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Competition for pollinators destabilizes 
plant coexistence

Christopher A. Johnson1,2 ✉, Proneet Dutt2 & Jonathan M. Levine1

Mounting concern over the global decline of pollinators has fuelled calls for 
investigating their role in maintaining plant diversity1,2. Theory predicts that 
competition for pollinators can stabilize interactions between plant species by 
providing opportunities for niche differentiation3, while at the same time can drive 
competitive imbalances that favour exclusion4. Here we empirically tested these 
contrasting effects by manipulating competition for pollinators in a way that 
predicts its long-term implications for plant coexistence. We subjected annual plant 
individuals situated across experimentally imposed gradients in neighbour density 
to either ambient insect pollination or a pollen supplementation treatment 
alleviating competition for pollinators. The vital rates of these individuals informed 
plant population dynamic models predicting the key theoretical metrics of species 
coexistence. Competition for pollinators generally destabilized the interactions 
between plant species, reducing the proportion of pairs expected to coexist. 
Interactions with pollinators also influenced the competitive imbalances between 
plant species, effects that are expected to strengthen with pollinator decline, 
potentially disrupting plant coexistence. Indeed, results from an experiment 
simulating pollinator decline showed that plant species experiencing greater 
reductions in floral visitation also suffered greater declines in population growth 
rate. Our results reveal that competition for pollinators may weaken plant 
coexistence by destabilizing interactions and contributing to competitive 
imbalances, information critical for interpreting the impacts of pollinator decline.

Ecologists have long recognized the importance of competition for 
abiotic resources in shaping plant diversity5–7, and abundant empirical 
evidence has demonstrated that plants also compete for pollinators8–10. 
In fact, the vast majority of pollinators visit multiple plant species11–13 
such that co-flowering plants compete for the services of shared  
pollinators10. A key unresolved question, however, is how competition 
for pollinators affects plant coexistence. In a broader sense, coexistence 
depends on differences between species in how they interact with their 
abiotic and biotic environment. Termed ‘stabilizing niche differences’ 
in modern coexistence theory7,14, these differences favour coexistence 
by causing individuals to harm individuals of the same species more 
strongly than they harm individuals of other species, which in turn 
benefits species dropping to low relative abundance. In this context, 
the beneficial and harmful effects of plants on the pollination of conspe-
cific and heterospecific neighbours—collectively termed competition 
for pollinators4,15,16—can stabilize or destabilize plant interactions.  
For example, when different subsets of the pollinator community limit 
different plant species, competition for pollinators is hypothesized 
to favour plant coexistence by strengthening stabilizing niche dif-
ferences3. Species dropping to low relative abundance experience 
weaker competition from conspecifics for pollinators, which benefits 
their population recovery. Another theory, however, predicts the exact 

opposite: competition for pollinators destabilizes plant competition 
by favouring common plant species over their rare competitors15,16.  
In this case, conspecific neighbours benefit one another by attracting 
pollinators and providing conspecific pollen. Plant species that drop 
to low relative abundance suffer because they attract fewer visits by 
pollinators or receive a greater fraction of heterospecific pollen due 
to previous pollinator visits to more common species.

Coexistence depends on the stabilizing niche differences between 
species exceeding the average fitness differences of species—their 
differential ability to grow and reproduce under limiting conditions7. 
These fitness differences simply favour one competitor over others 
regardless of their relative abundance, and drive competitive exclusion 
when they exceed the stabilizing niche difference7. In this context, a 
final mechanism by which competition for pollinators affects plant 
coexistence—rarely treated in theory—arises when pollen is limiting 
but plant species differ in their innate ability to attract pollinators and 
successfully transfer their pollen4,17. In such cases, competition for 
pollinators simply confers an advantage to some plant species over 
others, which, all else being equal, harms coexistence.

Critically, it has been exceedingly difficult to empirically disentangle  
these hypothesized effects of competition for pollinators, especially 
against the inevitable backdrop of competition for light and soil 
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resources. Fortunately, recent theoretical advances framing pollina-
tor effects on plant diversity within modern coexistence theory4 make 
it possible to empirically evaluate how competition for pollinators 
affects plant coexistence. Here we combine coexistence theory with 
field experiments to quantify the stabilizing niche and average fitness 
differences in the presence and absence of competition for pollinators, 
thereby quantifying the expected effect of competition for pollinators 
on plant coexistence.

We manipulated competition for pollinators between all pairs of 
five annual plant species characteristic of arable field margin com-
munities in regions of Switzerland with dry, calcareous soils. Of these 
five species, only one (Buglossoides arvensis) is able to autonomously 
self-pollinate; the others rely obligately on pollinators (Extended Data 
Table 1). All of these plant species display generalized insect pollination 
syndromes and, in our study system, were visited most frequently by 
Apis mellifera and Bombus terrestris (family Apidae), with less-frequent 
visits from solitary bees (family Andrenidae) and Syrphid flies (family 
Syrphidae). We sowed focal individuals of each plant species into 80 
2.25-m2 plots within an approximately 650-m2 area mimicking a small, 
patchy meadow (Fig. 1). Focal plants of each species competed against 
a single background competitor within a plot, and plots varied in  
the identity and density of the competitor species (Methods; Fig. 1).  
This experimental design allows us to parameterize population 

dynamic models of annual plant competition, from which we quanti-
fied the stabilizing niche difference and the average fitness difference 
between pairs of plant competitors. To experimentally disentangle 
the effects of competition for pollinators from other sources of plant 
competition, we quantified the stabilizing niche and average fitness 
differences under two treatments: one in which we supplementally 
hand-pollinated focal individuals so that species competed primarily 
for light and soil resources, but not for pollinators, and one in which 
plant species competed for the services of the ambient pollinator  
community in addition to these other resources (Fig. 1).

Our results countered the hypothesis that competition for polli-
nators provides an important axis of niche differentiation between 
plant species3. For nine of ten species pairs, competition for pollinators 
weakened stabilizing niche differences between competitors (Fig. 2a). 
Across all species pairs, competition for pollinators reduced the niche 
difference metric from an average of 0.296 to 0.023 (a 92% reduction; 
t = 2.70, d.f. = 9, P = 0.024; Supplementary Methods). These results 
support the hypothesis that pollinators destabilize plant competition 
by favouring more common plant species at the expense of their rarer 
competitors15,16. Competition for pollinators also had strong effects on 
the average fitness differences between plant species—imbalances that 
simply favour one competitor over others. In contrast to its consistent  
effects on stabilizing niche differences, however, competition for 
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Fig. 1 | Hand pollination reveals the effects of competition for pollinators on 
plant coexistence. a–c, By supplementally hand pollinating focal individuals 
along a density gradient of background competitors (a), we quantified 
interspecific and intraspecific plant–plant interactions with competition for 
pollinators (b) and without competition for pollinators (c). d–f, In both 

treatments, plants interacted with ambient pollinators (d) and competed with 
background plant competitors within 80 2.25-m2 plots (e) arranged within an 
approximately 650-m2 study area (f) that mimicked a small, patchy meadow. 
Illustrations in a–c created by J. Johnson. Photographs in d–f taken by  
M. von Rütte.
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pollinators accentuated and weakened the average fitness difference 
between plant species pairs to roughly equal degrees, generating no 
significant average effect (Fig. 2b; t = 1.02, d.f. = 9, P = 0.33).

Long-term stable co-occurrence of species is predicted when the 
stabilizing niche difference between a pair of species exceeds the aver-
age fitness difference, as depicted by the dark grey region in Fig. 2c. 
Outside this region, one species excludes the other. Consistent with its 
destabilizing effects and its potential to augment average fitness differ-
ences, competition for pollinators never permitted plant coexistence 
(Fig. 2c). In fact, competition for pollinators disrupted the coexistence 
of all three species pairs predicted to coexist in the absence of pollen 
limitation: Papaver rhoeas and B. arvensis (PB in Fig. 2c), Centaurea 
cyanus and B. arvensis (CB in Fig. 2c) and C. cyanus and P. rhoeas (CP in 
Fig. 2c). All other pairs were predicted to show exclusion even without 
pollen limitation, and the majority of these pairs were predicted to 
move even further from the coexistence region with competition for 
pollinators. Given an expectation of three of ten species pairs predicted 
to coexist without pollen limitation, our finding that zero of ten spe-
cies pairs are predicted to coexist with competition for pollinators is 
significantly less than expected under random chance (exact binomial 
test: n = 10, k = 0.3, P = 0.039), suggesting that competition for pollina-
tors significantly reduced plant coexistence.

Reduced intraspecific limitation—a result consistent with large floral 
displays disproportionately increasing pollination of conspecifics—
underlies much of the destabilizing effects of competition for polli-
nators. Three of five species were proven to be pollen limited without 
neighbours (P. rhoeas, C. cyanus and Nigella arvensis), such that their 
low-density fecundity was roughly three times greater when hand pol-
linated (Fig. 3a and Extended Data Table 2). For these species, intraspe-
cific limitation—which stabilizes coexistence—was greatly reduced 
under ambient versus hand pollination (blue panels in Fig. 3b; although 
not significantly so for N. arvensis), and these three intraspecific inter-
actions contributed to the niche differences for nine of ten pairs. This 

result is consistent with beneficial effects of conspecific neighbours 
on pollination through the creation of more attractive floral displays or 
the greater provisioning of conspecific (versus heterospecific) pollen, 
both of which would counter competition from conspecific neighbours 
for other resources. Conversely, competition for pollinators had vari-
able effects on suppression by heterospecific neighbours (white panels 
in Fig. 3b), pointing to its weakening of intraspecific limitation as the 
major driver of our finding that competition for pollinators weakened 
stabilizing niche differences.

Although all of these results concern neighbour effects at very local 
spatial scales, pollinators forage over larger spatial scales than our 
plots18, possibly influencing the estimated values and uncertainties 
of our fitted model parameters. Indeed, diffuse competition for pol-
linators with plants in the broader experimental landscape probably 
explains the pollen limitation of plants with no local competitors in the 
same plot (Fig. 3a). Nonetheless, in the Supplementary Discussion, we 
show that local competition for pollinators with plants in the same plot 
is the overwhelming determinant of our results. Moreover, we found 
that, although pollen limitation of the four self-incompatible species 
was affected by the identity of the competitor species within its same 
plot, it was unaffected by the abundance of the different competitor 
species at successively larger spatial scales (Extended Data Table 3), 
suggesting that the identity of the competitor for pollinators most 
prominently mattered at the local scale of our plots.

Our results reveal that competition for pollinators destabilizes plant 
coexistence and contributes to competitive imbalances, information 
that is critical for interpreting the effects of pollinator decline on plant 
diversity1,19. Specifically, our findings emphasize that pollinator effects 
on plant fitness differences can be substantial (Fig. 2b), effects that 
should grow even stronger if pollinator decline leads to greater pollen 
limitation1,2. To investigate this hypothesis, we experimentally simu-
lated pollinator decline by enclosing replicate 2.25-m2 communities of 
the five plant species with only a single pollinator species (B. terrestris), 
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Fig. 2 | Effects of competition for pollinators on niche and average fitness 
differences. a,b, Changes in the stabilizing niche difference (a) and the average 
fitness difference (b) due to the effects of competition for pollinators. Each 
point corresponds to a species pair and points are stacked for visibility. c, Plant 
interaction outcomes predicted by the stabilizing niche and average fitness 
differences with (black points) and without (green points) competition for 
pollinators. Species coexist in the dark grey region, exclusion occurs in the 
white region, and a priority effect arises in the light grey region. Each arrow 
shows the overall effects of competition for pollinators on a given species pair, 
with the superior competitor listed first and the inferior competitor listed 
second. B, B. arvensis; C, C. cyanus; N, N. arvensis; P, P. rhoeas; S, S. arvensis.  

The C. cyanus and N. arvensis pair does not appear in c because its niche 
difference is extremely negative (−0.9 ± 0.6 and −1.7 ± 0.4 with and without 
competition for pollinators, respectively); this pair corresponds to the only 
positive point in a. The average fitness differences are plotted as ln(κ2/κ1), 
where species 2 is the superior competitor (for the C. cyanus and N. arvensis 
pair, ln(κC/κN) = 2.76 ± 0.81 and 2.44 ± 0.48 with and without competition for 
pollinators, respectively). Niche differences are plotted as −ln(ρ) to show each 
quantity on the same scale (Supplementary Methods). Plant coexistence 
requires that the average fitness difference, ln(κ2/κ1), is less than the stabilizing 
niche difference, −ln(ρ). In a–c, error bars show ±1 s.d.
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and as a control, subjected the same plant community to open enclo-
sures accessible to the ambient pollinator community (Methods).  
The reduction in visitation with pollinator decline differed across the 
five species (x axis in Fig. 4). Moreover, the effect of pollinator decline 
on the per capita population growth rates of the plant species was well 
predicted by the reduction in their visitation (Fig. 4). These results 

extend recent findings20,21 to our system, and suggest that pollinator 
declines could differentially impact plant performance, favouring 
some competitors over others.

Our central finding that competition for pollinators tends to destabi-
lize plant interactions comes with important distinctions and caveats. 
First, and as a matter of context, biologists have long known that plant 
species differentially rely on pollinators22,23, and thus the presence or 
absence of pollinators should naturally influence plant competitors. 
However, this general effect of pollinators is different than the specific 
role of competition for pollinators on plant coexistence, as examined 
here. Indeed, recent work has compared plant interactions in the pres-
ence and absence of pollinators in synthetic communities, and shown 
that pollinators increase plant persistence probability through direct 
and indirect interactions24. By contrast, we experimentally alleviated 
pollen limitation while leaving the natural pollinator community intact 
to specifically quantify the effects of competition for these pollinators. 
Along these lines, we acknowledge that our hand pollination treatment 
might not have completely eliminated competition for pollinators, but 
if so, our results would underestimate the true destabilizing effects of 
this interaction.

A second consideration is that our study specifically captures pol-
linator foraging decisions at spatial scales smaller than the 650-m2 
scale of our experiment. How competition for pollinators at even large 
spatial scales influences competition among neighbouring species is 
an important question worthy of further study, probably requiring the 
integration of plant effects on pollinator demography. More generally, 
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predict interaction outcomes, the conditions αii > αji and αjj > αij favour, but do 
not guarantee, coexistence (Supplementary Methods). The asterisks (*) and 
double asterisks (**) signify that the estimates are significantly different at the 
P < 0.1 and P < 0.05 level, respectively (likelihood-ratio tests; two-sided; n = 13 
parameters; see Extended Data Table 2). Illustrations in a created by J. Johnson.
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our study did not explicitly consider coexistence mechanisms of plant 
species operating over larger spatial and temporal scales7, probably 
explaining why local coexistence was predicted to be rare in our annual 
plant community at the plot scale. Finally, competition for pollinators 
could, in principle, enable coexistence in a more diverse community, 
even when destabilizing individual species pairs, for example, by driving  
intransitive loops in competitive dominance25. Our central result that 
competition for pollinators tends to reduce niche differences always 
held when we used a structural stability approach26 to examine the 
effects of pairwise competition for pollinators in all three-species, four- 
species and five-species communities, and simulations confirmed that 
the outcome of the pairwise interactions (Fig. 2c) were unchanged 
in these more speciose plant communities (Extended Data Table 4).

Pollinator decline is expected to make pollen increasingly limiting1, 
and this loss of mutualism has long been expected to harm plant demo-
graphic performance2,24. However, greater pollen limitation also implies 
greater competition for pollinators. Our central finding that competi-
tion for pollinators generally destabilizes plant coexistence predicts 
that pollinator decline may also degrade plant diversity through the 
erosion of stabilizing niche differences. Furthermore, although past 
theoretical studies have not emphasized pollinator effects on plant 
average fitness differences (but see refs. 4,17), our empirical investi-
gation demonstrates that these effects can be quite substantial.  
The accentuating or equalizing effects of competition for pollinators 
on plant average fitness differences should grow even stronger with 
pollinator decline, changing interaction outcomes in ways that are 
difficult to predict. Indeed, our experimentally simulated pollinator 
decline led to severe reductions in both floral visitation and per capita 
seed production that favoured some plant competitors over others. 
More generally, our study lays the groundwork for more theoretically 
robust investigations of how pollinators affect plant diversity, studies 
that are critical for understanding the maintenance of biodiversity 
and predicting the coexistence consequences of global declines in 
pollinators.
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Methods

Field setup and experimental manipulation of competition for 
pollinators
 We studied five common annual plant species commonly found in 
field margins in dry, hilly, calcareous soil regions of Switzerland. The 
species are Sinapis arvensis, B. arvensis, P. rhoeas, C. cyanus and  
N. arvensis (Extended Data Table 1). Field work was conducted at the 
Eschikon-Lindau Field Station of the ETH Zürich, Switzerland, in an 
approximately 650-m2 area containing the 80 2.25-m2 plots used in our 
study. The sample sizes were determined by the number of available 
plots, with 10 focal individuals per plot (Supplementary Methods). 
Blinding was not possible in this study. Focal individuals of each plant 
species competed against a single background competitor within each 
plot, which varied in the identity and density of the competitor species. 
Focal individuals were randomly assigned positions within a plot and 
background competitor species were randomly assigned to the plots, 
ensuring only that the same species was not sown in directly neighbour-
ing plots to minimize highly clumped floral displays across plots. We 
measured the per capita seed production of each species as a function 
of the number of germinated neighbours that it faced within a 20-cm 
radius (Supplementary Methods). Two focal plants per species per 
plot were randomly assigned to one of two treatments: supplemental 
hand pollination and a control treatment in which plants received only 
ambient pollination.

Field parameterization of population models
We field-parameterized a mathematical model describing the popula-
tion dynamics of competing annual plants, using instrumental vari-
ables analysis to account for omitted variable bias27 (Supplementary 
Methods). The parameterized model was used to estimate stabiliz-
ing niche differences and average fitness differences between all pairs 
of competitors and to predict interaction outcomes (Supplementary 
Methods). We used likelihood-ratio tests to compare model estimates 
of each parameter between the two pollination treatments.

Experimentally simulated pollinator decline
We experimentally simulated pollinator decline by enclosing an 
additional 22 replicate 2.25-m2 plots sown with all five plant spe-
cies, and then subjected these communities to one of two randomly 

assigned pollinator treatments. In the pollinator decline treatment, 
we maintained only a single pollinator species (one male B. terrestris), 
and in the control, the communities were accessible to the ambient 
pollinator community. We observed floral visits under both pollina-
tor treatments and estimated the per capita seed production of each 
species (Supplementary Methods).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Data are available on Zenodo: https://doi.org/10.5281/zenodo.6474018. 
The data were recorded in Microsoft Excel (v. 16.48) and analysed in R 
(v. 3.6.3). Source data are provided with this paper.

Code availability
Codes are available on Zenodo: https://doi.org/10.5281/zenodo. 
6474018. The figures were plotted in Mathematica (v. 12.0). 
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Extended Data Table 1 | Details about the annual plant species used in the experiment



Article
Extended Data Table 2 | Likelihood-ratio tests evaluating whether low-density fecundity, λi, or competition coefficients, αij, 
differed between pollination treatments

We used likelihood-ratio tests (with d.f. = 12) to compare a full model with separate estimates of the parameters for each treatment with a reduced model with only one estimate of the parameter 
across both treatments (Supplementary Methods).



Extended Data Table 3 | Effects of plant competitors for pollinators at multiple spatial scales on pollen limitation

Two-sided analysis of variance (ANOVA) tests with background competitor species as a fixed effect (with d.f. = 5) show that pollen limitation (quantified by the log-ratio of per germinant seed 
production under ambient pollination over per germinant seed production with pollen supplementation) differed significantly as a function of the identity of the competitor species within the 
same plot as the focal individuals for all species except for self-compatible B. arvensis. This “within-plot” effect indicates that plant neighbors within a plot affected the pollen limitation of focal 
plants. However, plants in neighboring plots may also attract pollinators away from focal individuals, effectively competing for pollinators at larger spatial scales. Moreover, the background 
species in the array of neighbouring plots differed between individual plots due to the random assignment of competitor identity to plot. Multiple linear regression analyses with the number of 
surrounding plots with each background species as predictor variables (two-sided; each with 1 d.f.), however, showed that pollen limitation was not significantly affected by the identity of the 
competitors for pollinators at any spatial scale in our study larger than the focal plot (i.e., within an n x n plot grid centered on the focal plot, where n = 3, 5, 7). In addition, two-sided ANOVA tests 
show that pollen limitation was not significantly affected by whether focal plants were in plots at the edge or interior of our plot array (a fixed effect with d.f. = 1), suggesting that pollinators were 
not, for example, favoring plants in plots nearest to the surrounding matrix. Together, these analyses suggest that while pollinators must be making foraging decisions at larger spatial scales 
than those of our plots, pollinator decisions about which plants to visit within a plot most strongly determined plant performance.
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Extended Data Table 4 | Effects of pairwise competition for pollinators in all possible three-, four-, and five-species 
communities

Effects of competition for pollinators on the structural analogs of the niche difference, Ω, and average fitness difference, θ, using a structural stability approach to coexistence26 (Supplemen-
tary Methods). Interaction outcomes were evaluated by simulation; letters indicate species that persisted in the model (S = S. arvensis; B = B. arvensis; P = P. rhoeas; C = C. cyanus; N = N. arvensis). 
Direct comparison between the magnitudes of the structural analogs of the niche and fitness differences are not possible with these particular metrics26.
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