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Abstract 
The concept of limiting similarity is important in ecology because it encapsulates the expectation under niche theory 
that differences among species are fundamental to coexistence. A growing body of research has tested for evidence 
of limiting similarity, but only a small number of studies have produced support. Here, using relevant field data, we 
highlight one possible explanation for the paucity of support for limiting similarity. We test whether coexisting plant 
species that share bees as pollinators flower asynchronously, a form of temporal niche separation consistent with 
limiting similarity. Our results provide evidence of limiting similarity, adding to the small collection of null model 
studies that have thus far done so. Our work also provides evidence that temporal niche variation may be an 
important niche axis that broadly contributes to species coexistence. Finally, we demonstrate that a more 
conservative assessment of coexistence that includes only individual plants that have achieved reproduction, is 
consequential in whether we find evidence of significant flowering asynchrony in this study. We conclude that the 
conservative approach to assessing coexistence that we present here can reduce noise in coexistence data, improving 
our power to test for evidence consistent with limiting similarity. Using this approach may or may not result in an 
increase in evidence supporting limiting similarity; however, it will certainly give researchers more confidence that 
they have not missed existing evidence of limiting similarity. 
 
Keywords: Coexistence, community assembly rule, limiting similarity, flowering asynchrony, null model, 
temporal niche differentiation, trait overdispersion, trait divergence

Introduction 
 
It is generally understood in the field of ecology that 
differences among species, either in nutrient 
requirements (e.g., McKane et al 2002, Diaz et al. 2011) 
or in functional traits related to resource acquisition (i.e., 
niche differences; Weiher et al. 1998, Franzén 2004, 
Stubbs and Wilson 2004, Kraft et al. 2008, Schamp et al. 
2008, 2011, Wilson and Stubbs 2012), are important for 
species coexistence (Levine and HilleRisLambers 2009). 
This has resulted in predictions of a minimum degree of 
difference between species that is necessary for 
coexistence, commonly termed limiting similarity 
(MacArthur and Levins 1967). Several researchers have 
tested for evidence of limiting similarity (sometimes 
referred to as trait overdispersion or trait divergence), 
often using a null modeling approach (e.g., Kraft et al. 
2008, Schamp et al. 2008, Wilson and Stubbs 2012, 
Jensen  

 
et al. 2019). While null modeling approaches have 
varied, they generally set out to test whether functional 
trait differences between species found together in 
samples differ from what would be expected if those 
traits did not contribute to the organization of species in 
the system. Such functional trait approaches have 
garnered significant interest (McGill et al. 2006); 
however, few studies have produced evidence of limiting 
similarity. An examination of the evidence conducted by 
Götzenberger et al. (2012), determined that only 18% of 
tests produced evidence of limiting similarity. Given that 
much of ecological theory relies on predictions that such 
niche differences are important to coexistence (e.g., 
Levine and HilleRisLambers 2009, Purves and Turnbull 
2010, Wilson 2011), it is surprising that so few tests find 
evidence supporting this pattern in natural communities. 
The question of whether such patterns should be 
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common is one that has sometimes stirred passionate 
debate (e.g., Wilson 2007). 

There are several reasons why more studies may not 
have found evidence in support of limiting similarity. 
For example, studies have used a variety of null 
modeling approaches (Schamp et al. 2008, Wilson and 
Stubbs 2012, Dante et al. 2013, Jensen et al. 2019) and 
these approaches may vary in their power to detect 
patterns (e.g., de Bello et al. 2012, Götzenberger et al. 
2016, Lavender et al. 2016). Additionally, there may be 
divergent expectations for different traits under different 
circumstances (Grime 2006, Schamp et al. 2008, 
Mayfield and Levine 2010). Some analyses have pointed 
to improved practices such as the incorporation of 
intraspecific trait variation (de Bello et al. 2013, Jensen 
et al. 2019), using particular null model randomization 
algorithms (Götzenberger et al. 2016), and concentrating 
on the correct guild of species (Gilpin and Diamond 
1982). Here, we focus on a separate possible barrier to 
finding evidence of limiting similarity – the potential for 
a relatively common approach to assessing coexistence 
to introduce noise that negatively impacts tests of 
limiting similarity.  

Research testing for evidence of limiting similarity 
relies heavily on sampling methods that provide 
information on which species coexist. The tradition in 
plant ecology is to make such assessments through the 
use of sample plots/quadrats; when species are found 
together in a sample plot, this is implicitly considered 
evidence of coexistence. This approach to field data 
collection is intuitive; however, we argue that it can 
result in a liberal assessment of coexistence because 
some of the species found in a sample plot may be there 
temporarily, until competitive exclusion plays out, and 
will never reach reproduction (Schamp et al. 2016). 
These transient species, under this liberal assessment, are 
identified incorrectly as coexisting with all other species 
in that plot. These species may even strongly overlap in 
niche with other species in the plot (i.e., show trait 
convergence /underdispersion), which is the opposite of 
the pattern expected for coexisting species under limiting 
similarity. Consequently, these species contribute at best 
noise, and at worst false evidence in tests of limiting 
similarity. In contrast, a more conservative assessment 
of coexistence can be achieved by recording species in a 
plot only if they reach the reproductive stage during the 
growing season under study (Schamp et al. 2016). 
Researchers can have greater confidence that species that 
achieve reproduction while growing close together 
actually coexist, and therefore should differ in traits as 
predicted under limiting similarity. The liberal and 
conservative approaches to assessing coexistence can 
result in differences in the number of species found in 
samples, which has been shown to alter the effect size of 
co-occurrence tests (Schamp et al. 2016). The 
conservative assessment has the potential to be more 

consequential in tests for trait-based limiting similarity 
because it alters both the number of species found in 
samples and the relative abundance of those species, 
both of which are used to measure plot-level niche 
overlap in trait-based null model tests for limiting 
similarity (Fig. 1). 

The more liberal approach to assessing coexistence 
is likely to be sufficient under some circumstances; for 
example, when assessing the coexistence of canopy tree 
species – trees that have reached the canopy can be 
confidently assumed to coexist with other canopy tree 
species. However, in several of the grasslands and old-
fields we have conducted research in, the two survey 
approaches can result in pronounced differences in plot-
level richness and abundance patterns. Other researchers 
will be able to determine whether the conservative 
approach based on whether species have reached 
reproduction together, may be beneficial in their study 
systems.  

We illustrate here, using a data set from a 
herbaceous plant community, that a more conservative 
approach to assessing coexistence can consequentially 
and beneficially impact tests of limiting similarity. We 
test for evidence of limiting similarity in an old-field 
community using plot-level vegetation data in 
combination with data on flowering phenology, which 
reflects functional differences between plant species in 
the timing of resource use (pollinators and soil resources; 
Pleasants 1980, 1990, Dante et al. 2013, Jensen et al. 
2019). Under limiting similarity, we expect to observe 
significant flowering time asynchrony among coexisting 
plant species; asynchrony is expected to reduce 
interspecific competition among plants for soil and/or 
pollinator resources (among plant species that share 
pollinators). For the community studied here, the 
conservative method of assessing coexistence reveals 
significant evidence of flowering asynchrony, consistent 
with limiting similarity, while the liberal assessment 
does not.  

Methods 

Data collection 
From May to September of 2015, we collected plant 
diversity and abundance data from 70 circular plots (0.5 
m and 1 m diameter), randomly located within a plot grid 
in an old-field plant community in Sault Ste. Marie, 
Ontario, Canada (46˚32’ N, 84˚27’ W). The field is 
dominated by herbaceous perennial plant species; 
common species include Poa pratensis, 
Symphyotrichum lanceolatum, Lotus corniculatus, 
Phleum pretense and Carex pallescens. This research 
was carried out at the 94 hectare Ontario Forest Research 
Institute Arboretum, but in a separate experiment and 
different part of the research station than the work 
described in Jensen et al. (2019).  
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We collected abundance data for each plot at the end 
of the growing season (September, 2015), late enough to 
ensure that any plant in our sample plots that had not yet 
reached the reproductive stage, wasn’t going to during 
that growing season (Jensen et al. 2019). For each plot, 
aboveground biomass for each species was harvested 
into two bags for dry weight measurement; individuals 
that had reached the reproductive stage were placed into 
one bag while non-reproductive individuals were placed 
in another. Individuals were identified as independent 
rooted units, as done previously by Schamp et al. (2016) 
and Jensen et al. (2019). Bags for each species in each 
plot contributed to our two methods of assessing plot-
level coexistence: both reproductive and non-
reproductive harvests contributed to our liberal 
assessment of what coexisted in each plot, while only the 
bag of harvested reproductive plants contributed to our 
conservative assessment of coexistence. All biomass was 
dried in a drying oven at 70˚C for three days and used as 
a measure of species abundance in each plot.  

Trait overlap assessment 

We use the Schoener index (Schoener 1970) of 
niche overlap to quantify flowering time overlap among 
coexisting species. This index is calculated as:   

1 −
1

2
 𝑃 − 𝑃  

with pik and pjk representing the proportions of 
individuals of species i and j that are flowering in the kth 
time interval (k=week). These flowering time 
distributions were built by following the flowering 
schedules of 25 individuals of each species in the 
community (37 species) weekly across the growing 
season (from May 1 to October 15; Jensen et al. 2019). 
All 925 individual plants completed flowering during 
this timeframe. Using this index of niche overlap 
allowed us to include intraspecific variation in flowering 
time; evidence suggests that incorporating this variation 
into tests for limiting similarity is beneficial (e.g., de 
Bello et al. 2013). 

Null model 

We used a common null modeling approach that 
tests whether observed overlap in flowering time is 
extreme compared to a null distribution of flowering 
time overlap. The test statistic for this null model is the 
mean of plot-level flowering time overlap (among 
coexisting species), across all sample plots. Taking the 
mean across many sample plots is a common approach 
that reduces sampling error (e.g., Stubbs and Wilson 
2004, Schamp et al. 2008). The null distribution of this 
statistic is produced by randomizing flowering times 
among species in the community, and then recalculating 
flowering time overlap (this distribution is created by 

replicating this randomization process 3000 times). 
Several null modeling approaches exist (e.g., Stubbs and 
Wilson 2004, Schamp et al. 2008, Dante et al. 2013, 
Jensen et al. 2019). Here we use an approach that has 
produced evidence in support of limiting similarity in 
multiple communities (Stubbs and Wilson 2004, Wilson 
and Stubbs 2012). What’s more, Götzenberger et al. 
(2016) have demonstrated that an analogous null model 
approach has good power to detect limiting similarity. 
This null model follows the general approach described 
above; however, prior to shuffling the flowering time 
distributions among species in the community, species 
are divided into two groups by how common they are 
across samples and flowering time is shuffled among 
species within each of those groups. This approach 
restricts the degree to which the traits of common species 
can become associated with uncommon species in the 
randomization process (Wilson and Stubbs 2012).  

In studies testing for limiting similarity, trait 
differences among coexisting species have generally 
been weighted by abundance (e.g., Kraft et al. 2008, 
Schamp et al. 2008, Wilson and Stubbs 2012). This 
weighting is an implicit acknowledgment that abundance 
data informs our assessment of coexistence between 
species. For example, in a given sample plot, two species 
that are each represented by many individuals are 
accepted as providing greater evidence of robust 
coexistence than two species that are only represented by 
one individual each. Consequently, weighting 
coexistence among species by abundance in such models 
can also reduce noise in coexistence data, and is 
recommended. Consistent with previous trait-based null 
modeling tests, our measure of flowering time overlap 
within a sample plot is weighted by the abundance of 
each species pair within the plot (calculated from 
aboveground dry biomass). The strength of this 
weighting can change depending on whether abundance 
is quantified using the liberal or conservative approach 
to assessing coexistence (Fig.1). These null model tests 
identify when flowering time overlap is significantly 
higher (synchronous) or lower (asynchronous) than 
expected by chance, and the two-tailed p-values are 
calculated as:  

p=MIN [2S/(3000), 2 L/(3000)]. 
For this calculation, S represent the number of 

randomized test statistics greater than or equal to the 
actual community test statistic, and L represents those 
less than or equal (Bersier & Sugihara 1997). Here, 3000 
represents the number of replicates (i.e. the size of the 
null distribution). As noted in the formula, the accepted 
p-value is the smaller of the two values produced; for 
clarity, we report only this smaller value along with the 
tail it is associated with (i.e., the tail reflecting flowering 
synchrony, or the tail reflecting flowering asynchrony).  

We focus our examination of flowering time overlap 
among coexisting species on plant species that share bees 
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as pollinators. This focus allows us to test for evidence 
of flowering asynchrony, expected under limiting 
similarity as a means of reducing competition among 
plant species both for pollinators and soil resources. 
Focusing on plant species that are all pollinated by bees 
also addresses concerns about the possible dilution effect 
on null model tests that do not focus on the appropriate 
guild of species (Gilpin and Diamond 1982). This 
approach is also consistent with previous research on 
flowering time overlap (e.g., Pleasants 1980, Dante et al. 
2013, Jensen et al. 2019). Predictions of flowering 
asynchrony (i.e., limiting similarity) are a simplification 
of the breadth of predictions regarding flowering time 
overlap (please see Dante et al. 2013 and Jensen et al. 
2019 for more fulsome discussions of these). The focus 
of this paper, however, is specifically on how a 
conservative versus liberal assessment of coexistence 
can influence whether we do or do not find evidence 
consistent with limiting similarity.  

To demonstrate the potential for observing different 
outcomes in a null model test for flowering asynchrony 
among coexisting plant species (that share bees as 
pollinators), we compare the results of null model tests 
using both the common liberal assessment of species 
coexistence and the conservative assessment (described 
above). We complete this comparison for both plot sizes 
(50 cm and 1 m diameter plots), as some research 
suggests these results may vary with plot size (e.g., 
Schamp et al. 2008, 2011, McNickle et al. 2018). All null 
model tests were conducted in Matlab using code 
developed by both B. Schamp and A. Jensen (The 
Mathworks Inc., Natick, MA). The Matlab code used for 
null model testing can be found in the supporting 
information (Appendix S1). 

Results 

For our 50 cm diameter plots, analyses using the 
liberal/traditional assessment of species coexistence 
produced no evidence that coexisting species overlapped 
less than expected by chance under our null model 
(P=0.1656; Fig. 2). The same test using our conservative 
measure of species coexistence, produced evidence that 
coexisting plant species overlapped in flowering time 
significantly less than expected under our null model, 
consistent with expectations under limiting similarity 
(i.e., significant flowering time asynchrony; P=0.032; 
Fig. 2).  

We observed the same results for 1 m plots; the 
liberal assessment of coexistence indicated that 
coexisting species overlapped no less (or more) in 
flowering time than expected by chance (P=0.1088; Fig. 
2), while the same test using our conservative assessment 
of coexistence produced evidence of significant 
flowering time asynchrony among coexisting species, 
again consistent with expectations under limiting 
similarity (P=0.034; Fig. 2).  

Discussion 

We set out to test for evidence of limiting similarity 
related to temporal niche partitioning among coexisting 
plant species. We also tested whether the method used to 
assess coexistence between plant species from field data 
can be consequential in the results our null model tests 
(i.e., trait dissimilarity among coexisting species). Using 
a herbaceous plant community dataset consisting of plant 
species that share bees as pollinators, we indeed found 
evidence that coexisting species overlap less in 
flowering time than expected by chance (flowering time 
asynchrony), consistent with expectations under limiting 
similarity. Our results add to the small number of studies 
that have produced evidence of limiting similarity, and 
highlight the potential for temporal niche separation to 
contribute to plant species coexistence more broadly. We 
also demonstrate that evidence of limiting similarity is 
only apparent in this study system when we use a more 
conservative approach to assessing plant species 
coexistence (Fig. 2). Using the traditional, liberal 
method of assessing coexistence did not produce 
evidence of flowering asynchrony among coexisting 
species, even though such a pattern has been observed 
using the liberal assessment of coexistence elsewhere 
(Jensen et al. 2019). These findings are consistent with 
our conjecture that the liberal method of assessing 
coexistence is prone to noise, and may even contribute a 
false signal of trait convergence that goes against 
predictions of limiting similarity. Our results also 
emphasize that noise, which may result from dispersal, 
can vary significantly among even nearby communities 
(e.g., this study and that in Jensen et al. 2019). A 
conservative method of assessing coexistence can hedge 
against the typically unknown degree of noise within a 
study system.  

The incorporation of intraspecific trait variation is 
likely to be important in tests of limiting similarity (de 
Bello et al. 2013, Jensen et al. 2019); however, it is 
notable from our results that when combined with the 
more liberal assessment of plant species coexistence, we 
still found no evidence in support of significant 
flowering asynchrony. However, when an approach that 
includes intraspecific variation in flowering time was 
used in combination with the more conservative 
assessment of plant species coexistence, evidence 
supported significant flowering asynchrony (i.e., 
limiting similarity). It is not clear that this will always be 
the case. Rather, our intention here is to highlight that 
several methodological barriers may have combined thus 
far to prevent ecologists from more commonly finding 
evidence of limiting similarity. For this data set, the 
combination of two approaches that have been identified 
in the literature as being potentially important, was 
consequential. Finally, it is worth noting that using the 
liberal approach to assessing coexistence produced 
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different results in this study than in the site explored by 
Jensen et al. (2019), in spite of overlap in species 
composition and relative proximity. This highlights how 
these methodological decisions can be consequential, 
and that patterns reflective of limiting similarity found 
using the liberal coexistence assessment are likely more 
pronounced than original testing suggests. All efforts to 
reduce noise may be consequential because communities 
will differ in sources of potential noise that may interfere 
with evidence of limiting similarity (e.g., intransitive 
competition: Gallien 2017). 

We propose that a conservative assessment of 
coexistence has the advantage of removing some noise 
from coexistence data. A process like dispersal, for 
example, can temporarily place species together that do 
in fact overlap in functional traits related to resource 
acquisition, and this overlap will eventually result in the 
exclusion of the weaker competitor; this amounts to 
noise in coexistence data. Other approaches to reducing 
this kind of noise are possible. For example, approaches 
that examine trait differences only for combinations of 
species that a community-wide test identifies as 
positively co-occurring would focus analyses on species 
that are highly likely to coexist based on evidence across 
all samples. This is analogous to a corrected version of 
the current null model approach. Alternatively, a similar 
approach could be used to identify positively and 
negatively co-occurring pairs of species – such analysis 
has a high standard for identifying significantly co-
occurring species pairs using multiple samples 
(Lavender et al. 2019). Positively co-occurring pairs of 
species should overlap less in flowering time (or other 
relevant traits) compared to negatively co-occurring 
species pairs. Such approaches would be useful in 
revisiting published research that has not produced 
evidence of limiting similarity – we welcome contact 
from authors of such studies who are interested in 
conducting such a test. However, a more conservative 
measure of coexistence may be advisable when testing a 
number of hypotheses related to multiple ecological 
hypotheses – for example, tests to determine whether 
species specialize on parts of abiotic gradients may 
benefit from using the conservative approach outlined 
here to assessing the presence and/or abundance of 
species along important resource gradients. Accurate 
models relating species to environmental conditions are 
becoming increasingly important in predicting species 
movement under a changing climate. 

The conservative assessment of coexistence we 
highlight here is likely to be particularly consequential 
for trait-based null models that use abundance data – like 
the one we present here. This is because the conservative 
assessment of coexistence impacts both the number of 

species accepted as coexisting in plots, as well as their 
abundance. As such, it modifies two aspects of our 
analysis: the number of pairs of species coexisting in a 
sample plot, and the abundance weighting given to each 
pair of coexisting species. These are both fundamental 
components of coexistence that can change considerably 
depending on whether coexistence is assessed using the 
liberal approach that we believe is most common, and 
the conservative approach that we highlight here (Fig. 1). 
Consequently, the conservative assessment of 
coexistence stands to have a pronounced impact on tests 
of limiting similarity in general. 

This is a single example of the potential impact of 
using a conservative method of assessing plant species 
coexistence when testing for evidence of limiting 
similarity. Therefore, it is not clear that applying these 
methods will always produce evidence, or even 
commonly produce evidence in support of limiting 
similarity. Rather, we emphasize here that decisions 
made both in the data collection and analysis process can 
mean the difference between finding and not finding 
evidence in support of limiting similarity. This is 
important because limiting similarity represents a 
prediction closely tied to the goal of understanding how 
niche differences between species contribute to their 
ability to coexist. For these data, a more conservative 
method of assessing coexistence means the difference 
between recognizing and not recognizing the true 
contribution of temporal niche separation to the 
assembly of this particular community.  

Conclusions 

Our results add to the relatively short list of studies that 
have produced evidence consistent with limiting 
similarity and highlight the potential importance of 
temporal niche separation in plant species coexistence. 
Furthermore, we have demonstrated that a common null 
model used to test for evidence of limiting similarity 
(functional trait divergence / overdispersion) is sensitive 
to the manner in which coexistence is assessed using 
sample plot data. Our results highlight that this 
sensitivity may impact our ability to recognize when a 
community is assembled as predicted under limiting 
similarity, and may bias our overall assessment of the 
importance of functional trait differences among species 
in driving stable coexistence in plant communities. It 
remains to be seen whether this approach will be 
productive in generating more evidence of limiting 
similarity; however, its use should reduce the potential 
for committing type II errors (i.e., finding no evidence of 
limiting similarity when such patterns are in fact present 
in the community). 
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Figure 1. This hypothetical example illustrates how a measure of niche overlap among plant species based on 
flowering time distributions (a) can change depending on the data collection method used to assess which species 
coexist. The liberal assessment, where all individuals are counted regardless of whether they have achieved 
reproduction during that growing season, is common, particularly in the field of plant ecology. The conservative 
assessment of coexistence counts only individuals of each species that have achieved reproduction (i.e. flowering). 
The two different methods produce community data that differ in species richness, which we demonstrate can lead 
to a lower overlap value under the conservative method (b). The two methods of assessing coexistence can also 
result in differences in abundance data; we demonstrate here how the conservative assessment of coexistence can 
lead to lower observed niche overlap (c), which is predicted under limiting similarity. Niche overlap for this 
example is calculated using Schoener’s niche overlap index (Schoener 1970).  
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Figure 2: Graphs illustrating the null model results for tests that identify whether observed flowering time overlap 
among coexisting species is greater (flowering synchrony) or less (flowering asynchrony) than expected if flowering 
times are randomized among species in the community (maintaining broad trait-abundance relationships). Results 
are for null model tests at two plot sizes (50 cm diameter, 1 m diameter; rows) and for tests that use a liberal 
coexistence assessment versus a conservative coexistence assessment (columns). The liberal coexistence assessment 
assumes any plant species found growing together in a plot coexist, while the conservative assessment assumes that 
only species that achieve reproduction in a plot are reliably assessed as coexisting. Frequency data highlight the 
flowering time overlap expected under the null model and the dashed line identifies the observed overlap. Shaded 
areas identify the portions of the null distribution in which an observed value indicates significant flowering 
asynchrony (left side), or flowering synchrony (right side). Significant evidence of flowering asynchrony is 
observed for both plot sizes when the conservative assessment of coexistence is used.  


