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Relative Stability of Core Groups in Pollination Networks
in a Biodiversity Hotspot over Four Years
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Abstract

Plants and their pollinators form pollination networks integral to the evolution and persistence of species in communities.
Previous studies suggest that pollination network structure remains nested while network composition is highly dynamic.
However, little is known about temporal variation in the structure and function of plant-pollinator networks, especially in
species-rich communities where the strength of pollinator competition is predicted to be high. Here we quantify temporal
variation of pollination networks over four consecutive years in an alpine meadow in the Hengduan Mountains biodiversity
hotspot in China. We found that ranked positions and idiosyncratic temperatures of both plants and pollinators were more
conservative between consecutive years than in non-consecutive years. Although network compositions exhibited high
turnover, generalized core groups — decomposed by a k-core algorithm — were much more stable than peripheral groups.
Given the high rate of turnover observed, we suggest that identical plants and pollinators that persist for at least two
successive years sustain pollination services at the community level. Our data do not support theoretical predictions of a
high proportion of specialized links within species-rich communities. Plants were relatively specialized, exhibiting less
variability in pollinator composition at pollinator functional group level than at the species level. Both specialized and
generalized plants experienced narrow variation in functional pollinator groups. The dynamic nature of pollination networks
in the alpine meadow demonstrates the potential for networks to mitigate the effects of fluctuations in species composition

in a high biodiversity area.

doi:10.1371/journal.pone.0032663
Editor: Jeff Ollerton, University of Northampton, United Kingdom

manuscript.

* E-mail: sghuang@whu.edu.cn

Citation: Fang Q, Huang S-Q (2012) Relative Stability of Core Groups in Pollination Networks in a Biodiversity Hotspot over Four Years. PLoS ONE 7(3): e32663.

Received September 2, 2011; Accepted January 31, 2012; Published March 8, 2012

Copyright: © 2012 Fang, Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Grants from National Science Foundation of China (31030016 and 30825005) to SQH supported this work (http://www.nsfc.gov.cn/). No additional
external funding was received for this study. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Community studies have shown that the network structure of
plant-pollinator interactions 1is largely asymmetrical — the
partners of specialists tend to also interact with generalists [1-53].
Within a community some plants are pollinated by a large
proportion of the available flower visitors (generalization) while
others are pollinated by a relatively smaller proportion (special-
ization) [6], suggesting that ecological generalization predominates
[7-10]. A relatively unexplored question is the extent to which
ecological generalization is stable across multiple flowering seasons
through the persistence of specific linkages.

Documenting network stability is essential for an understanding
of how specialized plants evolve in communities dominated by
generalized pollination networks. If pollinator-mediated selection
is one major force driving the evolution of flowers, the selective
role of the pollinators could be diminished if plant-pollinator
interactions are highly variable across years [11,12]. Recent multi-
year studies, including four conducted in Europe [13-16] and two
in North America [17,18], show that large temporal differences in
network structure and species interactions are largely attributable
to species turnover across years and flexibility in interactions with
new partners; but the basic topological properties of plant-
pollinator networks remain unchanged [19]. For example, in a
montane meadow community from southern California 36% of
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plant species and 18% of pollinator species were shown to have
specialized links with at least one mutualistic partner across three
summers [17]. In a scrub community in Greece, 53% of the plant
species and 21% of pollinators, but only 5% of species interactions,
were observed across four consecutive years [14].

However, our understanding of temporal variation in plant-
pollinator interactions is currently limited, given that we know
litle about which kinds of species are likely to turn over,
particularly in species-rich communities. A distinct property of
pollination networks is that they are highly nested; that is, most
species interact with hierarchical subsets of generalist partner
species [6]. In a nested pattern, it has been suggested that
generalists are key components to maintain network stability and
to resist the susceptibility to extinction of specialists [20]. Although
generalists contribute more to network stability than specialists,
field investigations have shown that many plant or pollinator
species link to only one partner per year and tended to be
ecologically specialized, although they may be considered
generalists in that they interact with different partner species in
other years [14]. Furthermore, all community-level surveys must
be considered to be samples of the true diversity and hence
apparently specialist plants may be pollinated by other pollinators
which were not detected in the surveys. To explore the dynamic
nature of the plant-pollinator network, we investigated temporal
stability in an alpine meadow over four years using a k-core
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analysis. The A-core algorithms can determine which plants and
pollinators composed a “k”-core group (£ is an integer), depending
on link number and partners’ link quality. This &-core analysis is a
bottom-up method to separate the network into subgroups [21]. It
has been used to classify protein positions in protein networks to
show the evolutionary trend in co-occurrence networks from single
cells to multicellular eukaryotes [22] and also to identify subgroups
of taxa in plant-pollinator networks [5].

We investigated plant-pollinator interactions in a species-rich
alpine meadow of the Hengduan Mountains biodiversity hotspot in
China [23]. Plants in species-rich communities may be pollinated by
more specialized pollinators than those in species-poor communi-
ties. Although there was a positive relationship between plant
species number and pollinator species number, studies suggested
that high species diversity could reduce pollinator niche overlap,
allowing pollinators to focus on specific plant species for nectar or
pollen resources [24,25]. However, Ollerton et al. (2003) found
significant pollinator overlap between asclepiad species in a species-
rich grassland in South Africa [2]. Previous analysis suggested that
plants in species-rich communities may be more prone to pollen
limitation than those in less species-rich areas because of
interspecific competition for pollinators [26]. Based on null models,
a larger proportion of extreme specialists and generalists are both
expected to appear in a species-rich community as the number of
interacting species increases [9]. Therefore, plants in biodiversity
hotspots are likely to experience a higher risk of extinction and/or to
specialize on certain pollinators [26].

Plants may be pollinated by a taxonomically diverse group of
pollinators that all function in a similar way [27]; those pollinators
sharing similar behavior or flower preference are categorized as
being in the same functional group. For example, Pedicularis species
in the study community were generalized — linked to several
pollinator species — but they are specialized at the functional group
level because they are only pollinated by bumble bees. It has been
suggested that variation in pollinator composition can not be
assumed to reflect coevolutionary relationships between plants and
pollinators unless one considers the similar behavior and flower
preference of members of the same pollinator functional group
[28,29]. Thus, one would expect that temporal fluctuation in
pollination networks could be cushioned if one lost pollinator
species can be replaced by another from the same pollinator
functional group. An estimate of the temporal stability of
functional groups in pollination networks may provide insights
into the difference between ecological and evolutionary speciali-
zation [28,30]. However, the temporal variation of functional
pollinator groups has not been evaluated at a whole community
level [19,28,31].

Studies of network stability have been conducted in Europe and
North America, in relatively species-poor communities, ranging
from 7 to 39 plant species and 23 to 597 pollinator species [13,15
18]. Only two investigations in large areas recorded over 100 plant
species in Europe [14,15]. Community studies of the pollination
network in the Hengduan Mountains biodiversity hotspot permit
us to examine whether ecological specialization and/or general-
ization tends to be higher in species-rich communities through a
comparison to previous studies In species-poor communities, as
predicted by theoretical models [26]. Specifically, we addressed
the following questions. (a) How great is inter-annual variation in
the alpine meadow pollination network? Given that we have four
years’ data, we asked whether the network was more similar
between consecutive years than non-consecutive years. (b) Which
kinds of species are likely to turn over in pollination networks with
relatively stable structures, the inner or periphery species? We
examine whether there is a certain pattern in species turnover by
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k-core decomposition. (c) Is the variation in pollinator composition
across years similar in ecologically generalized and specialized
plants at species and functional group level?

Materials and Methods

Study community

To document plant-pollinator interactions (links), we investi-
gated a natural plant community at Shangri-La Alpine Botanical
Garden (27°54'5"N, 99°38'17"E, 3300 m to 3350 m a.s.l),
Yunnan Province, China, over four years. The field station is
located southeast of the Hengduan Mountains, one of the richest
biodiversity hotspots in the world [23]. Pollinator observations
were conducted within an 800x250 m” area of sloping meadow.
Approximately 20% of the field was moist meadow, with species of
Primula and Trollius dominant. Aster, Astragalus pullus, Halenia elliptica,
Potentilla lancinata and several Apiaceae species dominated the dry
meadow plots. Pedicularis species were common in both types of
meadow. All observed species are listed in Supporting Information
S1. All necessary permits were obtained for the described field
studies. The investigations comply with the current laws and policy
of biodiversity conservation in China.

Sample procedure

Field work was conducted during peak flowering time: from July
10 to August 26 in 2007, July 13 to August 24 in 2008, July 10 to
August 27 in 2009 and July 10 to August 29 in 2010. Pollinator
visitations were normally recorded during the daytime from 9:00
to 18:00. The peak period of insect activity was from 11:00 to
16:00. Outside of this time period, low temperatures limit
pollinator activity, except by moths. In 2007 flower-visiting insects
were observed along a pair of transects, taking 70-90 min per
round. Pollinator visits to nearby plant species were recorded. In
2008, 2009 and 2010, we monitored all flowers of all species
observable from a fixed observation plot for a period of
30 minutes. Some observation sites were specifically chosen to
include rare species to ensure they were adequately sampled. We
recorded a pollination visit if an insect contacted the plant’s
reproductive structures while actively searching for pollen and/or
nectar [32]. Using this observation procedure, each plant species
was observed for a minimum of 2 hours. In total, we observed for
100, 135, 134 and 132 hours on clear days in 2007, 2008, 2009
and 2010, respectively. Common and easily identifiable pollinator
species were identified and released in the field and unknown
visitors were collected and sent to the Institute of Zoology, CAS,
China for further identification to species or higher level groups.
Pollinators of each plant species in four years are listed in
Supporting Information SI.

Network parameters

We created a binary matrix representing observed versus not-
observed interactions between plants and pollinators (AxP). In
binary matrices, “1” represents an observed visit, and “0”
represents no visit. Summary statistics for each matrix were then
calculated, including the total number of flower visits recorded,
number of plant-pollinator links, and mean and maximum
number of links per plant and per pollinator species. We separated
the pollinators into 9 functional groups (bee, bumblebee, beefly,
fly, hoverfly, butterfly, beetle, ant and other) based on similar
behavior or flower preference [29,33].

Data analysis

To measure nestedness, we analyzed the A XP matrix with the
ANINHADO 3.0 program for both System temperature (T) and
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NODYF value (http://www.guimaraes.bio.br/softwares.html) [34].
System temperature (T), is a measure of disorder of the network.
For a perfectly nested matrix (T'=0), each species is linked to a
subset of the partners of the next less specialized species, and the
most generalized plant and pollinator species are each linked to all
partner species in the matrix. The statistical significance of T is
calculated by comparing the actual matrix temperature to the
temperatures of 1000 matrices generated by Monte Carlo
randomizations. T was subsequently converted to the nestedness
index N (N=(100—T)/100), which ranges from 0, when the
network is randomly organized, to 1, when it is perfectly nested
[1]. The NODF (nestedness metric based on overlap and
decreasing fill) approach is a gap based metric compared to
system temperature. It accounts for paired overlap and decreasing
fill of the matrix and claims to reduce type I statistical errors
compared with T [35]. NODF scales from 0 to 100, where 100
represents maximum nestedness.

In order to compare species’ roles within the plant-pollinator
network among years, we calculated each species’ ranked position
and idiosyncratic temperature within each of the four years, then
compared values among years using Spearman’s rank correlation
[cf. 17]. Calculations were based on the binary matrices (see
Supporting Information S1). A pollinator or plant species’ rank
refers to its location along the columns or rows of the A xP matrix
when the matrix is arranged to exhibit maximum nestedness [34].
Species with lower ranks tend to be more generalized, but the most
linked node is not necessarily first in a maximum nestedness
network. For comparisons among years, rank values were
standardized by dividing the rank of a species in a year by the
total number of pollinators or plants observed in that year. A
species’ idiosyncratic temperature (IT) measures how the species’
actual link pattern in the maximally nested network deviates from
the expected pattern if the network were to exhibit perfect
nestedness [36]. Thus, species with higher proportions of
unexpected links have higher ITs.

We used graph theoretical algorithms (k-core) to determine
which plants and pollinators composed inner and periphery
groups. We defined core groups as those that form link nodes
which are persistent across years. Plants and pollinators are
represented as nodes in the graph and their interactions are
represented as edges connecting the nodes. As a bottom-up
method, the A-core algorithms separate the network into
subgroups. A subset of interconnected species among which
each species has at least k interactions form a £-core [37]. Species
with more links, being more generalized, will be included in
higher subgroups. The subgroup with the highest £ core grade is
the innermost core of the network, and the subgroup with &
equal to 1 is the most peripheral core of the network. Analyses
were performed in UCINET 6.24 (http://www.analytictech.
com) [21].

We explored whether turnover rates differed between inner and
peripheral groups from year to year. Due to the size of the
pollination networks, the plants and pollinators were separated by
k-core grade into 4 subgroups in 2007, 8 subgroups in 2008, 7 in
2009 and 6 in 2010. For comparison we standardized the
subgroup number. The 8 subgroups in 2008 were merged into 4
subgroups (the number of groups identified for the smaller 2007
data set). For the 7 subgroups in 2009, the first and last subgroups
were separated, the second and third subgroups were merged and
the forth, fifth and sixth were merged. For the 6 subgroups in
2010, the first and last subgroups were separated and other four
subgroups were merged into 2 subgroups. Following this
procedure, we could standardize species number of each subgroup
to the other three years. Then we calculated turnover rates for
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both plants and pollinators within each group between each pair of
years. We tested whether turnover rates for plants or pollinators
changed with increasing generalization (higher k-core grade) using
Spearman’s rank correlations. Then, we combined the inner half
and periphery k-core grades to examine whether species of inner
grades had less turnover than species in peripheral grades using G-
tests. We also tested whether major pollinator functional groups
(bee, fly, hoverfly and butterfly) are distributed differently in the
inner-periphery pattern. To compare each major pollinator
group’s distribution between inner and periphery grades, we
performed G-tests using total species number of inner and
periphery grades as expected numbers. Finally, we investigated
whether ecologically generalized plants experienced stable polli-
nator spectra, by calculating the Bray-Curtis distance (also called
the Sorensen distance) of pollinator functional groups for each
plant species between all pairs of years to represent variation in
pollinator composition [19,38]. Species number of each functional
group was standardized by dividing by the total pollinator number
for each plant in each year. The Bray-Curtis distance ranged from
0, where the plant species had same functional group partition in
both years; to 1, where the plant experienced entirely different
pollinator groups in the two years.

We used SPSS 13.0 to conduct standard statistical tests. All
means are presented * SD.

Results

Dynamic network structure

In all four years, plant-pollinator networks were significantly
nested (Table 1). Overall, there was little variation in system
temperature, with average nestedness of 0.960 (SD =0.007). The
analysis by the NODF algorithm also showed that the networks
were significantly nested (Table 1). The turnover rate of links
between years (82.1%*4.6%) was greater for pollinators
(59.1%=*7.3%) than plants (23.1%%10.3%) (Table 2). The species
of plants for which we observed visits varied among study years,
and there was even greater variation among pollinators (Table 2).

Table 1. Parameters of the plant-pollinator networks.

2007 2008 2009 2010

Plant species (total 138) 79 88 100 108
Plants as % of total species 59.4% 66.2% 75.2% 81.2%
Mean links per plant (+= SD) 57+7.2 89*7.7 84x7.1 72*56
Maximum links in plant 43 45 33 26
Pollinator species (total 347) 126 128 149 149
Pollinators as % of total species 38.1% 38.7% 45.0% 45.0%

Mean links per pollinator (= SD) 3.6+48 6.12*+86 5.7*t7.8 52*+84

Maximum links in pollinator 40 58 51 71
Interactions (total 2293) 452 790 847 781
Interactions as % of total interactions 19.7% 34.5% 36.99% 34.1%
Connectance 4.54 7.01 5.67 4.85
Nestedness 0.968" 0952" 09577 0963"
NODF 19177 25447 29437 32107

Values are given for observations made in each year as well as the entire 4-year
study period. Connectance is the percentage of interactions divided by the
number of possible interactions; Nestedness is (100—T)/100, where T is the
temperature. NODF (Nestedness based on overlap and decreasing fill) values
are explained in the text (Methods). (* P<<0.05; ** P<<0.01).
doi:10.1371/journal.pone.0032663.t001
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Table 2. Similarity of plants, pollinators and their interactions between each pair of years.

2007 vs 2008 2007 vs 2009 2007 vs 2010 2008 vs 2009 2008 vs 2010 2009 vs 2010 Four years
Total number of species/interactions observed over the 2 years
Plants 106 17 124 112 120 117 133
Pollinators 203 221 231 208 226 227 331
Interactions 1140 1209 1166 1572 1411 1460 2293
Number of species/interactions observed in both years
Plants 61 62 63 76 77 92 54
Pollinators 51 54 42 69 51 71 28
Interactions 102 929 68 164 160 167 31
Jaccard similarity index %
Plants 57.5 53.0 50.8 67.9 64.2 78.6 40.6
Pollinators 25.1 244 18.0 332 226 313 8.5
Interactions 8.9 8.2 5.8 10.4 1.3 1.4 14

doi:10.1371/journal.pone.0032663.t002

Similarity among plant-pollinator links was less than 10% for half
of the pairs of years, lower than the similarity of network
components (both plants and pollinators) (Table 2). In all four
years, Bombus richardst was the most generalized pollinator, which
linked to 51%, 66%, 51% and 66% of plants, respectively. Despite
the variation in pollinator community composition, the propor-
tional representation of functional groups (Fig. 1) was not
significantly different between consecutive years (G test, 2007 vs
2008, G =8.40, p=0.40; 2008 vs 2009, G =4.64, p=0.80; 2009
vs 2010, G=4.60, p=0.80, all df=8) and also non-consecutive
years (G test, 2007 vs 2009, G =7.24, p=0.51; 2007 vs 2010,
G=4.32, p=0.83; 2008 vs 2010, G =6.44, p=10.60).
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Stability of networks

The patterns of plant positions in the nested interaction matrix
were quite stable across years. Standardized ranks in plants and
pollinators were all positively related between each pair of years
(Table 3). In both plants and pollinators, idiosyncratic temperature
(IT) was significantly correlated in 3 of 6 pairs of years (Table 3).
These findings suggest that the plants and pollinators were in the
same position in the nested interaction matrix across years, and
between certain years they were interacting with similar partner
species but between other years they were not. More positive
relations in IT were observed between consecutive years (2/3)
than between non-consecutive years (1/3), indicating that the
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B Fly
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Figure 1. Proportional representation of 9 pollinator functional groups in 4 consecutive years. The 9 groups are bee, bumblebee, beefly,

fly, hoverfly, butterfly, ant, beetle and others.
doi:10.1371/journal.pone.0032663.g001
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Table 3. Correlation of plants and pollinators between each
pair of years.

Plants Pollinators

2008 2009 2010 2008 2009 2010

Rank 2007 0537 066" 062" 046" 0.35" 0.47%*
IT 004  037* 016  060*  051* 023
Rank 2008 0.76” 0.63™ 0.57" 0.38"
IT 0.25" 0.05 036" 0.27
Rank 2009 073" 0.38"
IT 041" 0.18

(* P<<0.05; ** P<<0.01). Rank is the position of plant and pollinator in maximum
nestedness matric; Idiosyncratic temperature (IT) measures how a species’
interaction pattern deviates from the position expected in a perfectly nested
matrix.

doi:10.1371/journal.pone.0032663.t003

pollination networks were more similar between consecutive years
(Table 3).The pollinators and plants appearing in all four years
were probably more important for community sustainable
compared to the turnover species, because they continuously
provided pollination service and rewarding pollinators. The
stability of their ranks and IT was similar to that of those plants
and pollinators that only appeared in two years (Table 4).

The four-year data set permits us to compare pollination
networks between consecutive and non-consecutive year-pairs,
providing a more powerful examination of network dynamics than
3-year data. The average similarity index (mean of three pairs) of
plants, pollinators and links was 0.68 vs 0.56, 0.30 vs 0.22, 0.10 vs
0.08 in the consecutive vs non-consecutive year-pairs respectively.
The same indices from another four-year study of a scrub
community in Greece (Petanidou et al. 2008), were 0.77 vs 0.70,
0.44 vs 0.41, 0.18 vs 0.17 respectively, were consistent with our
finding of a higher similarity between consecutive years. The trend
of less variation in plants, pollinators and their interactions
between consecutive years was supported by stronger correlations
in positions and link qualities of plants and pollinators. Rank
positions and idiosyncratic temperatures were more similar
between consecutive years than between non-consecutive years
(Table 3), again suggesting the stability of the network is greater in
consecutive years.

Table 4. Correlation of plants and pollinators observed over
all four years between each pair of years.

Plants (n=54) Pollinators (n=28)

2008 2009 2010 2008 2009 2010

Rank 2007 042" 063" 058" 058" 0.40% 0.41%

IT 0.06 030*  0.16 0.61%*  046* 004
Rank 2008 082" 074" 047" 063"
IT 0.25 —0.04 0.42" 0.14
Rank 2009 079" 0.31
IT 0.45™ 0.22

(* P<0.05; ** P<0.01).
doi:10.1371/journal.pone.0032663.t004
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Network turnover pattern

The turnover rate across k-core subgroups in both plants and
pollinators can be calculated by comparing the turnover between
each pair of years. The pattern of turnover among k-core
subgroups showed that a highly connected generalist core was
fairly stable across years for both plants and pollinators. Most
transitions between A-core groups occurred in the periphery of the
networks (Fig. 2). The average species turnover of inner grades was
smaller than in periphery grades for both plants (17% vs 32%,
G=4.14, p=0.04) and pollinators (43% vs 70%, G=6.51,
p =0.01). For A-core grades, turnover rates were negatively related
with the 4-core number in both plants (Spearman correlation:
N=48, rho=-0.42, p<<0.01) and pollinators (rho=—0.80,
p<<0.01). While the community composition of plants was less
variable than that of pollinators in each year (see above), the inner
group of pollinators obviously consisted of a more conservative
core group. Species that were observed in any pair-year linked to
almost their entire partner spectrum in single years. In six year-
pair comparisons, identical species that were observed both years
linked to over 90% of the partners of the annual networks. The
plant and pollinator species that were observed across all four
years were both linked to over 80% of the partners of the annual
networks, suggesting that the relatively stable identical species
could satisfy pollination services in the community even though
networks experienced high turnover, assuming that these pollina-
tors were equally effective at pollinating the plants. Each species in
the networks had at least one link. However, only 7.1%%5.4% of
the links of the annual network were contributed by the replaced
species. This also indicated the peripheral position of the relative
specialists, from another perspective.

Between inner and peripheral grades, only in 2009 and 2010,
there were more hoverflies present in the inner group (G =5.46,
p=0.02; G=8.13, p<<0.01). This implied that most functional
groups were equally distributed in the inner-periphery pattern,
although some functional groups fluctuated in certain years. The
proportion of Diptera decreased from inner (56.2%*5.8%) to

1.00—

@ Plant

(O Pollinator
0.80—

[s=]

[}

o
|

Proportion of turnover
=
1N
o
|

020

0.00—

| I [
1 2 3 4

K-core grade
Figure 2. The turnover rates of plants and pollinators between
k-core subgroups in each pair of years (Mean * SD). (For

subgroup standardization see Methods).
doi:10.1371/journal.pone.0032663.9g002
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Table 5. Percentage of plants and pollinators according to the number of partner species linked.

Links to more than one partner across observed years
Switch between links to one or several partners

Links to one partner across observed years

99 (74.4%)
23 (17.3%)
11 (8.3%)

Plant Plant* Pollinator
88 (66.2%) 168 (50.8%)
25 (18.8%) 49 (14.8%)
20 (15.0%) 115 (34.7%)

doi:10.1371/journal.pone.0032663.t005

periphery (45.7%*5.7%), while the proportion of Hymenoptera
did the opposite, increasing from 27.8% *6.1% to 30.7%=*3.7%.

Temporal variation of specialization

Across four years, most plants linked with more than one
partner at both species level and pollinator functional group level
(Table 5). However, plant species were relatively more specialized
at the pollinator functional group level (Table 5). Across the full
four-year dataset, plants linked to an average of 3.04*1.63
functional groups with 88 (66.2%) plant species linked to at least
two functional groups in any observed year. Among these, 36
(27.1%) plant species tended to be generalists for the four
consecutive years. However, 20 (15.0%) plant species were
ecologically specialized to one functional group in all years, which
was almost twice the number (11 plants) doing so at the species
level. Among these, six plant species were functionally specialized
to only bumblebees in the study community. Compared to plants,
pollinators were more specialized (Table 5); 97 (29.3%) pollinators
appeared to be specialists and were only observed in one year.
Despite a higher turnover rate in pollinators and links, there were
17 (5.1%) pollinators specialized to one plant for more than one
year. Focusing on annual networks, 13.5%*7.7% of plant species
and 33.9% *3.9% of pollinator species were specialized. But levels
of specialization of species decreased with increasing sampling
effort (Fig. 3). Over the four years, only 6.0% of plants and 29.3%
of pollinators were specialized to one partner in the network.

QA= H Plant

—I— _I_ [ Pollinator

£~

o
w
T

o

o

=)
|

Percentage of plants and pollinators
specialized for one partner
o
N
T

0.00—-

Year Two Three Four
years years years

Duration of sampling time

Figure 3. Variation of the specialist ratio over different
sampling periods (Mean + SD).
doi:10.1371/journal.pone.0032663.g003
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Percentages are taken over the total species pool (plants, 139; pollinators, 347 species). (*=pollinators at the functional level).

At the functional level, both specialized and generalized plants
experienced stable relationships with pollinators despite high
species turnover. For the 107 plant species observed in at least two
years, 104 (97.2% of 107) had at least one functional group
remaining across years. No plant species experienced entirely
different functional groups across years in this community. The
proportion of identical functional groups across years in the total
observed functional groups for each plant species was
69.1%*23.6% on average, indicating that most plant species
had not only the same functional group across years, but also
steady links to over half of the functional groups that were ever
observed. In the annual networks, for each plant species
65.8%%38.5% of pollinator species belonged to identical
functional groups that were observed in the next year. Further-
more, the average Bray-Curtis distance of pollinator composition
variation for plant species between year pairs was not related to
the average link levels of plants (Spearman rank correlation,
B=—0.04, p=0.69) (Fig. 4). Both ecologically specialized and
generalized plants had relatively low variation in pollinator
functional groups, suggesting that stable relationships with
pollinators were established not only by specialized plants, but
also by generalized plants. Variation in pollinator composition
across years was relatively low in species of Apiaceae, Dipsacaceae,
Asteraceae, Pedicularis, Primula, and Potentilla, but was relatively
high in species of Gentianaceae, Brassicaceae and Ligularia.

Discussion

Our four-year investigation of pollination networks in a
biodiversity hotspot indicated that the networks were relatively
stable even though species assemblages changed significantly.
Plants and pollinators were consistent in their positions and link
qualities in networks between years. Furthermore, inner groups
comprising relatively ecologically generalized species were more
stable than peripheral groups comprising relatively ecologically
specialized species. The same species linked to almost the entire
partner spectrum each year. Theoretical modeling predicts a high
proportion of specialized pollination links in species-rich commu-
nities [9], a pattern not observed in this study of a biodiversity
hotspot. Instead, both specialized and generalized plants experi-
enced temporal stability of pollinator linkages.

Our results are compatible with those of several previous
studies. As in other networks, there were more pollinator species
than plant species each year and plant-pollinator interactions were
nested [8,17,39]. Plants and pollinators were in stable rank
positions while their link qualities (IT) were more changeable.
Species with high I'T have a higher chance of forming specialist-to-
specialist links. But the variation in I'T across years rearranged the
links and specialist-specialist links did not stabilize even though
they may be formed in certain years. Examination of an Arctic
pollination network in day-to-day resolution [13] also suggested
that certain specialist-specialist links could continue for a certain
period, but newly emerged species preferentially linked to
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Figure 4. Relationship between plant link number and pollinator Bray-Curtis distance. The Bray-Curtis distance measures the range of
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generalists, and this rearranged links. More stable relationships in
plant ranks may result from the steady links between specialized
plants and bumblebee pollinators in the study community. Thus,
even though species composition fluctuated across years, the
remaining specialized plants could remain at their original position
in the network. Morphological constraint (e.g., accessibility of
nectar) has been considered an important factor governing
pollination network structure [40]. Bumblebees, for example,
had relatively long proboscises enabling them to probe nectar from
various flowers with different tube lengths, and this may explain
the positive relationship in I'T of these species between years in our
community.

Our investigations indicate that plant-pollinator networks are
relatively stable between years, consistent with previous studies
[14-18]. A comparably high species turnover has also been
observed in other ecosystems in the temperate zone [e.g. 41,42].
High turnover rate restricts the formation of specialist-specialist
links. However, we did observe tight interactions between
bumblebees and plant genera including Aconitum, Astragalus,
Delphinium, Lotus, Pedicularis and Primula. In a nested pattern,
generalized species are more important than specialists for their
resilience to local extinction, because the extinction of specialized
species removes fewer links in the network leaving a greater
number of species linked to their generalist partners [20]. Our -
core analysis indicates that the stabilized inner groups, which
consists of generalized plants and pollinators, links most partners
across years, suggesting stability of the nested structure. The
stability of the generalized core groups also supports Memmott’s
[20] simulation model of extinction by field observation,
emphasizing that generalists are more important to network
stability, especially for the most generalized pollinators, such as the
bumblebee fauna which link to nearly 50% of plant species. Our
investigation indicates that bumblebees are core species providing
pollination service in the alpine meadow.

@ PLoS ONE | www.plosone.org 7

The highly diverse pollination network studied here differs in
several respects from networks studied in species-poor areas. First,
the pollinator-plant ratio (average 1.48+0.09 for each year; 2.49
over all four years) in our community is much lower than that of
other pollinator-plant networks [6], which generally have ratios
above 4. Species richness has been considered to influence
structural properties of a network [6,43]. For example, as networks
grow larger, there tend to be more asymmetric interactions in
larger pollination networks compared to smaller ones [3]. We
observed that some plant genera share the same pollinator
functional group or even the same pollinator species [e.g. 44].
For example, Bombus richardsi was always the most generalized
pollinator over the four years, and it was observed to link with over
50% of plant species in the community each year. These results
support the prediction of strong pollinator competition in species-
rich communities [26]. Second, the predicted high proportion of
specialized pollinators in a species-rich community [9,26] was not
observed in our study. Only a small proportion of plant species
were pollinated by a single pollinator species (13.5%%7.7%) and
single pollinator functional group (20.4% *6.9%). Similarly, there
was on average 13.0%7.1% of plant species pollinated by a single
pollinator based on four surveys in North America [see 7]; in one
community 54.0% of plant species were pollinated by one
functional group [see 29]. Contrary to a null model that predicts
a higher proportion of both generalized and specialized pollination
links in species-rich than species-poor communities [9], our four-
year data in this community showed that nearly 80% of plant
species were pollinated by at least two pollinator functional groups.
The proportion of specialized pollination links was not high in this
species-rich community, consistent with two recent studies [16,45].
The predicted increase of specialization of pollination systems
during community succession was not observed along the
chronosequence of a glacier foreland in southeastern Switzerland
[16]. An mvestigation of flower supply and flower-visiting insects
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in 27 meadows in southern Germany indicated that the level of
specialization did not significantly differ across the gradient of
flower diversity [45]. Third, in our study Hymenoptera (bumble-
bees and other bees), rather than Diptera (flies), were highly
generalized. Flies were observed to be more abundant in species
and links than were bees in a sub-arctic alpine site in north
Sweden [46] and in Andean meadows [47]. Dipteran species
number (49.9%*5.2%) and link number (47.2%*5.1%) were
predominant in our study, while Hymenopteran species contrib-
uted less, 29.5%*4.0% in species number and 38.1%*6.1% in
link number. However, Hymenoptera linked to more plant species
compared to Diptera (F=2.36, p<<0.01), indicating that Hyme-
noptera were more generalized than Diptera. Another investiga-
tion at the same site indicated that visits of bumblebees were more
numerous than the total visits of all other pollinator groups [33].

High turnover rate in pollinator species does not necessarily
imply high variation in pollination roles at a functional level. We
found that plant species usually retain steady relationships to one
or several functional groups over time, despite various levels of
generalization. For example, the most generalized plant Pleur-
ospermum davidii (Apiaceae) linked to 116 pollinator species across
all 9 functional groups in four years. However, it had 4 functional
groups consecutively, accounting for 88.4%*1.7% of the
pollinators of the annual networks. These results suggest that
generalized plants might experience stable evolutionary relation-
ships with diverse functional groups. Different functional pollina-
tor groups showed preferences for certain flower trait or traits
combinations in the community [48]. Such stability and
preferences of functional pollinator groups may contribute to the
maintenance of diverse species in one community, although
network compositions are highly changeable.

Our finding of the same pattern of network structures in all four
years suggests that we have captured the ecologically important
interactions, given that a transect sample procedure was used in
2007 but timed observation procedures were used from 2008 to
2010. Our binary data prevent us from considering the visit
frequency of each link. However, from the perspective of species
duration and link partner turnover, a binary network could
represent the dynamic nature of pollination at the community
level. In summary, by comparing pollination networks over four
years, we found the structure of the pollination network to be
stable, and the fluctuation in species composition mostly
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