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Ecography Species and their interactions are more dynamic over time and space in fragmented
2022: 06102 habitats than in continuous habitats. In fragmented habitats, the low nestedness of

o mutualistic networks may be related to the position change of stable (high persis-
doi: 10.1111/ecog.06102 tence over time/space) species and interactions in the networks. Previous studies have

Subject Editor: Daniel Stoufter shown that stable species and interactions tend to be in the core position of mutualistic
Editor-in-Chief: Miguel Aratjo networks. However, in fragmented habitats, it remains unknown whether stable spe-
Accepted 13 April 2022 cies or interactions still tend to be in the core position. To address this gap, here we

evaluated the correlation between the position of proximity to the network core and
the temporal/spatial stability of species and interactions, using the observation of 42
plant—pollinator networks conducted in a fragmented island landscape over 3 years.
We showed that temporally/spatially stable species and interactions deviated from the
network core to varying degrees. Temporally stable plants were most likely to deviate
from the network core, followed by pollinators and interactions, while only spatially
stable pollinators tend to deviate from the network core. When unstable species (pres-
ent in few time/space points, typically specialists) and interactions occupy the network
core, they cannot interact with most species in the network as generalists do, resulting
in the decrease of network nestedness. Therefore, from the perspective of position and
stability, stable species and interactions deviate from the network core in fragmented
habitats, which is an important reason for the decrease of nestedness in mutualistic
networks. Our study suggests that protecting plants which occupy the core in large
plant—pollinator networks is essential for maintaining the network persistence in frag-
mented habitats.
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Introduction

Ecological networks are sensitive to variable environments,
which can cause dramatic changes of species and their inter-
actions in the network (Tylianakis et al. 2008, Garibaldi et al.
2011, Schleuning et al. 2016, Fortin et al. 2021). The stabil-
ity (i.e. the persistence over time/space) of species and inter-
actions is closely related to their position within the network
(Alarcén et al. 2008, Aizen et al. 2012, Emer et al. 2016,
Chacoff et al. 2018, Zografou et al. 2020). Previous stud-
ies have found that stable species (i.c. species with high per-
sistence over time/space, usually generalists) (Delmas et al.
2019, Zografou et al. 2020) and stable interactions (Fang and
Huang 2016, Chacoff et al. 2018, Resasco et al. 2021) tend
to be in the core position of plant—pollinator networks. Stable
species tend to interact cohesively and form the network core
(the most densely connected region of the network), which
is essential for maintaining the high nestedness of plant—pol-
linator networks (Chacoff et al. 2018, Zografou et al. 2020,
Resasco et al. 2021). However, when unstable species and
interactions occupy the network core, the loose connec-
tion of them is hard to form the network core, which will
result in decrease of network nestedness (Chacoff et al. 2018,
Zografou et al. 2020).

Previous studies have shown that habitat fragmentation
typically has a negative impact on plant—pollinator networks
(Bascompte and Stouffer 2009, Spiesman and Inouye 2013,
Grass et al. 2018). That is, habitat fragmentation destabi-
lizes species and interactions over time or space, and even
leads to the non-random loss of them in fragmented patches
(Aizen et al. 2012), the reorganization of them in plant—
pollinator networks (Aizen et al. 2012, 2016, Spiesman
and Inouye 2013) and the decrease of network nestedness
(Thébault and Fontaine 2010, Evans et al. 2013, Trejelsgaard
and Olesen 2016, McWilliams et al. 2019). Species in frag-
mented habitats cannot get so many partners as in a compa-
rable continuous habitat (Aizen et al. 2012, Spiesman and
Inouye 2013, Grass et al. 2018). Species (including stable
species) will lose some partners in fragmented habitats, so
stable species losing partners may not remain in the densely
connected region of the network, ie. deviating from the
network core. Besides, the loss of the peripheral species in
the network, which is most vulnerable to be lost by loss of
interactions or partners (Miele et al. 2020), can also lead to
the change (shrinkage or collapse) of the network core and
the decrease of network nestedness (Nielsen and Totland
2014). Based on the above analysis, however, no studies have
explored the reason for the decrease of network nestedness
from the perspective of whether stable species and interac-
tions deviate from the network core. There exists a knowledge
gap whether stable species and interactions deviate from the
network core in fragmented habitats, leading to the decrease
of network nestedness. Therefore, we propose a hypothesis
that stable species and interactions deviate from the network
core in fragmented habitats (Fig. 1).

In addition, we further assess which one of the three
(stable plants, stable pollinators or stable interactions) most

easily deviates from the network core. In fragmented habi-
tats, plants in the network are expected to more easily deviate
from the network core than pollinators, since the reduction
of the patch area will directly lead to the reduction of plant
resources (Spiesman and Inouye 2013, Grass et al. 2018).
Compared with pollinators, plants are more likely to be con-
strained by isolation because they cannot disperse actively in
a short time (Greenleaf et al. 2007). However, in our study,
the highly isolated islands are less affected by human activi-
ties, so it is difficult to predict that the effect of isolation on
plants or pollinators is negative (making them deviate from
the core position with the increase of isolation), neutral or
positive. Indeed, pollinators tend to have high mobility
and be less affected by isolation (Winfree et al. 2011), and
meanwhile, pollinators have a high potential for adaptively
switching interaction partners (Kaiser-Bunbury et al. 2010,
Evans et al. 2013, Ponisio et al. 2017, Grass et al. 2018).
The implementation of interactions depends primarily on the
activities of pollinators in fragmented habitats (Aguilar et al.
2006), so pollinators and interactions should be similar in
how easily they deviate from the network core.

In fragmented systems, patch area and isolation are the pre-
dominant elements of habitat fragmentation (Fahrig 2017).
In this study, our goal is to evaluate how stable species and
interactions respond to island area and isolation, i.e. whether
stable species and interactions deviate from the network core
in fragmented habitats. To achieve our goal, we conducted a
three-year survey of plant—pollinator networks on 41 islands
and mainland in the Thousand Island Lake (TIL) of China.
For these plant—pollinator networks, we use linear regression
to explore whether temporally/spatially stable species and
interactions deviate from the network core in fragmented
habitats. To further ensure whether the deviation from the
network core is caused by the effects of habitat fragmentation,
we created null model networks to imitate the process that
species and interactions occupy different network positions.

Material and methods

Study site and data collection

Thousand Island Lake is located in Zhejiang Province, eastern
China (29°22"-29°50"N, 118°34"-119°15"E; Fig. 2). The
large artificial reservoir was created in 1959 by the construction
of the Xin'anjiang Dam for hydroelectricity production, result-
ing in the flooding of an area of approximately 580 km? at the
high-water mark of 108 m. It contains 1078 islands (0.25—
1320 ha) that were former hillcops (Si et al. 2017). The main
habitat type is unmanaged secondary forest (mean coverage
per island = 82.6%), where the dominant plant species is Pinus
massoniana (Liu et al. 2018). The average annual temperature
is 17.0°C, ranging from —7.6°C t0 41.8°C (Wang et al. 2010).

We surveyed plant—pollinator interactions on 41 islands and
at 16 mainland sites (Fig. 2). We selected islands that encom-
passed as much variation in island area and isolation (mea-
sured as the distance from the focal island to the mainland)
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Figure 1. The hypothesis is that the effect of habitat fragmentation changes the positions of stable species and interactions, and makes them
deviate from the network core. (a) The perfectly nested plant—pollinator networks in continuous habitat, where stable species and interac-
tions tend to be in the core position within the network; (b—d) Networks in fragmented habitats (sub-networks that randomly draw from
the perfectly nested network 4, where the more stable the species or interactions are, the more likely they are to persist in sub-networks)
with low nestedness, where stable species and interactions deviate from the network core.

as possible. We selected mainland sites that contained similar
types of vegetation as found on islands. We established paired
transect lines (100 X 4 m), with one along the edge and one
extending perpendicular from the edge to the interior of the
island. The number of pairs of transects on each island varied
from one to sixteen, and was roughly proportional to /z-trans-
formed island size (Schoereder et al. 2004) (Supporting infor-
mation). On islands with more than two pairs of transects,
each pair was separated by > 0.5 km. Along each transect, we
observed individual flowering branches of shrubs and trees,

or the whole plant of herbs under 3.5 m of height. Due to
the larger number of flowering plants at edges, we conducted
15-minute surveys for edge transects and 10-minute surveys
for interior transects. We carried out observations only in calm
and sunny weather, from 8:30 to 12:00 h and from 13:00 to
17:00 h. Because flowering phenology differed among species,
we sampled once every two weeks, on average, with six surveys
conducted at each site from 20 April to 20 July in 2017, with
seven surveys at each site from 23 March to 14 July in 2018,
and with seven surveys at each site from 13 March to 20 July
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Figure 2.Map of the study region showing the 41 study islands (green shading; BO1-B07, S01-S07, S09-S11, S14, S16-S18, S20-S27, S35,
§37-S44, S$46-548) and the mainland sampling sites (grey shading and blue dots; M1-M16) at the Thousand Island Lake, Zhejiang

Province, eastern China.

in 2019. These surveying periods represent the peak flowering
time and have the highest pollinator activities, ensuring that
our survey period covered the entire flowering period of all
dominant plant species in the TIL.

During the sampling periods, we considered an insect to
be a pollinator only if it physically touched the anthers and/or
stigmas of the flowers (Vdzquez et al. 2005). For pollinators
and plant species that could not be identified immediately in
the field, we captured voucher specimens using a sweep-net

and identified the taxonomies in the laboratory (the identifica-
tions were later verified by specialists, see Acknowledgments).
We recorded the number of pollinators visiting each flower-
ing species during the sampling period and ensured the insect
taxon of these pollinators. We also estimated the flower area of
each plant along each transect at each sampling period, then
calculated the flower area of each island. We used the same
sampling strategy for the 16 mainland sites (representing the
whole mainland), with a sampling effort designed to match
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the number of surveys on the largest island (i.e. 16 pairs of
edge and interior transects) (Fig. 2; Supporting information).
The list including the plants, flower area, pollinators and pol-
linator abundance is presented in Supporting information.

Sampling completeness

Achieving high-level sampling completeness of species and
interactions (especially interactions) is a considerable chal-
lenge for studying ecological networks (Chacoff et al. 2012).
We conducted analyses to ensure that our results do not stem
from sampling artefacts. We used ‘sample coverage’ to mea-
sure the sampling completeness of plants, pollinators and
interactions, which is defined as the proportion of the total
number of individuals in a community belonging to the spe-
cies represented in the sample (Chao and Jost 2012). We cal-
culate the sample coverage using the R package iNEXT, ver.
2.0.20 (Hsieh et al. 2016).

The position of species and interactions in the
network

Diverse centrality indices provide useful measures for the
influential nodes according to different topological patterns
(Lt et al. 2016). We used two benchmark centrality indi-
ces, i.e. betweenness centrality (BC) and closeness centrality
(CO), to evaluate the position of plants and pollinators in the
network. BC of a given species denotes the proportion of all
shortest paths between all pairs of species in a network that
pass through the given species (Newman 2003, Delmas et al.
2019), where high BC values indicate that species tend to
act as module connectors in modular networks. CC of a
given species denotes the shortest path length between the
given species and all other species in the network (Freeman
1978, Delmas et al. 2019), where high CC values indicate
that species are close to many other species and efficiently
influence the overall network. We used two additional indi-
ces, i.e. proximity to core (Proxcore) (Chacoff et al. 2018)
and core-periphery structure (Coper) (Miele et al. 2020), to
evaluate the position of interactions in networks. Proxcore
is calculated as the difference between 1 with standardized
Euclidean distance to the upper-left cell in the nested net-
work (Almeida-Neto et al. 2008, Chacoff et al. 2018), where
high Proxcore values indicate that interactions are near to
the network core. Coper is based on the stochastic block
model (SBM) (Newman and Leicht 2007, Gonzdlez et al.
2020, Miele et al. 2020). For the plant—pollinator networks,
the SBM infers groups of statistically equivalent nodes, i.e.
species are connected in a similar way in the same group
(Gonzdlez et al. 2020), then species are grouped into core
species and peripheral species. Therefore, interactions in the
network are divided into four groups when the core—periph-
ery structure exists (each species ordering is represented by
1 (core) or 2 (periphery)): group C11 represents the core;
groups C12 and C21 represents interactions between core
and periphery; group C22 represents the periphery. That is,
the interactions are divided into three groups consisting of

core, between core and periphery, and periphery. Compared
with the Proxcore, Coper could loosely rank the position of
each interaction in core, between core and periphery, and
in periphery. The Proxcore and Coper methods describe the
position characteristic of interactions in the network from
different perspectives. Proxcore is based on the standard-
ized Euclidean distance of nestedness metrics (i.e. presence
of hierarchical subsets of interactions), while Coper is based
on the statistically equivalent nodes (Gonzélez et al. 2020).
Therefore, we used the Proxcore to precisely rank the position
of each interaction relative to the core of the network, and the
Coper to loosely rank the position of each interaction in core,
between core and periphery, and in periphery. We calculated
BC and CC scores using function VD in R package ‘bipar-
tite, ver. 2.16 (Dormann et al. 2021), Proxcore scores using
function interaction.stability.r (Chacoff et al. 2018), and
Coper scores using function cpness in package ‘econetwork’,
ver. 0.6.0 (Vincent et al. 2021).

Measuring stability over time and space

We studied the stability of plants, pollinators and interac-
tions over time (in different years) and over space (in differ-
ent islands), respectively. We measured the stability of plants
and pollinators by calculating 1/CV (a measure of stability),
using flower area and pollinator abundance, respectively. The
notation CV is defined as the coefficient of variation, called
variability, which is equal to the standard deviation divided by
the mean. The index 1/CV could perform well at species- or
community-levels, in situation where the data contains no or
a small proportion of cases with one observation so that there
are relatively few fluctuations (Kefi et al. 2019). However,
with the use of 1/CV; two issues arise when calculating the sta-
bility of interactions (Chacoff et al. 2018), as presented below.

First, the frequency of interactions usually widely var-
ies over time and space due to environmental factors, such
as phenology, climate change and habitat fragmentation
(Fortuna and Bascompte 2006, Hegland et al. 2009, Rafferty
and Ives 2011, Chase et al. 2020, Peralta et al. 2020). These
variations thus lead to considerable number of interactions
only occurred once over time or space (Petanidou et al.
2008, Aizen et al. 2012, Chacoff et al. 2018). For these

interactions, the value 1/CV'is derived to be a constant value

(1/CV =41/ n ) which only relates to the total number of

n years or 7 sites (details of this derivation in the Supporting
information). Second and more importantly, the value 1/CV
neglects the span of interactions over time and space, which
makes some rarely occurred interactions more stable than
widely occurred interactions. The above two aspects lead
to inaccurate calculations of the stability of interactions.
Consequently, here we propose a new method to calculate
1/CV; in order to appropriately evaluate the stability of
interactions. The new method considers two perspectives
for the stability of interactions: the span (denoted as S, the
number of years or sites in which non-zero interaction was

observed; Supporting information) and the variability (CV),
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which avoids the case where rarely occurred interactions are
more stable than widely occurred interactions. Obviously,
the larger the value S, the broader the span of interactions
over time or space. The proposed new method can be used to
appropriately evaluate the stability of interactions over time
and space. More specifically, within a given year or location,
the span of interactions can be obtained based on the number
of years (across temporal analyses) or islands (across spatial
analyses) that interactions occurred. Then the stability (the
value 1/CV) of the interactions is overall higher with larger
values S than that with smaller values S. The above calcula-
tions and analyses imply that § is the primary factor to con-
sider when we evaluate the stability of the interactions, and
further we can evaluate the stability of different interactions
within the same span.

For interactions with the same value S in terms of the new
method, we can further evaluate the stability of each interac-
tion. To do this, we calculate the stability using the equation
1/CV = mean/standard deviation. But in this case, the zero
observed interaction abundance is excluded when we calcu-
late the value ‘mean’ (the mean of non-zero observations),
since we have considered their S values. Indeed, the span is
divided in terms of observed values that are non-zero, i.e. the
value S will decrease by one as soon as one zero observation
occurs. Now we calculate 1/CV of interactions, i.e. (Eq. 1):

n
mean z f
i=1

(f,) , (S(f,.);tO W
mean Z;ﬁ , G(_ﬂ)zo

1/CV =

where the f is the interaction frequency at the ith year or
island, and o(f) is the standard deviation of the interaction
frequency at the total years or islands. For interactions that
only occurred once, i.e. the case where 6(f) =0, 1/CVis equal
to their frequency. As a result, after obtaining 1/CV based
on the two perspectives of the span S and the variability, we
can avoid biases inherent in previous calculation method
of stability and evaluate the stability of interactions more
appropriately.

Statistical analyses

Previous studies have shown that temporal stability and spatial
stability, stability and frequency, as well as stability and gen-
eralization, are highly correlated respectively (Chacoff et al.
2018, Zografou et al. 2020, Resasco et al. 2021). In our
study, we also explore and further justify the above three
correlations. Specifically, we calculate Spearman’s rank cor-
relation coeflicients between temporal stability and spatial
stability (for plants, pollinators and interactions), between
temporal/spatial stability and frequency (for plants, pollina-
tors and interactions) and between temporal/spatial stability

and generalization (for plants and pollinators). To calculate
the generalization value of species, we used functions species-
levelin R package ‘bipartite, ver. 2.16 (Dormann et al. 2021).

To explore whether temporally/spatially stable species
and interactions deviate from the network core, we calculate
Spearman’s coefficients of the correlation between the posi-
tion of proximity to the network core and the temporal/
spatial stability (here called position-stability correlation) of
plants, pollinators and interactions. For the position-stability
correlation of plants and pollinators, we calculate the cor-
relations between betweenness centrality and stability (BC
— 1/CV), and between closeness centrality and stability (CC
— 1/CV). For the position-stability correlation of interac-
tions, we calculate the correlations between core-periphery
and stability (Coper — 1/CV), and between position of prox-
imity to the network core and stability (Proxcore — 1/CV).
We use ANOVA analysis to show whether the position-sta-
bility correlations among plants, pollinators and interactions
are significantly different from each other between tempo-
ral and spatial scales. For the networks in 41 islands, we
use linear regression to explore how island attributes affect
Spearman’s coefficients. As the two major attributes, area
and isolation have no correlation with each other (Pearson’s
r=—-0.14, p=0.38). The results of linear regressions could
show whether island area and isolation change the positions
of temporally/spatially stable species and interactions, mak-
ing them deviate from the network core. The linear regres-
sion coeflicients could show the likelihood of temporally/
spatially stable plants, pollinators and interactions deviate
from the network core. Using linear regression to Spearman’s
coefficients is credible proved by the linear mixed models
(Supporting information). We run linear regressions using
the /m function in R, then the obtained predictor effect plots
showed marginal effects of each predictor on the response
variables in the linear regression models, by using R package
‘effects’, ver. 4.2-0 (Fox and Weisberg 2018).

To further ensure whether the deviation from the network
core is caused by the effects of habitat fragmentation, we cre-
ated null model networks under the background of excluding
the effects of habitat fragmentation, to imitate the process that
they occupy different positions in the network in different
patches (islands in our study). In order to exclude the effects
of habitat fragmentation on null model networks, interac-
tions in the created null model networks were required to be
neutral. The neutrality implied random (stochastic) encoun-
ters of individuals, so in plant—pollinator networks, species
abundances are expected to play an important role in predict-
ing interactions (Vdzquez et al. 2009). Indeed, the neutrality
of interactions denotes that only species abundance drives
the interactions (Chacoff et al. 2018), which excludes some
ecological processes likely influencing interactions, such as
morphological barriers and spatial/temporal non-overlap in
species distribution. That is, the neutrality would simplify the
ecological process of constructing plant—pollinator networks
and exclude the effects of habitat fragmentation.

Specifically, we combined them to build one pool network,
using the observed three-year plant—pollinator networks
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tion between core-periphery and stability.
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Figure 4. The results of null model. The null model was used to
evaluate the ecological significance of the position-stability correla-
tion of plants (al—a4), pollinators (b1-b4) and interactions (c1-c4)
over time and space. The small black and the large grey circles show

on 41 islands and mainland. Then we created null model
networks, i.e. randomly drawing the interactions from the
pool as the observed network on each island. For each ran-
domly drawn network, by referring to the originally proposed
method by Vizquez et al. (2007), we constrained the total
numbers of plant species and pollinator species respectively,
the abundance of interactions and the connectance, to be the
same with that in the observed network, and also constrained
each species to have at least one link. In the randomly drawing
process, the probability of interaction among a pair of species
was determined by the abundances of individuals, so those
constructed null model networks represented the neutrality of
interactions. Finally, the random sampling process generated
1000 null model networks for each observed network (details
in Data availability statement), where Spearman’s coeflicients
were also obtained. Then we compared the position-stability
correlation (using Spearman’s coefficients) of plants, pollina-
tors and interactions between the observed network and the
above generated 1000 random networks.

Based on the obtained Spearman’s coefficients for each
observed network and the above generated 1000 random
networks, respectively, denoted as o, and o, we then cal-
culated the standardized effect size (SES) using Eq. 2:

SES = (aty,, — Olp) / SD(anu“)

where @, is the mean of «_,, and SD(a, ) is the stan-
dard deviation of o, . The SES quantifies the magnitude and
direction of the difference between value o, and expected
values (i.e. 95% confidence interval of values o ;) (Gotelli
and McCabe 2002). A SES value greater than 1.96 represents
that value o, is significantly higher than expected, while a
SES value less than —1.96 represents that value o is signifi-
cantly lower than expected. The above cases (i.e. significantly
higher/lower than expected) both indicate that stable species
and interactions significantly deviate from the network core.

Our null model simulated the process that species and
interactions occupied different islands. Under the background
of neutrality of interactions, temporally/spatially stable spe-
cies and interactions are more likely to be drawn and those
drawn ones tend to occupy the core position in the network,
i.e. the null model networks should have high values a, . By
comparing value o, with values o, we could know whether

the value of position-stability correlation for 41 islands and the
mainland, respectively. Open circles indicate values o, not signifi-
cantly different from expected and solid circles indicate values o,
significantly lower than expected. The red short horizontal lines
show the mean null model values of the position-stability correla-
tion and the red vertical lines represent the confidence interval
(95% quantiles of the null distributions) of the null model results.
BC — 1/CV: the correlation between betweenness centrality and sta-
bility; CC — 1/CV the correlation between closeness centrality and
stability; Proxcore — 1/ CV: the correlation between position of prox-
imity to the network core and stability; Coper — 1/CV: the correla-
tion between core-periphery and stability.
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habitat fragmentation has significant effects on stable species
and interactions, making them significantly deviate from the
network core in fragmented habitats. If habitat fragmentation
has significant effects on stable species and interactions, value
o, should be significantly lower than expected. If habitat frag-
mentation has no significant effects, value a;, should be not
significantly different from expected, i.e. observed network was
not significantly different from the null networks with neutral-
ity (formed by random encounters of individuals), so there is
expected to be some randomness in how species and interac-
tions occupy different positions in the observed network.

In order to further illustrate the dynamics of species and
interactions in fragmented habitats (as a supplement to our
results), we analyzed the turnover of species and interactions
over 3 years (Poisot et al. 2012, CaraDonna et al. 2017). To
calculate the turnover of species and interactions over 3 years,
we used functions betalinkr in R package ‘bipartite’, ver. 2.16
(Dormann et al. 2021). We also analyzed network nestedness
(NODF) (Almeida-Neto et al. 2008) using function nested-
nodf in R package ‘vegan’, ver. 2.5-7 (Oksanen et al. 2020).
Throughout the study, all statistical analyses were conducted
using R ver. 4.0.1 (<www.r-project.org>).

Results

Over 3 years, we recorded a total of 19 486 individual polli-
nator interactions with plants in 960 h of sampling, spanning
3226 interactions between 313 species of pollinators and 68
species of flowering plants. More than 88% of pollinators
were identified to genus (Supporting information). By com-
bining with 3 one-year samples in islands and mainland, we
got higher sample coverage of plants (0.73—1.00) and pol-
linators (0.60-0.99), respectively than that of interactions
(0.40-0.85). The mean sample coverages of plants, pollina-
tors and interactions were 0.89 + 0.02 (mean + SD), 0.84 +
0.03 and 0.68 + 0.03 (Supporting information), respectively.
The sample coverage of plants, pollinators and interactions
in each one-year sample was slightly lower overall than in
three-year sample (Supporting information). Meanwhile,
the analysis on rare interactions implies that our results were
robust to sampling bias (Supporting information).

Plants and pollinators that occurred in one year or one
island (span §=1), accounted for about a quarter of the total
occurrences across temporal scales (27.94% and 24.28%,
respectively) and accounted for a small proportion of the total
occurrences across spatial scales (4.41% and 3.51%, respec-
tively); while more than half of interactions were in the span
S=1 (71.61% across temporal scales and 56.14% across spa-
tial scales; Supporting information). The results above can also
be reflected by the turnover of species and interactions over 3
years, where pollinators turnover is higher than plants turnover
(Supporting information) and species turnover contributed
more to high interactions turnover than interactions rewiring
(Supporting information). The network nestedness signifi-
cantly decreased with the decrease of island area (Supporting
information). Spearman’s coefficients of plants, pollinators

and interactions justified the significant correlation between
temporal stability and spatial stability, the significant correla-
tion between temporal/spatial stability and frequency, and the
significant correlation between temporal/spatial stability and
generalization (Supporting information), which shows that
high-frequency species are always generalists.

According to linear regression coefficients of Spearman’s
coefficients of the position-stability correlation, we found
that island area and isolation made temporally/spatially sta-
ble species and interactions deviate from the network core to
varying degrees. Considering temporal or spatial scales, the
position-stability correlation of plants was the strongest, fol-
lowed by pollinators and interactions (Fig. 3). The position-
stability correlation between temporal and spatial scales is
also significantly different (Supporting information). More
specifically, island area and isolation had a significantly posi-
tive effect on the position-stability correlations (BC — 1/CV
and CC — 1/CV) of plants across temporal scales (island area:
Estimate=0.054 and 0.061, p < 0.01 and p < 0.01, respec-
tively; Fig. 3al—a2; isolation: Estimate=0.131 and 0.168, p
< 0.05 and p < 0.01, respectively, Fig. 3a5—-a6; Supporting
information), but had no significant effect across spatial
scales. Island area had a significantly positive effect on the
position-stability correlations (BC — 1/CVand CC — 1/CV)
of pollinators across temporal scales (Estimate=0.041 and
0.042, p < 0.001 and p < 0.001, respectively; Supporting
information) and spatial scales (Estimate=0.035 and 0.034,
p <0.01 and p < 0.05, respectively; Fig. 3b1-b4; Supporting
information). Isolation had no significant effect on the posi-
tion-stability correlation of pollinators. Island area had a sig-
nificantly positive effect on the position-stability correlation
(Coper — 1/CV and Proxcore — 1/CV) of interactions across
temporal scales (Estimate=0.033 and 0.022, p < 0.01 and p
< 0.05, respectively; Fig. 3al—a2; Supporting information),
but had no significant effect across spatial scales. Isolation
had no significant effect on the position-stability correlation
of interactions. From linear regression coeflicients, we found
that Spearman’s coefficients of plants decreased the fastest
with the decrease of island area, followed by that of pollina-
tors and interactions. Generally, Spearman’s coefficients were
higher in the mainland than on islands (Fig. 3).

Considering temporal and spatial scales, the null model
showed that most values o, tended to be significantly lower
than expected, especially on relatively big islands (> 10 ha).
Compared with stable plants, values o, of stable pollinators
and interactions were significantly lower than expected (Fig. 4).
On some relatively small islands (< 10 ha), the confidence inter-
val of values o, was broad and some values o, were not sig-
nificantly different from expected, especially for plants (Fig. 4).
Besides, considering temporal and spatial scales, the confidence
interval of values o, of Coper — 1/CV were asymmetric, and
broadening sharply with the decrease of island area from 10 ha
(Fig. 4cl, c3). The asymmetric (the parts of red vertical line
above and below the horizontal are not equal) confidence inter-
val of values a , of Coper — 1/CV is because some null model
networks were too small to form the core-peripheral structure
and thus lost some values a , of Coper — 1/CV.

null
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Discussion

Previous studies showed that habitat fragmentation could
simplify plant—pollinator community composition and
decrease network nestedness (Aizen et al. 2012, Spiesman
and Inouye 2013). The position of species and interactions
in ecological networks is closely related to their functions
and roles in the network (Alarcén et al. 2008, Emer et al.
2016). We found that in fragmented habitats, temporally
stable plants are most likely to deviate from the network
core, followed by pollinators and interactions, while only
spatially stable pollinators tend to deviate from the network
core. The null model results showed that temporally/spatially
stable species and interactions significantly deviate from the
network core in fragmented habitats, whereas in some small
habitats, species and interactions occupying positions in the
network have a certain degree of randomness. These findings
reveal an important reason for low nestedness of plant—pol-
linator networks in fragmented habitats.

Sampling completeness

We attempted to overcome potential biases by increasing sam-
pling effort (Nielsen and Bascompte 2007). In fact, the sam-
pling completeness of interactions was generally estimated to
be around 50%, lower than sampling completeness of plants
and pollinators (around 70%) (Chacoff et al. 2012, 2018,
Devoto et al. 2012, Grass et al. 2018, Resasco et al. 2021),
including our results. In our study, the sampling complete-
ness of interactions is lower than that of plants and pollina-
tors. There exist some different reasons for the lower sampling
completeness of interactions, such as the shorter flowering
stage of some plant species (interactions are infrequently
established) and the lower abundance of specialized species
(species are rare), so that the established interactions are rare
and difficult to detect (Dorado et al. 2011, Chacoff et al.
2012). Rare interactions are expected to be most likely to
influence the results in terms of previous studies (Poisot et al.
2012, CaraDonna et al. 2017). We did test for our results by
removing rare interactions, which showed no significant dif-
ference of interaction position-stability correlation between
removing rare interactions and keeping all observed interac-
tions, as well as interaction turnover (Supporting informa-
tion), so our results were robust to sampling bias.

Evaluation on the stability of interactions

The number of interactions that only occurred once within
one year or on one island was far greater than the num-
ber of plants and pollinators (Supporting information),
which indicated that interactions were highly variable over
time and space (Petanidou et al. 2008, Ponisio et al. 2017,
Chacoff et al. 2018). This high variation of interactions
can also be reflected by high turnover of interactions over
3 years (Supporting information). The results above justified
for the necessity to consider the distribution span in calcu-
lating the stability of interactions. For instance, if we still
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used the original formula 1/CV to calculate the stability of
interactions, then all interactions with S = 1 would have the
same value (1/CV=0.577) and no relation to their frequency
(Supporting information). The position-stability correlation
of interactions would be underestimated, resulting in inac-
curate estimates of the effects of habitat fragmentation on
interactions (Supporting information).

The effects of area and isolation on position-stability
correlation

Based on the results of the position-stability correlation,
the effects of habitat fragmentation are likely to alter the
positions of temporally/spatially stable species and interac-
tions, making them deviate from the network core to vary-
ing degrees. The two correlation indices (BC — 1/CV and
CC — 1/CV) show similar results of plants and pollinators,
as well as the two correlation indices (Coper — 1/CV and
Proxcore — 1/CV) of interactions (Fig. 3), implying that dif-
ferent topological angles of the node in the network show
similar trends. Specifically, on a temporal scale, plants on
larger or more isolated islands showed higher correlations
between position and stability (Fig. 3al-a2, a5—a6). This
result may be caused by the fact that the temporal stability
of plants was the most important factor determining how
many pollinators they could acquire, and further deter-
mined the position of plants in the network (Dorado and
Vizquez 2014). In our study system, more remote islands
will be less affected by human activities, including tram-
pling on plants when people landed on the island and the
damage to plants caused by docking of fishing boats, so
plants were expected to get more pollinators on more iso-
lated island. Across temporal and spatial scales, pollinators
only on larger islands showed higher correlations between
position and stability (Fig. 3b1-b4), which may be because
pollinators were highly mobile and thus less affected by iso-
lation (Winfree et al. 2011). On a temporal scale, inter-
actions only on larger islands showed higher correlations
between position and stability (Fig. 3c1-c2), which may be
caused by both plants distributions and pollinators activi-
ties (Carvalheiro et al. 2014, Xiao et al. 2016). In addi-
tion, according to the regression analyses, temporally stable
plants were most likely to deviate from the network core
with the decrease of island area, followed by pollinators and
interactions (Fig. 3; Supporting information). Indeed, the
number of pollinator species was generally higher than that
of plant species (Supporting information), and pollinators
(especially generalists) usually exhibited high functional
redundancy (Pawar 2014). Besides, the high turnover rate of
interactions may mask any effects of area or isolation, ensur-
ing that stable interactions could persist in the network.
The nestedness significantly decreased with the decrease of
island area (Supporting information), which may be caused
by the deviation of stable species and interactions from the
network core with the decrease of island area. When stable
species and interactions deviated from the network core,
unstable species (typically specialists) and interactions were
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expected to occupy the network core. However, these unsta-
ble species cannot interact with as many species as generalists
do, causing the decrease of network nestedness. Therefore,
from the perspective of position and stability, deviation of
stable species and interactions from the network core was an
important reason for the lower nestedness of plant—pollinator
networks in fragmented habitats.

The null model results indicated that temporally/spa-
tially stable species and interactions significantly deviated
from the network core in fragmented habitats, since values
a,,. tend to be significantly lower than expected (Fig. 4),
especially for pollinators and interactions. However, below-
expectations are not always significant on some small islands
(< 10 ha). There is expected to be some randomness in
the process that species and interactions occupy different
positions in networks on small islands, since there are too
few species observed (indeed it is, or caused by low sam-
pling completeness). Compared with stable pollinators and
interactions, the process of stable plants occupying differ-
ent positions in the network showed randomness on more
small islands, which was expected because the number of
plant species was generally smaller than that of pollinator
species (Supporting information). A few plant species left
on small islands also made these islands have a weak abil-
ity of self-regulation, which ultimately leads to very little
robustness of these islands to disturbances (Hadley and
Betts 2012). Meanwhile, pollinators are strongly affected
by key food sources and nest sites (Ferreira et al. 2015), so
the pollinators tend to pass by small islands randomly and
cannot interact sufficiently with plants (Kremen et al. 2007,
Carvalheiro et al. 2014), which is the main reason for ran-
domness generated. The fact that a few species were left on
small islands also explains the broader confidence interval
of null model on small islands than on big islands, since the
slight change of positions of stable species or interactions in
the small network will lead to a remarkable change of the
position-stability correlation.

Conclusions

Our study showed that temporally/spatially stable species
and interactions deviated from the network core to varying
degrees in fragmented habitats. Meanwhile, the null model
results further indicate that the deviation from the network
core is caused by the effects of habitat fragmentation. From
the perspective of position and stability, our findings revealed
an important reason why plant—pollinator networks have
low nestedness in fragmented habitats. Additionally, we pro-
posed a new method to appropriately evaluate the stability of
interactions, which has wide applications in future research.
For instance, our method can be used to address whether the
change of global climate, the urbanization or the biological
invasion (Hegland et al. 2009, Harrison and Winfree 2015,
Valdovinos et al. 2018, Theodorou et al. 2020) will lead to
the deviation of temporally/spatially stable species and inter-
actions from the network core.
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