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Abstract. Pollination is critical for plant fitness and population dynamics, yet little attention is
paid to the role of flowering and plant-pollinator interactions in structuring plant communities,
including community responses to environmental change. Changes in arbuscular mycorrhizal fungi
(AMF), nutrient abundances, and plant litter all affect plant access to different resources, and are
known regulators of community structure. Each factor can also affect flowering and plant-pollinator
interactions, potentially contributing to changes in community structure. To test whether AMF, nutri-
ents, and litter influenced the relationship between pollination and community structure, we con-
ducted a 5-yr field experiment applying fungicide, adding fertilizer, and removing plant litter in native
grassland. We measured the distribution of flowers and floral visits among species in year three and
linked these measures to changes in plant composition and species richness between years three and
five. We hypothesized that an uneven distribution of flowers and visits among species would lead to
greater community change, but that the treatments would disrupt this relationship by altering sexual
allocation and recruitment. Consistent with our hypothesis, communities with uneven flower distribu-
tions exhibited greater changes in community composition and richness under ambient conditions.
However, AMF suppression neutralized this relationship and regulated the other treatment effects,
highlighting the potential importance of AMF for stabilizing recruitment dynamics. Combined, AMF
suppression and nutrient addition caused species losses when few species flowered, likely by com-
pounding stresses for those species. The treatment effects on the relationship between flowering and
community composition were more nuanced, but were likely driven by increased competition and
altered flowering among species. By contrast, community composition was more stable when visitation
rates were uneven among species, irrespective of any treatments. This suggests that some species
require high visitation rates to maintain their populations due to greater dependence on sexual repro-
duction. Combined, these results highlight the importance of flowering and floral visitation to the
dynamics of grassland communities. They also suggest that altered recruitment dynamics is a major,
yet understudied, mechanism by which environmental change affects communities. Consequently,
understanding the effects of environmental change on plant communities will require study of both
plant growth and sexual reproduction.
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INTRODUCTION

Changes in sexual reproduction can have profound effects
on plant populations (Potts et al. 2010) and potentially
plant communities (Sargent and Ackerly 2008, Burkle and
Alarc�on 2011). Despite the wealth of studies exploring the
complex interactions between plants and pollinators (Trave-
set et al. 2016), empirical evidence showing that these inter-
actions regulate plant community structure remains limited
(Burkle and Alarc�on 2011, Brosi and Briggs 2013). However,
parallel declines between plants and pollinators (Biesmeijer
et al. 2006, Burkle et al. 2013) and the importance of
propagule limitation within many communities (Myers and
Harms 2009) suggest that sexual reproduction is important
for plant communities. Consequently, understanding how
flowering and plant-pollinator interactions relate to
changes in plant community structure may be integral to

understanding long-term community dynamics, including
the maintenance of plant diversity (Burkle and Alarc�on
2011, Maron et al. 2014, Larson and Funk 2016).
Flowering and plant-pollinator interactions are expected

to affect community change by altering the relative extent of
seed production and recruitment among species (Burkle and
Alarc�on 2011, Maron et al. 2014, Larson and Funk 2016).
Species that flower less or are less frequently visited by polli-
nators should produce fewer seeds and decline in abundance
relative to species that have more flowers or are less pollen
limited. Consequently, if the distribution of flowers or floral
visits among species deviates from the distribution of vegeta-
tive abundances, the community should change over time.
Similarly, if some species do not flower or are not pollinated,
then those species may be lost from the community, thereby
reducing species richness. This suggests that the distribution
of flowers and floral visits among species should be predic-
tive of future community change. However, species differ in
their reliance on sexual reproduction for population growth
(Herben et al. 2015), which may result in an uneven distri-
bution of flowers and floral visits among species in stable
communities. Consequently, uneven distributions of sexual
reproduction may also result in community stability.
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Sexual reproduction and recruitment both depend on
resource availability, suggesting that resource availability
may also alter the relationship among flowering, floral visi-
tation, and community structure (Burkle and Irwin 2010,
Foster et al. 2011). To explore such effects, we suppressed
arbuscular mycorrhizal fungi (AMF), added nutrients, and
removed plant litter: each of which alter the relative avail-
ability of light, water, and nutrients. AMF exchange soil
nutrients for photosynthate; consequently, AMF enhance
nutrient availability when nutrients are scarce, but become
parasitic when nutrients are abundant and when carbon is
limiting (Johnson et al. 1997, 2015). Nutrient addition
increases the availability of essential nutrients, but also
reduces light available to some species by increasing the
growth of others (Hautier et al. 2009). Litter removal
increases light penetration, but can reduce soil moisture by
increasing evaporation (Facelli and Pickett 1991). Due to
this combination of effects, nutrient addition may increase
the parasitic effects of AMF for species that do not respond
positively to nutrient addition and become carbon limited.
By contrast, litter removal may offset any negative effects
associated with carbon limitation by increasing light avail-
ability. Moreover, each of these factors can affect the relative
abundance of different plant species (Bennett and Cahill
2013) and sexual reproduction (Cahill et al. 2008, Burkle
and Irwin 2010, Baude et al. 2011, Masters and Emery
2015), but it is unclear whether these effects are linked.
The effects of AMF, nutrients, and litter on plant commu-

nity structure are frequently site dependent (Hartnett and
Wilson 2002, Hautier et al. 2009, Dickson and Foster 2011,
Loydi et al. 2013), and any effect on the relationship among
flowering, floral visitation, and community change will
likely be as well. This study occurred in a C3-dominated
grassland at the northern edge of the Great Plains (see
Methods). In this system, AMF promote plant diversity by
increasing the establishment of rare species (Bennett and
Cahill 2016), while nutrients and litter decrease diversity by
reducing light availability (Lamb 2008), which may act to
increase competition or reduce germination. If recruitment
is important, we may therefore expect AMF suppression
and nutrient addition to weaken the relationship among
flowering, visitation, and community change, and for litter
removal to strengthen the relationship. In the absence of sig-
nificant recruitment, which may be common in perennial
communities, treatment effects on flowering and visitation
may still be linked to changes in the community if allocation
to flowering and pollinator attraction change in concert
with plant growth (Hartnett 1990, Karlsson and Mendez
2005). Nonetheless, it is difficult to predict how resource
effects on sexual allocation will affect the relationship
among flowering, floral visitation, and community change
as species vary greatly in their sexual allocation strategies
(Herben et al. 2015). These relationships are further compli-
cated because AMF, nutrients, and litter do not have consis-
tent effects on insect-pollinated species’ abundances at the
site (Bennett and Cahill 2013) and, at least for AMF, show
similarly inconsistent effects on flowering and floral visita-
tion (Cahill et al. 2008). Nevertheless, such interspecific
variability in treatment effects on plant growth and sexual
reproduction suggests that the treatments will affect the
composition and diversity of species flowering and being

visited, and potentially their relationship with future
changes in community structure.
To determine how AMF suppression, nutrient addition,

and litter removal affect the relationship between sexual
reproduction and plant community dynamics, we conducted
a 5-yr experiment where we applied the treatments factori-
ally. As we were interested in the role of plant-pollinator
interactions, we focused on insect-pollinated species. We
quantified flowering, floral visitation, and vegetative abun-
dances within the experimental plots after 3 yr. To quantify
future changes in the community, we remeasured vegetative
abundances after two additional years. Using this data, we
tested how the relative distribution of flowers and floral vis-
its among species in year three were related to changes in
community composition and species richness between years
three and five. We hypothesized that plots in which flower-
ing or floral visitation were disproportionate within the
community would exhibit the greatest changes in commu-
nity composition and richness over time. Further, AMF sup-
pression and nutrient addition were expected to weaken the
relationships among flowering, visitation, and community
change, while litter removal would strengthen these relation-
ships, with additive interaction effects among treatments.

MATERIALS AND METHODS

Site description and study design

The study occurred at the University of Alberta Roy Berg
Ranch at Kinsella, Alberta, Canada (53°050 N, 111°330 W).
The field site is a savannah type habitat with mixed grass
native prairie interspersed with stands of aspen (Populus
tremuloides Michx.). Graminoids dominate the community
in terms of abundance, but most species are forbs (Bennett
et al. 2014b). Productivity is water and nitrogen limited
(Lamb et al. 2007) and can be an important determinant of
floral visitation (Bennett et al. 2014a). However, flower
abundances, while spatially variable, are the primary driver
of floral visitation (Bennett et al. 2014a). AMF suppression,
nutrient addition, and litter abundance can all reduce plant
diversity (Lamb 2008, Bennett and Cahill 2016), although
their effects are inconsistent among insect-pollinated species
(Cahill et al. 2008, Bennett and Cahill 2013).
In May 2008, we established 20 blocks haphazardly dis-

tributed over a 7-ha area. Each block was located within
open grassland, and consisted of paired 5 9 7 m plots, with
at least 1 m between the two plots in each pair. The outer
0.5 m of each plot was designated as a buffer where no mea-
surements were taken to minimize edge effects, similar to
other studies (e.g., Brunbjerg et al. 2014). We applied the
fungicide Rovral FLO (Bayer Crop Science, Calgary, Alberta,
Canada) to the entire area of one randomly selected 5 9 7 m
plot per block, at a rate of 82.3 mg/m2 iprodione in 7.5 L
water. Control plots received only water. The fungicide treat-
ment was applied biweekly from May through September
until the end of the experiment in 2012. Iprodione effectively
suppresses mycorrhizas, but can also suppress other fungi
(West et al. 1993). To maximize effects on mycorrhizas,
fungicide was applied just prior to light rain when possible to
ensure that the fungicide penetrated the soil. In a previous
study at this site, Rovral suppressed AMF colonization for

June 2018 POLLINATION AND PLANT COMMUNITY DYNAMICS 1481

 19399170, 2018, 6, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.2357 by U

niversity O
f A

lberta, W
iley O

nline L
ibrary on [13/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



forbs, but not grasses, and had inconsistent effects on non-
AM root-associated fungi (Bennett and Cahill 2016). In this
study, fungicide reduced AMF infectivity by 40%, but had no
effect on non-AM hyphae (see Appendix S1: Fig. S1 and
Table S1). Although other fungicides have been shown to
have no direct effect on pollinator behavior (Cahill et al.
2008), the direct effects of this fungicide are unknown. Con-
sequently, we applied fungicide only after all observations
were completed for each two-week interval in 2010 to mini-
mize direct effects on pollinators, with a minimum of 5 d
between fungicide application and insect observation. Fungi-
cide application also had no significant effect on resource
availability or plant productivity. See Appendix S1 for meth-
ods, and Appendix S1: Table S2 and Fig. S1 for full results.
In April 2009, each plot was divided into four smaller

2.5 9 3.5 m subplots. To minimize interactions among
plants in adjacent subplots, we cut the roots along subplot
borders to at least 10 cm using an edging shovel: most root
biomass and belowground competition occurs in the upper
10–15 cm of grassland soils (Cook and Ratcliff 1984, Gill
et al. 1999). Within the subplots, we removed litter and
added NPK fertilizer in a restricted randomized design, such
that each combination of nutrient and litter removal was
replicated within the larger plot. At the beginning of each
May between 2009 and 2012, we removed plant litter from
one-half of the subplots by raking them until all fallen litter
was removed. We also raked the subplots without litter
removal to simulate the same level of mechanical distur-
bance, but the litter was replaced. Immediately following
raking, we added a slow release fertilizer (14-14-14 NPK
Osmocote Classic; Scotts Professional, Marysville, Ohio,
USA) to one-half of the subplots at a rate of 5.22 g NPK/
m2: this rate was chosen to match previous nutrient manipu-
lations at the site (Lamb et al. 2007). In this study, nutrient
addition increased nitrogen availability and plant productiv-
ity, primarily of graminoids, consequently reducing light
availability and soil moisture. Litter removal reduced litter
mass, thereby increasing light penetration and reducing soil
moisture, although the effects on light were attenuated when
nutrients were added. Litter removal also reduced graminoid
abundance unless fungicide was applied. Full methods for
resource and productivity quantification are found in
Appendix S1 with the results found in Appendix S1:
Table S2 and Fig. S1.

Plant abundances, flowering, and plant-pollinator interactions

Within each of the 2.5 9 3.5 m subplots, we established a
central 0.5 9 0.5 m permanent quadrat at the onset of the
experiment. In June, July, and August of 2010 and 2012, we
estimated percent cover of all vascular plants within this
quadrat. As species abundances vary throughout the grow-
ing season, we considered the abundance of each species in a
quadrat as the maximum cover recorded. Hereafter, we refer
to cover from 2010 as initial cover and 2012 as final cover.
As we are focused on the effects of pollination on plant com-
munities, when calculating community composition and spe-
cies richness, we include only those species where flowers
had been visited by insects in this study or a previous study
at the site (Bennett et al. 2014a). The changes in composi-
tion and richness of insect-pollinated species were, however,

correlated with the change across the entire plant commu-
nity (composition R2 = 0.32, P < 0.001; richness R2 = 0.69,
P < 0.001; see Appendix S1: Fig. S2).
Both flowering stem abundance and floral visitation were

surveyed from 1 June to 15 September 2010. Flowering stem
composition and insect visits to those stems were observed
in each subplot for three 4-min intervals every two weeks (12
total minutes per two-week period): once in the morning,
early afternoon, and late afternoon per period. We limited
our observations to mostly sunny and calm days between
09:00 and 19:00 h, and adjusted observations to avoid cool
mornings and evenings in June and September and hot peri-
ods near solar noon in July and August when pollinators
would be less active. We restricted our measurement of flow-
ering to flowering stems because it was unfeasible to count
individual flowers given the time constraints and number of
flowering stems (approximately 6,000 stems per two weeks).
We recognize that stems can vary greatly in the number and
size of flowers, which could impact sexual reproduction.
However, the number of flowers per stem and flower size
were not strongly affected by fungicide application at this
site in a previous study, suggesting that, at the population
level, flowering stem densities may be a sufficient measure-
ment of how flowering responds to the treatments (Cahill
et al. 2008). As flowering stems persisted across multiple
surveys and it was not feasible to track each individual stem,
we use the maximum number of flowering stems per species
per subplot as a conservative estimate of flower abundance.
Flower visitation was monitored by direct observation of
the number of visits to each flower species. Each contact
between an insect and the reproductive parts of a flowering
stem was considered a single visit (Cahill et al. 2008).

Abundance, composition, and diversity

To explore the relationship among flowering, visitation,
and changes in community structure, we first calculated
measures of these metrics that were independent of the
initial community structure and of each other (hereafter
“relative” measures). Using only data for insect-pollinated
species, we first quantified community composition and spe-
cies richness using each species’ maximum initial and final
percent cover, maximum flowering stem densities, and total
number of visits. For each of the plant measures, community
composition was represented by the species by subplot
matrix and species richness as the number of species present
in that subplot. We then calculated the relative measures of
composition and richness represented the distribution of
flowers and visits among species, and changes in vegetative
composition and richness between 2010 and 2012. The rela-
tive distribution of flowers was calculated by comparing the
composition and number of species of flowering stems to
either the composition or species richness of initial cover.
Similarly, relative visitation was calculated as visits relative
to flowering stems, and community change as final relative
to initial cover.
We calculated the compositional measures of relative

flowering visitation, and community change using Bray-
Curtis dissimilarities. To minimize the influence of absolute
abundances and rare species on dissimilarity, we standard-
ized the data using a Hellinger transformation (Legendre
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and Gallagher 2001). In eight subplots, no insect-pollinated
species were observed for at least one of the measurements.
These subplots were dropped from subsequent analyses.
We calculated the relative number of species flowering

and being visited, and the change in species richness as the
standardized residuals of linear regressions. We use residuals
rather than ratios as residuals allow for zeroes in the denom-
inator, as would occur if new species colonized a plot
between 2010 and 2012. Residuals also give a better estimate
of the magnitude of the difference when the numerator is
zero: 0/2 and 0/7 species flowering would have the same
ratio, but differ in magnitude. We used standardized residu-
als so that cover, flowering, and visitation were all on the
same scale.

Analyses

Flowering, visitation, and community change.—To test
whether relative flowering and floral visitation were related
to future changes in vegetative abundances, we used separate
mixed models for species composition and richness. These
models included the change in composition or richness as
the response variable and either the relative initial composi-
tion or number of species flowering and being visited as
fixed effects. We also used these models to test whether these
relationships were disrupted by the treatments. Conse-
quently, both models included the factorial interactions
among the treatments, relative flowering, and relative visita-
tion as fixed effects, but did not include any interactions
between flowering and visitation. To account for the split-
plot design, we also included block and the block by fungi-
cide interaction as random effects. We also tested whether
these relationships were affected by changes in total grass
cover; however, including changes in grass cover greatly
complicated the model, but did not alter the results, so we
do not present the results here. All mixed models were con-
ducted using the R package lme4 (Bates et al. 2014) with
degrees of freedom estimated by the Satterthwaite method
in the r package lmerTest (Kuznetsova et al. 2014).

Treatment effects on flowering and visitation.—In addition
to testing the relationship among flowering, visitation, and
community change, we were also interested in treatment
effects on the relative composition and number of species
flowering and being visited. We tested for treatment effects
on both metrics of relative flowering and visitation using
four separate mixed models: one using each combination of
plant measure (flowering or visitation) and community met-
ric (composition or species number) as the response variable.
Each model included fungicide, nutrient addition, and litter
removal as factorial fixed effects, with block and a block by
fungicide interaction as random effects to account for the
split-plot design.

RESULTS

Across all plots, we recorded 24,753 flowering stems
belonging to 51 insect-pollinated species that were observed
being visited 7,149 times, primarily by bumblebees (see
Appendix S1: Fig. S3). Insect-pollinated species accounted
for 39% of the vascular plant cover in 2010 and 36% in

2012, averaged across all treatments. Despite little change in
total cover, the average number of species composing these
cover estimates declined 29%, from seven to five species per
plot, driven by the loss of species in plots where nutrients
were applied (see Appendix S1: Fig. S4).

Flowering, visitation, and compositional change

Consistent with our hypothesis, plots in which the compo-
sition of flowers was not proportional to vegetative abun-
dances exhibited the greatest future change in cover
composition under ambient conditions (positive relationship
in Fig. 1A; Table 1). Conversely, when insect visits were
unevenly distributed among the available flowers, there was
less change in community composition (negative relation-
ship in Fig. 1B; Table 1). Further, the relationship between
flowering and compositional change was sensitive to the
treatments, whereas the treatments had no effect on the rela-
tionship between visitation and changes in community com-
position (Table 1). Fungal suppression largely eliminated
the relationship between relative flower composition and
changes in community composition (Fig. 1A; Table 1), but
fungicide effects were modified by nutrient addition and lit-
ter removal (four-way interaction; Table 1). Nutrient addi-
tion caused the relationship between flowering and changes
in community composition to become negative in fungicide
treated plots (i.e., less change when flowers were unevenly
distributed), but only when litter was intact (Fig. 1A).

Flowering, visitation, and changes in species richness

When a greater proportion of species flowered under ambi-
ent conditions, future species losses were minimized within
the community, mirroring the relationship found for commu-
nity composition (positive relationship in Fig. 2A; Table 1).
However, the relative number of species being visited was
unrelated to changes in species richness (Fig. 2B; Table 1).
Additionally, there was a significant interaction effect among
fungicide, nutrient addition, and the relative number of spe-
cies flowering (Table 1). Fungicide neutralized the relation-
ship between flowering and changes in species richness when
no nutrients had been added (Fig. 2A). When both fungicide
and nutrients were added, the slope of the relationship
between flowering and species richness remained positive,
although this combination of treatments caused large decli-
nes in species richness relative to ambient conditions, espe-
cially when few species flowered within the plot.

Treatment effects on flowering and visitation

Treatment effects on the relationship between flowering
and community change were largely independent of any
treatment effects on the relative composition (Fig. 3A;
Appendix S1: Table S3) or number of species flowering
(Fig. 3B; Appendix S1: Table S3). For the relative composi-
tion of species flowering, only litter removal had a signifi-
cant effect (F1,103 = 4.07, P = 0.046), causing the
community floral display to be more proportional to the
vegetative composition of the community (i.e., lower dissim-
ilarity; Fig. 3A). For species richness, nutrient addition mar-
ginally increased the relative number of species flowering
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(Fig. 3B; F1,114 = 3.74, P = 0.056), but no other treatments
had any significant effect (see Appendix S1: Table S3). There
were also no significant effects of the treatments on the com-
position or number of species being visited by insects
(Fig. 3C, D, Appendix S1: Table S3).

DISCUSSION

Both flowering and visitation were related to future changes
in the community, but in opposite ways. Plots in which flowers
were not proportional to vegetative abundances exhibited the
greatest change in community composition. By contrast, dis-
proportionate visitation among flowers was associated with

fewer changes in community composition. These results sug-
gest that allocation toward flowering stem production and
pollinator attraction represent different strategies within the
community, but that both may be useful indicators of future
community change. However, the relationship between flower-
ing and community change was disrupted by the treatments,
primarily the suppression of mycorrhizal fungi. The sensitivity
of this relationship to changes in the environment could be
attributed to either changes in the relationship between flower-
ing and vegetative growth or change in recruitment within the
community. Disruption of either of these processes may
reduce the utility of flower production as an indicator of long-
term community dynamics.

FIG. 1. The change in community composition as a function of (A) the relative composition of species flowering and (B) the relative
composition of species visited. Fungicide treated subplots are on the right and subplots without fungicide on the left. Other treatments are
as shown in the legend. Relative flowering was measured as dissimilarity between the composition of species as flowering stems and as cover
in 2010, and relative visitation as dissimilarity between the composition of species flowering and those being visited. Data points represent
model predictions with associated linear regressions.
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Flowering, visitation, and community change

Under ambient conditions, we predicted that relative
flowering and floral visitation would be positively related to
changes in the community because species that produce
more seed should become more abundant, whereas species
that do not produce seed should decline in abundance and
may be excluded from the community (Burkle and Alarc�on
2011, Maron et al. 2014, Larson and Funk 2016). For flow-
ering, our results were consistent with this hypothesis for
both community composition and species richness, but it is
unclear whether this relationship can be attributed to
recruitment, as recruitment can take a long time to influence
community structure in perennial grasslands (Stampfli and
Zeiter 2004). However, individuals in beneficial conditions
frequently increase both growth and sexual allocation, while
stressed individuals allocate resources to persistence, rather
than reproduction (Hartnett 1990, Karlsson and Mendez
2005). A lack of flowers for stressed individuals would also
reduce the relative number of species flowering and may
forecast their loss from the community. These scenarios
could account for the positive relationship between flower-
ing and changes in community structure, irrespective of any
changes in recruitment. Future work should measure rela-
tive seed production and recruitment to differentiate
between these mechanisms. Nevertheless, the distribution of
flowering effort among individuals and populations remains
a useful indicator of future changes in community composi-
tion and species richness in clonal perennial communities, at
least in relatively stable conditions.

By contrast, the distribution of visits within the community
were negatively associated with changes in the composition of
insect-pollinated species. In other words, community compo-
sition changed the least in plots where visits were unevenly
distributed among species and changed the most in plots
where visits were evenly distributed. This relationship may
result from differences among species in their allocation
toward vegetative and sexual reproduction, which can vary
greatly (Herben et al. 2015). Species that rely primarily on
sexual reproduction may require disproportionately higher
visitation rates to maintain their population, whereas pollina-
tor attraction can be less important for clonal species (Lovett
Doust 1989). Consequently, the community will be stable if
those species requiring pollination for population growth
receive a greater proportion of the visits and are able to pro-
duce seeds and new individuals. Even without recruitment,
declining visitation rates for these species and more evenly
distributed visits among flowers may signal future population
declines, if resources are allocated away from pollinator
attraction toward persistence (Karlsson and Mendez 2005).
At first glance, the fact that communities change more

when flowering is unevenly distributed among species, but
less when visits are unevenly distributed among species
seems contradictory. These two relationships may represent
two subsets of the community: species that rely on vegetative
reproduction and those that rely on sexual reproduction.
Many of the species at the study site produce extensive
clones. Clonal species in beneficial conditions will expand
vegetatively (Lovett Doust 1989), but many clonal perenni-
als will also increase sexual allocation (Hartnett 1990). This

TABLE 1. Results of mixed models testing the effects of the treatments, flowering, and visitation on changes in species richness and
community composition.

Factor

Composition Species richness

df F P df F P

Fungicide 116 4.90 0.029 19 8.31 0.010
Nutrient addition 123 1.61 0.207 103 39.68 <0.001
Litter removal 120 0.60 0.441 103 0.84 0.362
Fungicide 9 Nutrient 123 0.05 0.830 103 10.03 0.002
Fungicide 9 Litter 120 0.06 0.806 103 0.16 0.691
Nutrient 9 Litter 122 0.06 0.811 104 4.41 0.038
Fungicide 9 Nutrient 9 Litter 122 0.42 0.520 104 2.84 0.095
Flowering 106 13.80 <0.001 125 9.85 0.002
Fungicide 9 Flowering 106 9.47 0.003 102 0.01 0.933
Nutrient 9 Flowering 122 3.78 0.054 122 1.35 0.247
Litter 9 Flowering 118 0.26 0.612 122 1.63 0.205
Fungicide 9 Nutrient 9 Flowering 122 0.35 0.557 123 6.82 0.010
Fungicide 9 Litter 9 Flowering 118 0.20 0.654 123 0.16 0.690
Nutrient 9 Litter 9 Flowering 120 1.50 0.223 124 1.97 0.163
Fungicide 9 Nutrient 9 Litter 9 Flowering 120 4.30 0.040 123 1.01 0.316
Visitation 127 3.97 0.048 133 1.38 0.242
Fungicide 9 Visitation 127 0.12 0.732 111 0.06 0.811
Nutrient 9 Visitation 127 1.39 0.241 125 1.79 0.184
Litter 9 Visitation 119 1.11 0.294 127 0.75 0.388
Fungicide 9 Nutrient 9 Visitation 127 0.01 0.931 123 0.02 0.882
Fungicide 9 Litter 9 Visitation 119 0.04 0.837 127 0.05 0.825
Nutrient 9 Litter 9 Visitation 124 2.03 0.157 129 0.91 0.342
Fungicide 9 Nutrient 9 Litter 9 Visitation 124 1.83 0.179 129 3.47 0.065

Notes:Degrees of freedom were estimated using the Satterthwaite method. Effects significant at P < 0.05 are shown in boldface text.
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would increase dissimilarity between vegetative and flower-
ing stem abundances and may forecast expansion of the
genet at the expense of other species that are either non-clo-
nal or expand slowly. Non-clonal or weakly clonal species
are likely to rely more heavily on sexual reproduction for
population growth (Herben et al. 2015). They are also smal-
ler and may not have the resources to produce more flower-
ing stems, which can impose significant costs on plants
(Obeso 2002). These non-clonal or weakly clonal species still
require seed production to maintain their populations, so
may increase allocation to floral reward to minimize pollen
limitation (Knight et al. 2005). By splitting the data set into

species that are either aggressively clonal or non-clonal and
weakly clonal (Appendix S1: Table S4), we find results that
are partially consistent with this hypothesis. Aggressively
clonal species drive the relationship between flowering and
species richness and only less aggressive species show a nega-
tive relationship between visitation and changes in composi-
tion (Appendix S1: Table S5). However, neither group
exhibited a strong relationship between flowering and
changes in composition. It also remains possible that some
species allocate resources to flowering in beneficial condi-
tions, and to pollinator attraction when resources are lim-
ited. Nevertheless, the observed patterns still indicate that

FIG. 2. The relationships between (A) the relative number of species flowering and the change in species richness and (B) the relative
number of species visited and the change in species richness. Subplots without fungicide application are on the left and subplots with fungi-
cide application are on the right. Other treatments are as shown in the legend. Here, relative flowering was measured as the standardized
residuals between the number of species flowering and those observed vegetatively, and relative visitation as the standardized residuals
between the number of species visited and flowering. Data points represent model predicted values and lines represent linear regression
based on those values.
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community stability should result from a proportionate dis-
tribution of flowers among species and an uneven distribu-
tion of visits among flowers.

Effects of AMF, nutrients, and litter

Although flowering was a reliable indicator of future
changes in community composition and species richness
under ambient conditions, this was not the case when AMF
were suppressed. Further, the effect of the other treatments
on the relationship between flowering and community
change only occurred when AMF were suppressed, indicat-
ing that mycorrhizas play a prominent role in regulating
community dynamics. The precise mechanism is unclear.
Previous studies have shown that mycorrhizas can alter sex-
ual allocation, seed production, and seedling establishment,
but that the effects differ among species (Wolfe et al. 2005,
Cahill et al. 2008, van der Heijden and Horton 2009, Ben-
nett and Cahill 2016). By altering sexual allocation for a
subset of the species, AMF suppression could eliminate the
relationship between flowering and changes in community

composition or species richness without any effect on
recruitment. However, we found no significant effects of
AMF suppression on the relative composition or number of
species flowering, suggesting that changes in recruitment
dynamics are likely involved. This supports the hypothesis
that AMF modulate plant communities through effects on
recruitment in addition to effects on adult plants (van der
Heijden and Horton 2009, Bennett and Cahill 2016).
Nutrient addition only affected the relationship between

flowering and community changes when AMF were sup-
pressed, but the effect differed between composition and
richness. Nutrient addition resulted in significant shading
within the plots, largely due to an increase in the abundance
of graminoids (Appendix S1: Table S2, Fig. S1). Low-light
conditions can increase competitive exclusion (Hautier et al.
2009) and inhibit recruitment by reducing microsite avail-
ability (Foster and Gross 1998), which likely led to the
observed loss of insect-pollinated species (Appendix S1:
Fig. S4). Species loss was greatest in plots where relatively
few species flowered and required AMF suppression, indi-
cating that nutrient addition had the greatest effect on

FIG. 3. Fungicide, nutrient addition (NPK), and litter removal effects on relative flowering and floral visitation. Black circles denote
conditions without fungicide and white circles with fungicide. In all cases, flowering is relative to cover and visitation relative to flowering.
Shown are Bray-Curtis dissimilarity between (A) the composition of flowering stems and cover or (B) between visits and flowering stems
and (C) the number of species flowering relative to those observed as cover or (D) the number of species visited relative to the number flow-
ering. For species richness (C, D), the values represent standardized residuals from linear regressions. Means and standard errors are esti-
mated using the mixed models (see Materials and Methods).
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already stressed plants that had their mycorrhizas disrupted.
The loss of mycorrhizas likely increased competitive pres-
sure from the dominant C3 grasses, which increased with
nutrient addition and are typically less reliant on mycor-
rhizas (Reinhart et al. 2012).
When considering composition, the combination of nutri-

ent addition and AMF suppression resulted in fewer
changes in the community when flowering was dissimilar to
community composition, and greater changes when flower-
ing was more proportionate to abundances. Nutrient addi-
tion stimulated flowering and the number of species
flowering (Appendix S1: Fig. S4), as found in other studies
(Burkle and Irwin 2010), but caused no change in the com-
position of species flowering. This suggests that nutrients
stimulate flowering for both common and rarer species. For
rarer species, flowering may represent an attempt to pass
their genes on to future generations in poor conditions
(Griffiths and Bonser 2013). When these species flower, the
composition of species flowering would become more pro-
portional to their vegetative abundances. However, if these
species are subsequently lost from the community, due to
increased competition and the loss of mycorrhizas, this may
cause changes in community composition, despite the floral
display being similar to initial vegetative abundances. This
relationship was offset once litter was removed. This sug-
gests that increased light reduced competitive exclusion
(Hautier et al. 2009) or stimulated recruitment, but species
losses were greatest in plots where all three treatments were
applied (Fig. 2). Consequently, it is more likely that the
combined effects of all three treatments cause changes in the
community that overwhelm any relationship between flower-
ing and changes in composition.

CONCLUSIONS

Our results show that flowering and floral visitation are
potentially important indicators of future community
dynamics, but that these two indicators may be linked to dif-
ferent subsets of the community. For flowering, the relation-
ship with community composition and richness was easily
disrupted, indicating that effects on sexual reproduction and
recruitment are a potentially critical, yet frequently ignored,
pathway by which environmental change may alter plant
communities. Over the short term, any disruption of this
pathway may be minimized by maintaining intact mycor-
rhizas. However, it is unclear whether the link between sex-
ual allocation and future community change are indicative
of altered recruitment or plant health. Measurements of
seed production and recruitment are required to isolate
any particular mechanism. Nonetheless, changes in commu-
nity composition and diversity mediated through altered
recruitment will undoubtedly become important over the
long-term (Stampfli and Zeiter 2004, Burkle et al. 2013),
reinforcing the need for further study on the role of sexual
reproduction within perennial plant communities.
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