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Abstract

Aims

The loss of species that engage in close ecological interactions, such
as pollination, has been shown to lead to secondary extinctions,
ultimately threatening the overall ecosystem stability and function-
ing. Pollination studies are currently flourishing at all possible levels
of interaction organization (i.e., species, guild, group and network),
and different methodological protocols aimed to define the resil-
ience of pollination interactions have been proposed. However,
the temporal dimension of the resilience of pollination interactions
has been often overlooked. In the light of these considerations, we
addressed the following questions: does a temporal approach help
to reveal critical moments during the flowering season, when polli-
nation interactions are less resilient to perturbations? Do pollination
interactions evaluated at species, guild, group and network level
show different patterns when assessed through time?

Methods

We monitored contacts between plant and pollinator species in dry
grassland communities every 15 days during the overall community
flowering season (12 surveys). For each survey, we built a quantita-
tive plant—pollinator interaction matrix and we calculated two sets of
metrics characterizing, respectively, the diversity and the distribution
of interactions across hierarchical levels. To describe the diversity of
interactions, we calculated partner diversity (PD) at the species level,
vulnerability/generality (V/G) at the guild level, and interaction diver-
sity and evenness at the network level. The distribution of interactions
was characterized by calculating selectiveness at the species and the

network level, and modularity at the group level. We assessed the
temporal variation of PD, V/G at the level of plants and pollinators,
and species selectiveness, by means of Linear Mixed Models (LMMs).
To investigate the temporal variation of indexes calculated at group
and network level, we applied simple linear and quadratic regres-
sions after checking for temporal autocorrelation in residuals.

Important Findings

When taking into account the temporal dimension of interactions,
the diversity of interactions showed different patterns at different
levels of organization. At the species level, no relationship was dis-
closed between PD and time, when assessing the temporal trend of
V/G separately for the guild of plants and pollinators we observed
an asymmetric structure of interactions. Pollination interactions
showed to be asymmetric throughout the flowering season; how-
ever, evenness of interactions and network selectiveness showed
significant positive relationships with time, revealing a poorer net-
work of interactions during the end of the flowering season. The
temporal analysis of pollination interactions revealed a stronger risk
of secondary extinctions at the end of the flowering season, due to
a lower degree of redundancy and thus of resilience of the overall
network of interactions.
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INTRODUCTION

The interactions between plant species and wild animals
for pollination are currently an issue of increasing interest
worldwide. This essential process is considered one of the
key ecosystem functions, necessary to preserve biodiversity

and the functioning of both natural terrestrial ecosystems
and crops (Fontaine et al. 2006; Ollerton et al. 2011). In addi-
tion, together with other biotic and abiotic factors, pollina-
tion interactions can contribute to define plant communities
structure and composition (Dante et al. 2013; Fantinato et al.
2016a, 2017a), thus influencing ecosystem properties.

© The Author(s) 2018. Published by Oxford University Press on behalf of the Institute of Botany, Chinese Academy of Sciences and the Botanical Society of

China. All rights reserved. For permissions, please email: journals.permissions@oup.com

6102 Areniga4 {1 uo Jasn eizeusA 1un Aq 6202181/2S1/1/Z L roensqe-ajonue/adl/woo dnooiwspeoe//:sdiy woll papeojumoq


mailto:edy.fantinato@unive.it?subject=

158

Mounting evidence exists that pollinators are declin-
ing as a consequence of global environmental changes
and degradation (Biesmeijer et al. 2006; Potts et al. 2010;
Winfree et al. 2009). Anthropogenic changes in land use
(e.g. agriculture, industry and urbanization) are ranked
among the most important pressures, typically resulting in
the loss of native vegetation and changes to its spatial dis-
tribution, deterioration of vegetation structure, reduction
of species richness and abundance, and changes in species
composition (Del Vecchio et al. 2016; Fahrig 2003; Fischer
and Lindenmeyer 2007). As for pollinators, the destruction
and fragmentation of natural or semi-natural habitats is
expected to cause the loss of forage and breeding habitats,
or at least less floral forage over shorter periods of time
(Hall et al. 2016), population subdivision and the conse-
quent demographic and genetic stochasticity (Fischer and
Lindenmayer 2007).

Under human-induced land use changes, several pol-
lination interaction attributes have been recognized to
deeply influence the resilience of pollination interactions
to perturbations (e.g., the degree of pollination speciali-
zation; Bliithgen and Klein 2011; Fantinato et al. 2017b;
Kaiser-Bunbury and Bliithgen 2015; Thébault et al. 2010;
Vazquez and Aizen 2004). Pollination studies are currently
flourishing at all possible levels of organization (i.e., spe-
cies, guild, group and network), and different methodolog-
ical protocols aimed to define the resilience of pollination
interactions have been proposed (e.g., Biella et al. 2017;
Kaiser-Bunbury et al. 2010; Thébault and Fontaine 2010;
Tylianakis et al. 2010). Especially, Kaiser-Bunbury and
Bliithgen (2015) introduced a set of metrics describing the
diversity and the distribution of pollination interactions at
different hierarchical levels, highlighting their effective-
ness in defining the resilience of pollination interactions to
perturbations.

However, the temporal dimension of the resilience of pol-
lination interactions has been often overlooked (Willmer
2011). Nonetheless, all studies that have explored the tem-
poral dynamics of pollination interactions (e.g., Basilio et al.
2006; Lundgren and Olesen 2005; Medan et al. 2002; 2006;
Olesen et al. 2008) evidenced that pollination interactions can
strongly change through time. Arguably, pollination interac-
tions can greatly vary during the community flowering sea-
son due to changes in both environmental, ecological, biotic
and anthropogenic features (e.g., temperature, resources
availability, community composition, disturbance etc.), possi-
bly leading to temporal fluctuations of the resilience of mutu-
alistic communities (Thébault et al. 2010; Vazquez and Aizen
2004).

In the light of these considerations, we addressed the fol-
lowing questions: does a temporal approach help to reveal
critical moments during the flowering season, when pol-
lination interactions are less resilient to perturbations? Do
pollination interactions evaluated at species, guild, group
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and network level show different patterns when assessed
through time?

We addressed the problem by assessing the temporal
dynamic of pollination interactions in dry grassland commu-
nities. Dry grasslands are one of the most important semi-
natural habitat in Europe (Dengler et al. 2014; Habel et al.
2013). They have great conservation value (Wellstein et al.
2014) for their high biological diversity which includes a vari-
ety of rare species from different taxonomic groups, includ-
ing plants, butterflies and other invertebrates (Bobbink and
Willems 1988; Fantinato et al. 2016b; Ssymank et al. 1998;
Van Swaay 2002; Wellstein ef al. 2014). Dry grasslands are
severely endangered by threats that apply to many other
plant communities: changes in land use, through intensifica-
tion of agriculture as well as abandonment followed by bush
encroachment, fragmentation, decreased habitat quality, and
the consequent decline of the biodiversity they host (Dengler
et al. 2014; Godo et al. 2017; Luoto et al. 2003; Torok et al.
2011). Furthermore, being characteristic of pastoral and low-
intensity managed landscapes (Wellestein et al. 2014), dry
grasslands can crucially contribute to biodiversity and polli-
nation service retention in agricultural landscapes (Fantinato
et al. 2017a). Therefore, the assessment of the resilience of
pollination interactions to perturbations represents an impor-
tant step for the maintenance of functioning of dry grassland
communities, and of the pollination service they provide.

MATERIALS AND METHODS

Site selection and data collection

Field sampling was carried out on semi-natural, oligo- to
mesotrophic, Bromus erectus-dominated dry grasslands in the
Euganean Hills (NE Italy; Fantinato et al. 2016b). They estab-
lish on middle-altitude limestone slopes, on sites character-
ized by poorly developed, shallow and skeletal calcareous
soils, with an average pH of 7.5 (Bini 2001; Slaviero et al.
2016). They are scattered and fragmented in a patchy land-
scape of arable fields, vineyards and olive groves, intermin-
gled with low-intensive mowed mesophilous grasslands and
forests. Local climate data reveal an average annual rainfall of
720 mm (Kaltenrieder et al. 2010), with two maximum peaks
in April and September and two minimum peaks in July and
December. Annual mean temperature is 13.0°C, with a peak
mean high temperature in July and a low in January.

Within an area of 16 ha, we randomly placed 26 perma-
nent plots of 2 m x 2 m. In each plot, animal-pollinated spe-
cies presence was recorded and their flowering phenology
was monitored every 15 days, from 1 April to 30 September
in 2016, for a total of 12 surveys. The 12 surveys were car-
ried out in warm and sunny days (e.g., Goverde et al. 2002;
Ghazoul ef al. 2006; Rodriguez-Perez and Traveset 2016).
Flowering monitoring started at the opening of the first flower
(Pleasants 1980) and ended when individual plants no longer
possessed any flower with anthers (Dante ef al. 2013). Plant
species nomenclature follows Conti ef al. (2005).
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Furthermore, during each survey, we recorded visiting
insects. The visitation frequency was monitored by counting
the number of visits to each plant species during 14 min. The
observation period was split in 7-min sets distributed during
two daily intervals (from 10 a.m. to 1 p.m.; from 1 p.m. to
4 p.m.) to ensure the observation of pollinators showing dif-
ferent daily periods of activity. We considered and counted as
pollinators only those insects landing on the flower, visiting it
for >1 s, and getting in direct contact with the floral reproduc-
tive organs (Hegland and Totland 2005). Floral visitors were
identified at the level of species or morphospecies (Memmott
1999). Bush-crickets were included as pollinators because
juveniles were observed to land on flowers and to carry pol-
len accidently on their legs and make contact with the floral
reproductive organs.

Data analysis

We built a quantitative plant—pollinator interaction matrix for
each survey (12). As interaction weight, we used the visitation
frequency, expressed as the number of contacts between each
plant and pollinator species during a census. To define the re-
silience of dry grassland pollination interactions, we followed
Kaiser-Bunbury and Bliithgen (2015). We used the bipartite
package (Dormann ef al. 2008) run in R to obtain all the met-
rics calculated in this study. The pollination interactions attrib-
utes were described through two sets of metrics characterizing,
respectively, the diversity and the distribution of interactions
across hierarchical levels (i.e., species, guild, group and net-
work level). To describe the diversity of interactions, we calcu-
lated partner diversity (PD) at the species level, vulnerability/
generality (V/G; i.e., mean PD across (i) plant and (ii) pollin-
ator species) at the guild level, and interaction diversity (ID)
and evenness (IE) at the network level. The distribution of
interactions was characterized by calculating selectiveness at
the species and the network level (d” and H’,, respectively;
Bliithgen ef al. 2006), and modularity at the group level (Q;
Dormann and Strauss 2014). For a detailed description of the
metrics see Kaiser-Bunbury and Bliithgen (2015). Since modu-
larity (Q) strongly depends on network size, to ensure that the
comparison of modularity (Q) was between the most unbiased
estimates (Lazaro et al. 2016; Traveset et al. 2017), we corrected
observed modularity (Q) for the mean of values resulting from
1000 randomly generated matrices of the same size as the focal
one, using a null model that fixes total number of interactions
(function null model; method; r2d; R-based package bipartite;
Ballantyne et al. 2017). Standardized z-scores were calculated
for each group and network level metric (z = [observed — null
mean]/null 0) to test for significant difference from the null
model distribution.

We assessed the temporal variation of PD, V/G at the lev-
els of plants and pollinators, and species selectiveness (d’)
by means of LMMs (R-based package nime). We regressed
each metric with respect to a quadratic trend and a random
factor represented by the identity of species. Possible tem-
poral dependences among the different surveys were taken
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into account using a first order autoregressive model for the
random errors.

To investigate the temporal variation of indexes calculated
at group and network level, we applied simple linear and
quadratic regressions. Specifically, we applied simple linear
regressions to assess the temporal variation of IE, corrected
modularity (Q) and network selectiveness (H’,); while a
simple quadratic regression was calculated to assess the tem-
poral variation of ID. Simple linear regressions and the quad-
ratic model were firstly checked for temporal autocorrelation
in residuals by performing a Durbin—Watson test (function
durbinWatsonTest; library-based package car).

RESULTS

Diversity of interactions

Overall, we identified 34 plant and 77 pollinator species. At
the species level, PD did not show a significant relationship
with time (PD; t = —0.321; P = 0.748; Fig. 1A). At the guild
level, V/G of plants showed a significant U-shaped relation-
ship with time (V/G; t = 2.056; P = 0.046; Fig. 1B); while, V/G
of pollinators showed a significant hump-shaped trend (V/G;
t=-2.439; P =0.016; Fig. 1C). Values of ID (Table 1) and IE
(Table 1) did not show temporal autocorrelation in residuals
(ID; P = 0.06; IE; P = 0.756). ID showed a significant hump-
shaped relationship with time (R? = 0.498; P = 0.044), while IE
increased significantly through time (R? = 0.356; P = 0.040).

Distribution of interactions

The degree of species selectiveness (d) did not show a signifi-
cant relationship with time (¢ = -1.774; P = 0.078; Fig. 1D).
Values of corrected modularity (Q; Table 1) and network se-
lectiveness (H’,; Table 1) did not show temporal autocorrel-
ation in residuals (Q; P = 0.98; H’,; P = 0.089). No significant
relationship could be detect between corrected modularity
and time (R?> = 0.034; P = 0.56). Contrarily, network select-
iveness (H',) followed a significant positive trend (R? = 0.546;
P =0.001).

DISCUSSION

Pollination interactions in dry grassland communities showed
to have a strong temporal dynamic. The application of Kaiser-
Bunbury and Bliithgen (2015) methodology on a time series
of pollination interactions allowed us to highlight critical
moments, in which pollination interactions resulted more
vulnerable and less resilient to perturbations.

When taking into account the temporal dimension of inter-
actions, the diversity of interactions showed different and
even contrasting patterns at different levels of organization
(species, guild and network). If, at the species level, no rela-
tionship was disclosed between PD and time, when assessing
the temporal trend of PD separately for the guilds of plants and
pollinators (i.e., V/G) we could observe two opposite temporal
trends. Generalist plants (i.e., plant species interacting with a
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Figure 1: relationships between time and (a) species partner diversity (PD), (b) plant species vulnerability/generality (V/G), (c) pollinator
species V/G and (d) species selectiveness (d’). Lines represent the estimates of the models corrected from temporal dependences among the

different surveys.

broad range of pollinator species) prevailed during the start
and the end of the community flowering season and were
pollinated by specialist pollinators (i.e., pollinator species
interacting with a few plant species), while specialist plants
(i.e., plant species interacting with a few pollinator species)
flowered during the peak of the community flowering season,
and were pollinated by generalist pollinators (i.e., pollinator
species interacting with a broad range of plant species), result-
ing in an asymmetric structure of interactions. An asymmet-
ric structure has been proven to have important implications

Table 1: group and network level metrics. Q, modularity; ID,
interaction diversity; IE, interaction evenness; H’,, network
selectiveness

Group level metrics Network level metrics

Survey Observed Q Corrected Q 1D 1E H,

1 0.416 0.371 1.798 0.417 0.394
2 0.574 0.334 2.968 0.638 0.226
3 0.562 0.402 3.464 0.585 0.392
4 0.746 0.594 3.345 0.610 0.467
5 0.548 0.343 3.364 0.620 0.217
6 0.587 0.382 2.967 0.583 0.384
7 0.646 0.410 2.328 0.547 0.604
8 0.518 0.153 1.977 0.619 0.393
9 0.442 0.172 2.112 0.800 0.543
10 0.506 0.065 2.303 0.677 0.451
11 1.000 0.799 2.043 0.590 0.812
12 1.000 0.748 1.778 0.716 0.747

Significant differences of observed values from null model predictions
were indicated in bold (P < 0.001).

for mutualistic communities (Abramson ef al. 2011; Thébault
etal. 2010; Vazquez and Aizen 2006). The way in which polli-
nation interactions are structured, i.e. the type of interactions
developed among species (symmetric or asymmetric), might
affect their own stability and function, communities organiza-
tion as well as the entire ecosystem functioning (Bascompte
and Jordano 2013; Krause et al. 2003; McCann et al. 2005).
The structure of interactions is also supposed to influence the
mutualistic communities responses to disruptions, i.e. resil-
ience to perturbations such as the extinction of species if, for
example, generalist partners buffer the loss of specialist ones
(Memmott et al. 2004) or, conversely, fragility, if the most-
connected partners disappear. Contrarily to symmetry, asym-
metry in species interactions has been proven to confer higher
resilience to mutualistic communities, preventing the occur-
rence of secondary extinctions (Thébault ef al. 2010; Vazquez
and Aizen 2004). Furthermore, Ashworth et al. (2004) theo-
rized that asymmetric interactions would mitigate the effects
of habitat destruction and fragmentation on the reproductive
success of specialist plants, which have been predicted to be
more sensitive to the loss of their specific mutualist partners
than generalist ones.

Despite pollination interactions in dry grasslands showed to be
asymmetric throughout the flowering season, ID at the network
level followed a significant hump-shaped trend. Lower values
of ID during the start and the end of the community flowering
season may imply a lower network resilience (Bliithgen et al.
2008; Lazaro et al. 2016; Traveset et al. 2017). However, given
the positive trend of IE, we expect that the resilience of the pol-
lination network might be especially low at the end of the com-
munity flowering season. In fact, according to Kaiser-Bunbury
and Bliithgen (2015) when high values of IE are coupled with
low values of ID, they may not represent the spread of more

6102 Areniga4 {1 uo Jasn eizeusA 1un Aq 6202181/2S1/1/Z L roensqe-ajonue/adl/woo dnooiwspeoe//:sdiy woll papeojumoq



Fantinato et al. | Temporal resilience of pollination interactions

uniform connections among plants and pollinators but rather
the development of a poorer network of interactions.
Interaction distributions evaluated at the network level
through the analysis of network selectiveness (H’,), con-
firmed the pattern of vulnerability arose from the temporal
assessment of the network diversity of interactions. A high
degree of selectiveness in pollination networks occurs when
two or more species improve the overall pollination network
by adding further original interactions (Bliithgen et al. 2006).
High selectiveness requires a certain degree of specialization of
each interaction, while high generalization is associated with
high pollinator sharing and thus redundancy. Redundancy
implies that species are mutually substitutable in terms of a
given ecological function (Mouillot ef al. 2013). In a mutual-
istic community, it confers a high resilience, acting as a buffer
against species loss (Memmott et al. 2004). Conversely, a high
selectiveness entails a high dependence of plant diversity to
flower visitor diversity (and vice versa), thereby resulting in
less resilience to perturbations (Bliithgen and Klein 2011).
Thus, despite a comparable functional composition of gener-
alist plant and specialized pollinator species at the start and at the
end of the flowering season, the degree of selectiveness of the
pollination network revealed a stronger risk of secondary extinc-
tions during the end of the flowering season, due to a lower
degree of redundancy and resilience of the overall network.
From a conservation perspective, this implies that the loss
of plant species flowering at the end of the community flow-
ering season can put the ecosystem functioning more in dan-
ger than the loss of plant species flowering during the start
and at the peak of the community flowering season. In natu-
ral landscapes, the loss of one of them may force the related
pollinator species to forage elsewhere, damaging the integrity
of the pollination network. However, in fragmented habitats
surrounded by a hostile matrix, which represents an increas-
ingly common situation for dry grasslands, etfects may be
even more pronounced. The loss of one of the late flower-
ing plant species would indeed lead to the secondary extinc-
tion of specialized pollinators observed to forage exclusively
on them, because incapable to find foraging habitats nearby,
ultimately compromising the integrity of the mutualistic com-
munity also for the upcoming flowering seasons.
Conflict of interest statement. None declared.
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