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Abstract
In recent years, an extended body of literature has focused on the importance of temporal dynamics in
shaping the structure of plant and pollinator communities and their interactions. This improvement from
a previously static perspective to community analysis has allowed us to understand many of the
ecological processes that shape these communities. However, a focus on temporal dynamics has led to a
decreased attention to the spatial dynamics. Here, we use a dataset collected across two contrasting
habitat types in N and SW Spain, mountain grasslands and the understory of sparse pine forests. We
collected data across �ve sites in each area, and weekly throughout the full �owering season at each area
for two consecutive years. Our results show that spatial differences in species composition and species
individual roles led to signi�cant changes in interaction composition. We �nd that interaction turnover
was much larger across space than time, demonstrating that the spatial context leads to a signi�cant
rewiring of interactions. Our study shows signi�cant spatial and temporal dynamics that we are currently
far from understanding and that explain why predicting interactions is still a failed subject in ecology. 

Introduction
In recent years, community-level analyses of plants and their pollinators have allowed us to understand a
lot about how these communities are structured (Bascompte & Jordano 2013), as well as have initial
insights into how this structure affects some ecosystem functions (Magrach et al. 2021). However a
major challenge continues to be predicting (both corroboratory and anticipatory) the structure of these
communities.

Indeed, prediction is one of the main challenges faced by ecology today. In the case of interactions,
different approaches have been followed to infer interactions from species composition through the use
of trait-matching (Bartomeus et al. 2016), or machine-learning techniques (Strydom et al. 2021). But any
of these approaches will fail to fully predict the full network of interactions, because although there are
some emergent network properties that are highly predictable (e.g., connectance (MacDonald et al.
2020)), and trait-matching plays an important role in determining interaction frequencies, some
interactions follow neutral processes which result from random encounters between individuals based on
their abundance (Vázquez et al. 2009). At present, we do not know the proportion of links that are a
consequence of these neutral forces, and whether this proportion changes across different habitat types.
In addition, there are three main issues that are hampering our advances in the predictive front, (1) most
information we have on plant-pollinator interactions comes from very different habitat types, such that
we are currently unable to understand how generalizable our results are, (2) sampling completeness is
low across most studies, but the reasons explaining these low coverage values are currently unknown,
and related to this (3) we tend to assume that the co-existence of two species that have interacted in the
past, means they will interact (Poisot et al. 2014), but this is not always the case, and we currently do not
know why.
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Up to date, researchers have done multiple efforts across different habitat types to try to understand the
patterns and processes that lead to the observed plant and pollinator community structures. These
include efforts across arctic heathlands (Olesen et al. 2008a), subalpine meadows (CaraDonna et al.
2017), agricultural landscapes (Ponisio et al. 2017), xeric shrublands (Chacoff et al. 2017, Chávez-
González et al. 2020), or tropical ecosystems (Kaiser-Bunbury et al. 2014). Review efforts have then tried
to �nd general patterns using insights from these studies (CaraDonna et al. 2020b, Trøjelsgaard & Olesen
2016), however currently it is di�cult to disentangle the effects of the different habitat types from
potential sampling artefacts, since each of these different studies have been done following different
methodologies and sampling procedures. There are few studies that have accomplished to collect data in
the exact same way across different habitat types in order to try to understand the generality of some of
the �ndings, while eliminating the noise due to sampling differences.

Furthermore, sampling artefacts can also affect the network structure and the composition of the
interactions observed (Vázquez et al. 2009). In many instances, sampling efforts are not su�cient to
provide robust estimates of species and link presence and abundances, leading to small sampling
completeness values (Chacoff et al. 2011). These low coverage values can be due to several causes, for
example the type of sampling conducted (e.g., transects vs pan traps), the type of interaction sampled,
the delimitation of the study area, the establishment of boundaries around the study system or the
turnover in species and links. Moreover, interactions following neutral processes will likely reduce
sampling coverage, but can we improve completeness if we are able to detect and remove these neutral
interactions from our overall datasets?

In the past decades an increasing body of literature has highlighted the need to consider both temporal
and spatial dynamics when studying plant and pollinator communities and their interactions (Burkle &
Alarcon 2011, CaraDonna et al. 2020a, Schwarz et al. 2021, Schwarz et al. 2020, Trøjelsgaard & Olesen
2016). Through this spatial and temporally-explicit approaches we have become aware that the different
phenology of plant and pollinator species leads to temporal changes in the composition of plant and
pollinator communities, which leads to shifts in interaction composition, and consequently to changes in
community structure (CaraDonna et al. 2017), ultimately affecting ecosystem functioning (Magrach et al.
2020). We have also learned that plant and pollinator species vary in their distribution in space, which
leads to spatial changes in the composition of the community and thus to differences in the composition
of interactions (Olesen & Jordano 2002, Vázquez et al. 2009). But, changes in species composition are
not the only reason why interaction composition can shift. Species do not necessarily interact in the
same way with previous partners across space or time (Poisot et al. 2014). Interaction rewiring, or
switching of partners, can also occur, for example through intraspeci�c variability in partner selection. At
small spatial scales, these differences might be a consequence of differences in microclimate, radiation
or soil type (Reverté et al. 2019), while at larger spatial scales other variables like land use or elevation
could be driving these differences.

However, most approaches have either focused on spatial or temporal dynamics, and few have
simultaneously considered both (Trøjelsgaard & Olesen 2016). But only by considering them both at the
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same time will we be able to understand the mechanisms underlying community structure which will
allow us to try to predict interactions and their responses to different perturbations.

Here, we use data collected following the same methodology within two different habitat types (mountain
grasslands and the understory of Mediterranean woodlands) across two consecutive years. Data was
collected at 5 locations in space and 8-9 times during the �owering season within each habitat type. Our
aim is to use such a well-resolved spatial and temporal dataset to (i) assess the proportion of total
interactions that consistently occur across different years, which would be those we could aim at
predicting, (ii) understand whether spatial or temporal dynamics determine differences in community
structure, and (iii) whether the patterns observed can be generalized across different habitat types.

Methods

Study areas
We collected data at two different areas in Spain: within the area of in�uence of Doñana National Park in
SW Spain and at Gorbea Natural Park, located in N Spain (Fig. S1). The area of Doñana features a
Mediterranean climate, with warm dry summers and cool humid winters. Annual precipitation is 500 mm
and mean temperatures during the study period range from 12.5 to 22.5 ∘ C (Pizarro et al. 2021). Surveys
were conducted within fragmented woodlands of stone pines (Pinus pinea) that host a rich understory of
�owering shrubs and annual plants (Aparicio 2007). In turn, surveys in Gorbea were conducted within an
area characterized by the in�uence of the Atlantic Ocean, with mild winters and summers and high
annual precipitation values, ~ 1,300 mm. Here, mean temperatures during the study period range from 10
to 17.5 ∘ C (Pizarro et al. 2021). Vegetation in the area is composed of beech forests, in conjunction with
abundant coniferous plantations. There is also a substantial presence of shrubland and meadows,
together with dispersed outrocks, present mainly in the steepest areas of the mountain (Albizu et al.
2002).

Surveys were conducted during two consecutive years, 2020 and 2021. Within each area we selected �ve
sites within similar elevations (ranging from 50 to 150 m a.s.l. in the case of Doñana and between 800
and 900 m.a.s.l in the case of Gorbea), as well as within similar habitat and soil types, reducing potential
confounding factors. Similarity in plant composition between sites was 0.41 ±  0.04 in both areas and
across both study years (plant mean Sørensen beta-diversity). The average distance between sites
ranged from 3.2 to 24.2 in the case of Doñana and from 1.3 to 4.6 km in Gorbea. In Doñana, one of the
sites had to substituted in 2021 due to impossibility of access in the second year of sampling and it was
changed to a nearby very similar area.

Within each site, we established one 100-m x 2 m transect. Transects were visited every week (period),
when weather conditions allowed, and surveyed three times during each visit, one in the early morning
(9.30-10.30), one in the middle of the day (13.30-14.30) and one at the end of the day (16.30-17.30), in
order to obtain a complete picture of the community of plants and pollinators present throughout the day.



Page 5/20

During the whole �owering season (from February to May in the case of Doñana and from March to July
in the case of Gorbea), we were able to sample each of the sites between 6 and 9 times depending on the
year. Sampling was interrupted for two weeks in 2020 due to the lockdowns derived from the COVID-19
pandemic. The objective was to sample all �ve sites for one full day each during the week, and then
repeat the sampling again the following week in a randomized order, such that each week represented a
period with a difference of 4 days in the sampling of each site. This was however not always possible
due to lockdowns, restrictions and bad weather, and therefore in a small number of occasions, a period
covers a maximum of 10 days difference between the sampling of the �rst site and that of the last.

At each census, along each transect we identi�ed all plant species and recorded all the �oral visitors that
landed on their �owers and touched the plant´s reproductive parts. Only �oral visitors (from now on
referred to as pollinators) that could not be identi�ed in the �eld were captured, stored and identi�ed in
the laboratory by an expert entomologist (see acknowledgements). In addition, for each period, we
recorded the number of �owers produced by each plant species present. All surveys were done under
similar weather conditions, avoiding windy or rainy days. Total sampling time was 435 hours for both
areas and years.

Sampling completeness
We assessed sampling completeness for plant and pollinator species as well as for plant-pollinator links
using the Chao1 estimator of asymptotic species richness for abundance data (Chao 1984). To this end,
we estimated the richness of plant, pollinator species and plant-pollinator links accumulated as sampling
effort increased up to 100% sampling coverage using package iNEXT (Hsieh et al. 2016). In order to
assess whether different sampling breadths (both temporal and spatial) could affect our sampling
completeness estimates, we estimated species and link accumulation curves grouping data in four
different ways. First, we estimated sampling completeness for the overall data obtained for each study
area, pooling together all data for all sites and periods. Second, we estimated sampling completeness per
period, i.e., by pooling together all the data across the �ve sites sampled per area for each period, but
obtaining different sampling completeness values for each period of time. Third, we estimated sampling
completeness per site, following a similar approach but this time pooling together all the data obtained
for each of the �ve sites per study area across all the sampling periods. Finally, fourth, we estimated
sampling completeness per site and period, i.e., for each of the individual censuses carried out for each
site.

We calculated the proportion of interactions that were common across both study years for each study
area, i.e., all the interactions that we were able to record in the two study years. To this end, we used the
subset of data where pollinator specimens were identi�ed to species level, i.e., we removed species
identi�ed solely to genus or other higher taxonomic order, which represents 85% of the total sampled
specimens. We then further subsetted the data to include only the interactions between plants and
pollinators that were observed both study years (52% of all data collected across both years and study
areas) and calculated sampling completeness for the four different grouping ways as before.
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Species and interaction turnover
We calculated spatial and temporal turnover in plant and pollinator species as well as in plant-pollinator
links. In the case of species, we calculated temporal turnover for each site as the total number of species
found within that site over the entire study period minus the mean number of species per period for that
site. Similarly, we calculated spatial turnover as the total number of species across the entire area minus
the mean number of species per site (Tylianakis et al. 2005).

In the case of plant-pollinator links we calculated turnover in interaction composition across space and
time involving species of plants and pollinators that were present across both sampling periods or sites
being compared, i.e., we focused on the betaOS component of the turnover decomposition suggested by
Poisot and colleagues (Poisot et al. 2012), i.e., that which refers to rewiring in species interactions. This
metric takes values of 0 when interaction composition of the shared species is exactly the same and
values of 1 when interaction composition is completely different.

As previously, we ran this analysis for the full dataset as well as for the subset of data that include only
plant-pollinator links that are present in both study years for each area.

Plant-pollinator network analysis
To evaluate differences in community structure and species roles across space and time, we constructed
plant-pollinator interaction networks by pooling together the data obtained for the three rounds of
sampling per sampling day. We thus obtained one quantitative interaction network per site and period for
each study area and year, representing the frequency of visits by different pollinator species to different
plant species. For each network, we extracted a series of relevant metrics at the species and at the
community level. Speci�cally, we focused on two metrics, complementary specialization (H2’) and the
degree of interaction specialization (d’) of plant and pollinator species, which give an idea of the degree
of specialization at the level of the whole community and at the species level respectively (Blüthgen et al.
2006). We calculated these metrics for the full dataset as well as for the subset of data only including
interactions present across both years.

Data analysis
We evaluated whether there were differences in sampling completeness as a function of the type of
pooling done with the data, i.e., whether there were differences in sampling coverage if this was
calculated pooling all data together (overall), if data was pooled across sites, across periods or across
sites and periods (i.e., for each census). To this end, we ran a general linear mixed model (LMM), with
sampling completeness for either plants, pollinators or links as response variable, pooling type as
independent variable and study area and year as random effects. We further evaluated pairwise
differences across the different levels of pooling types by means of post hoc Tukey tests. We repeated
the same kind of analysis using sampling completeness measured for the reduced dataset in which only
interactions found both years were included.
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Following this same logic, we evaluated whether species and interaction turnover was larger across
space or across time using LMMs with turnover as the response variable, turnover type (spatial or
temporal) and the total number of species or interactions as independent variables and study area and
year as random effects. As before, we ran this analysis using the full dataset, as well as the subset of
data that included only interactions that are present across both study years.

Finally, we evaluated whether interaction network metrics varied across space and time by means of
LMMs. We �tted two complementary LMMs for each network metric, which included the network metric
(H2’ or d’) as response variable and the number of plant and pollinator species (which were not
signi�cantly correlated Spearman correlation = 0.43). The �rst model, testing spatial differences in
network structure also included site as independent variable, and period nested within year and study
area as random factors. In turn, the second model included period as independent variable and site
nested within year and study area as random factors. All models were �tted using a binomial distribution.
We ran both models and selected the best performing using an information criterion approach based on
the lowest AIC value. In the case of the species-level specialization, we included species as a random
factor as well. As in the previous analyses, we then repeated this analysis but using the subset of data
that included interactions present both years.

Results
We recorded a total of 56 �owering plant species in Doñana across both study years, and 82 in Gorbea.
Out of these, 78.57% of the species received at least one visit by �oral visitors in Doñana, while 65.85% of
plant species present in Gorbea during the study period received visits by �oral visitors.

We recorded a total of 156 and 130 species or morphospecies of �ower visitors in Doñana and Gorbea
respectively across both study years, and 44 and 54 species of plants respectively. Our survey included a
total of 2,623 and 2,646 �ower visits in Doñana and Gorbea respectively and 447 and 438 unique
combinations of plants and �ower visitors respectively. In Doñana, the most represented order of �ower
visitors was Hymenoptera, involved in 68.66% of the interactions observed. Speci�cally, Apidae
represented the most common family within the order, representing 48.11% of the interactions and
interactions involving Apis mellifera, the managed European honeybee, represented 41.67% of all
interactions. Following Hymenoptera, the next most common order was Coleoptera representing 10.79%
of the interactions. In turn, Diptera, and speci�cally the family Syrphidae, represented 10.26% of the
interactions and Lepidoptera 1.75%. In Gorbea, the most abundant group were Diptera, and speci�cally
the family Syrphidae which accounted for 55.06% of the interactions, followed by Hymenoptera,
representing 25.74%, and speci�cally the family Apidae representing 17.23%, but in this case Apis
mellifera represented 9.33% of the interactions and different species in the Bombus genus 7.11%.

A closer inspection of the phenology of the main different taxonomic groups across both study sites,
shows differences in the importance (relative abundance) of each taxonoomic group at each of the two
study sites and across both years (Fig. 1). For example, while the families Apidae and Syrphidae have a



Page 8/20

similar constant relative abundance through time in Gorbea, these two groups show contrasting temporal
distributions in Doñana, with Syrphidae �ower visitors dominating more at the beginning of the �owering
season and then giving way to members of the group Apidae later on, mainly represented by the species
Apis mellifera.

Sampling completeness
Our analysis of sampling completeness across our two areas sampled shows with our sampling efforts
we were able to obtain high sampling coverage for both plant and pollinator communities in both study
years (81% and 79% of pollinator species detected in 2020 and 2021 in the case of Doñana and 61% and
52% in the case of Gorbea, and 95% and 88% of plant species respectively for 2020 and 2021 in the case
of Doñana and 92% and 94% in the case of Gorbea). In the case of plant-pollinator links, sampling
completeness is lower in both study areas (60% and 60% respectively for 2020 and 2021 in the case of
Doñana and 43% and 51% in the case of Gorbea, Fig. 2).

These values are different when different sampling breadths are considered when calculating sampling
completeness values. For example, if sampling completeness is calculated at the level of each of the
independent surveys, i.e., for each site at each particular period (sampling week), we obtain highly
variable coverage values ranging from 21.62 to 97.46% in the case of pollinators in Doñana and from
28.24 to 100% in the case of Gorbea. Similarly, in the case of plant species, sampling completeness is
more variable in the case in which independent surveys are considered as sampling breadth, with
between 51.61 to 100% of plant species being identi�ed in the case of Doñana and between 27.75 and
100% in the case of Gorbea. In the case of links, these values ranged from 15.39 to 85.85% in the case of
Doñana and between 11.3 and 100% in Gorbea.

An inspection of interactions that are common across both study years for both study sites, shows that
32.66% and 57.51% of the interactions observed in Doñana in 2020 and 2021 are unique to that year, i.e.,
they are not observed the other year. In turn, in Gorbea these proportions stand at 48.83% and 34.45%
respectively for 2020 and 2021. In turn, pollinator species that are uniquely found in one of the study
years represent 27.19% and 55.26% of all pollinator species in 2020 and 2021 respectively in the case of
Doñana, and 35.62% and 27.4% in the case of Gorbea. For plant species, values of species uniquely
found one of the study years stand at 33.33% and 28.57% in 2020 and 2021 for Doñana and 26.92% and
17.31% for Gorbea.

Subsetting our data to include only those interactions that are common across years (52.3% of the total
interactions observed across both study areas and years), shows signi�cant improvements in sampling
completeness values for plants, pollinators and links at both sites, but particularly in the case of Doñana
where link sampling completeness reaches 83% and 84% for 2020 and 2021 respectively and 66% and
69% in the case of Gorbea (Fig. S1).

Our statistical analysis of the sampling completeness estimates reveals there are no differences in
coverage values of plant and pollinator species as well as plant-pollinator links between pooling types
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when the full dataset is used (Table 1). However, when we use the subset data, that includes only plant-
pollinator links present across both study years, we do �nd signi�cant differences between pooling types
for plant species, pollinator species as well as for plant-pollinator links. Speci�cally, we �nd major
differences between coverage values calculated when data are pooled per site and period (i.e., when data
obtained for one sampling day are used to calculate coverage) and those obtained for other pooling
methods (see Table 2 for speci�c pairwise comparisons).

Table 1. Results of post hoc Tukey analyses evaluating pairwise differences between pooling types in
sampling completeness values when using the full dataset for A) plant species, B) pollinator species and
C) plant-pollinator links. Bold letters indicate pairwise combinations that are signi�cantly different.

A) Pooling type estimate SE df t.ratio p.value

overall - per period 0.14 0.09 162 1.63 0.36

overall - per site 0.12 0.09 162 1.33 0.55

overall - per site and period 0.08 0.08 162 0.98 0.76

per period - per site -0.02 0.05 162 -0.51 0.96

per period - per site and period -0.06 0.04 162 -1.72 0.32

per site - per site and period -0.04 0.04 162 -0.96 0.77

B) Pooling type estimate SE df t.ratio p.value

overall - per period 0.10 0.11 162 0.89 0.81

overall - per site 0.07 0.11 162 0.68 0.91

overall - per site and period 0.09 0.10 162 0.87 0.82

per period - per site -0.02 0.06 162 -0.36 0.98

per period - per site and period -0.01 0.04 162 -0.17 1.00

per site - per site and period 0.01 0.05 162 0.29 0.99
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C) Pooling type estimate SE df t.ratio p.value

overall - per period 0.05 0.11 162 0.42 0.98

overall - per site 0.09 0.11 162 0.79 0.86

overall - per site and period 0.04 0.10 162 0.37 0.98

per period - per site 0.04 0.06 162 0.69 0.90

per period - per site and period -0.01 0.04 162 -0.17 1.00

per site - per site and period -0.05 0.05 162 -1.02 0.74

Table 2. Results of post hoc Tukey analyses evaluating pairwise differences between pooling types in
sampling completeness values when using subset of data that includes interactions that are present
across both study years for A) plant species, B) pollinator species and C) plant-pollinator links. Bold
letters indicate pairwise combinations that are signi�cantly different.

A) Pooling type estimate SE df t.ratio p.value

overall - per period 0.05 0.08 152 0.72 0.89

overall - per site -0.02 0.08 152 -0.32 0.99

overall - per site and period -0.08 0.07 152 -1.06 0.71

per period - per site -0.08 0.04 152 -1.87 0.25

per period - per site and period -0.13 0.03 152 -4.13 0.00

per site - per site and period -0.05 0.03 152 -1.50 0.44

 

B) Pooling type estimate SE df t.ratio p.value

overall - per period -0.09 0.09 152 -1.01 0.74

overall - per site -0.04 0.09 152 -0.44 0.97

overall - per site and period -0.14 0.09 152 -1.63 0.36

per period - per site 0.05 0.05 152 1.02 0.74

per period - per site and period -0.05 0.04 152 -1.27 0.59

per site - per site and period -0.10 0.04 152 -2.44 0.04
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C) Pooling type estimate SE df t.ratio p.value

overall - per period 0.06 0.11 152 0.57 0.94

overall - per site 0.09 0.11 152 0.80 0.85

overall - per site and period -0.04 0.10 152 -0.36 0.98

per period - per site 0.03 0.06 152 0.43 0.97

per period - per site and period -0.10 0.05 152 -2.19 0.13

per site - per site and period -0.13 0.05 152 -2.56 0.04

 

Turnover
Our analysis of spatial and temporal turnover in plant and pollinator species as well as plant-pollinator
links, reveals different patterns for each one. Plant species show small values of turnover both through
space and time at both study areas (Table 3a, Fig. 3). In turn, pollinator species show in general much
larger values of temporal than spatial turnover (Fig. 3, Table 3b). The converse is true for turnover in links
involving species that are present across periods of time or across sites, which show greatest spatial
turnover values, meaning that despite there being the same species of plants and pollinators located at a
given moment across the different surveyed sites, these species form different interacting pairs at each
site (Fig. 3, Table 3c).

Table 3. Results of LMM analyzing differences between turnover types (spatial vs temporal) in A) plant
species, B) pollinator species and C) plant-pollinator links. Table shows estimates and lower and upper
con�dence interval values. Bold letters indicate variables whose con�dence intervals do not overlap 0.

A) Estimate Std. Error t value 2.5 % 97.5 %

(Intercept) 2.52 1.03 2.44 0.52 4.52

Turnover type 0.45 0.73 0.62 -0.96 1.86

Species richness 1.23 0.19 6.62 0.87 1.59

B) Estimate Std. Error t value 2.5 % 97.5 %

(Intercept) -0.39 2.62 -0.15 -5.33 4.44

Turnover type 8.31 1.33 6.23 5.70 10.93

Species richness 2.04 0.25 8.26 1.57 2.55
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C) Estimate Std. Error t value 2.5 % 97.5 %

(Intercept) 0.11 0.03 3.60 0.05 0.17

Turnover type -0.06 0.02 -3.50 -0.09 -0.03

Interaction richness 0.00 0.00 3.55 0.00 0.00

As before, reducing our sample to include only plant-pollinator interactions that are recorded in both study
years at each of the surveyed areas shows changes in the turnover of species and links (Fig. S2). While
both spatial and temporal turnover decreases substantially for plant and pollinator species across both
study areas, reducing the sample only to links common across both years still shows larger values of
spatial than temporal turnover in link composition.

Table 4. Results of LMM analyzing differences between turnover ¿? types (spatial vs temporal) in A) plant
species, B) pollinator species and C) plant-pollinator links. Data used is the subset of data including
interactions that are present across both study years for each area. Table shows estimates and lower and
upper con�dence interval values. Bold letters indicate variables whose con�dence intervals do not overlap
0.

A) Estimate Std. Error t value 2.5 % 97.5 %

(Intercept) -0.21 0.62 -0.34 -1.45 1.01

Turnover type 0.20 0.41 0.50 -0.59 1.00

Species richness 1.54 0.21 7.39 1.12 1.94

 

B) Estimate Std. Error t value 2.5 % 97.5 %

(Intercept) 0.55 0.73 0.75 -0.86 1.95

Turnover type 1.20 0.46 2.61 0.31 2.09

Species richness 0.93 0.23 4.09 0.49 1.37

 

C) Estimate Std. Error t value 2.5 % 97.5 %

(Intercept) 0.04 0.03 1.23 -0.02 0.10

Turnover type -0.06 0.02 -3.33 -0.09 -0.02

Interaction richness 0.01 0.00 3.36 0.00 0.01
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 Community structure

For every model, we found that the best model selected (i.e., that with the lowest AIC) was the model that
accounted for spatial differences in network metrics. In the case of complementary specialization, we
however found that none of the variables included in the model successfully explained any of the
variability (Table 5, Fig. 4). In turn, in the case of species-level specialization, we found signi�cant
differences across sites and differences that could be partially explained by differences in plant and
pollinator species richness (Table 5, Fig. 4). Speci�cally, we found specialization decreased with
increasing pollinator richness and increased with plant richness.

Table 5. Results of LMM analyzing spatial differences in A) complementary specialization (H2’) at the
community level and B) species-level specialization (d’). Table shows Type II Wald chisquare tests. Bold
letters indicate variables whose con�dence intervals do not overlap 0.

A) Chisq Df Pr(>Chisq)

Site 14.94 9 0.09

Plant sps 0.57 1 0.45

Pollinator sps 0.02 1 0.88

 

B) Chisq Df Pr(>Chisq)

Site 30.49 9 0.00

Plant sps 6.42 1 0.01

Pollinator sps 8.31 1 0.00

 The analysis using the subset of data that included only interactions present in both study years, shows
similar non-signi�cant differences for complementary specialization, and changes in species-level
specialization across surveyed sites (Table S1).

Discussion
Our results show strong spatio-temporal variability in plant-pollinator interactions driven by differences in
pollinator specialization levels as a consequence of changes in plant and pollinator species richness.
This variability at small spatial scales has already been observed within synthesis works (e.g.,
(Trøjelsgaard & Olesen 2016)), but to the best of our knowledge this is the �rst attempt at simultaneously
evaluating temporal and spatial variabilities to infer their different effects. Interestingly, we �nd that
although temporal variability is important, and in particular drives changes in the composition of
pollinator species communities, spatial differences in interaction composition seem to override temporal
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differences. In this case, these differences are not a consequence of changes in the overlap of species,
since we focus on the turnover of shared species across space or time, but rather are a consequence of
changing interacting patterns between shared species due to changes in the overall composition of
plants and pollinators. For example, we �nd that species level specialization changes through space,
increasing with pollinator species richness and decreasing with plant species richness. It therefore seems
that in the presence of direct competition pollinator species become more specialized, while they become
more generalized when the availability of different plant resources increases.

We �nd that sampling completeness varied as a function of how data were pooled. Speci�cally, when
spatial and temporal dynamics were not considered, i.e., when data were pooled for each site and period,
sampling completeness greatly increased, giving a false sense of complete sampling coverage, when in
reality such a reduced sampling size is omitting differences in species and link composition across space
and time. These results are important because in many cases, the validity of network structure,
summarised by a number of descriptive metrics, depends on how representative a sample is from the
overall population. Neglecting to take into account spatial or temporal dynamics could thus be affecting
our understanding of many natural ecosystems.

Within our dataset, we �nd that while most plant species were consistently recorded across both study
years, a signi�cant proportion of the interactions and pollinator species were uniquely recorded during
one of the study years. In the case of pollinator species, we �nd values of pollinator persistence across
years ranging from 54 to 73%. These values are intermediate compared to those found in other studies.
For example, (Olesen et al. 2008b) found that 80% of the pollinator species present in an arctic heathland
were recorded during two consecutive study years, (Dupont et al. 2009) found that this value decreased to
<25% of the total pollinator fauna, while in the case of (Petanidou et al. 2008) only 20.5% of pollinator
species were detected in all of four study years. Interestingly, these results arise despite our large
sampling efforts, spanning multiple locations and times, and including several surveys throughout the
day to account for daily dynamics. This could mean that our sampling was still too low to uncover all
existing species and interactions, or it could mean that some of these interactions follow neutral
processes, and are a consequence of random encounters between plants and pollinators based on
species abundances (Vázquez et al. 2009), which do not necessarily replicate every year as species
abundances shift through time (e.g., bet hedging Danforth 1999).

A re-estimation of sampling completeness removing these interactions that were uniquely recorded
during one study year greatly improves coverage values in the case of plant-pollinator links, but
decreases the sampling completeness of pollinator species in the case of Gorbea. This shows that a
signi�cant portion of the pollinator species in this area were involved in unique interactions not recorded
both years, which could be a consequence of pollinator species in this area having more of an
“opportunistic” behavior, changing their plant preference as a consequence of changing plant species
abundances. Indeed, Gorbea, located in a mountain area features much larger environmental differences
throughout the day as well as between weeks, which probably means pollinators are more adaptive to
changing conditions (Ploquin et al. 2013). Pollinator communities in this area are more plastic in their
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use of resources, and will adapt better to future perturbations, such as climate change, or maybe our
�ndings show that they are already adapting to it, as mountain areas are one of the most impacted by
changing climates (Inouye 2019).

Further, our results show that while the community of plant species is relatively constant across space
and time, pollinator species turnover is greatest through time, i.e., the composition of pollinator species
changes more for a particular site through time than across sites for a particular time period. In the case
of plant-pollinator links occurring between shared plant and pollinator species, we �nd the contrary. In
this case, turnover is largest across space, i.e., given the same species of plants and pollinators, these
interact more similarly through time for a given location than they do across space for a given period.
Reducing our dataset to only interactions common in both years, signi�cantly reduces plant and
pollinator species turnover, but retains similar values of interaction turnover, particularly spatial turnover,
which means that variability in interaction composition amongst shared species through space is a
prevalent trend across both study areas. Therefore, not only do we have a signi�cant portion of
interactions occurring only in one study year, but amongst those that occur across multiple years, there
are strong spatial differences in the frequency in which they occur.

A closer inspection at community structure metrics, shows that it is also space that acts as the main
driver of differences in both community and species-level specialization values. In the case of species-
level specialization, part of the variability can be explained through spatial differences in plant and
pollinator species richness, such that pollinator specialization increases in the face of increasing
competition by other pollinator species and decreases with the increase in plant resources. This therefore
answers, at least partially, the question posed by (Trøjelsgaard & Olesen 2016), “why do some species
interact one year but not the subsequent although they co-occur in both years?” Our results show that
together with trait-matching and neutral processes driven by differences in species abundances (Vázquez
et al. 2009), the composition of both interacting communities plays an important role in determining
species interactions. This probably explains why predictive exercises have been somewhat successful in
predicting macroscopic features of plant and pollinator communities, but no so much in predicting
pairwise interactions (Vázquez et al. 2009)(Olito & Fox 2014), which vary across space and time
(Trøjelsgaard & Olesen 2016).

In summary, our results show the importance of simultaneously considering spatial and temporal
dynamics within natural communities. A step further should try to understand the mechanisms that drive
these spatial and temporal differences and the biotic and abiotic factors that are driving them, and that
will ultimately help us improve our predictions. These results are also important for conservation or
restoration efforts, that should also consider the necessary micro-scale dynamics needed to maintain the
stability and functioning of natural ecosystems.
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Figures

Figure 1

Violin plots showing the relative importance of different taxonomic groups through time for each of the
study sites surveyed in both study years.

Figure 2

Boxplots showing sampling completeness for a) plant species, b) pollinator species and c) plant-
pollinator links. Different colors represent different ways in which data can be analyzed, pink shows
overall sampling completeness calculated using all data collected, purple completeness for each of the
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time periods grouping all sites together, orange shows completeness for each of the different sites
separately grouping data for the different periods of time in which each site is sampled and blue shows
completeness for each individual sampling event, i.e., for each site at each period.

Figure 3

Boxplots showing spatial and temporal turnover for a) plant species, b) pollinator species and c) plant-
pollinator links including plant and pollinator species that are common across periods or sites.

Figure 4

A) Boxplot showing differences in complementary specialization across sampled sites in the two study
areas and years. B)-C) Scatterplots showing effects of pollinator and plant species richness respectively
on species-level specialization.
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