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A small or sparse population may suffer a reduction in fitness owing to Allee

effects. Here, we explored effects of plant density on pollination, reproduction

and predation in the alpine herb Pedicularis rex over two years. We did not

detect a significant difference in the pollination rate or fecundity (fruit set

and the initial seed set) before predation between sparse and dense patches

in either year, indicating no pollination-driven Allee effect. However, dense

patches experienced significantly fewer attacks by predispersal seed preda-

tors in both years, resulting in a significantly decreased realized fecundity

(final seed set), suggesting a component Allee effect driven by predispersal

seed predation. Predation-driven Allee effects have been predicted by many

models and demonstrated for a range of animals, but there is scant evidence

for such effects in plants. Our study provides strong evidence of a component

Allee effect driven by predation in a plant species.
1. Introduction
The Allee effect, referring to a positive causal relationship between any com-

ponent of fitness and population density or size, is of fundamental ecological

importance owing to its strong influence on population dynamics ([1–3]; elec-

tronic supplementary material, appendix S1). The Allee effect is of particular

concern in conservation biology because it may increase the extinction risk of

sparse or small populations [3–6]. By contrast, the Allee effect benefits attempts

to manage unwanted or alien species because it may limit establishment success

or spread of initial colonizers [6–8]. As a process affecting individual fitness,

the Allee effect also exerts a selection pressure on the evolution of various

life-history traits [6,9].

Many mechanisms can lead to an Allee effect, including mate-finding diffi-

culty, predation, inbreeding depression, reproductive facilitation, interspecific

reproductive interference and also other unknown mechanisms [6,10,11].

Species with similar life-history traits may have different responses to popu-

lation density or size. Thus, predicting Allee effects remains challenging [6,11].

For plant species, the best-documented mechanism of Allee effect is pollina-

tion limitation, and it can arise from changes of pollinator composition, reduced

pollinator activity, or deceased quantity or quality of pollination service [5,6,10].

Predation is, in theory, another potential mechanism causing an Allee effect,

although few empirical studies have demonstrated this possibility in plants [6].

Pedicularis rex is self-compatible but depends exclusively on bumble-bees for

reproduction (see electronic supplementary material, appendix S2), and our

field survey showed that P. rex suffered severe predispersal seed predation.

Therefore, it could potentially experience Allee effects with respect to both

pollination success and seed predation. In this study, we explored effects of

plant density on pollination, reproduction and seed predation in P. rex over
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Table 1. Analysis of variance to evaluate the differences in reproduction
and predation between sparse and dense patches in P. rex, with year, r

2
two years in order to test whether Allee effects in reproduction

occurred and to investigate potential mechanisms.
density and their interaction included as fixed effects. Plant size and fruit
production were also included as covariates for fruit set and fruit predation,
respectively. Asterisks indicate statistical significance of p-values.

dependent
trait source d.f. F

fruit set density 1,69 2.945

year 1,69 67.671***

density�year 1,69 0.355

plant size 1,69 3.855

initial seed set density 1,2598 3.767

year 1,2598 0.507

density�year 1,2598 1.241

final seed set density 1,2926 39.025***

year 1,2926 11.954***

density�year 1,2926 0.426

fruit predation density 1,69 6.767*

year 1,69 16.580***

density�year 1,69 0.998

fruit production 1,69 0.213

seed predation density 1,2926 166.220***

year 1,2926 46.571***

density�year 1,2926 4.250*

*p , 0.05; **p � 0.01; ***p � 0.001.
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2. Material and methods
Fieldwork was conducted during the summers of 2005 and 2011

in Shangri-la in northwestern Yunnan, China. The population

studied in 2005 consisted of a sparse patch and a dense patch,

occurred on exposed rock outcrops on the south-facing slope of

Mt. Wufeng (2784704600 N, 9984203500 E; ca 3400 m.a.s.l.). The

population studied in 2011 occurred in a non-cultivated area of

Shangri-la Alpine Botanical Garden where five sparse and six

dense patches were sampled (2785409-3000 N, 9983808-2000 E; elec-

tronic supplementary material, appendix S3). There were more

than five flowering plants per square metre in dense patches

and less than two flowering plants per square metre in sparse

patches. We also determined patch size by calculating the

number of flowering plants (range: 1–500).

We randomly collected 60 and 175 recently wilted flowers

in 2005 and 2011, respectively, and we fixed them in formalin-

aceto-alcohol (5% formaldehyde, 5% glacial acetic acid, 50%

ethanol) immediately. We then determined the pollination rate

(percentage of stigmas on which more than one pollen grain had

been deposited) under a fluorescence microscope. To examine repro-

ductive success resulting from natural pollination, we harvested 16

spikes in 2005 (six and 10 spikes from the sparse and dense patches,

respectively) and 58 spikes in 2011 (26 and 32 spikes from the sparse

and dense patches, respectively) in late August. We counted flowers

and fruits produced per plant and seeds per capsule, from which we

calculated fruit set per plant and seed set per flower. Predated seeds

were easy to distinguish from healthy, intact seeds because the

former had lost part of the seed coat. Only intact seeds were

included when calculating the final seed set; consequently, seed

set was zero when all seeds in the capsule were predated. By con-

trast, the initial seed set was calculated from both intact and

predated seeds per capsule. To quantify fruit and seed predation,

we further calculated fruit predation percentage (no. damaged

fruits � 100/no. fruits per plant) and seed predation percentage

(predated seeds� 100/(intact seedsþ predated seeds) per cap-

sule). Seed predation percentage was considered as 100% for fruits

in which no distinguishable seeds were found.

We used x2 independence test to determine differences in the

pollination rate between sparse and dense patches in both years,

and two sets of analysis of variance (ANOVAs) models to reveal

the relationship between patch density and patch means for var-

ious measures of reproduction and predation. In the first set, we

examined the effects of year, density and their interactions on

reproductive success and predation percentage. Plant size and

fruit production were also included as a covariate for fruit set

and fruit predation, respectively. In the second set, we examined

the effects of patch density, size and their interactions on repro-

ductive success and predation in 2011. All statistical analyses

were performed with SPSS v. 20.0 (SPSS, Chicago, IL, USA).
3. Results
No significant differences were found in the pollination rate

between sparse and dense patches in either year (x2 ¼ 0.29,

p ¼ 0.59 in 2005; x2 ¼ 1.30, p ¼ 0.25 in 2011). Overall, the pol-

lination rate was significantly higher in 2011 than in 2005

(90% versus 63%; x2 ¼ 22.02, p , 0.001). As a result, fruit

set was dramatically higher in 2011 than in 2005. However,

there was no significant difference in the initial seed set

between years. By contrast, the final seed set was significantly

lower in 2005 because P. rex suffered more severe fruit and

seed predation that year (table 1 and figure 1).
Patch density did not affect fruit set or the initial seed set,

but it did significantly influence the final seed set (table 1).

The final seed set decreased significantly in sparse patches

(figure 1), indicating a component Allee effect. We also found

that P. rex experienced lower levels of fruit predation and

seed predation in dense patches (table 1 and figure 1). Patch

size did not affect fruit set and the final seed set in 2011, but

we found a significant interaction between size and density

on the initial seed set, fruit and seed predation, respectively

(table 2). Initial seed set decreased significantly at high density

in small patches but not in large patches (F1,2048¼ 59.42, p ,

0.001; F1,2048¼ 0.38, p ¼ 0.536; respectively), with the highest

initial seed set in small sparse patches (figure 2). The percentage

of fruit and seed predation decreased at high density more shar-

ply in small patches than in large patches. Moreover, we found

distinct patch-size effects on fruit and seed predation between

low and high densities (figure 2). Predation percentages were

significantly higher in small patches than in large patches at

low density (fruit predation: F1,55¼ 5.59, p ¼ 0.022; seed preda-

tion: F1,2346¼ 101.82, p , 0.001; figure 2). By contrast, in high

density patches, seed predation was significantly higher in

large patches (F1,2346¼ 71.92, p , 0.001; figure 2) and a similar

trend was seen for fruit predation (F1,55¼ 1.39, p ¼ 0.224).
4. Discussion
Fruit set in P. rex was determined by pollination service, and

pollination rate differences arise from differences in pollinator



100

80

60

40

20

0
2005 2011

*
*

*

*

*

*

2005 2011 2005 2011 2005 2011 2005 2011
seed predationfruit predationinitial seed setfinal seed setfruit set

Figure 1. Comparison of reproduction and predation between sparse and dense patches of P. rex in 2005 and 2011. Final seed set was calculated only from the
intact seeds, whereas the initial seed set was calculated from both intact and predated seeds. Bars represent s.e. and asterisks (*) represent significant differences
( p , 0.05) between sparse (black bars) and dense (grey bars) patches.

Table 2. Effects of population density, population size and their interaction
(density�size) on reproduction and predation for P. rex patches in 2011
(analysed with two-way ANOVAs). Asterisks indicate statistical significance of
p-values.

dependent
trait source d.f. F

fruit set density 1,54 2.368

size 1,54 0.206

density�size 1,54 3.060

initial seed set density 1,2047 27.348***

size 1,2047 41.221***

density�size 1,2047 44.556***

final seed set density 1,2345 26.958***

size 1,2345 1.025

density�size 1,2345 0.023

fruit predation density 1,54 26.314***

size 1,54 4.573*

density�size 1,54 10.605**

seed predation density 1,2345 317.878***

size 1,2345 45.029***

density�size 1,2345 106.270***

*p , 0.05; **p � 0.01; ***p � 0.001.
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abundance between populations. In 2011, there were more

co-flowering plants and larger population sizes at the study

site, which increased the overall attractiveness to pollinators

both at community and population levels. Both plants and

flowers thus received significantly more pollinator visits

in 2011 than in 2005 (J Xia, SG Sun & GH Liu 2013,

unpublished data). However, the differences in pollinator
abundance did not translate into differences in the initial

seed set.

Various mechanisms may cause component Allee effects

in reproduction, and among these mechanisms, pollination

limitation is the most common and well documented for

plant species [5,6,12]. Unexpectedly, we did not find signifi-

cant differences in pollination, fruit set or the initial seed

set, indicating that pollination-driven Allee effects did not

occur for P. rex. Apart from pollination, predation is another

factor affecting reproductive success, which is also density

dependent. Therefore, whether plant density has a net posi-

tive or negative effect on the realized reproductive success

depends on the relative strengths of pollination success and

predispersal seed predation [13–17]. For example, decreased

predation at low density counterbalanced the disadvantages

of low-pollination success, and thus the final output was

not detected as density dependent in Acer mono [17]. How-

ever, decreased predation at low density was not strong

enough to offset decreased fruit set, resulting in an overall

net positive effect of density on realized reproduction in

Jacaranda copaia [13]. In this study, pollination success and

reproduction at the earlier stage were not associated with

plant density. However, we did find negative density-

dependent predispersal predation in P. rex. As a result, a

net positive effect of density on reproduction was detected.

The final seed set decreased significantly in the sparse

patches both in 2005 and 2011, suggesting that a component

Allee effect in P. rex actually was driven by predispersal seed

predation. Although predation also decreased as density

increased, the Allee effect found in Cistus ladanifer was

rather pollination-driven than predation-driven, because

decreased predation at high density owing to dilution effect

and predator satiation intensified positive density-dependent

pollination [16]. Besides plant density, patch size also signifi-

cantly influenced seed predation percentage in P. rex.

However, whether the patch-size effect on predation was

negative or positive depended on plant density, with small
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Figure 2. Average (+s.e.) of (a) the initial seed set, (b) the final seed set, (c) fruit predation and (d ) seed predation in small (black bars; less than 20 flowering
individuals) and large (grey bars; more than 20 flowering individuals) patches, and in sparse and dense patches of P. rex in 2011.
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patches experiencing greater predation percentages at low

density but lower levels of predation at high density. This

interesting result may be attributable to the different distri-

bution patterns of dense and sparse patches in 2011. Dense

patches were distributed much more continuously, and

predators might avoid small patches at high density.

In conclusion, a number of modelling studies have shown

that a predation-driven Allee effect may occur in theory, and

also a wide range of studies on animals have confirmed this
mechanism [6,14,18–20]. However, there has been little evi-

dence of predation-driven Allee effects in plants, and our

study provides strong evidence of a component Allee effect

driven by predispersal seed predation in a plant species.
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