewer than 10 survived per treat-
ment, with one and none surviving in the open and under clipped bunchgrass,
respectively (fig. 1B). Lesquerella survival was significantly higher under bunch-
grass canopies and under artificial shade than in the open and under clipped
canopies (x* = 28.1, df = 3, P < .001). Most important, the differences in
seedling survivorship among treatments between 1993 and 1994 were significant
(loglinear analysis, x?[year X treatment X survival] = 25.7, df = 3, P < .001).
Shoot and root biomass did not differ between plants grown under bunchgrass
canopies and plants grown under artificial shade; comparisons to plants grown in
the open and under clipped bunchgrasses could not be made because too few
individuals survived in these treatments (fig. 2B). Overall, comparisons between
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FiG. 1.—Survival of Lesquerella seedlings planted under bunchgrass canopies, in the open,
under clipped bunchgrass canopies, and under artificial shade. A, Rattler Guich, 1993; x?
(for day 92) = 9.61, df = 3, P = .022. B, Rattler Gulch, 1994; x? (for day 81) = 14.4,
df = 3, P = .002. C, Bear Gulch, 1994; x? (for day 81) = 40.25, df = 3, P < .001.

1993 and 1994 indicate that bunchgrasses facilitated Lesquerella seedlings via
shade during the severe drought conditions at Rattler Gulch in 1994 but interfered
with Lesquerella during the exceptionally cool, wet summer of 1993.

At Bear Guich in 1994, Lesquerella survivorship was also significantly higher
under bunchgrasses and artificial shade than in the open or under clipped canopies
(x* = 40.2, df = 3, P < .001). MANOVA revealed a significant treatment effect
on root and shoot biomass at Bear Gulch (fig. 2C; 6 = .295, P = .036). Planned
contrasts revealed that root biomass of plants grown under the bunchgrass canopy
or artificial shade was greater than that of plants grown in the open (F canopy-open
= 35199, df = 1, P = .029; Fypjeopen = 6477, df = 1, P = .016). At the



392 THE AMERICAN NATURALIST

a A.
0.03 |- Rattler, 1993 A
0.02
0.01
0.00
0.03 |- I canopy B..
[Jopen Rattler, 1994
— clipped
o
= 0.02 } &KX shade -
@
©
b=
0.01
0.00
0.03 |- C'—
Bear, 1994
0.02 - -
0.01
0.00

Shoot Root

FiG. 2.—Shoot and root biomass of Lesquerella seedlings in four experimental treatments.
Data are means and 1 SE. Means of experimental treatments with the same letter do not
differ from the control at the P < .05 level with planned contrasts. A, Rattler Gulch, 1993;
6 = .113, P = .375. B, Rattler Gulch, 1994; Pillai trace = 0.252, F = 2.18, df = 2,13,
P = .152. No error bar is given for the open treatment because only one plant survived. No
plants survived in the clipped treatment. C, Bear Gulch, 1994; 8 = .295, P = .036.

high-stress site, final survival of Lesquerella was 2% in the open versus 16%
under bunchgrass canopies (fig. 1B), while at the low-stress site, survival in the
open was 20% compared to 55% under canopies (fig. 1C). Although the magnitude
of the facilitative effect of bunchgrass did not differ significantly between sites,
overall seedling survivorship was higher at the mesic Bear Guich site than at
Rattler Gulch (loglinear analysis, x? [site X survival] = 35.7, df = 1, P < .001),
which thus supports our evaluation of the sites as low- and high-stress environ-
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ments. Root and shoot biomass of Lesquerella did not differ between the two
sites. These experimental results, which indicate the importance of bunchgrass
facilitation of Lesquerella via a shading mechanism, correspond with positive
spatial patterns at Rattler Gulch but contrast with the negative pattern of associa-
tion between bunchgrasses and Lesquerella at Bear Gulch (table 1).

DISCUSSION

Annual variation in interspecific interactions is not unusual. Connell (1983),
Schoener (1983), Fowler (1986), and Goldberg and Barton (1992) have docu-
mented annual variation in interspecific interference between plants. To our
knowledge, however, our experiments provide the first evidence for temporal
shifts in interference and facilitation between the same two species in a natural
system. The correlation of these shifts to variation in abiotic stress provides
insight into the relative roles these interactions play in establishing spatial pat-
terns and relative abundances in plant communities. Differences between high-
and low-stress sites indicate that community structure in this system is strongly
influenced both by the role bunchgrasses play in ameliorating abiotic stress expe-
rienced by Lesquerella and by interference between bunchgrasses and Lesquer-
ella for resources such as light, water, and nutrients, but to varying degrees over
time and space. Under mesic, less stressful physical conditions that permit rapid
resource acquisition, bunchgrasses interfere with Lesquerella. However, under
severe physical conditions, which may restrict the plants’ ability to acquire these
resources, amelioration of stress by neighboring bunchgrasses appears to be more
likely to favor growth than interference is to restrict growth. Ultimately, commu-
nity structure in this system may depend on the relative importance of these
mechanisms on a background of varying abiotic stress.

Temporal variation in abiotic stress corresponded with more dramatic shifts in
facilitation and interference than did spatial variation in stress. In 1994, bunch-
grass facilitation was important at both the xeric site, Rattler Gulch, and the
mesic site, Bear Gulch. The importance of facilitation suggested by experimental
results at Bear Gulch contrasted with the negative association between bunch-
grasses and Lesquerella shown in the spatial pattern analysis. The negative asso-
ciation suggests that interference between Lesquerella and bunchgrasses has
played a more important historic role at Bear Gulch than facilitation. In compari-
son, bunchgrasses interfered with Lesquerella in the wet, cool year of 1993 at
Rattler Gulch, contrasting with their positive spatial association. It appears that
the long-term effects of facilitation have outweighed those of interference at the
more Xeric site.

We were unusually fortunate in that the summer of 1993 was one of the Wettest
and coolest in recent history in western Montana and that 1994 was much drier
and hotter. Although we made no physiological measures of abiotic stress in 1993
or 1994, we feel that the extreme climatological differences between years are
responsible for the strong shift in relative importance of facilitation and interfer-
ence. Cloud cover was much higher in 1993 than in 1994; this measure was
probably particularly important since it most likely reflects significantly less heat-
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ing of the soil surface by solar radiation during the low stress year. Furthermore,
we observed no differences between years in other potentially confounding fac-
tors such as disturbance, cattle grazing, insect herbivory, or invasion by intro-
duced plant species. Typically, temporal shifts in facilitation and interference are
likely to be more subtle.

In addition to the climatically extreme summers of 1993 and 1994, the temporal
variation in the importance of facilitation and interference may have been influ-
enced by winter climate. Total precipitation in the winter of 1993-94 was much
lower than in the winter of 1992-93 and may have accentuated early drought
stress in the following xeric summer.

The mechanism of bunchgrass facilitation of Lesquerella probably involves a
direct effect of shade, which may operate by decreasing leaf temperature, reduc-
ing transpiration losses, reducing evaporation of soil moisture, or preventing pho-
toinhibition during drought. However, our experimental design prevents us from
resolving the coarse mechanism of shade into one of these more specific mecha-
nisms. Shade-driven facilitation has been demonstrated in deserts (Nobel 1984;
Franco and Nobel 1989), oak woodlands (Callaway 1992), salt marshes (Bertness
and Hacker 1994; Callaway 1994), and the congener Lesquerella fendleri, an herb
of the Chihuahuan Desert in southwestern North America (Evans and Cabin
1995). Although herbivory often drives facilitative relationships (McAuliffe 1984,
1986), we did not observe differences in herbivory among treatments. The high
concentration of glucosinolates and cyanides in many Brassicaceae often deters
all but specialist herbivores (Chew 1988). Facilitation via nutrient accumulation
has been demonstrated by some researchers (Barth and Klemmedson 1978; Cal-
laway et al. 1991). Although some litter may accumulate around bunchgrasses
and contribute to increased nutrient levels at these sites, our shade treatments
were placed on open soil and were not in place long enough for nutrient accumula-
tion to be a strong possibility. Nevertheless, Lesquerella seedlings survived better
under artificial shade than in the open, which supports our assertion that facilita-
tion occurred via a direct effect of shading.

Our experimental design had some irregularities; however, these do not signifi-
cantly affect the interpretation of our results. Although Lesquerella seeds were
manually planted for the experiments in 1993 and naturally germinated seeds
were used in 1994, measures of performance were taken on the same life stage
(seedling) each year. In addition, placement of Lesqguerella seeds in 1993 was
random, which thus further reduced chances for bias resulting from the use of
experimentally placed seeds versus naturally occurring seedlings. Because sites
and years were not replicated, we cannot draw conclusions for plant communities
beyond these study sites. We merely conclude that shifts in the relative impor-
tance of facilitation and interference may be important in structuring some plant
communities.

Grime (1977) and Welden and Slausen (1986) have suggested that competition
becomes less important in stressful environments, but only recently has the im-
portance of positive interactions in stressful environments been examined experi-
mentally. We still know little about the relative importance of interference and
facilitation in natural communities, and our conceptual models of community
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organization reflect this lack of understanding, as they largely emphasize competi-
tion for resources and the importance of interference in structuring plant commu-
nities. Here we provide the first evidence for shifts between interference and
facilitation in years that differed in abiotic stress. Our work supports an earlier
conceptual model of plant communities (Bertness and Callaway 1994) as com-
plexly structured systems dependent on both interference and facilitation in a
background of abiotic stress. Future studies of community organization that in-
clude multiple, interacting causes of community structure will lead to a clearer
understanding of community structure and dynamics.
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