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The stable coexistence of very similar species has perplexed ecologists for decades and has been central to the development
of coexistence theory. According to modern coexistence theory, species can coexist stably (i.e. persist indefinitely with
no long-term density trends) as long as species’ niche differences exceed competitive ability differences, even if these
differences are very small. Recent studies have directly quantified niche and competitive ability differences in experimental
communities at small spatial scales, but provide limited information about stable coexistence across spatial scales in
heterogeneous natural communities. In this study, we use experimental and observational approaches to explore evidence
for niche and competitive ability differences between two closely related, ecologically similar and widely coexisting annual
forbs: Trachymene cyanopetala and T. ornata. We experimentally tested for stabilizing niche differences and competitive
ability differences between these species by manipulating species’ frequencies, under both well-watered and water-stressed
conditions. We considered these experimental results in light of extensive field observations to explore evidence of niche
segregation at a range of spatial scales. We found little evidence of intra-specific stabilization or competitive ability
differences in laboratory experiments while observational studies suggested niche segregation across pollinator assemblages
and small-scale microclimate heterogeneity. Though we did not quantify long-term stabilization of coexisting populations
of these species, results are consistent with expectations for stable coexistence of similar species via a spatial storage effect
allowing niche differences to overcome even small (to absent) competitive ability differences.

Limiting similarity predicts that species with strongly overlapping resource requirements are unlikely to coexist stably
(MacArthur et al. 1967). Historically, this theory has been
considered the most important mechanism of stable coexistence (i.e. indefinite persistence with no long-term density
trends) in natural communities and has been used to successfully predict the coexistence of species across a range of
taxa and climates (Wilson 2007). Limiting similarity fails,
however, to explain situations where similar species coexist at local scales and why competition among congeneric
species is not always stronger than among non-congeneric
species (Cahill et al. 2007, Godoy et al. 2014a, Thompson
et al. 2010). The lack of clear evidence for limiting similarity
has been a central topic in theoretical community ecology
for a generation (Aarssen 1983, Ågren et al. 1984, Shmida
et al. 1984), culminating in modern coexistence theory
(Chesson 2000) and associated evolutionary and neutral
theories of coexistence (Siepielski et al. 2010a, M’Gonigle
et al. 2012).
Modern coexistence theory (Chesson 2000) incorporates
aspects of limiting similarity, but extends further to provide
specific mechanisms that permit coexistence even where the
overlap in species’ resource use is high (HilleRisLambers
et al. 2012). The generality of this theory hinges on
identifying two types of species differences: niche differences
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and average fitness differences (Adler et al. 2007). Average
fitness differences or competitive ability differences as we
refer to them here (Mayfield et al. 2010), reflect differences
in species’ competitive abilities within a given environmental context (Chesson 2000). Niche differences can prevent
competitive exclusion by the strongest competitor by reducing the intensity of interspecific competition relative to
intraspecific competition (Chesson 2000). This ‘stabilizing’
effect allows species to increase from rarity, and also limits them when they are abundant (i.e. negative frequency
dependence; Adler et al. 2007). For species to coexist, stabilizing niche differences must be large enough to overcome
any competitive ability differences that would otherwise
result in the exclusion of weaker competitors. Importantly,
this also means that the stable coexistence of ecologically
equivalent species (as defined by neutral theory; Hubbell
2001) is possible as a special case of modern coexistence
theory (Adler et al. 2007). There is evidence for the stable
coexistence of ecologically equivalent species within this
context (Siepielski et al. 2010a) though it remains possible that other mechanisms, such as uneven sexual selection, may create important inequities between ‘ecologically
equivalent’ species (M’Gonigle et al. 2012).
Stabilizing mechanisms operate at a range of spatial and
temporal scales in natural systems. For example, resource

partitioning can stabilize coexistence within interaction
neighborhoods if species differ in their required resource
ratios (Tilman 1982). As scale increases, temporal and spatial heterogeneity of resources can create further stabilizing
opportunities so long as species exhibit tradeoffs that allow
weak competitors (under average conditions) to have a competitive advantage at certain times (the temporal storage
effect, Chesson 1994) or in certain microsites (the spatial
storage effect, Sears et al. 2007).
Despite theoretically explaining natural coexistence patterns more completely than limiting similarity, few empirical tests of modern coexistence theory exist (Adler et al.
2006, Angert et al. 2009, Godoy et al. 2014b, Levine et al.
2009) and even fewer have explored mechanisms of stable
coexistence across multiple spatial scales (Sears et al. 2007).
The lack of empirical studies of stable coexistence in natural systems reflects the logistical difficulties of directly measuring niche and fitness differences, especially over long
time periods or across all relevant environmental gradients
(HilleRisLambers et al. 2012). Consequently, community ecologists have highlighted the value of more feasible
approaches that use multiple lines of evidence to examine
the relative importance of different coexistence mechanisms
in natural systems (Siepielski et al. 2010b, HilleRisLambers
et al. 2012, Adler et al. 2013).
In this study, we use experimental and observational
approaches to examine evidence for stabilizing niche differences and competitive ability differences between two congeneric annual forbs in the Araliaceae family: Trachymene
cyanopetela and T. ornata. The species have similar growth
forms, flowers and fruits, comparable specific leaf area, seed
mass and maximum height (Dwyer et al. 2014, 2015), and
are not known to hybridize (Keighery et al. 1999). Despite
these similarities, T. cyanopetala and T. ornata have highly
overlapping ranges in southwest Western Australia (Fig. 1).
They are particularly abundant in the winter annual understories of York gum-jam woodlands in which they commonly
coexist at small spatial scales. However, insufficient temporal
data are available to confirm if coexistence between the species is stable (i.e. that their densities do not show long-term
trends; Chesson (2000)).
Within the York gum-jam woodlands, variation in moisture availability (across the region and between years), and
local-scale environmental heterogeneity (particularly in soil
nutrients and shade) are strongly associated with annual
plant diversity (Prober et al. 2011, Dwyer et al. 2015, Lai
et al. 2015). These environmental axes have been shown to
mediate niche and competitive ability differences in other
systems (Vilà and Sardans 1999, Kohyama et al. 2012). In
keeping with this existing knowledge we focus our study of
these species on moisture availability, soil nutrients and local
environmental variables likely associated with micro-site
shelter. We also examine the species’ pollination systems for
evidence of pollinator-mediated niche differences, as these
species have similar floral morphology and flowering phenology (Staples et al. unpubl.) and pollination and breeding
system evolution have been theorized and shown to promote
coexistence in some systems (M’Gonigle et al. 2012, Pauw
2012, Benadi 2015).
Using a lab-based experiment, we test for stabilization and
competitive ability differences between these species in two

types of environments (wet and dry) by manipulating species
frequency and examining multiple measures of individual
performance. Specifically, we ask: 1) is there evidence of stabilization for these Trachymene species (negative frequency
dependence)? And does the strength of stabilization depend
on moisture availability? 2) Is there evidence of competitive
ability differences, and how does moisture availability affect
these differences?
We consider results from the experiment in concert with
analyses of extensive observational community data. Specifically, we examine frequencies of occurrence, patterns of
species environmental associations and pollination system
differences across a large part of these species’ ranges, patterns that together may reflect niche differences operating
beyond the scale of interaction neighborhoods (e.g. among
habitats or microsites). With observational studies we ask:
1) do T. cyanopetala and T. ornata have different frequencies
of occurrence at local to regional scales? 2) Is each species
associated with different environmental conditions? 3) Are
T. cyanopetala and T. ornata reliant on insect pollinators for
seed production? 4) Are they visited by different pollinator
assemblages?
Community patterns consistent with a spatial storage
effect would include species differing in their frequencies of
occurrence or differing in their environmental associations
across local spatial scales (e.g. among interaction neighborhoods), or both. While this would not be direct evidence
for the spatial storage effect, such results would indicate that
one species could only maintain a competitive advantage
in specific microsites. Indeed, our field observations indicate that T. cyanopetala occurs in more local neighborhoods
than T. ornata, and accordingly we expect T. cyanopetala to
occur across a wider range of environmental conditions (and
hence show weaker associations with particular environmental variables). The pollination ecology of T. cyanopetala and
T. ornata has not previously been well studied but given
the very similar flower morphology and phenology of these
species (Keighery et al. 1999) we expect considerable overlap
in their pollinator assemblages.

Material and methods
Focal species and study system
Trachymene cyanopetala and T. ornata (Araliaceae) are annual
forbs with widespread overlapping distributions across southwest and southern Australia. Our study focused on populations of these species in southwest Western Australia (Fig. 1a)
that span a climate gradient from semi-arid ( 300 mm year-1)
to mesic Mediterranean ( 400 mm year-1). Study sites were
established in York gum-jam woodlands, a formerly extensive
woodland type characterized by a Eucalyptus loxophleba (York
gum) and Acacia acuminata (jam) canopy and an understory
of tussock grasses, shrubs and winter annual flowering plants
(Prober et al. 2011). In the last 100 years, over 90% of York
gum-jam woodlands have been cleared for agriculture (Main
1993, Yates et al. 1997), leaving only small remnants persisting within an agricultural matrix.
Like all annual plant species in this system, T. cyanopetala
and T. ornata complete their vegetative and reproductive
1813

112.5°

115°

117.5°

120°

122.5°

125°

127.5°

130°

132.5°

(a)
−26°
T. cyanopetala
T. ornata

−28°

−30°

−32°

−34°

−29°

(b)

(c)

−30°

North
Central

−31°

South
Perth

−32°

115°

116°

117°

118°

Figure 1. (a) Herbarium location records of Trachymene cyanopetala and T. ornata in southwest Western Australia (AVH 2015). Both species
have a wider distribution to the east (into South Australia, western Victoria and New South Wales), which was omitted from this figure and
study. Study remnants are shown in (b). All sites are in remnants of York gum-jam vegetation and are indicated by triangular and square
points. Northern remnants were surveyed in 2010 and 2011, central and southern remnants were only surveyed in 2011. Pollinator observations were made in Bendering Nature Reserve, indicated by the square point in the southern region. Panel (c) shows individuals of each
species growing together on a local scale, within a 30  30 cm quadrat. Species are identifiable by their inflorescence color; T. cyanopetala
has purple inflorescences and T. ornata’s are white. (Photo credit: Claire Wainwright).

stages during a distinct growing season in winter and spring
(June–October) and seeds enter the seed bank at the onset of
a hot, dry summer.
Competition experiment
Trachymene cyanopetala and T. ornata were grown in experimental assemblages to assess the effect of frequency on
multiple measures of individual performance. Given that
water is a major limiting resource in this annual plant system
(Dwyer et al. 2015, Morgan et al. unpubl.) and is strongly
associated with annual plant diversity (Lai et al. 2015), we
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included a watering treatment to assess competitive dynamics under well-watered and water-stressed conditions. We
collected seeds from a variety of York gum-jam remants in
Western Australia in 2011 and 2012, which were stored in
dry conditions at room temperature until pre-treatment.
Seeds of Trachymene species contain immature embryos and
are considered morpho-physiologically dormant. Dry afterripening is required to alleviate the physiological dormancy
component (Baskin et al. 1990), after which time the embryo
can complete development under well-lit, moist conditions
(Hidayati et al. 2012) and germination can occur. We afterripened seeds at 40°C for four weeks and then treated seeds

with 400 ppm gibberellic acid for 24 h to further alleviate
physiological dormancy. Pre-treated seeds were then placed
on moist germination paper under lights in growth cabinets
to facilitate embryo development and to promote germination. Germinants were planted into 10 cm pots once germinated (filled with a 1:3 sand to potting soil mixture with
low phosphorus to match field conditions). We planted species in 50/50 mixtures (frequency  0.5) and monocultures
(frequency  1), all at the same density of eight plants per
pot. We spaced the plants evenly within pots and arranged
pots randomly in the growth cabinets set to natural growing
season conditions (12 h day at 17°C, 12 h night at 7°C)
(Australian Bureau of Meteorology 2014). Pots for each
treatment were split equally between two watering regimes
– ‘well-watered’, and ‘stressed’. In addition to the eight-plant
assemblages we grew individual plants under both watering
treatments to capture performance in the absence of competition. In all we established 24 competition pots and 16
no competition pots (four for each species/frequency/water
treatment combination), totaling 208 plants. The 50/50
mixtures provided information about low-frequency performance for both species.
Watering treatments were based on hydrological analysis of pots containing experimental soil and no plants. We
took daily moisture readings at 2 cm and 6.5 cm below the
soil surface to profile the effect of watering on soil moisture. We found that 10 ml of water delivered every two days
maintained consistently high soil moisture levels and so this
amount was used for the well-watered treatment. For the
stressed treatment, the well-watered amount was halved (5
ml every two days), which resulted in a steady decline in soil
moisture at 2 cm and 6.5 cm over the course of the experiment.
Survival to reproduction, plant height and flowering phenology (data not shown) were monitored weekly for 12 weeks
in all experimental pots. We then harvested all survivors and
measured aboveground biomass per plant and belowground
biomass per pot (it was not possible to reliably separate roots
of individual plants in the eight-plant pots). In ‘no competition’ pots, we also measured belowground biomass which
allowed us to calculate root:shoot ratios.
We used three performance measures in subsequent
analyses: 1) survival to reproduction, 2) total umbel number (open and closed) for plants that flowered and 3) shoot
biomass at harvest. Umbel number and shoot biomass were
strongly correlated (r  0.78), as larger plants tended to produce more umbels. We used umbel number instead of total
seed production because pollinators were not present during our experiment and T. cyanopetala produces more seeds
when visited by insect pollinators.
Plant community surveys
We collected field data from a number of York gum-jam
woodland remnants (Fig. 1b) in 2010 (five northern remnants) and 2011 (13 remnants across the entire region,
including the five sampled in 2010). Mean annual precipitation in the 13 remnants ranges between 305–389 mm year–1,
with an average of 336 mm year–1 across all remnants (Jeffrey
et al. 2001). The survey design was spatially nested to permit
investigation of multi-scale processes. Within each remnant,

we surveyed three herb-dominated patches (15  15 m
‘sites’) positioned more than 75 m from remnant edges and
no closer than 80 m apart. Within each site, 15 quadrats
(30  30 cm) were randomly placed to sample ‘interaction
neighborhoods’ for a total of 225 quadrats sampled in 2010
and 585 quadrats in 2011. In each quadrat we recorded
the abundance and identity of all species, measured woody
canopy cover (%), the presence of sclerophyllous leaf litter
or coarse woody debris (CWD) and collected soil samples.
Soils were later analyzed to determine plant available nitrogen (N, ammonium  nitrate (mg g–1)), available phosphorus (P, Colwell method (mg g–1)), available potassium
(K, Colwell method (mg g–1)) and soil pH (refer to Dwyer
et al. 2014 for more details). Climate data for each remnant
were extracted from SILO (Jeffrey et al. 2001) and used to
calculate moisture availability as the ratio of average growing season rainfall (mm) and potential evapotranspiration
(mm) (higher values indicate greater moisture availability).
For communities surveyed in both years, quadrat locations
were offset by ca 1 m in 2011 to avoid resampling where soil
samples were collected in 2010. Growing season precipitation was well below average across the entire region in 2010
and was approximately average for the region in 2011. This
resulted in all remnants receiving around 100 mm more
rainfall in 2011 than in 2010.
Pollination system
In 2013, we observed insect floral visitors to both Trachymene species to assess potential pollinator assemblages in one
of our sampled remnants, Bendering Reserve (Fig. 1b). To
do this, we established eight 5  5 m plots with each Trachymene species represented in six plots: together (four plots)
and alone (two plots per species). Within plots, insect observations focused on 20  50 cm areas of flowering Trachymene
plants. We completed ten minute observations on seven to
nine separate days spread across both species’ flowering seasons (September–November). We distributed observations
equally across three diurnal time periods: 09:00–11:00,
11:05–14:00, and 14:05–17:00. We categorized observed
insects into recognizable taxonomic units (RTUs), as identification to species level was not possible for all visitors. We
only considered visitors to be potential pollinators (‘pollinator RTUs’) if they exhibited pollen or nectar gathering
behavior (not including obvious nectar robbing). For analysis, we totaled visitation frequency by each pollinator RTU
in each plot over the study period to obtain a measure of
total pollinator visitation to T. cyanopetala and T. ornata.
To examine the effect of insect pollination on the fecundity of each species, we used standard breeding experiments
commonly used to assess species reliance on pollinators for
seed set (Kearns et al. 1993, Abdala-Roberts et al. 2014). For
each species in Bendering Reserve, we arbitrarily selected 36
plants and randomly assigned them one of four treatments
(nine plants per treatment per species): natural pollination
(‘open’), exclusion of pollinators with fine polyester mesh bags
(‘exclusion’), pollen supplementation by hand cross-pollination (‘open with hand pollination’) and pollinator exclusion
with pollen supplementation (‘exclusion with hand pollination’). Treatments were assigned to a single umbel (typically
5–6 flowers, each producing up to two seeds) on a plant.
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Using the number of developed seed as a proxy for pollination success, we determined seed production of either species
to be pollinator-limited when ‘exclusion’ treatments resulted
in significantly lower seed counts than ‘open’ treatments.
The remaining two treatments accounted for any unexpected
effects of pollinator exclusion or hand pollination.
Data analysis
Competition experiment
Performance of species in the absence of competition

On all individuals grown without competition we measured
umbel number (open and closed), shoot biomass, root
biomass and root:shoot ratio at harvest. These performance measures were ln-transformed where necessary
before analysis. For each performance response we assessed
effects of species, watering treatment and their interaction.
Linear models were used for all response variables except for
umbel number, which was modelled using a generalised linear mixed-effects model (Poisson errors), with pot number
included as a random effect to account for over-dispersion
(Elston et al. 2001).
Analyses of frequency dependence using multiple
performance measures

We assessed species frequency effects by comparing the performance of plants (measured using multiple variables) grown
in two-species mixes with those grown in monocultures (frequencies of 0.5 versus 1). Negative slopes for both species
across multiple performance measures provide evidence of
stabilization (niche differences). Positive slopes (increased
performance in monoculture compared to mixture) are more
difficult to interpret but could indicate competitive ability
differences or ‘intraspecific facilitation’ where a species has a
positive effect on itself at tested densities.
All three response variables corresponded to the scale
of individual plants. Mixed-effects models were fitted for
each species and watering treatment separately (one model
for each slope being tested). In all models, frequency (0.5
or 1) was included as a fixed categorical factor and pot was
included as a random effect. Gaussian errors were used for
the ln-transformed shoot biomass response, Poisson errors
(log link) for umbel count and binomial errors (logit link)
for the binary ‘survived to flowering’ response. We accounted
for over-dispersion in the Poisson models by including a
random effect for each plant (Elston et al. 2001).
Plant community surveys
Quantifying co-occurrence in natural communities

Using the more extensive 2011-community dataset, we
counted the number of remnants and sites where one or
both Trachymene species were recorded. We also calculated
the probability of occurrence in interaction neighborhoods
(quadrats) for each species using a mixed-effects logistic
model with species included as a categorical fixed effect and
remnant and site included as nested random effects. We used
a similar approach to calculate each species’ probability of
occurrence in each of the two years, using data from remnants surveyed in both years. Because of our nested design
it was difficult to statistically assess rates of co-occurrence
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(or alternatively segregation) in the 15 quadrats per site. We
refrained from using null model approaches because only a
few different occurrence combinations could be generated
by community randomizations in many sites when observed
species’ frequencies (column margins) and quadrat richness (row margins) were maintained in the null community
matrices.
Model of environmental associations in the field

To investigate possible niche differences beyond the scale
of interaction neighborhoods, we analyzed the Trachymene
species’ occurrences in the 2011 community survey data
using mixed-effects logistic regressions (binomial errors and
logit link function). A single model was used to model both
species, and remnant and site (within remnant) were included
as random effects. Fixed effects included species, key abiotic
variables and two-way interactions between species and
each abiotic variable. The interactions were included to test
for differences between the species in their abiotic associations. The abiotic variables included available K and P (both
sqrt-transformed), available N (ln-transformed), soil pH,
woody canopy cover (proportion), sclerophyllous leaf litter
(binary), coarse woody debris (binary) and regional moisture availability (a remnant-scale fixed effect). Continuous
explanatory variables were standardized (m  0; s  0.5) to
allow slope coefficients of continuous and binary predictors
to be compared (Gelman 2008).
Analysis of compositional differences between
T. cyanaopetala and T. ornata interaction neighborhoods

The above analysis of species’ abiotic associations did not
consider biotic differences in neighborhood composition
associated with each species’ occurrences. To examine neighborhood compositional differences (quadrat assemblages),
quadrats were divided into four categories: both Trachymene
species were present, only T. cyanopetala was present, only
T. ornata was present, and neither species was present. Both
Trachymene species were excluded from these analyses so
that only the composition of neighboring species was being
assessed. Compositional dissimilarities were calculated using
the abundance-weighted version of the Jaccard index, also
known as the Ružička index (Oksanen et al. 2013). Differences among the four categories were tested using analysis of
similarities (ANOSIM), with constrained permutations that
respect the nested survey design. First, we very conservatively
constrained permutations to within sites (i.e. among the 15
quadrats per site). Second, we constrained permutations to
within remnants (i.e. among the 45 quadrats from the three
sites per remnant) to assess compositional differences at a
broader spatial scale, while still respecting the clustering of
quadrats within remnants. As a global ANOSIM only divides
variance into between and within group portions, and there
is no dedicated post hoc test, pair-wise differences between
groups were calculated by running ANOSIMs using subsets
of the community dataset. To further explore whether there
were differences in species that commonly associate with
T. cyanopetala and T. ornata we ran a non-metric multidimensional scaling (NMDS) ordination and visualized species’ loadings in relation to their frequency of co-occurrence
with each Trachymene species.

Pollination system
Analysis of pollinator assemblages

Pollinator assemblages for T. cyanopetala and T. ornata were
characterized at the plot-level (5  5 m plots, observations
pooled over the observation period) using pollinator RTU
visitation. Pollinator RTU assemblages were compared using
NMDS with dissimilarity calculated using the Jaccard index.
Differences between T. cyanopetala and T. ornata assemblages
were assessed using ANOSIM.
Pollination breeding experiment

We analysed the number of seeds produced by each umbel of
experimental plants using mixed-effects regressions for each
species across the treatment factors, and included spatial
clustering of experimental plants in the field (resulting from
the natural distribution patterns) as a random effect. We performed post hoc multiple comparisons between treatments
using generalized linear hypothesis testing.
All statistical analyses were undertaken in R (< www.rproject.org >). Multivariate analyses were undertaken using
the vegdist, metaMDS and anosim functions from the vegan
package (Oksanen et al. 2013). All generalised mixed effects
models were fitted using the glmer function within the lme4
package (Bates et al. 2014) and linear mixed effects models were fitted using the lme function in the nlme package
(Pinheiro et al. 2014). Post hoc multiple comparisons for
the competition and breeding experiments were conducted
using the glht function of the multcomp package (Hothorn
et al. 2008).
Data deposition
Observational and experimental data are available from the
Dryad Digital Repository: < http://dx.doi.org/10.5061/
dryad.05r13 > (Staples et al. 2016).

Results
Competition experiment
Performance of species in the absence of competition

All Trachymene ornata and T. cyanopetala individuals grown
without competition survived and flowered regardless of
watering treatment (Fig. 2a). Trachymene cyanopetala produced significantly more umbels, than T. ornata, but no other
significant species differences were detected (Table 1). Root
biomass for both species was lower in the dry treatment, but
this difference was only marginally significant (Table 1). No
interactions between species and watering treatment were
significant, indicating that the species did not differ greatly
in their responses to the watering treatment.
Species responses to frequency treatments

Plants in the competition pots were generally smaller and
produced fewer umbels than plants grown without competition, though these effects varied by species and water
treatment (Fig. 2). No significant (a  0.05) frequency
effects (0.5 versus 1.0) were detected for any of the four
performance measures, though some slopes were close to
significant (Fig. 2e–f ). Under well-watered conditions,

T. ornata tended to grow larger in monoculture (p  0.058;
Fig. 2e). Trachymene ornata performance was similar at both
frequencies (0.5 and 1.0) under dry conditions (Fig. 2a, c,
e). Frequency effects on T. cyanopetala trended towards being
negative, but were only close to significant for shoot biomass
under dry conditions (p  0.054; Fig. 2f ).
Plant community surveys
Probabilities of occurrence in the field

Trachymene cyanopetala was recorded in all 13 remnants surveyed in 2011 and T. ornata was recorded in 12 of these
remnants. Probabilities of occurrence in sites (15  15 m)
in 2011 were 0.89 (T. cyanaopetala) and 0.81 (T. ornata). In
sites where at least one species was present, the other species
was also present 80% of the time (27 of 34 sites). Despite the
high rates of co-occurrence at the remnant and site scales,
T. cyanopetala was recorded in 100 more quadrats than its
congener across the entire study region in 2011 (out of 585
quadrats total). This was reflected in the overall probabilities of occurrence in quadrats for the two species: 0.49 for
T. cyanopetala and 0.33 for T. ornata.
Probabilities of occurrence were lower for both species
in the drier 2010 growing season, especially for T. ornata.
Considering only the locations surveyed in both 2010 and
2011, the probabilities of occurring in quadrats were, 0.34
and 0.49 (T. cyanopetala) and 0.09 and 0.33 (T. ornata),
respectively.
Environmental associations in the field

We exercised caution when interpreting results from the
logistic model testing abiotic relationships because many of
the abiotic variables were correlated (Supplementary material
Appendix 1 Fig. A1: e.g. sclerophyllous litter occurred more
often in areas with high woody cover). However, while some
correlations among abiotic variables were evident (Supplementary material Appendix 1 Fig. A1), variance inflation
factors (VIF) were all less than 2 (Supplementary material
Appendix 1 Table A1) indicating that our model estimates
were very reliable (Zuur et al. 2010).
Trachymene ornata and T. cyanopetala differed significantly
in their associations with course woody debris (Fig. 3;
z  4.363, p  0.001), with T. ornata positively and
T. cyanopetala negatively related to its presence. Trachymene
ornata and T. cyanopetala also differed in their relationship with
canopy cover, though significance of this interaction term was
marginal (Fig. 3; z  1.928, p  0.054). These species did not
differ significantly in their relationships with soil nutrients,
soil pH or regional-scale moisture availability (Fig. 3).
Neighborhood compositions in the field

Overall, there was considerable variation in the composition
of neighborhoods (quadrats) across the study region. The very
conservative permutation tests (constraining permutations
among the 15 quadrats per site) did not detect a significant
difference between T. ornata only and T. cyanopetala only
neighborhoods, though differences among other categories
were evident (Table 2). When permutations were expanded
to the remnant scale (among the 45 quadrats within
remnants) the T. ornata only and T. cyanopetala only neighborhoods were found to differ significantly in composition
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Figure 2. Measures of individual performance recorded from the competition experiment. The experiment included eight-plant assemblages
planted at two frequencies (0.5 and 1) and grown under well-watered and water-stressed conditions (n  4 pots per treatment combination). Panels (a) and (b) show probability of surviving to flower, (c) and (d) show the number of umbels produced by flowering plants and
(e) and (f ) show shoot biomass. Panels (a), (c) and (e) show Trachymene ornata results and (b), (d) and (f ) show T. cyanopetala results. Closed
circles indicate group means for the well-watered treatment; open circles are group means for the water-stressed treatment. Bars are 95%
confidence intervals estimated from mixed-effects models (refer to methods). p-values relate to tests of frequency effects performed separately on each species in each watering treatment. Performance measures recorded on solo plants (with no competitors) are included on the
left of each panel (separated by the vertical dashed lines). Means and SEs are shown to enable comparison with the competition plants. Note
the log scale on the y-axes in panels (c)–(f ).

(Table 2). We also found substantial differences in the identity of the neighboring species most commonly associated
with T. ornata and T. cyanopetala (Supplementary material
Appendix 1 Fig. A2).
Pollinator system
There was no overlap in potential pollinator species visiting T. cyanopetala and T. ornata (R  0.601, p  0.006).
T. cyanopetala flowers were visited by a variety of flies, ants
and wasps while T. ornata flowers were visited primarily by a
single syrphid fly RTU (Fig. 4).
Pollinator exclusion treatments reduced seed production
(per umbel) of T. cyanopetala (Table 3). Within the exclusion
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treatments, hand pollination appeared to increase seed production compared to exclusion without hand pollination,
although this result was not statistically significant (Table 3).
In contrast, seed production in T. ornata was similar across
all experimental treatments suggesting that this species is not
reliant on insect pollinators for seed production (Table 3).

Discussion
Without directly measuring population densities over
multiple generations and in many locations, we cannot be
certain that Trachymene cyanopetala and T. ornata coexist
stably. However, given how consistent and widespread

Table 1. Summary of models assessing differences in performance between plants of T. cyanopetala and T. ornata grown in the absence of
competition. All models employed Gaussian errors except the model for umbel number that used Poisson errors and included a pot-level
random effect to account for overdisperson. Trachymene cyanopetala and ‘well-watered’ are the reference levels represented by each intercept. The p-values for intercepts simply indicate whether the estimate is different to 0.
Coefficient name

Coefficient estimate

SE

z-score/t-score

p-value

Intercept
Species
Water treatment
Species  Water treatment
Intercept
Species
Water treatment
Species  Water treatment
Intercept
Species
Water treatment
Species  Water treatment
Intercept
Species
Water treatment
Species  Water treatment

3.660
–0.916
–0.409
0.326
–0.425
–0.217
–0.693
0.511
–2.229
–0.895
–1.020
0.842
6.186
6.048
4.032
–5.467

0.307
0.447
0.439
0.636
0.411
0.581
0.581
0.821
0.338
0.478
0.478
0.704
2.213
3.130
3.130
4.607

11.907
–2.047
–0.931
0.513
–1.034
–0.373
–1.192
0.622
–6.594
–1.873
–2.133
1.197
2.795
1.932
1.288
1.187

 0.001
0.041
0.352
0.608
0.322
0.715
0.256
0.545
 0.001
0.088
0.056
0.256
0.017
0.076
0.224
0.260

Performance response variable
Umbel number

Shoot biomass (g)

Root biomass (g)

Shoot:root

co-occurrence patterns were, at multiple spatial scales and
across dry and wet growing seasons, it seems clear that
coexistence between these congeners is common and probably stable. This study provides important insights about
the likely mechanisms underpinning such coexistence. We
found limited experimental evidence of stabilization operating within interaction neighborhoods, providing evidence
of potential ecological equivalence at neighborhood scales.
Key differences between the environmental associations of
these species in the field, however, suggest that coexistence
of these similar species depends on mechanisms operating
among, rather than within, interaction neighborhoods. We
also identified distinct pollinator assemblages and differences
in neighborhood composition associated with each species;
ecological differences that may further contribute to their
coexistence.

pH

CWD***
Leaf litter

Cover+
ln(N)

K

P

Niche differences within interactions neighborhoods

Moisture
availability

Our frequency manipulation experiment was designed
primarily to test for stabilizing niche differences operating

−2

−1

0

1

2

Standardised slope estimate

Figure 3. Standardized coefficient estimates from the mixed-effects
logistic regression (binomial errors and logit link function) of
Trachymene cyanopetala (grey) and T. ornata (black) presence in
relation to environmental variables. Predictor variables were standardized (m  0; s  0.5) to permit comparison of coefficients.
Bars are 95% confidence intervals based on the model standard
errors. Coarse woody debris (CWD) and sclerophyll leaf litter (leaf
litter) are binary variables indicating presence or absence of these
features. Canopy cover is a proportion; moisture availability is the
ratio of average growing season (April–August) rainfall (mm) and
potential evapotranspiration (mm) where larger values indicate
higher moisture availability. Symbols adjacent to variable names
denote the significance of interactions with species: p  0.1,
***p  0.001. Significant interactions indicate that the two species
differ in their relationships with these abiotic variables.

Table 2. Pairwise analysis of similarities (ANOSIM) between different neighbourhood categories. Pairwise groups were categorised by
the occurrence of the two Trachymene species: T. cyanopetala only
(TC; 185 quadrats), T. ornata only (TO; 95 quadrats), both species
present (109 quadrats) and neither present (211 quadrats).
Trachymene species were not included in analysis. Two sets of
ANOSIM permutations were conducted: permutations constrained
within sites and constrained within remnants. Dissimilarity was
calculated using the Jaccard index.
Pairwise
comparisons
TC – TO
TC – both
TC – neither
TO – both
TO – neither
Both – neither

R
0.087
0.067
0.033
0.007
0.074
0.042

Permutations within Permutations within
sites (15 quadrats) remnants (45 quadrats)
p-value
p-value
0.657
0.569
0.004
0.174
0.369
0.042

 0.001
0.027
0.002
0.141
0.011
 0.001
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to prevent stable coexistence, both modern coexistence theory and neutral theory still allow for stable coexistence of
ecologically equivalent species when other mechanisms are
operating (Chesson 2000, Siepielski et al. 2010a). For this
system, our field studies suggest that the stable coexistence
of T. cyanopetala and T. ornata is driven by mechanisms
operating beyond the scale of interaction neighborhoods.

0.4

nMDS2

0.2

0

Competitive ability differences

−0.2

−0.4
−0.6

−0.3

0

0.3

nMDS1

Figure 4. Non-metric multi-dimensional scaling visualization of
pollinator traffic to Trachymene cyanopetala and T. ornata
(stress  0.025). Dissimilarity was calculated using the Jaccard
index. Grey points are sites where T. cyanopetala pollinator RTUs
were surveyed and black points are for T. ornata. Dotted lines are
95% confidence intervals.

within interaction neighborhoods. We found only weak evidence of stabilization, and only for T. cyanopetala. This may
be due to a lack of power driven by insufficient replication
of experimental pots (n  4), though power analyses support
our findings (data not shown). However, T. ornata showed
no tendency towards stabilization in either treatment. In
fact, under moist conditions it appeared to perform better in
monoculture across a number of performance measures. This
apparent lack of stabilization may reflect ecological equivalence at neighborhood scales, at least under experimental
conditions. Though a lack of stabilization is often assumed
Table 3. Pairwise comparisons of seed production from the pollination experiment. Post hoc pairwise comparisons of the number of
seeds produced by a single umbel in pollination treatments. Treatments were: exclusion of pollinators (E), natural pollination (N),
exclusion of pollinators with additional hand pollination (EH) and
natural pollination with additional hand pollination (NH). These
were applied to a single umbel on 36 Trachymene cyanopetala and
T. ornata plants (nine plants for each treatment-species combination) in a natural community. Each flower can produce two seeds,
and each umbel generally consists of five or six flowers.
Pairwise comparisons
T. cyanopetala
EH – E
N–E
N – EH
NH – E
NH – EH
NH – N
T. ornata
EH – E
N–E
N – EH
NH – E
NH – EH
NH – N
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Difference

SE

z-value

p-value

2.282
2.684
0.402
3.947
1.665
1.263

0.887
0.887
0.887
0.893
0.893
0.892

2.574
3.027
0.454
4.420
1.864
1.417

0.050
0.013
0.969
 0.001
0.244
0.489

2.715
2.320
–0.3947
1.309
–1.406
–1.01

1.131
1.121
1.113
1.138
1.123
1.135

2.399
2.069
–0.354
1.150
–1.252
–0.891

0.077
0.163
0.985
0.659
0.593
0.809

It can be difficult to separate niche from competitive ability
differences, even in experimental settings (Adler et al. 2007).
While our frequency experiment was designed to test for
stabilization, the inclusion of different watering treatments
permitted examination of competitive effects under different moisture conditions. Trachymene ornata’s performance
in the well-watered treatment could be interpreted as evidence that T. cyanopetala is competitively superior under
moist conditions. Indeed, the competitive effects on T.
ornata performance were stronger when T. cyanopetala was
present (in 50% mixtures) than in T. ornata monocultures
of equivalent density. But again, T. cyanopetala’s consistent
competitive effects on T. ornata under both watering regimes
do not support this conclusion. Trachymene ornata’s better
performance in monoculture may instead reflect stronger
intraspecific facilitation occurring under moist conditions.
Previous studies that have found evidence of intraspecific
facilitation in high stress environments (e.g. arid climates)
between individuals of different size classes (e.g. adults and
seedlings; Eranen et al. 2008) with interactions between
neighbors generally appearing as one competitor grew larger
than another (Forrester et al. 2011, although not always,
Sheley et al. 2014). The pattern observed in this study is
likely density rather than size dependent, as the effect was
evident even when T. ornata plants were of similar sizes
at peak biomass. Regardless of the interpretation, experimental outcomes did not provide strong evidence for a
clear coexistence mechanism operating within immediate
neighborhoods.
Niche differences among interactions neighborhoods
Drier, open (or semi-shaded) microsites are far more common than moist, shaded microsites in York gum-jam woodland understories (data not shown). In accordance with our
expectations, we found that T. cyanopetala occurred in twice
as many local neighborhoods (quadrats) as T. ornata, and
has weak or negative associations with abiotic variables that
characterize moist microsites (the presence of woody debris
and shade). Conversely, T. ornata appears to avoid open, dry
microsites as evidenced by its lower frequency of occurrence
overall, and positive association with woody debris and shade.
These patterns are consistent with (though not sufficient to
demonstrate) a spatial storage effect (Chesson 2000), in
which spatial heterogeneity interacts with species’ tradeoffs
to allow inferior competitors (under average conditions)
to gain an advantage in some microsites and persist in the
broader community, even if competitive ability differences
are small. For example, species may tradeoff in their abilities
to tolerate stressful microsites versus colonize less stressful
microsites (Muller-Landau 2010, Adler et al. 2013). A key

condition of the spatial storage effect is for species to experience the strongest competition under conditions that favor
them the most (environment–competition covariance; Sears
et al. 2007). Our experiment did not assess if this condition
was met for these species, but ongoing research is specifically examining the importance of spatial heterogeneity for
species coexistence among winter annuals in York gum-jam
woodlands. Importantly, competitive interactions are not
necessarily the sole drivers of the T. cyanopetala and T. ornata’s apparently distinct microsite preferences. For example,
T. cyanopetala may be more susceptible to pathogen attack
under moist conditions (Burdon 1987) or sclerophyllous leaf
litter accumulating next to woody debris may inhibit germination, either directly or indirectly (Facelli et al. 1991). It is
also possible that the coexistence of T. ornata and T. cyanopetala is mediated by a temporal storage effect (Chesson
1994, Adler et al. 2006) as has been found in similar systems
elsewhere (Facelli et al. 2005, Angert et al. 2007). In the two
years of our field study, however, there was limited evidence
of temporal habitat segregation, with both species having
similarly reduced occurrences in the much drier year (2010).
Though many more years of data are required to robustly test
for a temporal storage effect, it seems unlikely to be the most
important mechanism in the case of these species.
Potentially important biotic factors
While our frequency experiment did not provide clear evidence of niche differences when the two Trachymene species
were grown in isolation, we did find evidence of potential niche differences mediated by biotic interactions with
other species. First, we detected differences in composition
between neighborhoods containing T. ornata and those containing T. cyanopetala, but only when permutation tests were
expanded to the remnant scale. Thus, regardless of regional
climate variation, the two species are associated with different suites of species within discrete remnants (where climate
is assumed constant). Further investigation of species’ loadings in a global NMDS (Supplementary material Appendix
1 Fig. A2) revealed that T. ornata commonly co-occurs with
species more typical of shaded situations (e.g. Phyllangium
sulcatum), whereas T. cyanopetala co-occurs with other common species that can tolerate sun-exposed conditions (e.g.
Calandrinia eremaea). Given these differences, it is possible
that co-occurring annual plant species may moderate interactions among the Trachymene species (Strauss 1991). This
may result from intransitivity across heterogeneous landscapes, though our survey data was not suitable to test this
possibility directly (Allesina et al. 2011).
Differences in pollinator assemblages also have the
potential to mediate coexistence in this system (Pauw
2012). Pollinator niches can facilitate coexistence when
seed production (increasing fertilization rates) or seed quality (pollinator-mediated outcrossing) are pollinator-limited
(Pauw 2012), or where abundant species are significantly
more pollen-limited than rare species (Benadi 2015).
Unexpectedly, the Trachymene species in this study differed significantly in their potential pollinator assemblages
(Fig. 4), despite concurrent flowering times and similar
flower morphology (Keighery et al. 1999). That said, only
T. cyanopetala had significantly improved seed set following

insect pollination. Despite T. ornata’s minimal reliance on
insect pollination, pollinators can mediate coexistence as
long as insect pollinators improve either seed quantity or
quality (i.e. the rarer species has an advantage in seed quality,
quantity, or both) (Benadi 2015). Trachymene cyanopetala’s
reliance on insect pollinators for maximized seed production may be sufficient to offer T. ornata a fitness advantage
(through increased seed quantity relative to T. cyanopetala)
when and where animal pollinators are scarce (Morgan et al.
2005), and provide T. ornata an advantage (in seed quality
through outcrossing) when pollinators are present (Herlihy
et al. 2002). Studies on seed quality resulting from insect
pollination are needed to verify this potential mechanism.
Conclusions
Considered in isolation, no one part of this study confirms
stable coexistence between T. cyanopetala and T. ornata.
However, when viewed as a whole, our results suggest that
these species probably do coexist stably, and that spatial heterogeneity among microsites is important for reducing niche
overlap. It is notoriously difficult to determine the difference
between niche and fitness differences in non-experimental
plant communities (HilleRisLambers et al. 2012). In studies such as ours, it is not possible to definitely identify pure
niche or fitness differences between species. The only way to
do this is to examine coexistence with long-term or highly
experimental studies, which again leaves us with limited
insights into some of the mechanisms of co-existence in real
communities. We acknowledge that our results are open
to interpretation. However, by providing multiple lines of
evidence, we provide a biologically realistic explanation for
the stable coexistence of two closely related species involving a spatial storage effect mediated by small niche differences overcoming very small (to non-existent) competitive
ability differences. The potential importance of community
composition and pollination systems highlight a need for
more studies on the importance of other biotic interactions
(beyond competition between species pairs) in mediating or
preventing stable coexistence.
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