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Evaluation of an ecosystem service in restored quarry areas: pollination

ABSTRACT

Ecological restoration allows for accelerated recovery of a degraded ecosystem’s biodiversity,
function, and ability to provide ecosystem services. However, the issues of when active restoration
is necessary and how restoration effectiveness should be measured are still subject to considerable
debate. Here we evaluate plant-pollinator networks in actively and passively restored quarries,
comparing structure and composition to a natural area representing the reference ecosystem, to
determine which restoration approach holds higher effectiveness on the rehabilitation of this
ecological process. We found that while both approaches allowed for the restoration of pollination
function, active restoration allowed for faster recovery. Nevertheless, the distinct strategies
generated key structural vegetation differences, which influenced distinct pollinator communities
providing the service in different areas. These results support the idea that restoration might be
attained by distinct biological communities, and that both composition and function should be taken

into account when evaluating restoration outcomes.

Keywords: pollination; ecosystem services; restoration; ecological networks; insects



Avaliacdo de um servigo de ecossistema em areas restauradas de pedreira: polinizagao

RESUMO

O restauro ecoldgico permite acelerar a recuperac¢do da biodiversidade, fungdo e servicos de um
ecossistema degradado. No entanto, existe bastante debate sobre as situagdes em que é realmente
necessdrio o restauro ativo e como deve ser avaliado. Neste estudo, avaliamos redes planta-
polinizador em pedreiras restauradas ativamente e passivamente, comparando a sua estrutura e
composicdo com uma darea natural que representa o ecossistema de referéncia, para determinar a
abordagem mais eficiente na reabilitacdo da polinizacdo. Verificdmos que, apesar de ambas
permitirem o restauro desta funcdo, o restauro ativo permite uma recuperacdao mais rapida. No
entanto, estratégias distintas geraram diferencas estruturais na vegetacdo, o que influenciou o
estabelecimento de comunidades de polinizadores distintas a polinizar as diferentes areas. Estes
resultados apoiam a ideia de que o restauro pode ser atingido com comunidades bioldgicas
distintas, e que a composicdo e a funcdo devem ambas ser tidas em conta na avaliacdo do restauro

ecoldgico.

Palavras-chave: polinizagdo; servigos de ecossistema; restauro; rede ecoldgica; insetos
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Introduction

Resource extraction is considered amongst the most harmful activities, responsible for losses of
more than 80% of biodiversity (Oberle et al., 2019). Open-air quarry exploration in particular leaves
large areas entirely devoid of vegetation, with serious impacts for local fauna, and the removal of
soil makes its recovery particularly difficult (Germano, Lopes, Pinto-Gomes, Pedro-Santos, &
Martins, 2014). Ecological restoration rises as an opportunity to accelerate the recovery of an
ecosystem that has been degraded, damaged, transformed or entirely destroyed as a direct or
indirect consequence of human activities (Clewell et al., 2004). Generally, the intent of ecological
restoration activities is to allow these degraded ecosystems to regain biodiversity, function, and
their ability to provide ecosystem services (Benayas, Newton, Diaz, & Bullock, 2009). However, the
issue of whether active restoration is always necessary is still a subject of considerable debate (Holl
& Aide, 2010). Active restoration often involves the application of technical reclamation, while
passive restoration relies on spontaneous succession (Prach & Hobbs, 2008). The last approach is
much slower, especially in highly damaged sites such as quarries, but provides early successional
heterogeneous surfaces with extreme abiotic conditions and minimum productivity (Tropek et al.,
2010). Passive restoration can therefore create refugia for distinct taxa of conservation concern that
thrive spontaneously in these sites (Tropek et al., 2010; Williams, 2011). There are also many
examples where active restoration can slow or redirect recovery, and many others where passive
restoration can be effective over large areas and enhance a and B diversity (Holl & Aide, 2010), while

requiring a much lower investment of funds (Prach & Hobbs, 2008).

However, assessing restoration effectiveness depends on how it is measured. Restoration objectives
and their evaluation usually address community composition (Ruiz-Jaen & Aide, 2005), but the focus
has been changing towards functional and stability indicators (Montoya, Rogers, & Memmott, 2012;
Shackelford et al., 2013). Compositional restoration traditionally focuses on the measures of species

diversity that include only information on the presence and/or abundance of species (Cadotte,



Carscadden, & Mirotchnick, 2011). There are evidences that although post-restoration species
assemblages can be quite distinct from the original pre-restoration state, they can still provide
ecosystem services with as much efficiency as natural undisturbed communities in similar conditions
(Denning & Foster, 2017; Forup & Memmott, 2005; Williams, 2011). Thus, attending functional goals
instead of compositional ones has been largely defended as a more appropriate approach in certain
contexts, such as restoration after mineral exploration and mining (Shackelford et al., 2013). It has
been argued that interactions describing ecological function and ecosystem services can be a much
better indicator of the richness and diversity of ecosystem functions than lists of species and
respective abundances (Jordano, 2016). However, the majority of restoration projects fail to take
species interactions into consideration in planning, implementation and evaluation of restoration
actions (Kaiser-Bunbury, Traveset, & Hansen, 2009). In addition, ecological interactions might be
lost at a higher rate than species become extinct, greatly affecting these same ecosystem services
(Kaiser-Bunbury et al., 2009; Valiente-Banuet et al., 2015). Mutualistic interactions in particular have
been pointed out as good candidates for success evaluation and definition of restoration targets

(Kaiser-Bunbury et al., 2009).

Pollination is among the most well-studied mutualistic interactions, due to the importance of the
service it represents (Goldstein & Zych, 2016). Pollination is vital for the maintenance of both wild
plant communities and agricultural productivity (Potts et al., 2010). It is estimated that close to 90%
of flowering plant species depend on pollinators, and it has been demonstrated that pollination
influences seed viability, fruit production and genetic variability of plant populations through cross-
fertilization (Cusser & Goodell, 2013; Forup, Henson, Craze, & Memmott, 2008; Menz et al., 2011).
Pollination services depend on both domesticated and wild pollinator populations, but it is
estimated that 85% of pollination services are provided by wild pollinators. Among all pollinator
groups, insects (bees in particular) are the primary pollinators (Potts et al., 2010). Despite their
importance, pollinator communities are in decline, endangering both the plant communities that

depend on them and the ecosystem services they mediate as well (Christmann, 2019). Thus, such a



critical service should be restored for an ecosystem to be considered fully functional. Failure to
promote and manage this service could lead to decline or collapse in ecological restoration (Menz

etal.,, 2011).

Recently, some relatively quick and cost-efficient methods to evaluate pollination interactions are
being advocated (Montoya et al., 2012). For instance, ecological networks allow us to represent and
assess different aspects of interactions between living organisms, both analytically and visually
(Pocock et al., 2016). Network representations allow for the calculation of several network-level and
species-level metrics, which characterize different aspects of network and species behavior,
respectively (Kaiser-Bunbury & Blithgen, 2015). The potential usefulness of network-level metrics
as indicators for evaluation of ecological restoration outcomes has been widely pointed out, but few
studies have indeed applied it to empirical restoration projects (Menz et al., 2011). For instance,
network-level metrics can be used to compare the overall functioning of community interactions in
sites of distinct restoration status (Kaiser-Bunbury et al., 2017) while species-level metrics can have
an important role in the identification of critical species (Cagua, Wootton, & Stouffer, 2019; Olesen,

Bascompte, Dupont, & Jordano, 2007) and advise future restoration actions.

In this study, we will evaluate plant-pollinator networks in actively and passively restored quarries.
We will compare both structure and composition of these networks while comparing to a natural
area representing the reference ecosystem. Ultimately, we intend to determine which approach
(active vs passive restoration) holds higher effectiveness on the rehabilitation of this ecological
process. In a highly seasonal environment such as Mediterranean landscapes, where available
resources vary highly along time, we will assess insect pollinator communities and pollination

function during the most significant flowering period — spring.

Since active restoration aims at improving habitat condition of degraded sites more rapidly, we
expect to find higher similarity between the network structure of actively restored and natural sites.

We envision that network structure will vary mostly along sampling sessions according to resource



availability, and to a lesser extent between areas, from which passively restored sites may differ the
most. We also expect that vegetation cover will mediate distinct species composition providing the

service in different areas, and propose that species occurring in all areas might behave differently.

Materials and Methods

Study Area

Our study was carried out within the protected area of Arrdbida Natural Park, Setubal, Portugal. The
park owes its name to the most prominent geomorphological unit of the area, the Arrabida
mountain range. The mountain range has an ENE-WSW orientation, with a length of 35 km, an
average width of 6 km and reaching 501 m at its highest point. The terrestrial portion of the park
encompasses also an area of plains north of the mountain range and a rocky shore facing the Atlantic

Ocean (ICNF, n.d.).

The area presents strong Mediterranean characteristics, with two extreme seasons: a hot dry
summer with temperatures close to those of tropical regions and prolonged drought periods that
can last for several months, and a humid cold winter. The proximity to the Atlantic Ocean influences
the prevailing Mediterranean climate, diminishing the thermal amplitude and causing a particular
increase in humidity in the winter (ICNF, n.d.). These conditions have favored the development of
highly valued natural habitats, such as the Mediterranean maquis. The maquis is a typical
Mediterranean shrubland habitat, mainly composed of a dense perennial shrub layer, with very
sparse herbaceous vegetation and rocky limestone outcrops. Important species include Cistus
albidus, Cistus ladanifer, Ulex densus, Quercus coccifera, Rhamnus alaternus and Arbutus unedo

(Freire et al., 1996).

Due to its limestone rich substrate, extractive industry has had a strong presence in the area for a

long time, with an overall area of about 300 ha where exploration has been authorized (Freire et al.,



1996). Since the decade of 1980, legislation requires that quarries that are no longer under
exploration be subjected to active ecological restoration. Nevertheless, there are several quarries
within the park that were deactivated prior to this legislation and where all restoration takes place

passively by natural processes.

We defined three areas within the mountain range that comprised: (1) a natural reference
ecosystem (natural area), (2) an actively restored quarry (restored area) and (3) a passively restored
quarry (abandoned area). The natural reference ecosystem presents the typical Mediterranean
characteristics outlined above, i.e., a dense shrub maquis. The restored area is located within an
active quarrying site owned by SECIL, Companhia Geral de Cal e Cimento, S.A., since 1904. The
licensed quarrying area extends for about 99 ha, of which 44 ha are currently under restoration.
Limestone extraction activities took place from top to bottom, leaving a series of 10-meter large
benches separated about 20 meters apart in height. Several practices aiming to restore these
benches have been under way since early 1980, mainly involving the reintroduction of substrate,
hydroseeding of herbaceous and shrub vegetation and later planting. Besides local native
vegetation, the plantation of a naturalized species (the Aleppo pine — Pinus halepensis) was adopted,
resulting in dense pine-tree cover. This species creates an arboreal layer absent from natural areas
that produces shade and promotes a less dense shrub layer (Nunes, Cabral, Branquinho, & Correia,
2014). The abandoned area consists of three closely located, smaller quarries (about 2.8 ha each)
which were deactivated in 1982 (Esteves, 2015). Exploration was discontinued but no actions were
undertaken except for the removal of the extractive activity and infrastructure. Therefore, soil and
vegetation establishment has occurred gradually without intervention, following natural processes.
The vegetation structure is also very distinct from both other areas, being in general sparser, with a
much lower vegetation cover and representing an early successional stage after disturbance. Both
the abandoned and restored area are surrounded by the same type of Mediterranean maquis found

in the natural area.



Field Methods

We established three sampling sites (spatial replicates) in each area (Figure 1). Adjacent sites were
separated by a minimum of 250 m to guarantee independence. This distance is above the mean
distance (130 m) for successful pollen transfer among insect-pollinated plant species in urban

habitats (Geert, Rossum, & Triest, 2010; Martins, Gonzalez, & Lechowicz, 2017).

-1 Arrabida Natural Park limit
[ seciL_Outdo

Figure 1 - Map of the study area, representing sampling sites and their surrounding land uses.

At each site, a 150 m transect was walked by two researchers during 30 minutes. Each transect was
surveyed twice in a day (once in the morning period and again in the afternoon) in order to avoid
any bias from pollinators’ daily activity patterns. Each survey, with the duration of 3 days (one
dedicated to each area), took place once per month, during four months, between February and
May 2019, and with an interval of a minimum of three weeks in-between sampling sessions. Each

transect was thus sampled for a total of 4 hours during the whole sampling period. This period



covered the majority of the flowering period for most relevant flowering species present on site
(Annex 1). Surveys only took place in days with favorable conditions for pollinator activity, such as
dry weather, low nebulosity and low to moderate wind speed (Cusser & Goodell, 2013; Forup &
Memmott, 2005). Insects were collected using entomological nets and collection jars while visiting
or hoovering over flowers, stored in individual tubes to avoid pollen contamination, and frozen until

handling in the laboratory.

Regarding vegetation, we set 10 (50x50 cm) quadrat points along each transect, 15 meters apart
and on alternate sides of the transect to sample floral availability and vegetation cover. Floral
availability was sampled on each survey by counting floral units inside each quadrat. Floral units
were either flowers or compact inflorescences, defined as being different entities if a pollinator
would be required to fly in order to move from one entity to the next (Timdteo et al., 2018). Samples
of flowers observed on each transect were also collected each month for pollen harvesting, being
kept in individual paper bags. Vegetation cover for all layers of vegetation and for bare soil was
estimated in a single survey (June), using a sampling area of 100x100 cm centered in each quadrat

point.

Laboratory methods

Pollen was harvested from the anthers of flowers collected in the field and stained with melted
fuchsin gel. Microscope slides were sealed and all the samples compiled into a pollen reference

collection.

For the extraction of pollen from individual insects, a coverslip-sized area of the microscope slide
was lightly covered in Vaseline. The whole surface of the insect body was then rubbed on this
surface, avoiding only specialized pollen transport structures in the case of bees, since the pollen
carried in these structures is unlikely to be available for pollination (Alarcén, 2010; Forup &

Memmott, 2005). Tweezers used to handle the insects were sterilized with alcohol in between



handling each individual in order to avoid pollen contamination. Pollen slides were stained with a
drop of melted fuchsin gel, allowing 24 hours for the color to settle before observation and
identification under light microscopy. Grains were counted and identified through comparison to
the pollen reference collection compiled. All grains present in each slide were counted but only
species containing 5 or more occurrences per slide were considered for network analyses, in order
to prevent any possible contamination bias (Forup et al., 2008; Forup & Memmott, 2005). Insects
and pollen grains were identified to the lowest possible taxonomic level. Most pollen grains were
identified to species level, with exception of genera Allium and Carduus, as well as some grains
belonging to unidentified species of Asteraceae and Poaceae. Of all Cistus species found on site, only
Cistus crispus was readily distinguishable from the others, so it was considered separately. Grains
belonging to other Cistus species were pooled together into a species complex including C. albidus,
C. monspeliesis, C. salviifolius, and C. ladanifer. Insect identification was accomplished through the
employ of identification keys (Baldock, Wood, Cross, & Smit, 2018; Barrientos (ed.) et al., 2004;
Bogusch & Straka, 2012; Coe, 1953; Collins, 2012; Hackston, n.d., 2019; Hackston & Lompe, 2013;
Kasparek, 2019; Ortiz-Sanchez, 1997; Scheuchl, n.d.; Smit, 2018; Unwin, 1984), field guides (Chinery,
2012; Garcia-Pereira et al., 2019) and with the aid of specialists. Insects were grouped according to

the lowest taxonomic level to which they were identified, discriminated in Annex III.

Data Analysis

Firstly, we compared the composition of pollinator communities by calculating Bray-Curtis
dissimilarity between sites. We performed a constrained correspondence analysis (CCA) in order to
assess compositional differences between space (sites) and time (months). The CCA was performed
using a species matrix representing the pollinator communities for each site and month, constrained
by a matrix of vegetation structure variables (herbaceous cover, shrub cover, arboreal cover, bare

soil cover and total number of floral units). Since communities are expected to vary between



months, we partialled out this effect by adding a condition to the ordination model. The model
variables were chosen taking into account the structural characteristics that most differentiated the

distinct areas.

Afterwards, we used the pollen transport data to build quantitative pollination networks. While the
use of visitation networks is more generalized, pollen analysis provides a record of extended
visitation history, rather than a snapshot of a single interaction (Bosch, Gonzalez, Rodrigo, &
Navarro, 2009). Since not all visitors effectively transfer or even transport pollen (Alarcén, 2010;
Ballantyne et al., 2015), pollen-based networks are generally more accurate and may reveal
structural characteristics hidden under visitation analysis. Pollen analysis also allows for the
detection of links involving rare species, that would require very long observation periods to be
recorded (Bosch et al., 2009). The measure used to quantify each interaction between a plant
species and an insect group in the network was the total number of pollen grains of that plant
species carried by all individuals of that particular insect group. A network was constructed for each

site in each sampling session, totaling 36 networks.

To explore differences between networks in the different areas, several metrics were calculated,
both at network and species level. At network level, the metrics used were interaction strength
asymmetry (ISA), linkage density, interaction evenness, specialization asymmetry (SA), Shannon
diversity of interaction, H2 (a measure of specialization for the whole network), number of pollinator
groups, number of plant species, robustness of the insect community to plant extinction, robustness
of the plant community to insect extinction and modularity (metric descriptions are provided in
Annex Il). These metrics were calculated for each of the 36 networks and then compared using linear
mixed models with two fixed factors, area type (abandoned, natural and restored), month, and their
interaction. The natural area values were set as reference for comparison. Since the structure of our
data consists on a repeated measures approach, site was considered as a random factor in the

models, thus controlling for possible site-related effects.



We further investigated the roles of the most relevant pollinators in the networks. The most relevant
pollinators were determined taking into account pollinator abundance and amount of pollen
transported. We measured the abundance of each of these groups for each of the 36 networks, and
compared it across areas and months using a methodology similar to that used for network level
metrics. Species level metrics for each group were calculated from global networks combining data
of the four months for each site, totaling nine networks. Monthly networks include only flower
resources available at a particular time, disregarding possible interactions of the same insect group
with different plants whose flowering period does not overlap in time. Calculation of specialization-
related species metrics should be more accurate when performed on these global networks that
include all species interactions for each insect group. We calculated the following metrics for each
pollinator group: species strength (which in this case represents group strength), pollination service
index (PSI), partner diversity and Bliithgen’s d (metric descriptions are provided in Annex Il). The
values were then compared using a generalized linear model, this time taking into account only the

area as a fixed factor.

We finally investigated any possible relationship between the abundance of the most relevant
pollinator groups. For that purpose we measured the niche overlap using Pianka’s measure of niche
overlap, which returns a symmetric measure of overlap that is preferred to other overlap measures
(Krebs, 2014), and applied a linear regression in order to determine possible replacement between

groups.

All the analyses were performed in R 3.5.2. (R Core Team, 2018). Package bipartite (Dormann,
Gruber, & Fruend, 2008) was used to build networks and obtain values for network level and species
level metrics, package nime (Pinheiro, Bates, DebRoy, Sarkar & R Core Team, 2019) was used to
construct linear models and compare the metrics, package vegan (Oksanen et al., 2018) was used
to perform constrained correspondence analysis and calculate Bray-Curtis dissimilarity and spaa

package (Zhang, 2016) was used to calculate niche overlap.
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Results

A total of 1513 insects were captured, of which 679 (44.35%) insect individuals carried pollen from

35 plant species (Annex lll). Overall, we obtained 269 distinct interactions between different species

pairs. The plant species benefitting from largest pollen transport were Rosmarinus officinalis, the

Cistus species complex and Rubus ulmifolius. While Rosmarinus officinalis and Cistus spp. are

common to all areas, Rubus ulmifolius appears mostly in the abandoned area, being completely

absent from the natural area and nearly so in the restored area. The insects belonged to 167 groups

(Annex IV), of which 93 were found carrying pollen in at least one occasion. Richness of groups and

interactions is evenly balanced across different areas, being slightly lower in natural areas (Table 1

and Figure 2).

Table 1 —Summary table of insect groups, pollinator groups, plant species, and distinct interactions observed in each

area type.
RICHNESS
Insect groups Pollinator groups Plant species Interactions
Abandoned 94 54 25 133
Natural 85 32 18 81
Restored 96 51 24 126
Total 167 93 35 269

11



Pollinators

-
o
c
0
©
c
|
Plants
Pollinators
T
3
k]
2
Plants
Pollinators
k-]
4
0
E o4
g
[
Plants

P. latifolia R. officinalis

Figure 2 — Pollination networks incorporating all pollen transport data collected for each area (all months and sites). Line
width represent the strength of interactions, and bar width represents total amount of pollen grains carried by each
pollinator group (upper level) and total amount of pollen transported belonging to each plant species (lower level).

The pollinators which carried the largest amount of pollen grains belonged to Hymenoptera, Diptera
and Coleoptera. Among hymenopterans, Apoidea (bees) carried 86% of all pollen grains transported.
The soldier fly species Empis tessellata and two Coleoptera families (Oedemeridae - pollen-feeding
beetles, and Melyridae - soft-winged flower beetles) carried among themselves less than 5% of all
pollen grains. In addition, the proportion of individuals found carrying pollen in Apoidea was
generally higher than in the other groups (Figure 3). The remaining pollinator groups were even less

relevant, each of them carrying under 1% of all pollen grains.
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Since Apoidea itself was responsible for the majority of pollen transport we further considered three
groups of this superfamily: honey bees (Apis mellifera), responsible for 40% of pollen transport,
bumblebees (Bombus terrestris and Bombus ruderatus) with 26%, and wild bees (23 groups) with
20%. The last group includes all solitary bee species and groups captured (Annex V), since individual

groups were found in much lower abundance when compared to honey bees and bumblebees.

Apis mellifera
Bombus terrestris
Oedemera barbara
Aplocnemus spp.
Andrena spp.

Empis tessellata
Eucera longicornis
Psilothrix spp.
Heliotaurus ruficollis
Lasioglossum spp.

Rhodanthidium sticticum

Anthophora spp.

o

50 100 150 200 250

m Pollen Transport  m No Pollen Transport

Figure 3 — Number of individuals captured for the most overall abundant pollinator groups. The blue portion of each group
bar represents the number of insects of that group captured while carrying pollen.

Apis mellifera and Bombus terrestris were the most abundant pollinators in both the natural and
abandoned areas, followed by Oedemera barbara (Oedemeridae) in the natural area, and by wild
bees in the abandoned area. The three bee groups were also the most abundant in the restored
area, but in this case wild bees were in the lead, followed by Apis mellifera, Bombus terrestris and

Aplocnemus spp. (Melyridae).

13



Constrained correspondence analysis, despite explaining only 23% of variance, managed to clearly
separate the different areas according to their most outstanding vegetation characteristics (Figure
4). The first axis is mostly explained by tree cover, which correlates greatly with the restored area.
On the other hand, the second axis generally describes a gradient from open areas (dominated by
either bare soil or herbaceous cover) to dense shrub cover. While the abandoned area greatly
correlates with bare soil lacking shrub cover, the natural area is mostly associated to high shrub
cover, and reduced herbaceous cover. These results are coherent with what can be observed on the
field, where higher shrub cover is inversely related to bare soil and herbaceous cover. Both these

areas do not show any correlation to tree cover, since it is mostly absent in them.

Regarding insect species, while both bumblebees and honey bees were not related to any particular

area, we found a large number of wild bee groups overlapping the restored area polygon.
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Figure 4 — Results of CCA (first and second components). The dotted ellipse represents 75% of wild bee groups, weighted

by their abundance.

Bray-Curtis dissimilarity index shows that the pollinator communities appear to be most distinct on

restored locations comparatively to other areas, while both natural and abandoned locations show

higher similarity (Figure 5). Average dissimilarity values are the same between restored and natural

sites and restored and abandoned sites (0.60), while the average value is lower between abandoned

and natural sites (0.47). Restored site communities also seem to hold high variability among

themselves (higher within-dissimilarity), which agrees with the higher area of the polygon obtained

in the CCA (Figure 3).
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Figure 5 — Bray-Curtis dissimilarity between sites. Colors range from red (most similar) to blue (most dissimilar).

Network level analysis

Significant differences were found for all metrics analyzed, except H2 and robustness of the insect
community to plant extinctions (Figure 6, Annex VII-A). Linear mixed models showed that in some
cases (linkage density, interaction evenness and plant community robustness), only month revealed
to have significant differences on metric values, meaning that metrics varied significantly over time
regardless of the area. For example, Shannon diversity was significantly lower in February,
interaction evenness was significantly higher in March, and plant community robustness values

were significantly lower for April and May showing a monotone decrease along time.

Nonetheless, in most cases, the interaction between area and month was significant (ISA, SA,
interaction diversity, number of insect groups, number of plant species and modularity), showing

that metrics varied inconsistently between areas over time.

The number of insect groups and plant species presented the most variation of all analyzed metrics,

though very similar for all areas in February. In the abandoned area, the number of insect groups
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and plant species increased consistently over time. Between restored and natural areas, despite the
overall trends being more similar to each other than to abandoned areas, the restored sites had

significantly higher peak values for insect groups in March and for plant species in March and May.

In general, for metrics with significant differences at least partly attributable to area type, values
varied greatly over time. For both natural and restored areas, the overall outline is quite similar,
with peaking and minimal values agreeing concurrently. This pattern is particularly apparent from
the analysis of values of ISA, SA, interaction diversity and modularity (Figure 6). The abandoned area
values, on the other hand, are inconsistent with this outline, showing consistent increase (ISA,
modularity) or peaking values opposite those observed for the other two areas (SA, interaction

diversity).
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Figure 6 — Temporal trends of each network metric for the different areas. Trend lines were built using mean values for the
metrics and error bars represent standard error. Asterisks signal instances where significant differences were detected by
the linear mixed models.

Species level analysis

Abundance patterns were quite distinct between groups of species, with significant differences
detected for all groups (Figure 7, Annex VII-B). Abundance of honey bees varied consistently in all
three areas, except for the natural area in February where it assumed significantly higher
abundance. Wild bees also showed a similar pattern between areas, though abundance peaked
significantly in restored areas in March. Bumblebees were the only group where there was a

significant difference in abundance consistent with an influence attributable only to area type. A

18



higher abundance was consistently observed in the abandoned area over the whole duration of the

study.
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Figure 7 — Temporal trends of bee group abundances for the different areas. Trend lines were built using mean values for
abundance and error bars represent standard error. Asterisks and dashed lines signal instances where significant
differences were detected by the linear mixed models.

Species level metrics calculated for the global site networks showed significant differences for honey
bees and bumblebees (Figure 8, Annex VII-C). Species strength was higher for honey bees in natural
areas, indicating a higher relevance for the plant community, though the difference was only
significant when compared to the restored area. PSI and Blithgen’s d were significantly higher in
natural areas, indicating respectively a better pollination service provision and a more specialized
behavior when compared to values presented in both restored and abandoned locations. On the
other hand partner diversity was significantly higher in abandoned locations, demonstrating more
generalized behavior. For bumblebees, only species strength was significantly different, being much

higher in the abandoned area.
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Figure 8 — Summary of species level metrics calculated for each bee group in each area. Bars represent mean values and
error bars represent standard error. For metrics and groups where significant differences were found, letters in the
respective bars are used to represent how the different areas are grouped together according to values obtained.

Regarding wild solitary bees, no significant differences were found for any of the metrics, even when
apparent from visual representations, which could be due to higher standard error, particularly in

abandoned locations.

Although practically only honey bees varied significantly in the ecological roles they play according
to the area, an interesting pattern emerges regarding a shift of the group with higher strength for
each area type: honey bees appeared to be more important in the natural area, bumblebees in the
abandoned, and wild bees in restored area. Niche analysis showed high values of overlap (over 84%)
between all bee groups. Further exploring these relations, we found a significantly inverse
relationship between honey bee and wild bee abundance (r? = 0.453, p-value = 0.047), so that in
sites where honey bees were more abundant, the combined abundance of wild solitary bee species

was lower (Figure 9). Relationships between bumblebee and honey bee abundance (r? = 0.007, p-
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value = 0.831) as well as bumblebee and wild bee abundance (r? = 0.011, p-value = 0.788) were not

significant.
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Figure 9 — Regression line representing the inverse relationship found between honey bee and wild bee abundance.

Discussion

Effect of restoration strategy on network structure

We detected functional differences in pollination service as expected, since network metrics in the
restored area seem to follow more closely the patterns found in the natural area. Nonetheless, the
differences found were only sporadic in the abandoned areas, which implies that the service is being
sufficiently provided and that communities associated to that specific restoration strategy are not
significantly less proficient than others are. The few differences found were related to expected
monthly differences, or occasionally localized in time, and can be attributed to intrinsic local

conditions. Thus, as expected, the temporal variable had a significant impact on network structure,
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with all significant differences observed at least partly related to it. Structural differences were
found mainly in February and April, reflecting variations in flower resource availability and diversity,
which varied considerably across sampling sessions (Annex VI). Our results are in accordance with
other studies that found that resource availability has a strong influence in network structure (e.g.
for bacteria-bacteriophage: Lepennetier, Martinez, Ramsayer, & Hochberg, 2011; and for plant-
frugivore networks: Carnicer, Jordano, & Melian, 2009; Ramos-Robles, Andresen, & Diaz-Castelazo,

2016), mediating both structural properties of networks and species behavior.

In February, interaction evenness is lower since the interactions between Apoidea (namely, Apis
mellifera and Bombus terrestris) and Rosmarinus officinalis dominate over all others. At this point
interactions are not diverse and networks are mostly similar across all sites. Along the flowering
period, both insect groups and plant species diversify, with an impact on interaction diversity and
other structural metrics. Floral diversity and dominance variation were very similar for the natural
and restored area, while the abandoned area presented a different pattern. While in the natural
and restored sites, diversity was at its maximum and dominance at its minimum in March, these
peak values occurred only in April in the abandoned area. Between the sampling sessions of March
and April, flower availability decreased severely in all areas (Annex VI). However, in abandoned sites,
where there is a richer herbaceous layer composed of ruderal species, the floral diversity remained
high, contrary to what occurred in shrub-dominated natural and restored areas. Accordingly, the
network structure reflected these events, with April being the month where most differences were
detected. For instance, while the networks are quite symmetric in general, with insects and plants
similarly specialized and dependent on each other, in April natural and restored area insects become
very dependent on the few plant species available and interactions themselves become less diverse.
The more diverse plant community in the abandoned area provides enough resources to support an
also increasingly diverse pollinator community, diverse interactions and the increasingly modular
pattern of interactions between species, which is characteristic of larger networks (Olesen et al.,

2007).
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The pollination networks in this study can be considered specialized in general, meaning that both
plants and pollinators interact with only a few partners. On the other hand, network modularity is
generally low and the networks’” community robustness is consistently high for both insects and
plants, even though specialized networks are considered to be more vulnerable to extinction than
generalist ones (Weiner, Werner, Linsenmair, & Bliithgen, 2014). In April and May, abandoned area
networks can be considered modular, with weakly interlinked subsets of species (modules), which
internally consist of strongly connected species (Olesen et al., 2007). Therefore, plants are more
dependent on a few pollinator insects (showing higher level of specialization), and thus plant
community robustness lowers slightly during these months, and increases its vulnerability to
random extinctions. Therefore, the fact that our pollination network structure was in general not
modular may have counteracted the effects of high specialization, by increasing the robustness of
both communities to random extinctions. In line with these results, a previous study has shown that
while modularity may be advantageous for trophic networks, it can decrease the persistence of

mutualistic networks (Thébault & Fontaine, 2010).

Overall, restored metrics tend to follow the same patterns as observed in the natural area, while
metrics in the abandoned area show the most differences. Pollination itself as a process is being
performed at similar levels in all areas. In fact, specialized symmetrical pollinator networks such as
those present in this study have been observed in Canada associated with low disturbance sites
(Villalobos, Sevenello-Montagner & Vamosi, 2019), which seems to point to a recovered state of the
service. Thus, the abandoned area represents a still evolving early successional stage, and its
distinctive pattern can be explained by local conditions potentiated by lack of intervention. This
might mean that abandoned area function must likely suffer some adjustments until it reaches a

pattern more similar to that found in the natural area.
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Pollinator community: composition vs function

In our pollination case-study, the compositional evaluation yielded results which were quite distinct
from those obtained from functional evaluation, to such an extent as to be called opposite.
Composition singled out restored area pollinator communities as the most distinct, revealing the
abandoned area closer to the natural reference ecosystem in terms of composition, despite them
being on opposite situations in terms of vegetation structure. By itself, this result would suggest that
the restoration had been better attained by passive means. Conversely, when observing function,
the restored area follows the natural reference patterns much closer, as we had hypothesized. The
abandoned area patterns present several significant differences, suggesting at first glance that

restoration effectiveness may be best achieved by implementing active measures.

As expected, vegetation cover promotes distinct species composition. Our results show that, despite
pollination service not differing greatly between areas, community index shows high dissimilarity in
pollinator community composition. This fact is especially true for the restored area, where most
differences were observed. These results suggest that pollination service is being held by different

species or groups regarding the area.

Further analysis on the role of species allowed to determine that honey bees are the only group that
behaves differently across all areas. They are more relevant for the plant community in the natural
area, significantly more so than in restored sites. Pollinators should be more important for plant
species if they are common and specialized (Dormann, 2011), which is exactly what honey bees are
in natural sites, using pollen resources independently from their availability, and providing a high-
quality pollination service. In restored areas, where they are less relevant to the plant community,
honey bees interact with only a few partners at a time, but they are opportunistic, using floral
resources as they become available. This could be related to the scarcity of floral resources in this
area, since low resource availability can favor opportunistic behavior (Rueffler, Dooren, & Metz,

2007).
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Bumblebees had a more consistent behavior, showing similar importance as pollinators among sites.
However, the dependence of the plant community (species strength) of the abandoned area is much
higher than in other areas. In the abandoned area, bumblebees are consistently and significantly
more abundant, and their high density results in a more generalized and opportunistic foraging
behavior. Such diet expansion has been observed in areas of higher bumblebee density (Fontaine,
Collin, & Dajoz, 2018). The higher dependence of the abandoned plant community should then be
explained by their disproportionate abundance instead of a higher quality of the service provided

to the community.

From the three bee groups studied, only wild solitary bee species had a consistent behavior across
all areas. They are similarly relevant for all plant communities, and have a similar degree of
moderate specialization, though a slightly more opportunistic behavior was obtained in restored
sites. However, it should be taken into account that these measures were obtained for wild bees as
a group, while pooling all species pollination data, so individual species might actually be more

specialized.

Looking at species strength of the different bee groups within each area, we can observe that there
is a group with higher relevance for each, and that this group is consistent with significant
differences in abundance. Honey bees play the most important role in the natural area, bumblebees
in the abandoned one and wild bees in the restored sites, with the CCA results supporting also the

association of most wild bee species with these sites.

The negative relationship of honey bee and wild bee abundance, coupled with their high niche
overlap, suggests a putative replacement of the role of wild bee species by honey bees as pollinators.
This result supports growing concerns reported in other studies that indicate that in the
Mediterranean basin, honey bee abundance has been increasing over the last century, leading to
the replacement and decline of wild bee species (Herrera, 2019). It has also been shown that the

exclusion of a bee species can favor higher abundance of other bees, especially in cases of limited
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resource availability (Wignall et al., 2019). The restored area might be less attractive for honey bees
since it is poorer in floral resources (less abundant in general and less diverse). Their ability to forage
along larger distances when compared to other bee groups (Alarcén, Waser, & Ollerton, 2008)
allows the species a larger choice of pollen foraging grounds, avoiding resource poor locations. Wild
bees, on the other hand, have low foraging capabilities and tend to nest close to the location where
they were reared (Fortel, Henry, Guilbaud, Mouret, & Vaissiere, 2016). The low honey bee density
coupled with larger bare soil cover and local presence of stone piles, which are important habitat
requirements for many ground-nesting and cavity-nesting bee species respectively, are what makes

the restored area more appealing to wild bee species (Tiedeken & FitzPatrick, 2016).

Overall, high abundance of honey bees (high dominance) contributes to a higher homogenization of
the pollinator community, while a more heterogeneous pollinator community composed of diverse
wild bee species is attained when honey bees abundance is lower. Bumblebees are favored by the
presence of late-flowering species that allow them to build up energy stores before winter
dormancy (NRCS, 2013), which could explain their preference for the abandoned quarries. While
other areas show an earlier tendency for flower resource depletion, abandoned area flower
diversity is more stable over time, ensuring a steadier pollen supply that can sustain bumblebees

leading up to hibernation periods.

In our study, the pollination service is being provided by different species in different areas,
consistent with a relatively steady network structure, while some species and groups change their
roles within the networks. This is commonly found in the literature for pollination networks, where
alteration of species, interactions and species roles can occur without major alterations in the
overall network structure (Alarcén et al., 2008; Forup et al., 2008; Forup & Memmott, 2005; Nielsen
& Totland, 2014; Petanidou, Kallimanis, Tzanopoulos, Sgardelis & Pantis, 2008). In this study, we
observed a process in which the vegetation structure promoted by different restoration approaches

dictates the type of plant species available in each area, and hence resource availability, whose
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variation in turn affects network structure and the roles species play within the networks
themselves, ultimately influencing the way in which the ecosystem service of pollination is provided

in each area.

Implications for restoration management

Our results highlight the importance of taking function into account when evaluating restoration
endeavors. In our case study, evaluating composition alone could single out active restoration as a
non-successful approach, while the actively restored area has not only achieved similar function to
that observed in the natural reference ecosystem, but in addition also harbored a heterogeneous
pollinator community which included many wild bee species. Using compositional measures alone
to evaluate restoration might, therefore, hinder the achievement of the desired outcome and lead
to bad allocation of funds towards unnecessary actions intended to restore a function that is already
at its desired state. Our results point out that restoration can be achieved with distinct biological
communities providing function and ecosystem services as effectively as the communities found in
natural reference ecosystems (Denning & Foster, 2017; Forup & Memmott, 2005; Williams, 2011).
However, we are not advocating that functional measures should replace compositional measures
altogether, but instead that they should complement each other in restoration planning and
evaluation. Both are attributes of restored ecosystems according to the SER Primer (Clewell et al.,
2004), and their use as complementary measures should help maximize biodiversity at a landscape

scale, as well as increase stability through functional redundancy.

Our results suggest that active restoration allowed for a faster restoration of function, since, in a
shorter time period, the restored quarries attained functional patterns more similar to those
observed in the natural reference ecosystem. After 20-30 years of active restoration, function in
restored areas is more similar to natural areas than 40 years of natural succession. Passive

restoration, nonetheless, also appears to allow for function recovery. However, some
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considerations must be weighed before considering its promotion as an effective alternative to
active restoration efforts. In our study, abandoned areas were located at much smaller quarrying
sites. This means that the whole area under passive recovery is closer to remnant natural habitat
than most of the actively restored area, a factor that has a positive influence on pollinator
community recovery (Cusser & Goodell, 2013), and may have lessened the effect of scant
vegetation. With this in mind, we should expect different outcomes in the observed patterns of
network structure in abandoned area if the size was the same, and recovery would not have reached
this advanced state in such a short amount of time. Nevertheless, we stress that the ongoing natural
process of secondary succession has allowed for the establishment of ruderal opportunistic plants
(e.g. Rubus ulmifolius) that contributed positively to maintenance of a steady pollination service,
buffering against the shortage of resources detected at both natural and restored areas in April and
May. It would be interesting for future restoration research work to evaluate passive restoration in
quarries of different sizes to possibly determine a size threshold for effectiveness and applicability

of this restoration approach.

In the case of the restored quarry, the enhancement of wild bee species was not an original target
but a welcome side effect of restoration, namely the use of a diverse array of plant species for
revegetation, resulting on the provision of suitable habitat conditions and varied flower resources.
Keeping this in mind for future restoration actions, the benefits for this vulnerable group of bees
could easily be amplified with minimal costs, effortlessly improving overall restoration benefits. The
lower robustness of the plant community in April and May could also be circumvented in the
restored area through the use of “bridging” plants that flower during periods of lower availability
and provide nectar and pollen resources (Menz et al., 2011), such as herbaceous plants (species of
Allium, Carduus and Malva, for instance). This should promote floral heterogeneity, strengthening
the insect community and, as a consequence, increase the robustness of the plant community as

well. The addition of nesting substrates for wild bees (creation of sand pits and piles, log placement,
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installation of bee hotels) can be easily undertaken and might be an opportunity to involve school

groups and the community, while educating about the importance of the restoration process.
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ANNEX | — Flowering period for the most relevant plant species present on site

Table 2 - Flowering period for the most relevant plant species present on site, with the sampling period delimited by the
black lines.

SPECIES JAN FEV MAR APR MAY JUN JUL AUG SEP oCT NOV DEC
Arbutus unedo -
Calluna vulgaris
Ceratonia siliqua
Cistus albidus
Cistus crispus

Cistus ladanifer

Cistus monspeliensis
Cistus salviifolius
Coronilla glauca
Cytisus grandiflorus
Daphne gnidium
Erica arborea
Genista triacanthos
Juniperus communis
Juniperus phoenicea
Lavandula stoechas luisieri
Lonicera implexa
Lygus monosperma
Myrtus communis

Olea europaea var. sylvestris

Phillyrea angustifolia
Phillyrea latifolia
Pinus halepensis
Pinus pinea

Pistacia lentiscus
Quercus coccifera
Quercus faginea
Quercus suber
Rhamnus alaternus
Rhamnus lycioides
Rosa sempervirens
Rosmarinus officinalis
Rubia peregrina
Rubus ulmifolius
Ruscus aculeatus
Smilax aspera

Tamus communis

Ulex densus

Viburnum tinus
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ANNEX Il - Summary description of network metrics calculated in this study

Table 3 - Summary description of network metrics calculated in this study (Carsten F Dormann, 2011; Carsten F Dormann,

Fruend, & Gruber, 2018)

NETWORK LEVEL

Interaction strength
asymmetry

Measures the relative dependence between network levels. Positive values
indicate higher dependence in the higher trophic level.

Linkage density

Diversity of interactions per species, weighted by marginal totals.

Interaction
evenness

Shannon’s evenness for the web matrix values.

Specialization
asymmetry

Measures relative specialization between network levels. Positive values indicate
higher specialization in the higher trophic level.

Interaction diversity

Shannon’s diversity of interactions.

H2

Measure of specialization for the whole network. It ranges between 0 for no
specialization and 1 for complete specialization.

Number of groups

Total number of groups in a network level.

Robustness

Measure of system robustness to a random loss of species. It ranges between 0
for a fragile system where a few extinctions in one group rapidly cause the
extinction of the majority of species in a second group, and 1 for a very robust
system where extinctions in one group cause extinctions very mildly in the second
group until almost all of the species of the first are removed.

Modularity

Likelihood of a proposed module structure.

SPECIES LEVEL

Species strength Quantifies dependence of the plant community on a given pollinator. High values
indicate a high relevance of the pollinator for the plants in the system.
PSI Quantifies both the dependence of a pollinator and of the plants with which it

interacts. Ranges between 0 for a pollinator that is irrelevant to all plant species
and 1 for a plant species depending entirely on a monolectic pollinator.

Partner diversity

Shannon’s diversity index applied to a pollinator’s interactions. High values
indicate many plants being pollinated relatively evenly.

Specialization index that takes into account resource availability. Ranges between
0 for a perfect opportunist and 1 for a disproportionate specialist.
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ANNEX Il - List of plant groups whose pollen was carried by pollinators in this study

Table 4 - List of plant groups whose pollen was carried by pollinators in this study, with respective pollen grain abundance

found and average cover across all study sites.

PLANT GROUP POLLEN GRAIN

AVERAGE COVER ACROSS ALL

ABUNDANCE SITES (%)

Amaryllidaceae 13 0.01
Allium spp. 13 0.01
Asteraceae 4820 4.03
Helichrysum decumbens 2348 0.44
Carduus spp. 1520 0.37
Asteraceae NI 735 0.01
Crepis sp. 172 0.01
Stahelina dubia 45 3.20
Boraginaceae 2330 0.01
Echium plantagineum 2330 0.01
Brassicaceae 775 0.01
Iberis procumbens 775 0.01
Caprifoliaceae 2662 5.36
Viburnum tinus 2662 5.36
Cistaceae 9217 8.30
Cistus spp. 8551 7.73
Cistus crispus 666 0.57
Ericaceae 2850 1.75
Erica arborea 2850 1.75
Euphorbiaceae 46 0.39
Euphorbia characias 25 0.38
Euphorbia segetalis 21 0.01
Fabaceae 3827 5.34
Retama monosperma 2596 1.42
Cytisus grandiflorus 904 0.41
Bituminaria bituminosa 222 2.10
Erophaca baetica 56 0.01
Ulex spp. 49 1.40
Gentianaceae 888 0.20
Centaurium sp. 888 0.20
Iridaceae 52 0.01
Gladiolus illyricus 52 0.01
Lamiaceae 49504 30.23
Rosmarinus officinallis 48866 30.00
Lavandula luisieri 410 0.22
Phlomis purpurea 228 0.01
Malvaceae 170 0.02
Malva sp. 94 0.01
Lavatera olbia 76 0.01
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Oleaceae 4881 13.1
Phillyrea latifolia 4861 1.50
Phillyrea angustifolia 20 11.6

Poaceae 75 0.01
Poaceae NI 75 0.01

Rhamnaceae 144 2.01
Rhamnus alaternus 137 0.01
Rhamnus lycioides 7 2.00

Rosaceae 6282 1.10
Rubus ulmifolius 6282 1.10

NI 642

Total 89178
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ANNEX IV - List of insect groups captured in this study

Table 5 - List of insect groups captured in this study, with respective number of captures (total, with pollen transport and
without pollen transport). Table lines (excluding totals represented in bold) each represent a group considered for
analysis.

CAPTURES CAPTURES

INSECT GROUP TOTAL NléZA:I_EJR(EIS: WITH POLLEN  WITHOUT POLLEN
TRANSPORT TRANSPORT

Coleoptera 549 158 391
Buprestidae 13 2 11
Anthaxia scutellaris 7 1 6
Anthaxia podolica 1 1 0
Anthaxia dimidata 1 0 1
Anthaxia spp. 2 0 2
Buprestidae NI 2 0 2
Cantharidae 6 0 6
Cantharis sp. 6 0 6
Cerambycidae 32 13 19
Stenurella nigra 14 6 8
Clytus rhamni 0 8
Nustera distigma 5 3
Stenopterus mauritanicus 1 0
Stenurella approximans 1 1 0
Cetoniidae 18 15 3
Oxythyrea funesta 11 9 2
Tropinota squalida 6 0
Valgus hemipterus 0 1
Chrysomelidae 28 6 22
Chrysolina americana 18 6 12
Exosoma lusitanicum 4 0 4
Bruchidius sp. 3 0 3
Lachnaia hirta 1 0 1
Chrysomelidae NI 2 0 2
Coccinellidae 1 1 0
Scymnus sp. 1 1 0
Curculionidae 3 1 2
Sitona sp. 2 0 2
Curculionidae NI 1 1 0
Dermestidae 14 2 12
Anthrenus spp. 12 0 12
Attagenus trifasciatus 2 2 0
Lathridiidae 1 0 1
Lathridiidae NI 1 0 1
Melolonthidae 2 0 2
Monotropus sp. 2 0 2
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Melyridae 137 46 91

Collops sp. 50 5 45
Aplocnemus spp. 47 27 20
Psilothrix spp. 36 13 23
Dasytes sp. 0 2
Melyridae NI 1 1
Nitidulidae 62 7 55
Meligethes spp. 16 4 12
Nitidulidae NI 46 3 43
Oedemeridae 153 44 109
Oedemera barbara 110 35 75
Chrysanthia spp. 16 3 13
Oedemera flavipes 14 4 10
Oedemeridae NI 13 2 11
Rutelidae 4 3 1
Anisoplia baetica 4 3
Scraptiidae 16 0 16
Anaspis spp. 12 0 12
Scraptiidae NI 4 0 4
Tenebrionidae 49 16 33
Heliotaurus ruficollis 37 12 25
Isomira spp. 12
Coleoptera NI 10
Diptera 255 69 186
Anthomyiidae 0 2
Anthomyiidae NI 0
Asilidae 0 1
Dioctria sp. 0
Asteiidae 14 0 14
Asteiidae NI 14 0 14
Bibionidae 3
Dilophus sp. 3
Bombyliidae 36 9 27
Hemipenthes morio 25 4 21
Bombylius fimbriatus 4 3 1
Lomatia tysiphone 3 2 1
Bombylius sp. 1 0 1
Lomatia sp. 1 0 1
Villa sp. 2 0 2
Calliphoridae 12 4 8
Calliphora vicina 3 3 0
Stomorrhina sp. 1 0 1
Calliphoridae NI 8 1 7
Ceratopogonidae 1 0 1
Ceratopogonidae NI 1 0 1
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Chironomidae
Chironomidae NI

Conopidae
Thecophora atra
Conopidae NI
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Empididae
Epis tessellata
Empis sp.
Empididae NI
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Faniidae
Faniidae NI

Heleomyzidae

Heleomyzidae NI

Milichiidae
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Muscidae
Delia sp.
Muscidae NI
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Rhinophoridae
Oplisa aterrima
Rhinophoridae NI

Sarcophagidae
Sarcophaga sp.
Sarcophaga carnaria

Sarcophagidae NI

Sciaridae
Sciaris sp.
Sciaridae NI
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Syrphidae
Eristalis tenax
Eristalis similis
Dasysyrphus albostriatus
Melanostoma scalare
Eristalis arbustorum
Syrphus vitripennis
Cheilosia sp.
Syrphus nitidicollis
Syrphidae NI
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Tachinidae
Tachinidae NI
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Therevidae
Thereva spp.
Therevidae NI

Tipulidae
Tipulidae NI

Trichoceridae
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Trichoceridae NI 1 0 1
Ulididae 9 1 8
Otites sp. 2 0 2
Ulididae NI 7 1 6
Diptera NI 19 2 17
Hemiptera 30 1 29
Alydidae 1 0 1
Alydidae NI 1 0 1
Cicadellidae 1 0 1
Cicadellidae NI 1 0 1
Coccidae 1 0 1
Coccidae NI 1 0 1
Miridae 17 1 16
Miridae NI 11 1 10
Capsodes flavomarginatus 6 0 6
Pentatomidae 5 0 5
Pentatomidae NI 5 0 5
Hemiptera NI 5 0 5
Hymenoptera 611 437 174
Andrenidae 32 21 11
Andrena spp. 31 20 11
Panurgus sp. 1 1 0
Apidae 410 372 38
Apis mellifera 203 190 13
Bombus terrestris 154 144 10
Anthophora spp. 17 11 6
Eucera longicornis 13 13 0
Bombus ruderatus 6 5 1
Nomada spp. 3 2 1
Ceratina sp. 2 0 2
Nomada goodeniana 2 2 0
Nomada bifasciata 1 1 0
Xylocopa violacea 1 1 0
Eucera sp. 1 0 1
Apidae NI 7 2 5
Braconidae 3 2 1
Braconidae NI 3 2 1
Chrysididae 6 1 5
Chrysis ignita 5 0 5
Hedychridium infans 1 1 0
Colletidae 5 2 3
Hylaeus spp. 4 1 3
Colletes sp. 1 1 0
Evaniidae 1 0 1
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Evaniidae NI 1 1
Formicidae 49 46
Formicidae NI 49 46
Halictidae 25 15 10
Lasiogossum spp. 21 12 9
Halictus spp. 1
Sphecodes alternatus 1
Sphecodes sp. 1
Ichneumonidae 18 0 18
Ichneumonidae NI 18 0 18
Megachilidae 30 16 14
Rhodanthidium sticticum 19 11 8
Osmia spp. 6 2 4
Anthidium spp. 2 1 1
Rhodanthidium septemdentatum 1 0 1
Hoplitis sp. 1 1 0
Megachile sp. 1 1 0
Mellitidae 1 1 0
Dasypoda sp. 1 1 0
Mutillidae 1 0 1
Mutillidae NI 1 0 1
Scoliidae 4 3 1
Dasyscolia ciliata 3 2 1
Megascolia maculata 1 1 0
Sphecidae 2 0 2
Sphecidae NI 2 0 2
Vespidae 22 1 21
Vespula spp. 9 0 9
Polistes sp. 0
Euodynerus curictensis 1 0
Vespidae NI 10 0 10
Hymenoptera NI 2 0 2
Lepidoptera 64 13 51
Lycaenidae 30 7 23
Leptotes pirithous 8 0 8
Satyrium ilicis 5 2 3
Satyrium spini 5 1 4
Satyrium spp. 4 2 2
Celastrina argiolus 3 1 2
Polyomatus icarus 2 0 2
Lycaena phlaeas 2 1 1
Lampides boeticus 1 0 1
Nymphalidae 11 4 7
Lasiommata megera 4 1 3
Pararge aegeria 3 1 2



Maniola jurtina
Vanessa cardui

Melanargia ines
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Pieridae
Colias croceus
Anthocaris cardamines
Leptidea sinapis
Gonepteryx cleopatra
Gonepteryx rhamni
Pieris rapae

Euchloe crameri
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ANNEX V - List of bee species and groups included in the Wild Bees group

Table 6 - List of bee species and groups included in the Wild Bees group for species level analysis.

Apoidea

Andrenidae
Andrena spp.

Panurgus sp.

Apidae
Anthophora spp.
Eucera longicornis
Nomada spp.
Ceratina sp.
Nomada goodeniana
Nomada bifasciata
Xylocopa violacea
Eucera sp.

Colletidae
Hylaeus spp.
Colletes sp.

Halictidae
Lasiogossum spp.
Halictus spp.
Sphecodes alternatus

Sphecodes sp.

Megachilidae
Rhodanthidium sticticum
Osmia spp.
Anthidium spp.
Rhodanthidium septemdentatum
Hoplitis sp.
Megachile sp.

Mellitidae
Dasypoda sp.




ANNEX VI — Temporal trends in resource availability (flower units)

A - Shannon diversity
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Figure 10 — Temporal trends in flower unit Shannon diversity.

B — Total abundance
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Figure 11 — Temporal trends in flower unit abundance.

C - Dominance
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Figure 12 — Temporal trends in floral unit dominance.



ANNEX VII — Results for all linear mixed models and generalized linear models performed

A — Network level metrics

Table 7 — Results for linear mixed models performed on network level metrics.

ISA Linkage density Interaction evenness SA Shannon diversity H2
Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value
(Intercept) -0.198 * 1.262 Fk ok 0.22 * 0.239 0.613 *x 0.617 Fk ok
Abandoned 0.078 - 0.271 - 0.095 - -0.952 ** 0.205 - 0.143 -
Restored 0.004 - 0.205 - 0.115 - -0.062 - 0.192 - -0.052 -
March 0.279 * 0.753 * 0.277 *% -0.194 - 1.034 *k ok -0.129 -
April 0.856 * ok 0.51 - 0.31 * -0.498 0.387 - 0.232 -
May 0.479 * k% 0.493 - 0.285 *% -0.5 * 1.082 *k ok 0.247 -
Abandoned:March -0.151 - 0.047 - -0.066 - 0.812 *% 0.059 - -0.23 -
Restored:March 0.158 - 0.45 - -0.153 - -0.343 - 0.26 - 0.177 -
Abandoned:April -0.539 *k 0.712 - -0.057 - 1.064 * 1.271 *x -0.312 -
Restored:April -0.182 - 0.295 - -0.151 - -0.1 - 0.413 - 0.011 -
Abandoned:May -0.034 - -0.174 - -0.159 - 1.041 *kk 0.178 - -0.14 -
Restored:May -0.24 - -0.304 - -0.19 - 0.282 - -0.107 - 0.043 -
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Insect groups Plant groups Insect robustness Plant robustness Modularity
Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value
(Intercept) 3.333 * 5.333 Fk ok 0.634 F ko 0.755 Fkk 0.126 -
Abandoned 0 - -1 - 0 - -0.055 - -0.1 -
Restored -0.333 - -1 - 0.018 - -0.035 - -0.028 -
March 2.667 - -1 - 0.094 -0.043 - 0.186 -
April 2 - -3.667 * % -0.068 - -0.175 * 0.01 -
May 4.333 * -0.333 - 0.099 -0.149 *% 0.302 *
Abandoned:March 0.333 - 3 -0.016 - 0.011 - 0.053 -
Restored:March 8 *% 4 * -0.016 - -0.041 - 0.033 -
Abandoned:April 6 * 6.333 Fk ok 0.086 - 0.1 - 0.497 *
Restored:April 3 - 2.667 - 0.062 - 0.003 - 0.112 -
Abandoned:May 7.667 *k 3.333 -0.024 - 0.035 - 0.248 -
Restored:May 1 - 3.667 * -0.129 0.039 - 0.117 -

P-value significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘" 0.1 -’ 1
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B — Pollinator group abundance

Table 8 — Results for linear mixed models performed on bee group abundance.

Honey bees Bumblebees Wild bees
Coefficient p-value Coefficient  p-value | Coefficient p-value

(Intercept) 21.00 ok ok 0.67 - 3.67 *
Abandoned 13.33 * ¥ -0.67 - 6.33 *
Restored -16.33 * % 0.00 - 2.67 -
March -15.67 * %k 1.00 - 1.67 -
April -21.00 *okok 2.00 - -3.33

May -18.67 Hokk 3.67 -3.67

Abandoned:March 19.33 * kK -0.33 - 267 -
Restored:March 18.67 * ok ok 7.67 * 433 -
Abandoned:April 14.33 * ok 2.00 - 2.33 -
Restored:April 16.33 * % 2.00 - 22.33 -
Abandoned:May 19.00 * k% 4.67 - -1.33 -
Restored:May 14.00 * % 3.67 - -1.00 -

P-value significance codes: 0 “***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 “.” 0.1 ~-’1

C - Species level metrics

Table 9 — Results for generalized linear models performed on species level metrics.

Group strength PSI Partner diversity d
Coefficient p-value Coefficient  p-value Coefficient p-value Coefficient p-value
Honey bees
(Intercept) 3.772 *kk 0.902 *kk 0.195 * 0.772 ol
Abandoned -1.294 -0.408 * 0.823 *kx -0.471 *x
Restored -2.820 *x -0.541 ** 0.029 - -0.442 *x
Bumblebees
(Intercept) 2.128 * % 0.637 * kK 0.931 ** 0.535 * %
Abandoned 2.761 *x -0.161 - 0.409 - -0.269 -
Restored 0.368 - 0.017 - -0.047 - -0.067 -
Wild bees
(Intercept) 2.470 0.655 *% 0.891 * 0.690 * %k
Abandoned 0.151 - -0.128 - 0.036 - -0.139 -
Restored 2.555 - -0.143 - 0.274 - -0.345

P-value significance codes: 0 “***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 .’ 0.1 ~-’1
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