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Abstract. In a glass house experiment, we investigated the
effect of both the frequency of water pulses and the total
amount of water supplied on individual performance in the
absence and presence of neighbors. We used monocultures
and all combinations of pairs of seedlings of three species of
perennial grasses, characteristic of different points along a soil
moisture gradient within a semi-arid grassland in New Mexico,
USA.

In the absence of neighbors, higher total water or more
frequent (but smaller) pulses significantly increased growth of
all three species. The species with the fastest intrinsic growth
rate, and from the most productive habitat, exhibited the
largest increase in absolute and relative growth in response to
higher total water quantity.

Competitive effects were highly significant overall and
there were significant hierarchies of competitive ability. Un-
der frequent pulses, the fast-growing species from the most
productive environment was the best competitor in terms of
both ability to suppress other plants and ability to tolerate the
presence of neighbors. However, under infrequent pulses, the
slowest growing species from the least productive environ-
ment became a much stronger competitor, again in terms of
both suppression and tolerance of neighbors.

While differences in total water availability had greater
effects than differences in pulsing regime on individual plant
performance in the absence of competition, pulsing regime had
much stronger effects on relative competitive abilities and thus
may be more likely to influence field distribution patterns.

Keywords: Competitive effect; Competitive response; Hilaria
jamesii; Pulsing regime; Scleropogon brevifolius; Sporobolus
airoides; Temporal heterogeneity.

Nomenclature: Munz (1959).

Abbreviation: lnRR = natural log of the response ratio.

Introduction

Environments typically differ in the degree of spa-
tial and temporal heterogeneity of resource supply, as
well as in total resource quantity. A number of studies
have examined how individual plants respond to either
spatial patchiness in soil resources (Drew & Saker 1975;
Gupta & Rorison 1975; Crick & Grime 1987; Caldwell
et al. 1991a; Gersani & Sachs 1992; Caldwell & Pearcy
1994; Bilbrough & Caldwell 1995), or, less commonly,
temporal pulsing of soil resources (Campbell & Grime
1989; Miao & Bazzaz 1990; Jonasson & Chapin 1991;
Bowman 1992; Robinson 1994; Lodge et al. 1994;
Bilbrough & Caldwell 1997). These studies have dem-
onstrated that the patterning of resource supply can be
important for the performance of individual plants. How-
ever, for resource heterogeneity to also significantly
influence community structure, species must respond
differentially to this heterogeneity. Such differential
responses should then result in different competitive
interactions under different resource environments, and
therefore in changes in the organization of communities
(Campbell & Grime 1989; Caldwell et al. 1991b). How-
ever, almost no experiments to date have directly as-
sessed the influence of resource heterogeneity per se on
the outcome of interactions between individual plants
(but see Cahill & Casper 1999).

In this paper, we focus on temporal variation in
resources and report results from a glasshouse experi-
ment in which we compared the effects of total resource
supply and of the frequency of resource pulses on growth
and competitive ability of individual plants. The com-
parisons were made for three co-occurring species char-
acteristic of different points along a productivity gradi-
ent to explore the potential for resource pulsing to
influence distribution patterns. We address the follow-
ing questions that are relevant to understanding the
potential impact of pulse regime on species distributions
and abundance: Assuming absence of interactions among
individuals, we have two questions.

1. Regardless of species, can plant performance be
affected by pulse frequency as well as by total resource
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quantity? For nutrient pulses, growth has been found to
be better under larger, but less frequent nutrient pulses
(Crick & Grime 1987; Campbell & Grime 1989;
Bilbrough & Caldwell 1997), but response to water
pulses for non-agricultural plants has not been tested.

2. Are species from different points along a natural
resource supply gradient differentially affected by pulse
frequency and/or total resource quantity? Crick & Grime
(1987) and Campbell & Grime (1989) have found that
fast-growing species from high productivity environ-
ments are better able to increase their growth in re-
sponse to large pulses.

In the presence of interactions among individuals,
two other questions are:

3. Regardless of species, is competition intensity
affected by pulse frequency and/or total resource quan-
tity? The effect of resource quantity, especially of nutri-
ents, on the magnitude of competition has been exten-
sively explored in both field and greenhouse experi-
ments (review in Goldberg et al. 1999). However, much
less is known about effects of water supply on competi-
tion intensity (Goldberg & Novoplansky 1997) and no
studies have addressed effects of pulsing of any type of
resource. If pulsing regime, as well as magnitude of
resources, can influence competition intensity, it may
explain some of the variation in results of experiments
testing effects of productivity on competitive outcomes
(Goldberg & Novoplansky 1997; Goldberg et al. 1999).

4. Are species’ competitive abilities differentially
affected by pulse frequency and/or total resource quan-
tity? Specifically, if species differ in their ability to take
advantage of small and large pulses in the absence of
interactions, are those with the highest increase in growth
with a given pulsing regime the best competitors under
that regime?

To answer these questions, we conducted a competi-
tion experiment under controlled glasshouse conditions
in which it was possible to manipulate independently
the total quantity of resource and the frequency of
resource pulses. We chose this approach because under
natural conditions, frequency of pulse events and total
resource amount are often positively correlated (Noy-
Meir 1973; Chapin 1980), making it impossible to dis-
entangle their effects. As test species, we used three
grass species that dominate different points along a
small-scale soil moisture/standing crop gradient in semi-
arid grassland and therefore we used water as the critical
soil resource. Water was also selected because its puls-
ing regime could be easily manipulated and because
effects of water pulsing may be sharper than nutrient
pulsing because water is less easily stored in the tissues
of most plants (other than succulents).

Methods

Species and general experimental design

The three test species are clonal grasses common in
semi-arid grasslands of the southwestern USA. We used
plants grown from seeds collected in the Sevilleta Na-
tional Wildlife Refuge in New Mexico, where the three
species dominate different habitats along small-scale
gradients in soil moisture availability and standing crop
within the semi-arid grasslands. The gradient ranges
from the floodplains of the dry riverbeds (arroyos) that
flood 0-5 times a year after large rain events, to much
drier clay swales within the surrounding uplands and
covers at least a five-fold range in standing crop. While
the three species co-occur throughout the gradient, they
switch in relative abundance, with Sporobolus airoides
most abundant in the more productive floodplains,
Hilaria jamesii most abundant on the surrounding coarse-
textured plains with intermediate standing crop, and
Scleropogon brevifolius most abundant in clay swales
with lowest standing crop (Goldberg & Novoplansky
unpubl.). Sporobolus airoides has a tussock growth
form and is by far the largest of the three species with
clonal diameter often > 1 m and height of individual
ramets > 0.8m. Hilaria jamesii has intermediate-size
ramets (10-50cm in height) and wide-spreading clones
due to its rhizomatous, guerilla growth form. Scleropogon
brevifolius has very short ramets (< 10-20cm) and
spreads by stolons with a phalanx growth form. Al-
though Sporobolus airoides is the largest of the three
species, it has much smaller seeds than the other two
species (0.2mg vs. 1.8 mg for Hilaria jamesii and 0.9
mg for Scleropogon brevifolius).

The experimental design consisted of a four-way
factorial competition experiment with three target spe-
cies by four neighbor treatments (a single target plant
grown alone or with one individual of one of the three
species) by two water levels (high, low) by two pulse
frequencies (frequent, infrequent). Each treatment com-
bination had 15 replicates for a total of 720 pots.

Growth conditions and experimental protocol

Seeds were sown in soil flats, at high water levels to
ensure establishment, in a glasshouse at the Matthaei
Botanical Gardens of the University of Michigan in
June, 1993. 14 days after sowing, the seedlings were
transplanted to 10 cm diameter and 25 cm tall pots. The
bottom of each pot was filled with 4 cm of Styrofoam
peanuts. The rest of the pot was filled with a 58-42%
mixture of sand and Turface (baked clay particles; Pro-
file Products, Illinois) which represented the average
percent sand and clay across the soils dominated by
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these three species in the Sevilleta. Nutrients were pro-
vided by a 14:14:14 (N-P-K + micro-elements) slow
release fertilizer (Osmocote, Scotts, Ohio) thoroughly
mixed into the medium. Natural and supplementary
light (daily 12 h of a mixture of high-pressure sodium
and incandescent lamps) summed to an average of 848
mmol m–2 s–1 at noon (under clear skies). To ensure
survival of most seedlings during the experiment so that
growth could be compared, we conducted preliminary
experiments to determine the maximum duration of
interpulse intervals that all three species could survive
(Novoplansky & Goldberg unpubl.).

Treatments were assigned to pots in a randomized
block design. Because light levels were spatially hetero-
geneous in the glasshouse, we assigned pots to blocks
defined by similar light measurements taken at the rim
of each pot rather than by spatial location on the benches.
Pots within each block were randomly assigned to tar-
get, neighbor, water quantity, and pulse frequency treat-
ments. For the first week after transplanting all pots
were irrigated with 25ml of water daily and during the
following 63 days the pots were periodically irrigated
according to their assigned water regime. The low and
the high water treatments received totals of 105ml and
210ml of water, respectively over each 21-day period.
This amount was divided into seven irrigation events in
the frequent pulse treatments and a single event in the
infrequent pulse treatments. Pots were therefore irri-
gated every 3 or 21 days in the frequent and infrequent
pulse treatments, respectively. The maximum amount
of water at any single irrigation event was chosen so it
would not exceed the field capacity of the pots. At
harvest, the above-ground parts of every plant were
collected. The roots were collected and washed using a
metal sieve mesh size 250. Root systems from different
plants in the same pot were carefully separated. Less
than 8% of the total root mass in a pot consisted of
unattached roots; this mass was assigned to each of the
two plants in a pot based on the proportion of total dry
root mass belonging to each of the plants.

Statistical analyses

To address our first two questions about plant re-
sponse to water pulse frequency and quantity in the
absence of interactions, we compared total mass per
plant and allocation to roots among target species in the
absence of neighbors and the two water treatments using
three-way ANOVAs.

To address our third and fourth questions about how
the magnitude of competition changes among species
and in response to water pulse frequency and quantity,
we first calculated an index of the magnitude of compe-
tition by standardizing biomass of target species in the

presence of neighbors to biomass in their absences. This
made it possible to compare target species or environ-
ments that may have quite different growth rates in the
absence of competition (Grace 1993, 1995; Goldberg &
Scheiner 1993). As recommended by Hedges et al.
(1999) and Goldberg et al. (1999), we used the ln
response ratio (lnRR) for this standardization, where,

            mass of target species i with neighbor species j
ln RR = ln (1)

            mass of species i grown as a single individual

Hedges et al. (1999) have explored the statistical
properties of the ln response ratio rather thoroughly and
shown it has major advantages over other indices of
competition intensity. Competitive effects of neighbors
are indicated by negative values of lnRR and facilitative
effects by positive values.

We then used a four-way ANOVA to test the main
effects and interactions of neighbor species, target spe-
cies, water pulse frequency, and water quantity on lnRR.
This analysis excluded the no-neighbor treatments be-
cause lnRR already takes into account performance in
the absence of neighbors. The advantage of this four-
way analysis of an index of competition over a five-way
analysis of absolute performance with explicit inclusion
of competition as a factor in the ANOVA is that we can
answer our questions using statistical significance of
main effects in the analysis, rather than by less powerful
tests of statistical significance of interaction terms. For
example, the effect of pulse frequency on competition
intensity is tested by the main effect of pulse frequency
in the ANOVA of lnRR, rather than by a competition ×
pulse frequency interaction term. Similarly, a signifi-
cant main effect of target species indicates that species
differ in the degree to which they are suppressed by
neighbors (competitive response sensu Goldberg &
Werner 1983). Significant neighbor effects indicate that
species differ in the degree to which they suppress target
plants (competitive effect sensu Goldberg & Werner
1983). A second advantage of this analytical approach is
that it allowed us to simplify the design of the experi-
ment because it only required a single ‘no competition’
treatment for each target species in each pulse fre-
quency-quantity combination.

A similar four-way ANOVA was used to test effects
of the species combinations and environmental treat-
ments on the proportion of total biomass allocated to
roots. Because this response variable is already a ratio,
we did not standardize to performance in the absence of
competition, so this ANOVA compares among different
species of neighbor but not whether allocation differs
between the presence and absence of any neighbors.

All statistical analyses were conducted using
SYSTAT 7.0 (Anon. 1997).
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Results

Overall survival of seedlings throughout the experi-
ment was quite high (> 85%) and did not differ signifi-
cantly among treatments. Therefore we report results
only for total biomass and biomass allocation to roots.

Species differences and effects of pulse frequency and
water quantity in the absence of neighbors

Having more frequent (though smaller) pulses or
higher total quantity of water significantly increased
total mass of individual plants grown without neigh-
bors, for all three target species (Table 1, Fig. 1). In the
particular quantitative combination of treatments we
used, total water quantity had a larger effect than did the
pulse frequency (Fig. 1).

Target species also differed strongly in mass in all
environmental treatments, (Table 1), with Sporobolus
airoides always larger than Hilaria jamesii, which was
always larger than Scleropogon brevifolius (Fig.1).
These rankings of seedling size corresponds to the
rankings of adult size and of habitat productivity. The
species also differed strongly in their response to the
water treatments, although not to the pulse frequency
treatments (water × target and pulse × target interac-
tions, respectively, in Table 1). The order of responsive-
ness to the water treatments also follows the order of
habitat productivity, with Sporobolus airoides, from the
most productive habitat, showing the greatest increases
in total and shoot biomass (both in absolute and propor-
tional terms) in higher compared with lower water treat-
ments (Fig. 1).

Competition intensity and competitive hierarchies

Mean mass of target plants was smaller in the pres-
ence of neighbors, regardless of species, relative to the
absence of neighbors for every species and environment
treatment combination (indicated by negative values of
mean lnRR in Fig. 2).

Overall, the identity of interacting species had much
more significant impacts on the magnitude of competi-
tion than did the environment (Table 2). In addition, any
effects of the pulse frequency and, to a lesser extent, the
water quantity treatments significantly depended on
neighbor and target identity (Table 2), so that there were
no consistent effects of the environmental treatments on
competition intensity (Fig. 2).

The three neighbor species differed significantly in
their ability to suppress other plants overall, although
the hierarchies depended on pulse frequency, and, to a
lesser extent on total water (Table 2). In the frequent
pulse treatments, regardless of total water quantity, the

hierarchy of neighbor effects was consistently Sporo-
bolus airoides ≥ Hilaria jamesii ≥ Scleropogon brevi-
folius (Fig. 2). This ranking follows that of individual
seedling mass in the absence of competition in all envi-
ronments (Fig. 1). However, in the less productive infre-
quent pulse treatments, especially at low total water, the
two larger species tended to become much weaker effect
competitors (i.e., reduced target growth much less). The
competitive ability of the smallest species, Scleropogon
brevifolius, was usually less affected by the pulsing
treatments, so that it actually became the strongest or
almost strongest competitor in the least productive envi-
ronment. Thus, despite the stronger effects of the total
water treatment than the pulse treatment on growth in

Table 1. Results of ANOVAs for the effect of water treatment
(W), pulse treatment (P), and target species (T) on total biomass,
and biomass allocation to roots of plants grown with no
neighbors. Treatment means are shown in Fig. 1.
*** = P < 0.001,  ** = P < 0.01, * = P < 0.05, n.s. = P > 0.05.

Dependent Df Total mass Proportion of root
 variable MS Sign. MS Sign.

Water 1 11.112 *** 0.038 *
Pulse 1 2.544 *** 0.020 n.s.
Target 2 4.565 *** 0.370 ***
W × P 1 0.309 * 0.003 n.s.
W × T 2 0.615 *** 0.004 n.s.
P × T 2 0.085 n.s. 0.016 n.s.
W × P × T 2 0.121 n.s. 0.011 n.s.
Error 168 0.072 0.007

Fig. 1. Effect of total water quantity (high and low) and
pulsing frequency on total biomass and allocation to roots of
individual target plants of three species in the absence of
interactions. Values are means ± S.E.
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the absence of neighbors (Fig. 1), the pulse frequency
treatment had a stronger effect on the competitive effect
hierarchies (Fig. 2). Target species also differed signifi-
cantly in their ability to tolerate or avoid suppression by
neighbors, and, again, hierarchies depended on the pulse
treatments, although, in this case, not even weakly on
total water treatment (Table 2). However, unlike the
effect hierarchies which were largely similar for all
three target species, the response hierarchies among the
target species appeared to depend on whether the target
plants were growing with the two larger neighbor species
or with the smallest neighbor species (Fig. 3). For targets
growing with the two larger neighbor species (top two
panels in Fig. 3), the response hierarchies were largely
similar to the effect hierarchies: in the more productive
frequent pulse treatments, Sporobolus airoides was the
best competitor, while in the less productive infre-
quent pulse treatments, Scleropogon brevifolius became
a relatively better response competitor, i.e. was less

suppressed by neighbors. These shifts in relative com-
petitive ability from the frequent pulse treatments re-
sulted in a complete reversal of competitive response
hierarchies in the infrequent pulse at high total water.
For target plants growing with the smallest neighbor
species, Scleropogon brevifolius, Scleropogon targets
appeared to be the most suppressed, even in the infre-
quent pulse environments. Thus, intraspecific competi-
tion was especially strong for Scleropogon.

Root allocation

In the absence of neighbors, relative biomass alloca-
tion to roots was significantly decreased overall by
higher total water although the effects were much weaker
than on absolute size (Table 1, solid bars in Fig. 4). In
contrast, pulse frequency had no significant effect on
root allocation, despite its large effect on absolute size.
Target species differed strongly in root allocation
(Table 1), with the highest allocation to roots by Hilaria
jamesii and Scleropogon brevifolius (30-41%), while
Sporobolus airoides, from the most productive habitat,
always had the lowest allocation (21-27%; Fig. 4).

In the presence of neighbors, the environmental
treatments had no effect at all on root allocation (Table 2).
Although the basic allocation differences among targets
found in the absence of neighbors remained, the neighbor
species caused some differences as well (Table 2). In
general, Scleropogon brevifolius neighbors tended to

Fig. 2. Effect of water quantity and pulsing frequency on
competitive effect hierarchies. Each of the panels contains
data for a single target species and compares the competition
intensity due to each of the neighbor species under each of the
four environmental treatment combinations. Competition
intensity is measured as the natural log of the ratio of total
biomass of a target individual grown with a given neighbor
species relative to that with no neighbors (= lnRR). Values are
means ± S.E. The dashed line represents a response ratio of 1
(ln RR = 0), i.e., no effect of neighbors; negative values
indicate competition and positive values indicate facilitation.

Table 2. Results of ANOVAs for the effects of water treatment
(W), pulse treatment (P), target species (T), and neighbor
species (N) on competitive intensity and on biomass allocation
to roots of the target plants.  Competition intensity is measured
by the ln response ratio (lnRR) or the natural log of the ratio of
total target biomass with neighbors present relative to biomass
in the absence of any neighbor individuals.
*** = P < 0.001,  ** = P < 0.01, * = P < 0.05, n.s. = P > 0.05.

Dependent df Total mass Proportion of root
variable (as ln RR)

MS Sign. MS Sign.

Water 1 0.461 n.s. <0.001 n.s.
Pulse 1 1.095 * 0.061 n.s.
Target 2 1.214 ** 1.803 ***
Neighbor 2 3.973 *** 0.447 ***
W × P 1 0.035 n.s. 0.001 n.s.
W × T 2 0.350 n.s. 0.024 n.s.
W × N 2 0.754 * 0.022 n.s.
P × T 2 0.750 * 0.001 n.s.
P × N 2 1.575 ** 0.012 n.s.
T × N 4 0.132 n.s. 0.069 *
W × P × T 2 0.231 n.s. 0.016 n.s.
W × P × N 2 0.132 n.s. 0.027 n.s.
P × T × N 4 0.423 n.s. 0.011 n.s.
W × P × T × N 4 0.054 n.s. 0.008 n.s.
Error 402 0.238 0.021
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cause a decrease or no change in allocation to roots by
targets (except for intraspecific competition), while
Hilaria jamesii and Sporobolus airoides neighbors
tended to cause an increase or no change in root alloca-
tion (Fig. 4). The latter pattern was much the strongest
for Scleropogon brevifolius targets (Fig. 4).

Discussion

The influence of temporal heterogeneity of supply
has lately begun to receive a lot of attention. To date,
almost all of this research has focused on the role of
mineral nutrient pulses for the performance of single
plants. This study on a pulsing regime was a first at-
tempt to incorporate two important, but neglected, as-
pects of the dynamics of resource supply: the effect of

water, rather than mineral nutrient pulses, and the effect
on interacting, rather than just isolated, plants. The short
growth period and relatively small glasshouse contain-
ers limit quantitative extrapolation of these results to
field conditions. Nevertheless, our observations of strong
effects of pulsing regime on individual plant perfor-
mance and on competitive hierarchies indicate the po-
tential importance of the patterns of resource dynamics
as well as mean resource levels under field conditions
and suggest that field experiments manipulating both
pulsing regime and competitive interactions are highly
warranted.

Effects of pulse frequency and total resource quantity
on plant performance in the absence of interactions

Both total water quantity and pulse frequency had
highly significant influences on the performance of the
three target species in the absence of neighbors, with
more water or smaller, but more frequent pulses, leading
to higher growth rates. If similar results were to be
found under field conditions, one important consequence
could be that even very small (but frequent) precipita-
tion events in semi-arid and arid regions might not only

Fig. 4. Effect of different species of neighbors on the proportion
of biomass allocated to roots of the three target species grown
under various environmental treatments. Values are means ± S.E.

Fig. 3. Effect of water quantity and pulsing frequency on
competitive response hierarchies. Each of the panels contains
data for a single neighbor species and compares the compe-
tition intensity experienced by each of the target species under
each of the four environmental treatment combinations. Com-
petition intensity is measured as the natural log of the ratio of
total biomass of a target individual grown with a given neighbor
species relative to that with no neighbors (= lnRR). Values are
means ± S.E. The dashed line represents a response ratio of 1
(ln RR = 0), i.e., no effect of neighbors; negative values
indicate competition and positive values indicate facilitation.
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be ecologically significant in the sense that plants can
use them (Sala & Lauenroth 1982), but also be more
effective than fewer but bigger rains of the same cumu-
lative magnitude, compensating for low overall precipi-
tation levels. These results suggest that patterns of rain-
fall could directly impact on productivity as well; fur-
ther exploration of this possibility in field experiments
and with wider ranges of combinations of frequency and
total amount would be valuable. In practical terms, our
results are consistent with the results from agricultural
experiments (e.g. Komamura & Yamamoto 1989; Chu
et al. 1995; Sepaskhah & Kamgar-Haghighi 1997; Saeed
& El-Nadi 1998).

These results contrast with those found in the few
cases where plant performance has been compared un-
der different nutrient pulsing regimes: performance tends
to be better under larger, less frequent nutrient pulses
(Crick & Grime 1987; Campbell & Grime 1989;
Bilbrough & Caldwell 1997). However, because so few
studies have been conducted, this difference may be
simply related to the particular size and frequency of
pulses chosen for studies of nutrients, and, in our case,
water. Nevertheless, the pattern to date suggests that
more direct comparisons of responses to water and
nutrient pulsing regimes would be useful in under-
standing response of plants to resource dynamics.

Differences among species in response to pulse fre-
quency and quantity in the absence of interactions

The target species differed strongly in their response
to total water, with the magnitude of absolute and pro-
portional growth response increasing with increasing
maximum plant size and growth rate of these three
species (Fig. 1). This corresponds with the increasing
productivity and standing crop of the typical habitats of
these species and is consistent with numerous studies of
herbaceous plants, although most of these have been
concerned with responses to supplemental nutrients
rather than water (Grime 1979; Shipley & Keddy 1988;
Lambers & Poorter 1992).

In contrast, in the absence of competition, the target
species did not differ in response to pulse frequency,
even though studies on response to nutrients suggest
strong responses to pulsing. Glasshouse experiments
with mineral pulsing have suggested a trade-off be-
tween ‘scale’ and ‘precision’ of resource acquisition
(Campbell et al. 1991; Grime 1994). According to this
theory, fast-growing competitive dominants are ex-
pected to efficiently take advantage of large (high in
level and long in time) resource pulses by rapid plastic
growth of relatively short-lived roots while slow-grow-
ing stress tolerators are expected to develop in a more
conservative way, allocating a greater proportion of

their biomass to long-living roots that are capable of
capturing small and ephemeral pulses of the limiting
resource (Crick & Grime 1987; Campbell & Grime
1989; Grime 1994).

Effects of pulse frequency and total resource quantity
on the overall magnitude of competition

Effects of higher productivity on competition inten-
sity have been a controversial topic, with different mod-
els predicting higher intensity (Grime 1973; Keddy
1989) and constant intensity (Newman 1973; Tilman
1988). In this greenhouse experiment, we could not
detect any clear patterns with respect to productivity,
even though there was a statistically significant effect of
pulse frequency on competition intensity. Thus, results
appear to be consistent with the Newman-Tilman hy-
pothesis of competition intensity independent of pro-
ductivity, but a hint remains that further exploration of
pulsing effects on competition intensity would be valu-
able. Results from field experiments on effects of pro-
ductivity on competition intensity are highly variable
among studies (reviews in Goldberg & Barton 1992;
Kadmon 1995; Twolan-Strutt & Keddy 1996; Goldberg
et al. 1999) and it remains possible that patterns in
temporal (and, likely, spatial) heterogeneity may ex-
plain some of this variation in results.

Effect of pulse frequency and total resource quantity on
competitive hierarchies

Consistency of competitive hierarchies between en-
vironments is an important distinction between alterna-
tive models of community structure (Grime 1977 vs.
Tilman 1988, 1990). If species’ positions within com-
petitive hierarchies switch between environments, com-
petition has strong potential to be an important process
determining differences in species composition across
environmental gradients.

We found that both the effect and response hierar-
chies differed consistently between frequent and infre-
quent pulses, while the total amount of water had rela-
tively little effect on the competitive hierarchies. Thus,
our data suggest that, at least under the conditions cho-
sen for our experiment, the degree of temporal heteroge-
neity in water supply has more potential to influence
patterns of plant distribution than the mean amount of
water availability. If temporal heterogeneity of resource
supply is indeed an important factor controlling com-
petitive hierarchies more generally, it suggests that ex-
isting data may underestimate the degree of hierarchy
change between environments because most greenhouse
and field experiments have only manipulated mean re-
source supply.
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The potential effect of the hierarchy switches on
distribution patterns is well illustrated by our three test
species. Under frequent pulses, regardless of total water
quantity, the effect and response hierarchies were quite
similar: the largest, fastest growing species from the
most productive habitat (Sporobolus airoides) was the
best competitor and the smallest, slowest growing spe-
cies from the least productive habitat (Scleropogon
brevifolius) was the poorest competitor, both in terms of
suppressing other plants (effect) and not being sup-
pressed itself (response). This general hierarchy is con-
sistent with both Tilman’s (1988) and Grime’s (1977)
predictions that plant size and growth rate are key traits
determining competitive ability in short-term interac-
tions among individuals, regardless of productivity.

However, under the less productive infrequent pulses,
the hierarchies shift such that the smallest species from
the least productive environment, Scleropogon brevifolius,
becomes a relatively stronger competitor compared to
the other two larger species, sometimes even completely
reversing the competitive hierarchy found in the fre-
quent pulse treatments. The mechanism underlying this
shift is not clear. For example, Scleropogon seems to be
less responsive to variation in water level in the absence
of competition (Fig.1) and this tolerance in turn is
perhaps due to its greater allocation to roots (Fig. 4).
However, resource competition theory would predict
this to lead to greater competitive ability (at least in
terms of response; Goldberg 1990) in low water quan-
tity even more than in infrequent pulses, because in our
experimental design, less frequent pulses also meant
that each pulse was larger. This was not the case; the
target hierarchy did not change at all with total water
quantity. Thus, the greater shift in competitive hierarchy
between environments with different resource dynam-
ics than with different mean resource levels implies that
some quite different mechanism may be at work. For
example, one highly speculative explanation of the stron-
ger competitive ability of Scleropogon under infrequent
pulses is an allelopathic effect of its roots that is diluted
and masked by the frequent water inputs in the frequent
pulse treatments.

Our finding of a shift in hierarchy between different
temporal patterns of resource supply contrasts with the
only other study of which we are aware that tests effects
of resource heterogeneity on interspecific competition.
Cahill & Casper (1999) manipulated spatial heterogeneity
of nutrient supply and found no shift in competitive hierar-
chies; while both competing species they studied showed
strong responses to heterogeneity, their responses were
similar. Further study is needed to illuminate the possible
qualitative differences between spatial and temporal het-
erogeneity and the scales at which they might influence
community-level phenomena in various environments.

Conclusions

Our results emphasize the importance of two dis-
tinctions that have not yet received much explicit atten-
tion in plant ecological studies. First is the distinction
between mean resource levels and the temporal dynam-
ics of resources, i.e. temporal heterogeneity in resource
supply. Our results suggests that it may now be useful to
shift the focus of experimental work from understand-
ing responses to mean resource conditions to the more
complicated question of understanding how resource
dynamics influence patterns of species interactions and
community structure.

Second, much of the basic theory in plant commu-
nity ecology has tended to combine nutrients and water
as ‘below-ground resources’ or focused almost exclu-
sively on only one of these resource types (Grime 1977;
Tilman 1988; Smith & Huston 1989; Goldberg 1990).
However, our results for effects of water pulses differ
from those of most experimental work on nutrient pulses.
For further development of general theory, it is critical
that we better understand the extent to which ‘below-
ground resources’ can be lumped together or whether
water and nutrients, or indeed different mineral nutri-
ents, must be treated separately.
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