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Abstract

Both facilitative plant–plant interactions and plant diversity can have strong effects on multitrophic interactions, especially in relation to the essential ecosystem service of pollination.
While it is widely accepted that plant diversity enhances pollinator richness and visitation, it
has also been suggested that facilitative effects among plants can act indirectly by sharing
beneficial organisms such as pollinators. However, knowledge about the joint effect of plant–
plant facilitation and plant diversity on pollination is completely lacking. Addressing the effects
of these biotic interactions is critical in understanding how they affect the pollinator community,
plant–pollinator interactions, and ecosystem functioning. This is particularly crucial for plant
communities growing in harsh environmental conditions, such as semi-arid ecosystems. The
focus of this study was to see how (i) plant facilitation and (ii) plant diversity scales up to higher
trophic levels, i.e. insect pollinators, through a field experiment manipulating presence of
Retama sphaerocarpa as a nurse shrub as well as plant diversity levels in a Mediterranean
savannah in Spain. Pollination events were measured by identifying which insects directly
interacted with flowers of plant species growing in association. Here we show that the
combination of nurse shrub presence and increased associate plant diversity significantly
increases the diversity, species abundance, and species richness of the surrounding insect
pollinator community. Moreover, plant–pollinator interaction networks observed from the
combination of these two factors were significantly more nested than expected by the sole
effects of the nurse plant and plant diversity respectively. This indicates a more robust and
resilient system. Positive plant interactions, i.e. facilitation, can outweigh negative interactions,
i.e. competition, and increased plant diversity leads to less variability in pollinator densities,
producing a more stable pollinator community. Our results have important implications for
conservation and restoration of semi-arid ecosystems, as well as for combating the loss of
biodiversity, especially in light of the current major issues of climate change and pollinator
decline.

Key words: biodiversity; facilitation; interaction; Retama sphaerocarpa; Mediterranean
savannah; nestedness; networks; nurse plant; plant–pollinator; pollination; semi-arid.
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II.1

Plant facilitation effect

Elizabeth Norton

During the last four decades, community ecology research has focused on the negative
interactions among plants, i.e., competition. However, the last 15-20 years have shown a rise
in emphasizing the important role of positive interactions such as facilitation, and how its
mechanisms shape the structure and function of plant communities in different biomes across
the globe (Bertness & Callaway 1994; Bruno et al. 2003; Lortie et al. 2004; Pugnaire et al.
2011; Padilla & Pugnaire 2012; Michalet & Pugnaire 2016). Over this same span of time, plant
interaction processes have been increasingly studied in the semi-arid areas of Spain – places
of demanding environmental conditions (Pugnaire et al. 2011). Plant species growing in arid
and semi-arid environments must find ways to cope with the stressful biotic and abiotic
conditions inherent to these systems as individual attempt to survive and thrive in their
community. Engaging in these positive interactions is a way to persist in such stressful
conditions. Facilitation is the result of positive species interactions when the presence one
species increases the fitness of a second species (Callaway 2007). There are some particular
species, so called “nurse plants”, that can cope well with stressful environmental conditions
(Schöb 2012), one such plant being Retama sphaerocarpa (L.) Boiss. (Fabaceae) (Pugnaire
et al. 1996). Retama and other nurse plants have positive effects on the local environment
that also serve to benefit other plants, affording them benefits such as shelter from biotic and
abiotic factors (Crawley 1997). These positive interactions among neighboring species can
drive coexistence, are at the heart of ecosystem functioning, and have great importance on
the success of plants and ecosystems at large (Crawley 1997).

There are still pending questions surrounding the role of plant–plant facilitative relationships
such as the role of facilitation for mediating pollination interactions and pollinator diversity
(McIntire & Fajardo 2014; Losapio et al. 2017). This is a troubling knowledge gap given that
facilitative interactions have implications that frequently affect the surrounding landscape
(Filazzola & Lortie 2014). Positive interspecific interactions cultivate “preferred co-existence
areas” among plants, driving species richness at the community level (Chacón-Labella et al.
2016). However, consequences of these positive interactions may affect not only the plant
community but may impact other trophic levels such as pollinators. Facilitation usually occurs
among species of the same guild, and thus other trophic levels are usually underestimated

5

Master’s thesis

Elizabeth Norton

(Scherber et al. 2010; McIntire & Fajardo 2014). This tie in to pollination is a critical element
to investigate given how important it is as an ecosystem service for individual plant species as
well as its influence on ecosystem functioning. Research on plant–plant interactions
contributes to understanding of plant community dynamics in general, but it may also help to
examine their effects at the ecosystem level (Pugnaire 2011). Though research on facilitation
has gained traction, understanding of the underlying mechanisms that govern the role of
facilitation in community assembly and structure needs to be enhanced, as well as the role of
facilitation in structuring biodiversity across trophic levels (HilleRisLambers et al. 2012; Schöb
et al. 2012). Much attention has been paid to nurse plants, but the facilitation of insects and/or
the functioning of the pollinator community surrounding the associated plants in the shrub
understory has not been investigated in past research (Ruttan et al. 2016). Thus, this study
experimentally addressed how plant facilitation scales up to consider multi-trophic interactions
and its effects for ecosystem services. Other studies have simply used insect traps in the
vicinity of the nurse, but we directly observed and measured the interactions between the
insects and the plants, providing very convincing data.

II.1.1 Pollination-mediated facilitation
Interactions with insects are essential for many pollen-bearing plants, allowing gene
movement across distances that is often dependent on plant population density (Crawley
1997). Pollination, leading to the ultimate goal of fertilization, is aided by adaptions in flower
form and function, which includes attractants like colored flowers and accessories such as
petals, bracts, and nectaries (Crawley 1997). Plants and pollinators are ever-intertwined in
their evolution of mutual attraction and interaction, in past history and into the future. Even
though both are dependent on each other, much less is known about pollinators compared to
flowering plants (Kearns & Inouye 1997).

Facilitation occurs frequently in nature, however there is an ongoing debate that facilitation
acts indirectly in natural settings (Chacón-Labella et al. 2016). Nurse plants have well
documented direct effects on their associate plants, but there are also possible consequences
of these plant-plant interactions on higher trophic levels, which few studies have examined
(Reid & Lortie 2012). It is a controversial hypothesis then, that plants indirectly facilitate
pollination. This would mean that one plant species acts to increase the number of pollinator
visits received by the second plant species, resulting in an increase in the population growth
rate and increased fitness (Feldman et al. 2004). Enhanced visitation might result if the
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presentation of flowers by the first species attracts pollinators to the neighborhood of the
second species. Feldman et al. (2004) constructed population models of two plant species
that share a pollinator and proved that it is theoretically possible for facilitation of pollination to
occur. The study focused on the total number of flowers among the species, however, not the
diversity of the flowers. They concluded that the conditions under which one plant species can
facilitate another’s pollination are somewhat restrictive, but that it is still unclear how common
these conditions are in nature, especially for when considering interactions at the community
level i.e., among more than two species. Consequently, further empirical studies are clearly
necessary, such as the one presented in this paper examining pollination facilitation.

II.1.2 Nurse plants
The main mechanism of indirect facilitation through pollination that we consider in this study
is through the effect of a nurse shrub. The positive influence that an adult plant can have on
surrounding seedlings is called a nurse plant syndrome, a concept first introduced by Niering
et al. in 1963 by examining the positive effect that the saguaro cactus has on the surrounding
plant community. The classical facultative mechanism of a nurse plant syndrome is the
presence of dominant nurse species with other species under canopy or in close proximity.
Nurse plants are often considered keystone species because they have been found to
structure plant communities (Filazzola & Lortie 2014). This has implications for landscapelevel dynamics over time in whatever regions they occur, and highlights the need for identifying
important links between species within the ecosystems (Filazzola & Lortie 2014).

There is much evidence of this facilitative effect among plants, whereby certain species have
a positive effect on one another by improving abiotic conditions (Chacón-Labella et al. 2016).
These nurse plants can reduce physical stress for the surrounding species by minimizing
harsh environmental effects, an interaction that usually results in direct benefits such as
shade, shelter from herbivores, increased soil moisture, and accumulation of scarce soil
resources (Padilla & Pugnaire 2006). As this is caused by mechanisms that ameliorate microenvironmental conditions, this effect is more prominent in limiting habitats (Pugnaire & Luque
2001; Callaway et al. 2002; Padilla & Pugnaire 2006). In arid environments, presence of nurse
plant species may facilitate the recruitment of other plant species, causing interspecific
aggregations of plants (Feldman et al. 2004). Nurse plants can enhance establishment,
survival, growth, and performance/fitness of surrounding species (Padilla & Pugnaire 2006).
Studies around this topic have become more integral to ecological theory (Bruno et al. 2003),
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but they are also practical because that information can be applied to the conservation and
restoration of degraded environments (Padilla & Pugnaire 2006).

Filazzola and Lortie (2014) conducted a review of studied nurse plant mechanisms, and found
both that shrubs were the dominant nurse life-form and that these interactions are most
frequent in areas of high abiotic stress. A notable conclusion they made was that there is a
large research gap within the nurse-plant literature specifically on indirect interactions, as well
as the large-scale implications going beyond the immediate plant community, such as
landscape ecology and evolution. Benefits in facilitative relationships derived from indirect
facilitation can include the introduction or sharing of beneficial organisms (Crawley 1997;
McIntire & Fajardo 2014; Chacón-Labella et al. 2016). This can be done by a nurse plant
facilitating the visitation and diversity of insect pollinators within their vicinity (Reid & Lortie
2012). This study observed visitation and diversity of pollinator communities between nurse
and other plants. Additionally, they analyzed flower abundance, temperature, and humidity as
potential mechanisms driving the positive effect of cushions on pollinators. In the end, the
nurse provided more abundant floral resources, resulting in a great positive effect on
pollinators. This same principle could be extrapolated to other nurse-plant syndromes and
ecosystems, as is the case with the research put forth in this paper.

II.2

Plant diversity gradient effect

The second factor examined in this study to is the plant diversity. High plant diversity can
possibly

support

positive,

facilitative

interactions,

common

in

physically

adverse

environments, enhancing each other’s reproduction more strongly than being impaired by
competition (Ebeling et al. 2008; Sieber et al. 2011). This outweighs possible negative
consequences including competition for water and resources, competition due to pollen
transfer between species, or selfing due to insects visits to many flowers on an individual plant
(Sieber et al. 2011). This positive effect of higher plant diversity can also scale up to affect
multi-trophic community dynamics, such as insect abundance (Ebeling et al. 2017).

Plants that grow in heterogeneous patches comprising several species, as opposed to a
monoculture environment of conspecifics which have a less diverse flower display, may
benefit by attracting more visits from scarce insect pollinators (Albrecht et al. 2007; Sieber
2011). A higher plant diversity in general has been shown to promote more diverse insect
communities (Ebeling et al. 2017), and a greater diversity of insects visiting flowers can be a
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result of a greater diversity of flower morphologies (Keddy 2007). Contrasting flower attributes
existing within an aggregation of plant species are more conspicuous to pollinators, meaning
that mixed floral patches might be visited more often than homogenous ones (Thompson
1978). The myriad of flower form and function adaptations and pollination syndromes serve to
achieve a maximum of pollen transfer and thus highest fitness (Crawley 1997). Fornaff et al.
(2017) have very recently reviewed the topic of how a high diversity of flowering plants can
enhance pollinator richness and visitation frequency, thereby increasing the resilience of
pollination systems. Flower communities that are variable in color and constant in morphology,
providing both large flowers or flowers higher than the average grassland vegetation and high
sugar but low amino acid nectar concentrations, are more attractive to pollinators. Although
visitation frequency of generalist pollinators (i.e., species with a wide spectrum of flower visits)
to flower communities decreased with overall flower functional diversity, it increased with plant
diversity when diverse flower phenologies increase the duration of flower provision.

A 2008 study by Ebeling et al. also gives evidence for a strong, positive relationship between
plant diversity and pollinator diversity. A high number of flowering plant species promotes
pollinator species richness as well as the frequency and stability of pollinator visits. In the Jena
experiment, they showed that species richness and communities with abundant flowers are
critical in grasslands for optimal pollination and thus critical for reproductive success and
sustained stability of the plant communities. This same principle can be expanded beyond
grasslands, and may be even more apparent and essential in increasingly stressful
environments. An experiment by Sieber et al. (2011) investigating how alpine plants facilitate
each other’s pollination concludes that at large spatial scales the presence of Saxifraga sp. in
a plot might send some sensory signal that attracts insects at a higher rate than is the case
when no Saxifraga sp. flowers are present. However, once insects arrived at the plots they
did not appear to prefer Saxifraga sp. relative to the associate species, Eritrichium nanum,
thus a neutral interaction appeared to dominate. Indeed, they found no effect of floral
neighborhood on frequencies of visits resulting in self-pollination or of transitions among
individual plants of the same or different species. However, a study controlling for and
disentangling the effects of plant diversity and plant community composition, like the one
presented in this paper, could help link changes in plant–pollinator interactions to differences
in plant diversity.

9

Master’s thesis

II.3

Elizabeth Norton

Plant–pollinator networks

The effects of plant diversity and positive plant-plant interactions can span trophic levels,
indirectly mediating interaction networks through bottom-up trophic cascades (Scherber et al.
2010). A decline in one species can lead to a decline in the species it interacts with. Wild
pollinator populations are declining across the globe, resulting in a multi-trophic effect as it
contributes to a decline in the plants that rely on their ecosystem service (Potts et al. 2010).
Pollination is a complex network of biotic interaction that plays an important role in shaping
and maintaining biodiversity as well as mediating important ecosystem functions on which
humans are dependent.

Network theory accelerates our understanding of structure and functioning of these
interactions (Bartomeus 2013). Information is seriously lacking on the way mutualistic
networks are structured and organized, despite its demonstrated role in preserving diversity
(Bascompte et al. 2003). The structure of mutualistic communities plays a role in the
maintenance of biodiversity (Bascompte et al. 2003). Much of the past research on pollination
networks has taken place in a theoretical and observational manner. However, experimental
studies like this paper that examine underlying mechanisms and disentangling the role of
different ecological factors can help to understand the processes shaping ecological networks
and their consequences for maintaining ecosystem services in real-world ecosystems.

Networks can be analyzed with a so-called “nestedness calculator”, as explained by
Bascompte et al. 2003, by the use of a null model to make comparisons of interaction matrices
against a benchmark value. Network nestedness in this sense indicates that the core of the
network is made up of a smaller number of specialist animal species interacting with a subset
of plant species, which are also interacting with more generalist animal species (Bascompte
et al. 2003; Levine et al. 2017). Thus, a mutualistic network with this nested structure can
support a large number of coexisting species (Levine et al. 2017). This holds consistent with
the assertion that the nestedness of a network increases as complexity increases, i.e., the
number of interactions within the network (Bascompte et al. 2003). Accordingly, a plant–
pollinator network could become more highly nested if plant composition was arranged in a
way that increased pollination services. This could be achieved through the aforementioned
combination of nurse plant presence as well as increased plant diversity. Plant–pollinator
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networks resulting from the combination of these two factors could possibly have a much
greater nested structure than a network resulting from the simple combination of plant–
pollinator networks of separated nurse and associate species. One might argue that higher
pollinator diversity is observed simply because plots containing Retama have one additional
plant species in the mix. This argument is addressed by building additive networks to compare
to observed networks, which examines the networks for their “real” or total species number of
each plot.

II.4

Mediterranean savannah

The effects of plant–plant facilitation become increasingly important with increasingly harsh,
stressful conditions (Bertness & Callaway 1994; Schöb et al. 2013a). Such stressful
environments are semi-arid Mediterranean savannahs, especially because water is usually a
limiting resource due to irregular rainfall and summer drought. These environments are
species-rich communities that have not been studied as much as tropical communities across
the globe. Mediterranean savannahs have a characteristically high heterogeneity associated
with altitudinal gradients, topography and land use, which results in a wide diversity of
environments and thus plant species and communities (Sanchez & Peco 2004). Many forests
and abandoned croplands in the Mediterranean Basin have been recolonized by early
successional shrub-dominated communities. In these stress-prone environments, shrubs do
not often have to compete with other plants like tree seedlings, but can have a net positive
effect on recruitment of other species (Pugnaire et al. 1996; Gómez-Aparicio et al. 2004).

In extreme environments like semiarid savannahs, the abiotic conditions are key factors
affecting the balance of the positive and negative effects occurring simultaneously when plants
are growing close to each other. Sometimes, positive effects are able to outweigh the negative
ones between two plant species (Feldman et al. 2004; Padilla & Pugnaire 2006). Several
plants that grow pervasively in Mediterranean environments, such as the shrub Retama
sphaerocarpa, have been found to facilitate the growth of other plants beneath its canopy
despite competition for moisture and nutrients (Pugnaire et al. 1996). Positive interspecific
interactions among plants was found to be the main driver of species richness at community
level in many studies of this region, often indicating the presence of species that increase
species richness as result of positive interactions – a possible role of facilitation in community
assembly (Chacón-Labella et al. 2016). Among these interactions could be the indirect sharing
of beneficial organisms like pollinators, which in turn may support and promote species
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diversity within these Mediterranean ecosystems. However, the conditions under which one
plant species can facilitate another’s pollination are somewhat restrictive, but it is still unclear
how common these conditions are in nature (Feldman et al. 2004).

II.5

Conservation

Shrub as nurse plants are important in the conservation of Mediterranean areas. Old or
abandoned cropland and pastureland, previously obtained by eradicating trees and other
woody species, have now been increasingly colonized by shrubs (Sanchez & Peco 2004).
Species like Retama sphaerocarpa are well suited to occupy these often degraded and
unproductive areas. Indirect facilitation caused by shrubs as well as high plant diversity could
certainly aid in promoting biodiversity and preserving species interactions. Studies from across
the globe have provided recent evidence of the role that nurse plants can have in restoration
and conservation, providing both suggestions and justification for management (GómezAparicio et al. 2004). Facilitation should be taken into account when managing land
ecosystems, especially because of the role that facilitator plant species have in regulating and
even restoring ecosystem functioning (Padilla & Pugnaire 2006; Bruno et al. 2003).

Conservation of pollinator species is essential given that the globe is currently facing a large
scale, worldwide pollinator decline (Kluser & Peduzzi 2007; Potts et al. 2010; Thomonn et al.
2013). Any reduction in plant diversity may result in a loss of other species such as pollinators,
herbivores and parasitoids, thus affecting the structure of ecological networks and the stability
of ecosystems (Scherber et al. 2010). The loss of individual species is at the forefront of public
and scientific concern of course, but the loss of ecological process can be even more
detrimental, especially because pollinators can have this cascade effect on affecting multiple
species (Kearns & Inouye 1997). Pollinator decline is occurring due to threats such as habitat
destruction, invasive species, and pesticide use (Bond 1994; Kearns & Inouye 1997). It has
been said that 80% of wild plant species depends on insects, largely bees, for pollination which
is essential for plant reproductive success (Pots et al. 2010; Thomonn et al. 2013). Loss of
pollination services has negative impacts on ecosystems, which significantly affects plant
biodiversity and ecosystem stability (Knight et al. 2005; Potts et al. 2010). Understanding the
ecological webs that connect plants and pollinator insects is imperative if we want to avoid
ecological collapse in many cases in the future.
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As stated earlier, ecosystems in a Mediterranean climate prove to be incredibly species-rich
but lack the amount of attention that is paid to other systems such as in the tropics. The dry,
hot summers characteristic of mid-latitude Mediterranean savannas indicate that they too are
greatly susceptible to current and future changes in climate patterns of temperature and
precipitation (Fundacion Biodiversidad Y Universidad Autonoma De Madrid 2015). The
dynamics of how plants influence each other are particularly significant in high stress
conditions/ecosystems, given our changing climate and potential shifts in biodiversity
(Filazzola & Lortie 2014). Since Mediterranean savannas are such stressful habitats, it is
logical that some plants might prefer microhabitats created by nurse plants such as Retama
sphaerocarpa shrubs. The harsh conditions will only worsen as climate change continues to
progress, rendering any benefit that plants gain from interaction even more critical for survival.
Consequently, nurse-plant syndromes need to be studied to explain processes and
interactions that influence community structure which can then be used for the conservation
for biodiversity within these ecosystems.

II.6

Objectives

The aim of this study was to examine the joint effects of plant facilitation and biodiversity on
pollinator community networks, examining the mutualistic relationship that shape this system,
among both plant–plant and plant–pollinator. This paper presents the results of a manipulated
plant–pollinator experiment, carried out in a semi-arid Mediterranean savannah in central
Spain. We aimed to assess the response of the pollinator community to presence of naturally
occurring Retama and differing diversity levels of four species of associated flowering
herbaceous plants. Specifically, we aimed to determine the joint effects of (1) presence of a
nurse-plant and (2) increased diversity of the floral neighborhood on (i) pollinator visitation rate
and (ii) the structure of plant–pollinator networks.

We hypothesized that (H1) the presence of a nurse plant as well as higher plant diversity
would increase the pollinator visitation rate as well as the pollinator diversity. This main
hypothesis is nested in 3-parts that combine of the influences of nurse facilitation and plant
biodiversity on the ecosystem service of pollination. First, we propose that (H1.1) the presence
of a nurse plant increases the number and diversity of pollinator insects to a set of plants.
Second, (H1.2) an increase in the plant diversity of associate plants growing together
increases the number and diversity of interacting pollinator insects. Third and most
importantly, a synthesis of these first two leads to (H1.3) the combined effect of the nurse
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plant presence and increased associate plant diversity in the understory shows an even
stronger relationship of increased pollination than the effect of either factor alone. Overall we
hoped that the interaction of these two factors produces the greatest possible increase in
number and diversity of pollinator visits to the plants. This hypothetical result would
demonstrate that these two effects depend on each other, creating a whole that is greater than
the sum of the parts. A thorough examination of this justified two additional hypotheses to be
generated. We proposed that (H2) there is a beneficial effect for the individual plant species
in terms of increased pollination. This was to delineate effects of nurse presence and
increased plant diversity on the pollination visitation of individual plant species within the floral
neighborhood. We proposed that (H3) observed pollinator networks, i.e., networks from nurse
plant and high plant diversity growing in association, will have a higher nestedness than
additive networks, i.e., networks resulting from the combination of those same associate
plants and nurse shrub but growing independently. Affirmation of this third hypothesis would
again demonstrate that the whole of the two factors together is greater than the sum of the
parts, indicating a more robust ecological system.

Hypotheses:
H1: The combined effect of the nurse plant presence and increased associate plant
diversity shows an even stronger relationship of increased pollination in the global
network than the effect of either factor alone.
H2: Individual plant species experience increased pollination due to effect of the
nurse plant presence and increased associate plant diversity.
H3: Observed pollinator networks will have a higher nestedness than additive
networks.
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Methods

In order to address and test these three hypotheses, experiments were conducted centered
around a chosen nurse shrub – Retama sphaerocarpa (L.) Boiss. (Fabaceae), which turned
out to be perfectly suited for the experiment. During the spring of 2017, a manipulative
experiment in the field using patches of naturally occurring Retama shrubs were used to
investigate the association between Retama and four understory herbs – Matricaria
chamomilla, Jasione montana, Carduus bourgeanus, and Echium plantagineum – in a
semiarid region. Two main mechanisms were examined for their effect on pollinator visitation
rate and composition of pollinator assemblages: (1) the effect of the presence of this nurseplant, Retama; and (2) the effect of increased diversity of the floral neighborhood community
created by Retama. The following is an explanation of the study design for this thesis project,
including the precise methodology and the factors that were varied in order to test the
hypotheses.

III.1 Field site
The model system that was chosen to carry out this research was in Spain where the advisor
for this study, Dr. Christian Schöb, frequently conducts research. The specific study site was
located in the province of Cáceres within the region of Extremadura in western central Spain
(Figure 1), bordered by Castilla y Leon, Castilla-La Mancha, Andalusia and Portugal. The
average height in the Extremadura region is approximately 430 m and is comprised of large
expanses of gentle rolling hills and flat peneplains (Lavado Contador et al. 2008). The climate
is characterized as Mediterranean semi-arid to dry sub-humid, experiencing an average
annual temperature of 18 ºC. Though spring and fall are typically mild, intense maximums
during the summer can surpass 45 °C, with the hottest month being August and the coldest
month being January. Average monthly temperatures are always positive, but minimums can
dip below 6 ºC and enter the negatives in years with frequent winter frosts. In this
Mediterranean climate, rainfall is temporally and spatially low, but highly seasonal. The
average rainfall in this region is 637 mm/yr, the majority of which occurs mostly in winter
(Lavado Contador et al. 2008).

The field research work was conducted on an area of privately owned farmland just at the
southern border of the Monfragüe National Park. The exact coordinates of the field site are
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39.81337 N, -6.00022 W, at an elevation of 350 m. There are three main mountain ranges in
the region, and this study took place in a lowland savanna lying along the Sierra Las
Corchuelas mountain ridge (Lavado Contador et al. 2008). This lowland area encompasses
similar biodiversity found within the park, but as it is private no time or money was spent
obtaining working or collecting permits.

Figure 1: Location of field site in western central Spain on the
Iberian Peninsula.

This region of Spain is characterized by a history of different agricultural regimes, parts of
which are now allowed to be reclaimed by nature, resulting in a mosaic pattern of plant
communities (Orellana & Galán 2003). At the study site, shrubs and interspersed oak trees
(Quercus ilex) are the dominant vegetation. Retama sphaerocarpa shrubs are known to grow
successfully and abundantly in this area, populations of which grow on old farmland soils,
intermingled with other sclerophyllous shrub species and trees.

III.2 Target nurse plant
Retama sphaerocarpa, henceforth referred to as simply Retama, is a leguminous shrub that
occurs in the Mediterranean part of northern Africa and all over the Iberian Peninsula. It is a
dominant species over large areas of rangeland and abandoned land, successfully colonizing
perturbed habitats. Though Retama is a leafless shrub, it has evergreen photosynthetic stems.
It is nitrogen-fixing and has an extremely deep root system, with functional depths reaching
>20 m, allowing the plant to access deep water sources (Moro et al. 1997). Retama shrubs
are typically 100-300 cm in height, flower from May to June, have small yellow zygomorphic
flowers (4.38+/-0.39 mm), and each individual shrub is covered in >1000 flowers (Gómez et
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al. 1996). Retama is an angiosperm, a group of flowering plants that have penetrating odors
created by terpenoid molecules as well as brightly colored anthocyanins and carotenoids
which are the best at attracting pollinators (Crawley 1997). It has a sweet odor, a large number
of colorful flowers, and it secretes nectar (Lopez 1999). All these attributes make Retama is a
very appealing plant to bees for pollination, so it additionally may attract many diverse
pollinators. The main pollinator of Retama is the bee Apis mellifera but it is also visited by a
large diverse array of small-, medium-, and large-sized hymenoptera, not just bees, as well as
by several species of ants (Gómez et al. 1996; Rodríguez-Riaño et al. 1999; Herrera 2001).

In semiarid ecosystems where the variation in spatial and temporal availability of water and
nutrients can be extreme, dominant woody plants can cause changes in micro-climate and
soil properties. Retama typically has an undergrowth of perennial and annual herbs associated
with it (Pugnaire et al. 1996). As a dominant perennial plant, Retama facilitates the growth of
subordinate annual plant species in stressful environments by mechanisms such as improved
soil properties and nutrient availability under this shrub canopy (Pugnaire et al. 1996, 2011;
Moro et al. 1997; Rodríguez-Echeverría 2003). This plant has been addressed in multiple
studies over the past couple of decades to study its growth and reproductive abilities, its ability
to accumulate plant diversity in its vicinity, and especially its role in facilitating the growth of
plants around it by ameliorating the micro-environment.

Unlike many other shrubs and trees in Mediterranean environments, Retama facilitates growth
under canopy despite probably competition with other species for nutrients, resulting in
patches of high diversity and productivity (Pugnaire et al. 1996; Pugnaire & Luque 2001).
There are significant differences of air and soil temperatures and radiation reaching the
understory of Retama. This plant has high concentration of secondary metabolites, particularly
alkaloids. This helps create a gradient of spatial heterogeneity in soil chemical fertility
surrounding individuals of Retama, along with a higher organic matter and nitrogen content at
the center of its canopy (Moro et al. 1997). Retama also indirectly facilitates growth of the
herbaceous community in its understory by impacting soil properties indirectly through
microbes. The high nitrogen content occurring under the canopy, through possibly due to the
N-fixing properties of Retama as a legume, is often a result of greater litter decomposition in
its understory changing microbial activity in the soil which releases more available N for the
plants (Rodríguez-Echeverría 2003). Nurse shrubs like Retama alter the microbial enzymatic
activity and biomass under their canopy by enhancing the abundance of bacteria which
decompose organic matter and are N-fixing (Hortal et al. 2015).

17

Master’s thesis

Elizabeth Norton

All these positive effects, or facilitative properties, on its microhabitat render Retama shrubs
to be “fertile islands”, aka points of high biological activity and diversity in an otherwise
relatively homogenous and poor area. This leads to complex interactions within these
“islands”, which are often widespread and positive among all plant species growing in the
vicinity of Retama (Moro et al. 1997). There exists a feedback effect between Retama and its
understory, where the shrub and herb community benefit from interacting (soil fertility, microclimate, etc.) (Moro et al. 1997). This facilitative effect of Retama was exhibited on an
associated herbaceous species of the genus Marrubium in a study by Pugnaire et al. 1996,
and stated that Retama can probably form similar facilitative associations with herb species
other than Marrubium. By altering the microclimate for these herbs growing under its canopy,
effects of Retama can scale up to the structure and functioning of the community and region
(Moro et al. 1997). These systems of Retama growth are important nuclei of biological diversity
and biomass productivity, and contribute significantly to spatial variation, productivity, and
biodiversity on regional scales (Moro et al. 1997). The interaction between Retama and other
plants growing together, as well as how pollinators respond to this floral diversity, was an
interesting setting for our experiment that have never been explored previously. Clearly there
is something ecologically noteworthy going on around the Retama shrubs, and this research
project intended to uncover some of those consequences on the surrounding plant and
pollinator communities.

III.3 Experimental design
The first day of the fieldwork upon arrival in Cáceres was meant to be an investigative survey
of the area. The research team located Retama sphaerocarpa, the focal species for this
experiment, which was highly in bloom, abundant in the area (Figure 2A). All of the associate
species co-occurring with Retama were surveyed in the landscape. Out of these associate
plants, four species were chosen that were all flowering concurrently (at the same time as
Retama and as each other) and had been seen growing both under the canopy of Retama
and in open areas. These were species of the genera Matricaria, Jasione, Carduus, and
Echium (Figure 2B-E). Matricaria chamomilla L. (Asteraceae) has white and yellow coloring
of its composite flowers in a capitulum inflorescence. Jasione montana L. (Campanulaceae)
has violet-blue flowers in dense umbel inflorescences atop thin stems. Echium plantagineum
L. (Boraginaceae) has purple tubular flowers along a raceme inflorescence. These three
species chosen were from different plant families so as to be different from each other as
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possible in flower morphology in order to achieve a wider floral diversity for the treatments.
However, after the first two days of observation the research team deemed it was necessary
to cease the use of Jasione montana plants because individuals were scarce and the flowers
seemed to be drying up. This was an inconvenience given that the associate plant individuals
needed to be replaced regularly since their blooms faded shortly after being transplanted into
pots. The replacement individuals were Carduus bourgeanus Boiss. & Reut. (Asteraceae),
which displays purple single flower-like capitulum flowers.

Figure 2: Inflorescences of plant species used in this experiment. (A) Retama sphaerocarpa, (B) Matricaria
chamomilla, (C) Jasione montana, (D) Echium plantagineum, and (E) Carduus bourgeanus

A systematized layout was used for this experiment in order to effectively avoid
pseudoreplication, thus attaining independence of errors and avoiding biased results due to
confounding factors. The key elements of this experimental design were the randomization of
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every treatment and variable under investigation as well as of subsequent pollinator sampling
across the treatments. Treatment hierarchy or fixed and random factors were taken into
account within the experimental design to ensure balanced and reliable results from the
statistical analysis (Niklaus 2015). The spacing across the field site was randomized to
alleviate any hidden dependencies at the treatment level, for example any gradients within the
soil that the Retama shrubs are growing in. Though the field site was dominated by the desired
scrubby shrubland habitat, trees such as oaks (Quercus ilex) were interspersed in the area.
These trees were avoided as much as possible for the placement of the plots. This action
avoided any effect that Quercus could have on varying amounts of sunlight over the plots due
to the shadow cast by the tree crowns.

The treatment plots were designed with regard to the two independent variables. The first
variable is the nurse presence: a section of Nurse plots (coded as N=1) – where the nurse
shrub is growing with associate plants arranged in pots beneath it, and a section of Open plots
(coded as N=0) – where the associate plants are growing in pots in an open area without the
nurse shrub. The second variable manipulated in these plots was a gradient of plant diversity:
plots containing either a monoculture of a
single associate plant species, or plots
containing each of the three associate plant
species together in a high diversity mix.
Control plots were implemented in each
block, containing the nurse shrub growing
alone with zero associate plants present.
This treatment design resulted in five
combinations per block: (i) Retama alone
(N), (ii) Retama with a single sub-species
(N1), (iii) Retama and all the sub-species
(N3); (iv) open area with a single sub-species
(O1), and (v) open area with all the subspecies (O3). To contain replicates of these
treatments,

four

separate

blocks

were

arranged (A-D), randomly positioned across
the working landscape, as depicted in Figure

Figure 3: Block design layout and distances across the
working landscape the site location, surrounded by oak
trees (Quercus ilex). Each block contains three plots of
each nurse treatment; Nurse plots (green triangles) and
Open plots (blue circles).

3. This covered a total area encompassing
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about 4,800 m2. Each block was placed at least 24 m away from the next nearest block. Blocks
A and C were on an area of slightly higher ground about 105 m away from blocks B and D.

Nurse presence: Within each of these four blocks, three Nurse plots (Retama 1, 2, & 3) and
three Open plots (Open 1, 2, & 3) were designated (Figure 3). This ensured that results would
not vary due solely to specific trait differences between one single Retama shrub at each plot.
The minimum distance between observation plots was about 4m. For the Nurse treatment,
individual Retama shrubs were chosen of relatively the same size, resulting in shrubs of height
127 – 178 cm and width 125 – 220 cm. For each plot, about a 1 m2 area centered around an
individual flowering Retama was used as the pollinator observation area. Once the three insitu Retama individuals within each of the four blocks were identified, all other existing
flowering vegetation within 1 meter of each individual was cleared. The same clearing of
vegetation was carried out for the Open plots as well, eliminating flowers in a 1m radius around
the position where the beneficiaries were placed. Floral density of the nurse was controlled
for by standardizing for percent of inflorescence coverage between each Retama shrub.
These measures ensured the use of Retama shrubs of similar size and stage of blooming,
thus ensuring that differing floral densities would not have a confounding effect on the
pollinator visits. The percent of blooms was measured instead of counting the number of open
flowers on each individual, which saved time because Retama flowers are quite numerous
and tiny.

Diversity gradient: To test for the effect of plant diversity on facilitation of pollination, four
heterospecific associate plants of Retama were selected: Matricaria chamomilla, Jasione
montana, Carduus bourgeanus, and Echium plantagineum. Note: henceforth all four associate
species will be referred to by their genus name only. Because of the species replacement,
Jasione was used in the plant diversity treatments for days 1 and 2 – correspondingly in blocks
1 and 2 – and Carduus was used in the plant diversity treatments for days 3 through 8 – in
blocks 1 and 2 once and in blocks 3 and 4 twice. Individuals of the associate plant species
were dug up off-site, and potted in separate units according to species in size 2-liter green
plastic pots (Figure 4). Floral density was also standardized by arranging individuals together
within that pots to total about 15 blooms per pot, it was decided to use the associate plants in
pots rather than in existing in-situ locations because it allowed for fewer separate plot sites in
total, and particularly to manipulate, control and standardize for treatment effects. This saved
time both searching for usable existing plots as well as moving in between treatments during
observation days.
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Figure 4: Left: Non-aggregated versus aggregated design of associate plants surrounding the nurse shrub. Right:
Example of the 2-liter green plastic pots in which the associate plants were placed, seen here in an aggregated
arrangement at a plant diversity level of 3.

Arrangement: Pots of the beneficiary species were moved around manually to be arranged in
the various treatment combinations: in plots both with and without Retama, and either as a
monoculture or a mix of three species. Three total pots of associate species present at each
plot, regardless of the diversity level treatment. In monoculture treatment level there were
three pots of a single associate species placed at the plot. In the high diversity treatment level
there was one pot of each of the three associate species, resulting in 3 pots present in total.
In the control plots featuring Retama growing alone with no associate species, three pots were
still placed around the shrub but contained only soil and no plants. This was to control for any
effect that the plastic pots might exert over the pollinator community. The same pots of
associate species were generally kept in use for two days before being replenished with
fresher blooms. Holes were dug at each Nurse and Open plot site to place the potted associate
species into so that the shoot/root transition would be level with the surrounding ground. The
design for these holes added a factor to the experiment; for whether the associate plants were
aggregated, i.e. growing together more closely, or non-aggregated, as depicted in Figure 4.
This was decided when it was thought that the slight separation of the associate plant
individuals might affect their pollination. For all plots in blocks 1 and 3, three holes were dug
separately either around a Retama shrub or within the Open area, c. 30 cm apart, in a nonaggregated design. For the plots in blocks 2 and 4 a single larger hole was dug at each Retama
shrub and Open area for all three pots to sit inside, in an aggregated design.

22

Master’s thesis

Elizabeth Norton

III.4 Methodology
Each plot was diligently observed for pollinator visits in an organized manner. Each
observation day was spent at a single block. Each of the four blocks were observed twice.
This resulted in a total of 8 days of observation. This amount of time was deemed sufficient
for sampling a representative pollinator assemblage, biodiversity and interaction network
within the community (Bartomeus 2013; Bruckman & Campbell 2014). In a single day of
observation, 15 observation periods occurred. Replicates of the 5 treatment combinations
were observed, and each treatment level was replicated three times: 3 replicates of Retama
alone (N0), 3 replicates of Retama with a monoculture (N1), 3 replicates of Retama with a
diversity mix (N3), 3 Open plots with a monoculture (O1), and 3 Open plots with a diversity
mix (O3).

Pollinator observations were conducted between 9 AM and 7 PM on 8 days between 1 May
and 14 May 2017. The observer spent 20 minutes at each plot. This allowed for 7.5 hours of
working out in the field per day, 5 of which were strictly observation, totaling 40 total hours of
observation across the 8 days. The order that the 15 plots were observed on a given day was
randomized so that the time of day varied during which each replicate was observed. This
controlled for any effect of observing during morning vs. midday vs. afternoon could have on
pollination activity among treatments. For example: a monoculture plot of one associate plant
species in block A might be monitored at 10 AM on one day, while the corresponding plot in
block B might be monitored at 2:30 PM on another day.

The 20-minute observation periods consisted of an observer astutely monitoring all plants on
the plot for pollinator visits. A single pollinator visit was defined as any contact of an insect
with anthers or stigmas on any individual flower within the plot for any amount of time. The
identity of the pollinator insects was recorded as well as which plant(s) they visited. The
observer wore only neutral-colored clothing, such as gray or tan, during the observation
periods so as not to interfere with the pollinators’ attraction to floral colors. A 10-minute
transition period between each 20-minute observation period was allotted. This transition time
allowed the observer to move all necessary materials onto the next plot and to stage the
following plot a half an hour before it was observed. This staging was to allow pollinators in
the area to become accustomed to the arrangement/presence of the flower treatment before
being observed. At each block, the staging of every plot rotated among the three Retama
shrubs and three Open sites chosen. For example: Time slot I: Nurse with monoculture of
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species A occurred at Retama-1; Time slot II: Nurse with no associate species occurred at
Retama-2; etc. At the end of the field work portion of this project, an extensive data table was
compiled from notes in the field which details each individual observation of pollinator visitation
to the specific plants. The categories of information summarize the experimental set-up
information (the plot, time, etc.), the treatment information (nurse presence and species
richness level), the plant information (plant taxa), and the pollinator information (insect taxa).

In addition to the specific plant and pollinator data collected, covariates were also measured
and recorded at each plot: wind speed, ambient air temperature, and cloud-cover. They were
measured and recorded once during each 20-minute observation period at each plot, with an
anemometer, a thermometer, and eye-balling, respectively. Additionally, electronic iButton
temperature and humidity sensors were also placed in each of the four blocks, to take
additional measurements both under an individual Retama shrubs and out in the open areas.

III.5 Insect identification
The observer was trained to identify insects to order, as well as more common bee, beetle,
and fly families prior to beginning the field work. Insect visitors were recorded to the lowest
field-identifiable taxonomic category, always to the order or family and sometimes to the
genus, and unknown insects were categorized into morphospecies in the field. For all
unknown insect species, one representative individual of each insect pollinator species was
collected with either a butterfly net or an aspirator for further identification in the laboratory.
These specimens were taken off site, ethically killed with Ethyl Acetate, separated into
individual tubes and stored in 90% alcohol with detailed labeling of its collection, and then
transported back to the lab at University of Zurich. The insect specimens were photographed
and identified to the best of the student’s ability. The remaining unidentified specimens were
pooled into insect orders (like Lepidoptera) or families (like Syrphidae) for analysis by
professional specialized taxonomists. The specimens were carefully packaged and sent to
several entomological experts across Europe for specific taxonomic information that was
attached to the pollinator data, allowing for this to be a high-resolution biodiversity study.
Individuals in the order Diptera were identified by Adrian Pont [Oxford University Museum of
Natural History], and individuals of the family Syrphidae by Danielle Sommaggio [University
of Bologna]. For the order Hymenoptera, individuals of the family Vespidae were identified by
Leopoldo Castro [Granada], individuals of the family Formicidae were identified by Xavier
Espadaler [Universitat Autónoma de Barcelona], and multiple families of bees were identified
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by Javier Ortiz [Universidad de Almería]. Individuals of the order Lepidoptera were identified
by Jürg Schmid [Ilanz]. Individuals of the order of Coleoptera were identified by Christoph
Germann [Naturmuseum Solothurn].

III.6 Analysis

III.6.1 Variables to measure
There were two main independent variables involved in the experimental design, treated as
fixed factors. The first includes the presence of the nurse plant (N), which is categorized as
either absent (0) or present (1). The second is the plant diversity (Pl), which is continuous,
with either 0, 1, or 3 associate plant species. A third independent variable was the design
element of the treatment, i.e. whether the plot was non-aggregated (0) or aggregated (1). The
response variables that were measured and quantified in this experiment are of the pollinator
community: pollinator diversity (α), pollinator species richness, pollinator abundance (the
ecosystem service), and the pollination network architecture (measured by nestedness). For
pollinator species richness, visitation rates by the insect pollinators were calculated for each
observation period as the number of visits to flowers per minute. The values of the five
covariates (wind speed, ambient air temperature, iButton temperature, humidity, and cloud
cover) were measured as well to see if they were interacting with the response variables in a
way that significantly affected the pollinator visits.

III.6.2 Statistical model
All of the analysis for this project was carried out in the statistical software program R, version
3.3.1 (R Core Team 2016-06-21). The datasets of the treatment information, covariate
measures, as well as the global dataset of pollinator visits were created, imported, and
analyzed in this program.

Overall pollination facilitation effect: Along with network size, basic network properties were
calculated for the global network/entire dataset using the R software: 1) Pollinator alpha
diversity, 2) pollinator species richness, and 3) pollinator species abundance (i.e., number of
interactions or links). Out of the three indices tested for, the model of the insect diversity is the
most representative of the facilitative effect at large, because the measurements of insect
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species richness and abundance were included/accounted for. This was done by calculating
the alpha diversity with the Shannon Wiener index as defined by Nolan & Callahan (2006) as:
s
H’ = - ∑pi ln pi
i=1
Where H’ is the species diversity index, s is the number of species, and pi is the proportion of
individuals of each species belonging to the i-th species of the total number of individuals.
Each of the dependent variables (pollinator diversity, species richness, and species
abundance) was modeled with the independent variables (nurse presence, associate plant
diversity, and the aggregation design) using linear mixed-effects model run with R package
nlme (Pinheiro et al. 2017). For this analysis plant diversity was square root-transformed.
These mixed models controlled for the effects of random and fixed terms for the repeated
measurement of pollinator visitation. This accounted for those random effects of the
experimental design factors of block, plot, and day in their proper nested hierarchical structure.
Next an ANOVA was run for each of the three models to check for significant differences on
the global pollinator community depending on the treatment. For these analyses, residuals
were approximately normally distributed.

Effect on individual plants: Separate subsets of the global data were created for each of the
plant species used in the experiments: the nurse (Retama), each associate plant (Matricaria,
Jasione, Carduus, and Echium), as well as a pooled set of all of the associates. The same
basic indices were calculated as above: 1) pollinator diversity, 2) pollinator species richness,
and 3) pollinator species abundance. Linear mixed-effects models were run for each plant
subset – once again accounting for design and random nested. This was to find significant
differences on the pollinator community of each individual plant species depending on the
treatment. After testing the Retama dataset, pairwise comparisons were run with the same
mixed-effect models, using the same fixed factors, using a post-hoc Tukey HSD Procedure
test as defined by Keppel and Wickens (2004) as:
DHSD = qa

!"#$$%$
&

where D is a critical mean difference and q is the Studentized Range Statistic. This was to see
whether or not one of the treatment combinations of design and plant diversity was more or
less significantly different from the others, thus potentially pulling the overall effect on Retama
insect diversity towards significance.
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Bipartite networks: Structure of the bipartite network occurring between these plants and
pollinators was examined in order to go beyond theoretical notions of network assembly and
apply them to real-world data. Bipartite networks of pollinator-plant visits were constructed in
the R software using the igraph (Csardi 2015) and bipartite (Dormann et al. 2016) packages.
This created a graph object and matrix connecting each pollinator species with the plant
species it interacted with. The datasets are quantitative interaction matrices, in which rows
represent plant species, columns represent pollinator species, and the entries are the number
of pollinator specimens visiting the plant species. A global network of all observations was
built, as well as individual networks for treatments: N0, N1, N3, O1, O3. Following this, additive
bipartite networks were created from pooling the data in order to account for the “real” total
species richness at each treatment. This was done by adding in the data from Retama alone
(N0) into each of the two open treatment combinations. This created two additive networks,
O1+N0 and O3+N0, which allowed for comparisons with the observed networks, N1 and N3.
Comparisons were to be done at a “real” species richness of 2 (N1 with O1+N0) and at a “real”
species richness of 4 (N3 with O3+N0). This additive method was carried out in order to control
for differences in the results being affected by an “extra” plant species being present in the
Nurse treatments (i.e., Retama) as well as to test if the whole community (i.e., Retama plus
the associate species) is different from the sum of its parts. In this way we could test for direct
and indirect effects of Retama, i.e. the presence of Retama per se and the whole community
built by Retama respectively.

Once able to compare the networks at each plant species diversity level, the structure of each
network was examined. The specific structural index examined was the nestedness. We used
a null model approach to compare the relative nestedness across treatments so as to eliminate
any bias in the results due to network size. This was done because when we ask questions in
modern research about plant–pollinator interactions, any statement about an observed pattern
should be taken into consideration against a null expectation (Vasquez et al. 2013), i.e., using
models to serve as baseline points of comparison (Perry & Wolfe 2012). We used the
probabilistic null model (Bascompte et al. 2003) which builds networks form a template of
probabilities, such that in a network the probability of drawing an interaction between a plant
species and a pollinator species is:
𝑝=

1 𝑛𝑖
𝑛𝑗
+
2 𝑃
𝐴

where n is the number of links of plant i and pollinator j weighted by the number of plant
species P and pollinator species A. 100 null models were run for each of the four treatment
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networks (two additive and two observed) which generated 100 probabilistic networks for
each. Nestedness was then measured using the nestednodf() function in the R package vegan
(Oksanen et al. 2017). In order to successfully compare the nestedness among these nurse
and diversity treatment networks, that metric of nestedness between had to be standardized.
This was done by calculating the z-scores (zi) for each network, calculated as:
𝑧2 =

𝑥2 − 𝑥
𝑠

where xi is the nestedness of the observed network, x̄ is the nestedness of the random
network, and S is the standard deviation of random). These z-scores were then used as the
response variable in a linear model (z ~ nurse treatment * plant diversity treatment) and then
in an analysis of variance. A post hoc was also run for the nestedness, to make multiple
comparisons, once again using the Tukey HSD Procedure.

Covariates: The five covariate measurements – wind speed, air temperature, iButton
temperature, humidity, and cloud cover – were tested against the data by running linear
models. This was to examine whether or not there was a statistical trend temporally over the
course of the eight observation days, spatially across the four blocks (though there was no
block effect in this experiment), or between the Nurse and Open treatments.

III.7 Ethical, safety, and regulatory issues
The fewest possible number of pollinator insects were killed during this research project. The
research team attempted to collect only a representative individual of each unknown species
for further study and identification. Official approval for this experiment was obtained by the
head of the Specialised Master’s program in Environmental Science, Bernhard Schmid, of the
University of Zurich Department of Evolutionary Biology and Environmental Studies UZH.
There were no inherent safety issues to the methodology of this research. No regulatory issues
regarding endangered species of plants or insects were encountered during this research, nor
were any regulatory issues encountered with regards to conducting research at the study site.
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Results

IV.1 Structure and descriptive statistics of pollinator network

IV.1.1 Overall observation data
This study resulted in a total of 3,734 observations of pollination events during the 40 hours,
each one an individual pollinator visit by a single insect on a flower growing on a given plot.
There were 211 individual insects sampled during observation which were brought back to the
lab and considered for taxonomic identification. The total number of insect taxa identified and
considered in the analysis was 138 (see Appendix IX.1 for complete list of taxa). These taxa
belong to 8 insect orders – including Araneae, Coleoptera, Dermaptera, Diptera, Hemiptera,
Hymenoptera, Lepidoptera, and Odonata, and 39 separate insect families – the largest of
which are Apidae, Formicidae, etc. Many of the insect species were relatively scarce, with a
small number of taxa accounting for the majority of the individuals observed during pollination
events.

IV.1.2 Individual plant observation data
As expected, a disproportionate number of pollination events occurred on the Retama plants
as compared to any of the associate plant species. A total of 3,051 observations of pollination
events on Retama shrubs were made, consisting of 112 different insect taxa. A relatively even
number of pollination events and plant taxa was observed for each of the individual associate
plants, except for Jasione which was only utilized for 2 of the 8 experiment days. A total of
210 observations of pollination events on Matricaria were made, consisting of 47 different
insect taxa. A total of 49 observations of pollination events on Jasione were made, consisting
of 22 different insect taxa. A total of 221 observations of pollination events on Carduus were
made, consisting of 33 different insect taxa. A total of 201 observations of pollination events
on Echium were made, consisting of 34 different insect taxa.
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IV.2 Effect of nurse shrub and plant diversity on pollination
Figure 5 shows the results of the calculated insect diversity for the entire dataset of pollination
event observations on all treatments. Pollinator diversity significantly increased with nurse
presence (F(1,18)=5.657, p=0.029). with increasing plant diversity (F(1,68)=43.498, p<0.001), and
with the interaction of the two factors, nurse treatment x plant diversity treatment
(F(1,68)=27.441, p<0.001). This result indicates stronger plant diversity effect on insect diversity
in the Open compared to in the Nurse plots. The design had no significant effect on the insect
diversity, but the interaction of nurse treatment x plant diversity treatment x design was
significant (F(1,68)=7.596, p=0.008).

Insect Diversity [flowers visited by insect / hour]

Insect Diversity of Nurse & Open Treatments
with Increasing Plant Diversity
2.8
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0
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Plant Diversity [α]
Figure 5: Overall effect of Nurse shrub presence and increasing plant biodiversity on pollinator diversity.
Observations from Nurse plots are seen in green (triangles) and observations from Open plots are shown in blue
(dots). Trend lines along the plant diversity gradient are depicted in each color, along with 95% confidence intervals
in gray.

The index of pollinator diversity was best to look at out of the three we calculated because by
using the Shannon diversity index the pollinator species richness is encompassed within the
calculations. However, linear mixed-effects models testing the insect species richness and the
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insect species abundance were consistent with the insect diversity results, showing the same
overall effect, though less significant (Appendix IX.2.1 and IX.2.2, respectively). For full
statistical tables see Appendix IX.3.

The insect species richness increased significantly with both the nurse treatment effect
(F(1,18)=279.914, p<0.001) and the plant diversity treatment (F(1,68)=7.022, p=0.010). However,
the interaction of the two, nurse treatment x plant diversity treatment (F(1,68)=3.029, p=0.086)
was not statistically significant. While the interaction of plant diversity treatment x design
significantly increased insect species richness (F1,68=7.595, p=0.008), the design alone did
not have an effect (F(1,2)=0.086, p=0.797). Insect species abundance was also significantly
affected by the nurse treatment (F(1,18)=365.597, p<0.001), but not by the plant diversity
treatment (F(1,68)=2.766, p=0.101). The design had no significant effect on insect species
abundance (F(1,2)=1.180, p=0.391). The interaction of nurse treatment x design was
statistically significant (F(1,18)=14.180, p=0.001) while the interaction of plant diversity
treatment x design was marginally significant (F(1,68)=3.611, p=0.062).

IV.3 Pollinator visits of individual plant species
Retama pollinator
pollinator diversity
does
not increase
with increasing
plant
diversity
Retama
diversity
does
not increase
with plant
diversity
Insect Diversity [flowers visited by insect / hour]

2.8

Nurse
Open
2.4

2

0

1

3

Plant Biodiversity
Figure 6: Positive effect of increasing plant biodiversity on Retama individuals. Observations from Nurse plots are
seen in green (triangles), along with a trend line accompanied by 95% confidence intervals in gray.
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There is no significant relationship between the insect diversity visiting Retama and increasing
plant diversity of its associate plants (Figure 6). None of the tested elements were statistically
significant: plant diversity treatment (F(1,46)=2.124, p=0.152), design (F(1,2)=0.476, p=0.562), or
the interaction of the two, design x plant diversity treatment, (F(1,46)=3.035, p=0.088).

Effect on all associate plant pollinator diversity
with increasing plant diversity
2.4

Insect Diversity [flowers visited by insect / hour]
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0
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Figure 7: Effect of nurse shrub presence and positive effect of increasing plant biodiversity on all associate plants
pooled together. Observations from Nurse plots are seen in green (triangles) and observations from Open plots
are shown in blue (dots). Trend lines along the plant diversity gradient are depicted in each color, along with 95%
confidence intervals in gray.

The effect of nurse presence and increased plant diversity on the data pool of all associate
plant species is illustrated in Figure 7, though insect diversity of the individual associate plant
species differed from each other significantly (F(3,116)=4.485, p=0.005). The nurse treatment
had a significant (F(1,18)=8.184, p=0.010) yet negative effect on the insect diversity of the pool
of associate plants since they experienced a higher pollinator diversity in Open plots, i.e.
without the nurse shrub. On the other hand, the plant diversity treatment had a significantly
positive effect (F(1,116)=9.942, p=0.002). Furthermore, the interactions of nurse treatment x
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associate plant species identity (F(3,116)=2.836, p=0.041) as well as interaction nurse treatment
x plant diversity treatment x associate plant species identity ((F(3,116)=3.255, p=0.024) were
both significant. This indicates an associate plant species-specific response to both the nurse
and associate plant diversity treatments. Finally, the significant (F(3,116)=3.931, p=0.010)
interaction nurse treatment x plant diversity treatment x design x associate plant species
identity shows that the design effects for the treatment responses were also associate plant
species-specific.

Effect on individual associate plant pollinator diversity with
increasing plant diversity
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Figure 8: Effect of nurse shrub presence and positive effect of increasing plant biodiversity on individual associate
plant species: (A) Matricaria chamomilla, (B) Jasione montana, (C) Carduus bourgeanus, and (D) Echium
plantagenium. Observations from Nurse plots are seen in green (triangles) and observations from Open plots are
shown in blue (dots). Trend lines along the plant diversity gradient are depicted in each color, along with 95%
confidence intervals in gray.
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Having shown the overall effects, we now show the pollinator diversity response of each plant
species to the effects of nurse presence and increased plant diversity, as displayed in Figure
8A-D.

Matricaria: The nurse treatment had a significant effect on Matricaria insect diversity
(F(1,18)=14.303, p=0.001). Plant diversity did not have a significant effect (F(1,17)= 2.444,
p=0.136). Nevertheless, the interaction nurse treatment x plant diversity treatment was
therefore significant (F(1,17)=9.558, p=0.007) as well as the 3-way interaction nurse treatment
x plant diversity treatment x design (F(1,17)=5.816, p=0.028). Therefore, while in the Nurse plots
Matricaria was visited by a higher pollinator diversity when growing in a monoculture at an
associate plant diversity of 1. In the Open plots, Matricaria was visited by a higher pollinator
diversity when growing at an associate plant diversity of 3.

Jasione: It was not possible to include the design/aggregation element of this associate plant
species into this analysis since Jasione plants were only used in the first two days of
experiments and thus has insufficient data/observations. The effect of nurse treatment on
Jasione insect diversity was significant (F(1,7)=8.160, p=0.025). Like Matricaria, Jasione
experienced a higher diversity of insect pollinators in the Open plots, i.e. without the presence
of the nurse shrub. The plant diversity treatment had a significantly positive effect on Jasione
insect diversity (F(1,4)=53.142, p=0.002). The interaction of nurse treatment x plant diversity
treatment, was also significant (F(1,4)=17.398, p=0.014) and showed a stronger plant diversity
effect on pollinator diversity in the presence of the nurse compared to the Open.

Carduus: The nurse treatment showed only a slightly marginal significant effect on Carduus
pollinator diversity (F(1,17)=3.598, p=0.075). The plant diversity treatment did have a significant
positive effect on insect diversity (F(1,10)=5.787, p=0.037), regardless of the nurse treatment
(i.e. the interaction of nurse treatment x plant diversity (F(1,10)=2.112, p=0.177). The design
had no significant effect on Carduus pollinator diversity, either alone or by interacting with
other elements.

Echium: There was no significant effect of either nurse treatment nor plant diversity treatment
nor design on the insect diversity of Echium. The interaction of nurse treatment x species
richness treatment x design was marginally significant (F(1,18)=4.062324, p=0.059).
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IV.4 Bipartite network nestedness

IV.4.1 Additive and observed pollination networks
The additive networks (i.e., the sums N0+O1 and N0+O3) had a higher total number of both
observations and insect taxa than the observed networks. At a “real” plant diversity of 2, the
N1 network had 965 observations, consisting of 83 different insect taxa, while the N0+O1
network had 1,313 observations consisting of 93 different insect taxa. At a “real” plant diversity
of 4, the N3 network had 1,259 observations, consisting of 81 different insect taxa, while the
N0+O3 network had 1,309 observations consisting of 100 different insect taxa. The resulting
overall plant–pollinator bipartite network is depicted in Figure 9. For individual
additive/observed networks see Appendix IX.4.1-4.

Retama

Matricaria
Carduus
Echium
Jasione
Figure 9: Bipartite plant–pollinator networks of overall observed pollinator network. Bars on the left side represent
observed plant species: Retama (green) and associate species Matricaria, Carduus, Echium, and Jasione (shades
of blue). Colorful bars on the right side represent insect species observed, with images of the four largest groups
observed in the data: beetles (Coleoptera), flies (Diptera), bees (Hymenoptera: Apidae), and ants (Hymenoptera:
Formicidae). Bar size reflects how many total observations were made of each species. Gray lines connecting the
two sides indicate pollination events. For a complete list of insect taxa with color code see Appendix IX.1.
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IV.4.2 Comparing network nestedness
The comparison of relative nestedness is seen in Figure 10. There was significant difference
between additive and observed network nestedness (F(1,396)=498.438, p<0.001). The
observed networks had a relatively higher nestedness than the additive networks. There was
also a significant difference in nestedness between a “real” plant diversity of 2 vs 4
(F(1,396)=1091.771, p<0.001). Nestedness of all networks at a plant diversity level of 2 were
relatively higher than networks at a plant diversity level of 4. The interaction of
additive/observed networks with plant diversity was also significant (F(1,396)=81.884, p<0.001),
with the difference between the additive and observed network nestedness being larger at low
compared to high plant diversity.

Nestedness of Additive and Observed Pollinator Networks

−4

−2

0

Observed

−6
−8

Network Nestedness (z−score)

2

Additive

p<0.001***
O1 + N0

N1

O3 + N0

N3

Treatment
Figure 10: Relative network nestedness of additive and observed plant–pollinator networks. The green boxplots
represent the observed networks while the blue boxplots represent the additive networks. The treatments along
the x-axis indicate a plant diversity treatment of 1 for the left two bars (or a “real” plant species level of 2), and a
plant diversity treatment of 3 for the right two bars (or a “real” plant species level of 4).

36

Master’s thesis

Elizabeth Norton

A post-hoc test doing multiple comparisons confirmed that the observed networks were
relatively more highly nested than the additive networks (Appendix IX.4.5). Additive and
observed networks compared to each other are significant (padj<0.05), regardless of the
diversity. The plant diversity effect is also significant (padj<0.05), regardless of the network
being additive or observed. Most importantly, the interaction of these two factors is also
significant (padj<0.05). At a diversity level of 2, the network nestedness in the observed network
increases by about 378% compared to the additive network, i.e., almost four times, while at a
plant diversity level of 4, network nestedness of the observed network increases by 88%
compared to the additive network, i.e., almost double.

IV.5 Covariate analysis
Sampling conditions (i.e., wind, air temperature, etc.) varied randomly across treatment and
thus had not effects on the pollinator community. Each of the three pollinator indices were
linearly tested for any temporal correlation but no significance was found (Appendix IX.5).
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Discussion

The results of this experiment support all three hypotheses of the positive, facilitative effect
that plants and diversity can have on each other in terms of insect pollination. First, both nurse
presence and high associate plant diversity increased the pollinator diversity individually, while
the combination of the two factors produced an even greater positive effect on the pollinators.
This result indicates that facilitation between plants is mediated by pollination interactions.
Second, associate plants gain an overall benefit of increased pollination due to the increased
plant diversity but not the nurse presence, although the effect varied significantly depending
on the plant species identity. The overall facilitative effect of the plant diversity scaled up to
the pollinator network – a total observed effect that surpassed the additive effect. Third, we
found that the nurse and plant diversity affected the structure of the plant–pollinator networks,
resulting in more highly nested networks of the observed interactions than would be expected
by the additive sum of the nurse and associated plants growing separately. This indicates that
nurse presence in combination with increased plant diversity can lead to more robust
interaction networks, which benefits ecosystem functioning and stability overall. The notions
that nurse shrubs confer a facilitative effect to their associate species (Padilla & Pugnaire
2006) and that facilitative effects can scale up to higher trophic levels (Reid & Lortie 2012)
have been recently suggested in ecological research, and now are both supported by these
results. Our experiment went beyond these previous hypotheses of simply comparing nurse
with no nurse, by combining the effects of the nurse shrub and increasing plant diversity.

V.1

Overall effect on pollinator diversity

We confirm our first hypothesis that both the facilitation effect of Retama for attracting
pollinators to associate plants and the diversity effect of plant species beneath Retama
influenced the pollinator community. Both factors independently increase pollination
interactions to the plants in the vicinity, but the combination of these two factors benefits the
group of plants to the greatest degree. Facilitative mechanisms modify a site’s conditions
created by both the environment and competition, which in turn allows species diversity to
increase (McIntire & Fajardo 2014). Here we found that such facilitation effects can lead to
further positive interactions such as those mediated by pollinators and can increase the overall
diversity of pollinators. In light of ongoing global biodiversity and pollinator decline (Pimm et
al. 2014; Potts et al. 2016), our study is of importance for broader issues related to ecosystem
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services as it reveals that the plant facilitation of insect diversity supports the necessary
ecosystem service of pollination.

The experimentation occurred along a plant diversity gradient, and the significant increase of
pollinator diversity found with increasing plant diversity has large implications for the
maintenance of biodiversity within an ecosystem. This is consistent with accepted ideas that
plant diversity itself, along with the accompanying factors of blossom cover and presence of
particularly attractive flowering species, enhances both the frequency of flower visits as well
as the temporal stability of pollinator visits (Ebeling et al. 2008). Pollinator visitation frequency
to flowering communities increases with plant diversity when diverse flower displays increase
the duration of flower provision (Fornoff et al. 2017). Indeed, regardless of nurse shrub
presence, the greater floral diversity in the plots with the highest species richness provide a
higher resource availability for pollinators than in the monoculture. Notably, adding more
associate species (i.e., jumping from a richness of 1 species to 3 species) produced stronger
effects on pollinator diversity in the Open plots as compared to the Nurse plots. This is most
likely due to the overwhelming facilitative effects of Retama and the non-linearity nature of
ecosystems. This result indicates that the consequences of gaining or losing species depends
on the biotic context. Though the increased diversity was manipulated in this experiment, in a
natural setting some nurse shrubs, like Retama, accumulate plant diversity under their
canopies due to its facilitative properties (Pugnaire et al. 1996). This accumulation of plant
diversity by Retama also then appears to drive further facilitation of pollination as indicated in
our results, and thus potentially benefit sexual reproduction of those associate plants.

The mechanisms underlying this facilitative effect can be parsed out in a couple of ways. First,
the presence of multiple layers of interactions among the organisms is involved. The
ecosystem service of a mutualistic relationship between the pollinator receiving a nectar (and
pollen in the case of bees) reward while the plant achieves fertilization and movement of their
genes: plant–pollinator (McIntire & Fajardo 2014). In the case of this experiment, the results
indicate strong positive relationships occurring plant–plant. Facilitation is often considered
within same trophic guilds, like these positive interactions among plants, but can often be
overshadowed by the negative effects of competition (McIntire & Fajardo 2014). On the other
hand, mutualism can be asymmetric as one species benefits from the environmentally
ameliorative effects of an already established species (Keddy 2007). Though the interaction
may be asymmetric, the Retama shrub benefits as well by its own facilitative properties
because by creating an island of fertility, rendering the environment suitable for its own growth
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as well (Pugnaire 1996). Organisms co-occurring together like Retama and its associates, can
benefit either uni- or bi-directionally. In the case of the individual associate species it seems
to be mostly uni-directional since Retama does not gain any increase in pollinator diversity
when plant diversity is increased. This demonstrates a balance of the positive and negative
effects of plants growing in close proximity; but plants often grow where they have a refuge,
not necessarily where their ideal ecological optimum is (Crawley 1997).

Second, this research supports the hypothesis by showing that plants can have strong indirect
facilitative effects on each other by means of the mutual attraction of pollinators – a notion
consistent with previous research (Laverty 1992; Feldman et al. 2004; Losapio et al. 2017;
Mesgaran et al. 2017). There is an ongoing debate whether not facilitation acts indirectly, and
if so which mechanisms can be considered indirect (Chacón-Labella et al. 2016). Service
sharing, like dispersal agents or shared pollinators and plant defense guilds is considered by
some to be a direct mechanism of facilitation (McIntire & Fajardo 2014). However, in most
research it is generally accepted that the sharing of beneficial organisms is classified as
indirect facilitation (Callaway 2007; Molina-Montenegro et al. 2008; Sieber et al. 2011; Schöb
et al. 2013b). Hence, potential mechanisms for such indirect, pollination-mediated facilitation
may be related to local increase of floral resources both for individual plant species and for
overall plant communities. This study is a step forward for research on facilitation because its
underlying mechanisms have not been thoroughly addressed in the past (Schöb et al. 2014).
Scientific knowledge on bidirectional interactions in facilitative systems is lacking, especially
when it comes to indirect facilitation as well as multitrophic or higher order interactions (Schöb
et al. 2014). Finally, we observed that the variation of pollinator diversity is larger in Open than
Nurse plots. Perhaps this is because the environment in the Nurse treatment is more
homogeneous. The Retama shrub serves as an anchoring or stabilizing presence, which in
turn makes the variability smaller. Meanwhile in the Open environments, the variability is larger
because those patches are more exposed to the abiotic elements that Retama shelters its
associate plants from.

V.2

Effect on individual plant species pollinator diversity

We tested the second hypothesis, that the associate plants would have increased pollination
when varying with nurse shrub presence and increasing plant diversity. We could confirm our
hypothesis for the plant diversity effect but not for the nurse effect. Overall, the associate
plants gain a benefit of increased pollinator diversity by growing in species-rich communities.
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Moreover, it is important to look beyond the attraction, i.e., facilitation, or exclusion, i.e.,
competition, within plant communities as they might not be independent phenomena (Schöb
et al. 2014). This was indicated in the slightly contrasting results for the facilitative effect on
individual species. It is instead advantageous to examine the bidirectional nature of the
interaction between nurse species, Retama, and its associated species, the four associate
plants Matricaria, Jasione, Carduus, Echium.

V.2.1 Effect on Retama
Retama shrubs themselves do experience increased pollination when growing with compared
to without associate plant species. Evidence in some research on reciprocal interactions
involved in facilitation indicates that associated species have predominantly negative effects
on their benefactors (Schöb et al. 2014), like Retama, and that this is usually due to resource
competition (Callaway 2007). However, the four associates involved in this experiment did not
seem to have a negative effect on Retama – either growing alone (as a control) versus with
associates, or growing with an associate species richness of 1 versus 3. Thus no hint of
competition was found between shrub and associates in reference to pollination. Perhaps
since the Retama shrubs are bigger and have much larger blossom cover than the associate
species, its pollinator base is not affected by much smaller plants growing beneath its canopy.
In conclusion, Retama shrubs were neither harmed nor helped by the increasing plant diversity
treatment.

V.2.2 Effect on associate plants
Retama is generally a strong benefactor, increasing local and regional species richness and
abundance and providing a suitable system to study the effects of bidirectional interactions
with its associate species (Schöb et al. 2014). However, when the associate plants were
examined – both pooled together and individually – the Open plots had higher pollinator
diversity than the Nurse plots. This shows that the nurse shrub Retama did not have a positive,
facilitative effect on the associate species with regard to facilitation of pollination, thus not
supporting hypothesis 2. Perhaps in this case the prevalence of competition outweighed the
facilitative benefits at the individual species level of the associate plants. In such a way,
facilitation seems to emerge only when looking at the community and network level rather than
at the individual species level. Shrub effects on understory plants are primarily due to their
influence on soil properties which directly effects the associated species composition but can
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indirectly affects the biomass of the associates (Michalet et al. 2015). Additionally, perhaps
since Retama is so much larger in size and with more bloom cover, it is distracting the
pollinators from the associate plants. In this way Retama may act as a “magnet species”, an
effect described by Molina-Montenegro et al. 2008, where plants with poorly attractive flowers
can enhance their pollinator service by associating with a magnet species that has highly
attractive flowers. However, our results examining the individual species found the opposite
to this magnet effect as associate plants were less visited when growing together with such a
“magnet” shrub. Perhaps this was not effective if the pollinators attracted to Retama spent all
their time only on the shrub instead of visiting the associate species as well.

On the other hand, all associate plants – both pooled together and individually – experienced
increased pollinator diversity with regard to the effect of the plant diversity regardless of
growing in either association with or isolation from the nurse shrub, in part supporting
hypothesis 2. This is an example of the widely accepted significant role that plant diversity or
diversity holds in relation to the ecosystem service of pollination within a community (Ebeling
et al. 2008; Fornoff et al. 2017). Plant diversity has a positive effect on these plants, despite
the fact that pollination facilitation occurring with conspecifics growing together is helped by
density-dependent facilitation (Callaway 2007). The effect of increased plant diversity resulting
in pollination facilitation can be extrapolated to the community level, and shows indirect
positive interspecific effects involving pollinators. It is notable that we found strong differences
in the responses of the pollinator diversity depending on the identity of the individual associate
species. This may be because of the specific floral traits of each species, as they come from
different plant families and have different flower morphologies and colors, rendering facilitation
more or less effective for each of them. Another possible explanation is that this particular
semi-arid environment is not as stressful for some of the beneficiaries as it is for others. For
instance, the associated species Matricaria and Echium were not affected by plant diversity
while both Jasione and Carduus did show a positive response to this effect. Moreover, the
level of pollinator diversity could also be influenced by whether or not these associates have
different pollinator bases that they benefit most from. Bees specialize in specific flowers often
by recognizing and searching for distinctive flower shapes and color patterns (Crawley 1997).
This could affect the pollination assemblage of associates since a very large proportion of the
Retama pollinator base observed was made up to bees.

In summary, by analyzing each of the plants species individually, the results show that the
overall pattern of increased pollinator diversity with increasing plant diversity is not driven by
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a single species in the mix, pulling up the results. The fact that multiple of the plants individually
have this effect makes the case stronger that a pool of associate plants can gain a significant
benefit in the form of pollination facilitation. Even though the associate plants are probably
benefitting by growing with Retama due to the classical effects of this nurse species, such as
shelter from harsh abiotic factors and improved soil qualities (Rodríguez-Echeverría 2003;
Michalet et al. 2015), it seems they do not get benefits by the nurse shrub in terms of pollinator
visitation. Facilitation is not strictly defined as mutualistic relationship (+/+) between interacting
species, since it could also constitute commensalism (+/0) or antagonism/ parasitism (+/-)
(Stachowicz 2001; Callaway 2007; Brooker & Callaway 2009; Schöb et al. 2014). Our
research is essential for understanding how facilitative interactions among plant species can
be defined, as well as for the evolutionary consequences that facilitation may have (Brooker
& Callaway 2009; Bronstein 2009).

V.4

Consequences for pollination networks

We hypothesized that the structure of the observed pollination networks of Retama and
associates growing together would be more highly nested than the additive sum of their
networks from growing individually. Our results confirm our expectation that the observed
plant–pollinator network is significantly more nested than the additive plant–pollinator
networks. This shows that the nurse and associate species all growing together in association
results in a more nested network than when adding together the observations from both the
nurse growing alone (N0) and the associate plants growing in the open (O1 and O3). This is
clear evidence that the whole system together produces more than the sum of the individual
components. For all three indices, the differences in pollinator diversity are all attributed to the
presence and interaction of the Retama shrub. The nested structure of interaction networks
was positively influenced by both nurse presence and increased plant diversity. This effect on
the network, in turn, may improve ecosystem stability and functioning (Bastolla et al. 2009;
Thébault & Fontaine 2010).

Network theory accelerates our understanding of the structure and functioning of ecological
interactions (Bartomeus 2013). First, the implications of a higher nested network structure lead
to a higher level of network structural stability (Rohr et al. 2014). The robustness of a network,
especially a mutualistic and multi-trophic network as seen in this study, is strongly influenced
by the structure of that network. When the structure of a network increases in nestedness, as
is the case in these results, it increases in robustness (Rohr et al. 2014). Nested networks are
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highly cohesive in that most generalist plant and pollinator species generate a dense set of
interactions at the core of the community (Bascompte et al. 2003). The highly nested observed
plant–pollinator networks in this study surrounding Retama shrubs and with higher plant
species biodiversity are equally built on a similar core of pollinators attracted to the set of plant
species. Thus, Retama presence and increased associate plant diversity increased network
nestedness.

Second, nestedness has great implications in terms of ecosystem functioning and community
persistence. The nested structure of mutualistic and multitrophic networks has the influence
to drastically alter the outcome of pairwise interactions (Levine et al. 2017). When nestedness
increases, mean interaction strength between participants, i.e. the plants and pollinators,
increases. In mutualistic systems like those where facilitation is occurring, as in the case with
this experiment surrounding Retama, having attributes like a high nestedness in network
architecture is extremely beneficiary for community persistence (Rohr et al. 2014). Thus,
plant–pollinator networks are usually more robust to simulated extinctions than random ones
(Bartomeus 2013). Nestedness organizes the community in a highly asymmetrical way (of
interactions between specialists and generalists) which can provide pathways for rare species
to persist (Bascompte et al. 2003). Mutualistic networks between plants and their pollinators
have been found to be highly nested which can reduce interspecific competition and in turn
increase the number of species living together in an ecosystem thus increasing biodiversity
(Bastolla et al. 2009). Our results suggest that microhabitat-mediated facilitation between
plants as well as plant diversity affect pollinator-mediated facilitation which in turn shapes
pollination networks. Particularly, interference or competition between plants and biodiversity
affected the structure of pollination networks, which was indicated at the associate species
level.

Clearly, the structure of the plant–pollinator networks generated from observations in this
experiment is extremely important in ecological terms. This can have major implications for
this community in Spain as well as in other ecosystems. The nested structure of the mutualistic
interactions between the observed plants and pollinators can affect species coexistence by
modulating the effects of facilitation (Levine et al. 2017). Even though the associate species
did not have a positive effect on pollination in the presence of the nurse shrub, they and the
community as a whole benefit more from all growing in association because of the effect nurse
presence has on the network structure. This facilitation effect results in interactions that are

44

Master’s thesis

Elizabeth Norton

more nested and likely more robust and stable than what we would expect either by chance
or by summing the species growing isolated from each other.

V.6

Significance of research

This study of pollinator diversity and networks is important because it shows how we can
improve pollination service for plants. Ecosystems are built upon biotic interactions, as those
interactions between and among species are an important mechanism that structures and
organizes natural communities (McIntire & Fajardo 2014). By drawing a comparison between
the observed networks and the additive networks we can see the effects of the plants
interacting both with each other and with the insects to modify interactions with pollinators
visiting plants growing in association. The significant positive effect of the additive over the
observed networks indicates that if we have 3 communities each of 3 species will attract more
insects than the combination of 3 monoculture communities. This is thus a synergistic effect
that goes beyond a direct facilitative effect, concretely showing how the whole is greater than
the sum of the parts. Consequentially, it is imperative that we understand this synergistic effect
that occurs around shrubs like Retama and their associated species.

Nurse-plant syndromes like this one surrounding Retama, which result in positive plant–plant
interactions overall though not for the pollination of individual plant species, have implications
that can affect the surrounding landscape and evolutionary ecology (Filazzola & Lortie 2014).
Positive interspecific interactions cultivate “preferred co-existence areas” among plants which
drive species richness at the community level (Chacón-Labella et al. 2016). We demonstrate
here that positive effects of nurse plants can extend to insect communities (Molenda et al.
2012) beyond the borders of plant communities. In the case of this study, those consequences
may affect not only the plant community but do scale up to higher trophic levels: the pollinators.
Notably, insect pollinators are vital to community dynamics and particularly for maintaining
ecosystem services. This is because pollinators provide major ecosystem service through
their key role in reproduction of most plant species (Ebeling et al. 2008). This is particularly
critical due to the disastrous decline in pollinator populations that the world is experiencing
(Kluser & Peduzzi 2007; Potts et al. 2010; Thomonn et al. 2013; Hallmann et al. 2017).
Increased plant diversity can lead to less variability in pollinator densities, thus resulting in
higher stability of pollinator communities, i.e. less risk of extinction (Ebeling et al. 2008). With
regard to the conservation of individual species, an increase in pollinator constancy to a given
plant species retards the elimination of the rarer species (Levin & Anderson 1970). When
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plants exist in stressful environments such as in this semiarid ecosystem, the decline of one
species could possibly trigger extinction cascades (Brodie et al. 2014) that lead to a decline
in the associated species across the entire ecosystem (Ebeling et al. 2008). Species rich and
strongly flowering plant communities are critical in ensuring higher diversity and stability of
pollinator frequency, which in turn is critical for reproductive success and sustained stability of
the plant communities (Ebeling et al. 2008).

Insight gained from this research is critical in the conservation of plant species, pollinator
species, and ecosystems at large. Many pioneer shrubs are well suited to occupy these arid
Mediterranean regions and are thus in a position to facilitate the growth of other vegetation,
aiding conservation within arid areas (Gómez-Aparicio et al. 2004). Plants like Retama that
are such successful benefactors should be a priority in conservation efforts when managing
at the community level, especially in these areas. Processes like indirect facilitation, as
examined in this paper, could certainly play a role for maintaining or promoting biodiversity
and associated ecosystem services. In order to properly manage natural habitats, a more
complete understanding is needed of the natural processes that regulate those habitats,
especially interactions between organisms. This will help prevent environmental risks and
protect essential ecosystem services (Pugnaire et al. 2011). Ecological management and
conservation is a rapidly growing field, and research easily draws an important connection
among local species diversity, the species pool, and global biodiversity (Keddy 2007). New
local conditions can change the relative success of species and favor a different array of
species, such as if a plant species attracts generalist pollinators it may then attract more
pollinators in total to its vicinity (McIntire & Fajardo 2014). This is especially prevalent in arid
environments where a nurse shrub can drastically alter the biotic conditions for the plants
within its vicinity. In order to implement effective conservation, studies embracing both
facilitation and biodiversity would help practitioners to identify and take advantage of the
positive interactions occurring in an environment in order to manage or increase the
biodiversity there (McIntire & Fajardo 2014). For example, if one of the plants in this system –
within this specific habitat or elsewhere – is a rare or endangered species, perhaps on the red
list, conservationists trying to protect that plant should not place it randomly in the landscape
but rather should plant it together with multiple species and near a nurse shrub. This will
benefit first this species but also both the pollinator community in general as well as the plants
within the vicinity. The nursing procedure that Retama and other similar shrubs can provide a
refuge for target species in restoration and could be applied in ecosystems all across the globe
(Padilla & Pugnaire 2006).
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Conservation is of the utmost importance for researchers and practitioners to focus on in the
light of the risks that the globe’s biodiversity and ecosystems are facing due to climate change.
All ecosystems are susceptible to climate change, but especially those semi-arid ecosystems
that host huge amounts of species diversity but are facing desertification. Ecosystems in a
Mediterranean climate prove to be incredibly species-rich but lack the amount of attention that
is paid to other systems such as in the tropics. The dry, hot summers characteristic of midlatitude Mediterranean savannas indicate that they too are greatly susceptible to current and
future changes in climate patterns of temperature and precipitation (Fundacion Biodiversidad
Y Universidad Autonoma De Madrid 2015). Positive interactions are essential for maintaining
biodiversity in some Spanish semi-arid habitats, but their role in ecosystem functioning is not
as clear (Pugnaire et al. 2011). Ruttan et al. in 2016 highlighted the role of a nurse shrub for
ecosystem functioning in arid environments. Generally, high diversity in an ecosystem can
safeguard it against the loss of important services and have an additive effect that increases
production and performance within an ecosystem. Increased diversity, specifically insect
diversity, in combination with multi-trophic facilitation can lower risk of species extinction and
protect ecosystem against loss of functional services such as pollination. Ruttan et al.
concluded that shrubs do facilitate local insect communities. Nurse shrubs like Retama can
help insects find the floral resources they need, but then the community will also benefit as a
whole by drawing in the pollinators to perform this essential ecosystem service (Kremen et al.
2007). Thus, in putting conservation into practice, management of shrubs in arid environments
is an effective means to enhance both insect diversity and plant diversity. It is comprehensible
that plants growing in semi-arid areas might prefer microhabitats created by nurse plants, in
this case such as Retama shrubs. Nurse-plant syndromes need to be studied to explain
processes and interactions that influence community structure in this way. These dynamics
are particularly significant in high stress conditions/ecosystems, given a changing climate and
potential shifts in biodiversity (Filazzola & Lortie 2014).

V.5

Caveats and limitations

The results of this research must be understood in light of some limitations of the work,
dependent on both methodology and interpretation.

The abiotic conditions surrounding the time and place of the field work may have influenced
the outcome of the observations. Wind, temperature, humidity, cloud cover, time of day and
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time of year all could potentially have an effect on the pollinator activity. However, attention
was given to test for influence of each of these covariate factors, the results of which showed
that they had no strong effect on the observed insect diversity. The small amount of
significance that did appear in the results does not impact the conclusions made because the
elements of the experimental design were sufficiently randomized. Sure there might be a
typical increase of bees with increase of temperature, since temperature varied significantly
by day, but again due to the randomization there should be no consequences. An important
element to examine was eventual difference of these covariates between nurse treatments
only, as there was no block effect relevant to the experimental design. The iButton temperature
readings should definitely differ naturally, as they were significantly shown to, between Nurse
and Open because of the sheltering mechanisms of facilitation by Retama. However, it is
reassuring that the measured ambient air temperature showed no significant difference
between nurse treatments.

There might be some confounding variables due to the methodology used for this experiment.
Perhaps the results were undetectably skewed due to a wide range of distances among the
plots at each block within the experimental layout in the working landscape. There was not a
strict standard of how far away the Open sites had to be from the Nurse sites (measurements
of which were previously described in the methods). However, the similar study by Ruttan et
al. (2016) only separated their plots (shrub and open) by about 2 meters and still managed to
find a positive effect of the shrub on surrounding insect community structure. Elements of the
observation methodology implemented could account for some discrepancies or unfounded
significance in the results. First, observer efficiency may not have been ideal in determining
the number and/or pollinator identity. True the use of only a single observer provides
consistency, but some consistent errors could have been made all through the observation
which either masked additional pollination events on some plots, for either some plant species
or certain insect species.

Second, pollinator detectability is generally skewed and low

(Bartomeus 2013). Thus perhaps it would have helped to measure probability detections of
each plant–pollinator interaction, or to estimate effort-limited sampling. Either issue would not
have a dramatic effect on the results presented here, however, since few studies on this
subject ever have completion within large networks (Bartomeus 2013). Third, differences in
pollinator efficiency/effectiveness could have influenced the observed results. Pollinators differ
broadly in flower visitation rate and flower handing time. The morphological diversity
represented in the group of most dominant pollinators (a taxonomically diverse group of
species – ants, bees, etc.) accounted for most visits and thus could effectively exert some
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selection on floral features and probably constrains plant specialization (Herrera 1989). Past
research has proposed that multiple trophic levels like that in this experiment can be tightly
coupled in their interactions by abundant, generalist plant species, especially shrubs (Verdú
& Valiente-Banuet 2008; Ruttan et al. 2016). Either Retama or the associate plants might incur
a larger or smaller benefit, comparatively, from this facilitative effect due to the attraction of
pollinators with this varying efficiency. Of course, these particular results depend exclusively
on the species and systems chosen, i.e. the Retama and four herbaceous species growing in
Extremadura. The conclusions could be altered if a different system or species were used.

V.7

Future directions

The questions asked in this study are based on a grand body of research. The focus of this
master’s thesis was built on the previous and ongoing research of Dr. Christian Schöb on plant
facilitation and Dr. Gianalberto Losapio on how facilitation scales up to pollinators. Research
on these topics and on facilitation in general are continuing, and the results of the experiment
presented in this paper both support previously tested theories as well as provide a basis for
novel developments on the topic. Proposed here are ideas for further work that could be done
with the existing dataset generated from this study, ways that this experiment could be
improved if replicated again, as well as new ideas that the significant results of this study justify
for future research.

The dataset generated from this experiment has a large amount of observations accompanied
by detailed information on the pollinators and the treatments. Since rain can cause Retama
blooms to fade from yellow to brown, most likely decreasing the attractiveness to pollinators,
a percent of brown flowers was attributed to each Retama shrub observed each day. That
data was not used in this analysis but could shed more light on the role that abiotic factors can
have on altering flower attractiveness and thus the pollinator community surrounding patches
of plants. More detailed analyses of the insect pollinator information could be carried out, such
as looking into the overlap of insect species between plant species or treatments, or making
comparisons of the insect guilds (i.e. herbivore, parasitoid, etc.) observed at each treatment.
With regard to the statistical analysis of this data, relatively simple steps forward could be
taken to examine contrasts among the plot treatments, as well as doing multivariate analyses
for the composition of insect assemblages visiting each of the individual plant species.
Additionally, one could look into contrasts among the plot treatments and/or expand upon the
null model comparisons of the additive and observed networks.
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If replicated again by researchers, several factors could be altered to produce more powerful
or alternative results. A primary element that would greatly benefit this study would be to make
the plant diversity gradient larger. This could be done by creating plots with finer scales of
biodiversity, such as creating and observing plots of a species richness 2 and 4 in addition to
the levels 1 and 3 in this experiment. Also of great interest would be to carry out the same
experiment but with a different set of associate plant species, to see if the same facilitative
effect persists or alters based on plant species identity. Additional covariates could be
measured at each plot, such as soil moisture and nutrient content at each sampling site as a
control. The same methodology could be carried out with the associate plants growing directly
in the ground already associated with Retama – instead of in pots – to eliminate any effect
that this unnatural arrangement of plants might have. Further, this experiment could be
replicated elsewhere, either a different location on the Iberian Peninsula where Retama still
grows or in a semi-arid area on another part of the globe with a comparable nurse shrub. This
would show if the pollination-mediated facilitation effect is still present and either more or less
strong within a more or less stressful area.

Given that a community and network-level facilitative effect due to combined nurse shrub
presence and increased plant diversity is clearly evident in the results of this study, there is
justification for future research on new questions that arise from the analysis. In light of
changing climate patterns and especially in such arid areas (Pugnaire 2010) it would be
interesting to examine any existing temporal aspects of this facilitative system, such as over
the course of one entire flowering season. This could be done by looking at consequences for
physiology and reproductive fitness. Additionally, pollinator effectiveness and efficiency could
be questioned. Past research has examined pollinator efficiency in such systems where plant–
pollinator interaction networks exist (Bruckman & Campbell 2014). This would involve
examining the resulting seed and fruit production after insect pollination during the flowering
season, involving methodology such as bagging flowers after pollination and measuring seed
mass and seed set size (Molina-Montenegro et al. 2008). Answering questions related to this
topic could emphasize the importance of pollination facilitation on the reproductive success of
plants growing in association to nurse shrubs. It could be that this effect of pollination
facilitation amplifies itself, producing a positive feedback mechanism.
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Conclusion

The main hypothesis examining pollination facilitation in this experiment was strongly
supported. A higher pollinator visitation rate and pollinator diversity was found on plots
containing Retama versus no Retama, at the highest level of plant diversity versus the lower
levels of plant diversity, and the highest overall in systems with both Retama and highest plant
diversity occurred. The strength of this effect differed depending on the identity of the
associate species, and while the nurse effect was significant, the effect for individual plant
species was opposite to the expected nurse shrub facilitative effect, indicating the presence
of competition or interference at the associate plant species level. The structure of these
observed plant–pollinator networks was more highly nested when in the presence of the nurse
shrub and with highest associate plant diversity.

In summary, the current results illustrate that the positive effects that plants have on each
other both scales up to pollinator networks as well as demonstrate the presence of multiple
layers of ecological interactions. These results may have broad implications for our
understanding of the tradeoffs between facilitation and competition that plants must manage
when growing in close proximity to each other. Particularly interesting is exploring stressful
environments such as this Mediterranean savannah in central Spain where the effects of
climate change are having a strong impact that will likely worsen. The current results provide
a compelling rationale for further research delineating the effect of facilitation and plant
biodiversity both on individual plants species and the pollinator community. We must continue
to examine how facilitation and biodiversity shape ecological networks across trophic levels.
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Appendix

IX.1 List of all 138 insect taxa observed
Order

Family

Genus/Species

1

Araneae

–

sp.1

2

Araneae

–

sp.10

3

Araneae

–

sp.11

4

Araneae

–

sp.2

5

Araneae

–

sp.3

6

Araneae

–

sp.4

7

Araneae

–

sp.5

8

Araneae

–

sp.6

9

Araneae

–

sp.7

10

Araneae

–

sp.1

11

Araneae

–

sp.2

12

Coleoptera

–

sp.1

13

Coleoptera

–

sp.2

14

Coleoptera

–

sp.3

15

Coleoptera

–

sp.4

16

Coleoptera

–

sp.5

17

Coleoptera

Bruchidae

Bruchidius bimaculatus

18

Coleoptera

Bruchidae

Bruchidius foveolatus

19

Coleoptera

Cantharidae

Rhagonycha sp.

20

Coleoptera

Cerambycidae

Callimus abdominalis

21

Coleoptera

Cerambycidae

Nustera distigma

22

Coleoptera

Cerambycidae

Phytoecia molybdaena

23

Coleoptera

Cerambycidae

Pseudovadonia livida

24

Coleoptera

Chrysomelidae

sp.1

25

Coleoptera

Chrysomelidae

sp.2

26

Coleoptera

Chrysomelidae

sp.3

27

Coleoptera

Chrysomelidae

Cryptocephalus celtibericus

28

Coleoptera

Chrysomelidae

Cryptocephalus sexpustulatus

29

Coleoptera

Chrysomelidae

Gonioctena aegrota

30

Coleoptera

Chrysomelidae

Lachnaia hirta

31

Coleoptera

Cleridae

Trichodes flavocinctus

32

Coleoptera

Coccinellidae

Coccinella septempunctata

33

Coleoptera

Curculionidae

Polydrusus confluens

34

Coleoptera

Curculionidae

Sitona cinnamomeus

35

Coleoptera

Dermestidae

Attagenus trifasciatus

Color
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36

Coleoptera

Elateridae

sp.

37

Coleoptera

Melyridae

Falsomelyris granulata

38

Coleoptera

Mordellidae

Mordellistena sp.

39

Coleoptera

Oedemeridae

Ischnomera xanthoderes

40

Coleoptera

Oedemeridae

Oedemera barbara

41

Coleoptera

Oedemeridae

Oedemera simplex

42

Coleoptera

Phalacridae

Olibrus sp.

43

Coleoptera

Scarabaeidae

Chasmatopterus villosulus

44

Coleoptera

Scarabaeidae

Hymenoplia sp.

45

Coleoptera

Scarabaeidae

Oxythyrea funesta

46

Coleoptera

Tenebrionidae

Heliotaurus ruficollis

47

Coleoptera

Tenebrionidae

Heliotaurus sp.

48

Dermaptera

–

sp.

49

Diptera

–

sp.1

50

Diptera

–

sp.2

51

Diptera

–

sp.3

52

Diptera

–

sp.4

53

Diptera

–

sp.5

54

Diptera

–

sp.6

55

Diptera

–

sp.7

56

Diptera

Acalyptrata

sp.1

57

Diptera

Acalyptrata

sp.2

58

Diptera

Anthomyiidae

sp.1

59

Diptera

Anthomyiidae

sp.2

60

Diptera

Anthomyiidae

Adia cinerella

61

Diptera

Anthomyiidae

Delia platura

62

Diptera

Asilidae

sp.

63

Diptera

Bombyliidae

sp.1

64

Diptera

Bombyliidae

sp.2

65

Diptera

Bombyliidae

sp.3

66

Diptera

Bombyliidae

sp.4

67

Diptera

Bombyliidae

sp.5

68

Diptera

Bombyliidae

sp.6

69

Diptera

Bombyliidae

sp.7

70

Diptera

Bombyliidae

Bombylius major

71

Diptera

Calliphoridae

sp.1

72

Diptera

Calliphoridae

sp.2

73

Diptera

Empididae

sp.1

74

Diptera

Empididae

sp.2

75

Diptera

Empididae

Empis sp.
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76

Diptera

Muscidae

sp.1

77

Diptera

Muscidae

sp.2

78

Diptera

Muscidae

Helina reversio

79

Diptera

Sarcophagidae

sp.

80

Diptera

Syrphidae

sp.1

81

Diptera

Syrphidae

sp.2

82

Diptera

Syrphidae

Eristalis sp.

83

Diptera

Syrphidae

Merodon trochantericus

84

Diptera

Syrphidae

Sphaerophoria scripta

85

Diptera

Tabanidae

sp.

86

Diptera

Ulidiidae

Seioptera vibrans

87

Hemiptera

–

sp.1

88

Hemiptera

–

sp.2

89

Hemiptera

Cicadellidae

sp.

90

Hemiptera

Miridae

sp.1

91

Hemiptera

Miridae

sp.2

92

Hemiptera

Miridae

sp.3

93

Hemiptera

Miridae

sp.4

94

Hemiptera

Miridae

sp.5

95

Hemiptera

Miridae

sp.6

96

Hemiptera

Miridae

sp.7

97

Hemiptera

Miridae

sp.8

98

Hemiptera

Miridae

sp.9

99

Hymenoptera

–

sp.1

100

Hymenoptera

–

sp.2

101

Hymenoptera

–

sp.3

102

Hymenoptera

Apidae

Andrena sp.1

103

Hymenoptera

Apidae

Andrena sp.2

104

Hymenoptera

Apidae

Andrena sp.3

105

Hymenoptera

Apidae

Andrena flavipes

106

Hymenoptera

Apidae

Andrena rhysonota flava

107

Hymenoptera

Apidae

Apis mellifera

108

Hymenoptera

Apidae

Chelostoma sp.

109

Hymenoptera

Apidae

Eucera elongatula

110

Hymenoptera

Apidae

Eucera notata

111

Hymenoptera

Apidae

Lasioglossum (Evylaeus) sp.

112

Hymenoptera

Apidae

Lasioglossum malachurum

113

Hymenoptera

Apidae

Nomada sp.

114

Hymenoptera

Apidae

Osmia sp.

115

Hymenoptera

Apidae

Seladonia gemmea
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116

Hymenoptera

Apidae

Seladonia smaragdula

117

Hymenoptera

Argidae

Arge cyanocrocea

118

Hymenoptera

Formicidae

Cataglyphis hispanica

119

Hymenoptera

Formicidae

Camponotus micans

120

Hymenoptera

Ichneumonidae

Amblyteles sp.

121

Hymenoptera

Ichneumonidae

sp.

122

Hymenoptera

Vespidae

sp.1

123

Hymenoptera

Vespidae

sp.2

124

Hymenoptera

Vespidae

sp.3

125

Hymenoptera

Vespidae

sp.4

126

Hymenoptera

Vespidae

sp.5

127

Hymenoptera

Vespidae

sp.6

128

Hymenoptera

Vespidae

Euodynerus variegatus

129

Lepidoptera

Lycaenidae

Glaucopryche melanops

130

Lepidoptera

Lycaenidae

Lycaena phlaeas

131

Lepidoptera

Lycaenidae

Satyrium esculi

132

Lepidoptera

Nymphalidae

Maniola jurtina ssp. Hispulla

133

Lepidoptera

Piesidae

Pieris rapae

134

Lepidoptera

Piesidae

Pontia daplidice

135

Lepidoptera

–

136

Lepidoptera

137

Odonata

–

sp.1

138

Odonata

–

sp.2

Zygaenidae

sp.
Zygaena sarpedon
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IX.2 Overall effect of nurse and plant diversity treatments on pollinator
insects
IX.2.1 Insect species richness

Insect Species Richness[insects per hour]

Insect Species Richness of Nurse and Open Treatments
with Increasing Plant Species Richness
Nurse

30

Open
25

20

15

10

5

0

1

3

Plant Species Richness [R]

IX.2.2 Insect species abundance

Insect Species Abundance of Nurse and Open
Treatments with Increasing Plant Species Richness
260
240

Nurse

Insect Species Abundance

220

Open

200
180
160
140
120
100
80
60
40
20
0
0

1

3

Plant Species Richness [R]
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IX.3 Statistical tables of nurse and plant diversity effects
IX.3.1 Linear mixed effect models – overall effect
Factor
Insect Diversity
design
nurse treatment
species richness treatment
design x nurse treatment
design x species richness treatment
nurse treatment x species richness treatment
design x nurse treatment x species richness treatment

Df

F-value

p-value

2
18
68
18
68
68
68

0.05165
5.65739
43.49819
0.09995
0.16469
27.44095
7.59578

0.8413
0.0287
<0.0001
0.7555
0.6862
<0.0001
0.0075

Insect Species Richness
design
nurse treatment
species richness treatment
design x nurse treatment
design x species richness treatment
nurse treatment x species richness treatment
design x nurse treatment x species richness treatment

2
18
68
18
68
68
68

0.08568
279.91448
7.02234
3.19079
7.59532
3.02896
0.58607

0.7973
<0.0001
0.01
0.0909
0.0075
0.0863
0.4466

Insect Species Abundance
design
nurse treatment
species richness treatment
design x nurse treatment
design x species richness treatment
nurse treatment x species richness treatment
design x nurse treatment x species richness treatment

2
18
68
18
68
68
68

1.1795
346.597
2.7659
14.1795
3.6105
0.6495
0.0913

0.3909
<0.0001
0.1009
0.0014
0.0617
0.4231
0.7635

IX.3.2 Linear mixed effect models – effect on individual species
Factor

Df

F-value

p-value

Retama
design
species richness treatment

2
46

0.521
1.921

0.5454
0.1725

design x species richness treatment

46

3.205

0.08

Factor

Df

F-value

p-value

116
2

4.482622
0.090253

0.0051
0.7922

Associate species pooled
species identity
design
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nurse treatment
species richness treatment

18
116

8.183629
9.941698

0.0104
0.0021

species identity x design

116

1.188447

0.3173

species identity x nurse treatment

116

2.836453

0.0412

design x nurse treatment
species identity x sp. richness treatment

18
116

1.88056
1.018787

0.1871
0.3871

design x species richness treatment

116

0.060942

0.8055

nurse treatment x sp. richness treatment
species identity x design x nurse treatment

116
116

2.115594
0.782868

0.1485
0.5058

species identity x design x sp. richness treatment

116

0.974509

0.4074

species identity x nurse treatment x sp. richness treatment
design x nurse treatment x sp. richness treatment
species identity x design x nurse treatment x sp. richness
treatment

116
116

3.25546
1.195914

0.0242
0.2764

116

3.931483

0.0103

Factor

Df

F-value

p-value

Matricaria
design
nurse treatment
species richness treatment
design x nurse treatment
design x species richness treatment
nurse treatment x species richness treatment

2
18
17
18
17
17

0.40335
14.30309
2.44405
3.45844
1.25388
9.55784

0.5903
0.0014
0.1364
0.0794
0.2784
0.0066

design x nurse treatment x species richness treatment

17

5.81553

0.0275

Factor

Df

F-value

p-value

Jasione
nurse treatment
species richness treatment

7
4

8.16032
53.14156

0.0245
0.0019

nurse treatment x species richness treatment

4

17.39817

0.014

Factor

Df

F-value

p-value

Carduus
design
nurse treatment
species richness treatment
design x nurse treatment
design x species richness treatment
nurse treatment x species richness treatment

2
17
10
17
10
10

0.000356
3.597823
5.786654
0.277724
0.320724
2.112245

0.9867
0.075
0.037
0.605
0.5837
0.1768

design x nurse treatment x species richness treatment

10

1.656925

0.227
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Factor

Df

F-value

p-value

Echium
design
nurse treatment
species richness treatment
design x nurse treatment
design x species richness treatment
nurse treatment x species richness treatment

2
18
18
18
18
18

0.00092
0.245338
0.402413
0.432155
2.378821
1.008599

0.9786
0.6264
0.5338
0.5193
0.1404
0.3285

design x nurse treatment x species richness treatment

18

4.062324

0.059

IX.3.3 Analysis of variance model – network nestedness
Factor

Df

SS

MS

F-value

p-value

Additive

1

498.44

498.44

498.438

<0.001

Diversity level

1

1091.77

1091.77

1091.771

<0.001

Additive x Diversity level

1

81.58

81.58

81.584

<0.001

396

396

1

Network Nestedness

Residuals
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IX.4 Bipartite plant–pollinator networks
IX.4.1 Observed network, plant diversity 1: N1

Retama

Matricaria
Echium
Carduus
Jasione

IX.4.2 Observed network, plant diversity 3: N3

Retama

Jasione
Carduus
Matricaria
Echium
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IX.4.3 Additive network, plant diversity 1: N0 + O1

Retama

Jasione
Echium

Carduus

Matricaria

IX.4.4 Additive network, plant diversity 3: N0 + O3

Retama

Matricaria

Carduus

Echium
Jasione
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IX.4.5 TukeyHSD post-hoc test on network comparison
Comparison
obs : div1 - add : div 1
add : div 3 - add : div 1
obs : div3 - add : div1
add : div3 - obs : div1
obs : div3 - obs : div1
obs : div3 - add : div3

diff
3.135813
-2.400957
-1.071623
-5.536769
-4.207436
1.329334

lwr
upr
p adj
2.7709494
3.5006759
<0.0001
-2.76582
-2.0360935
<0.0001
-1.4364861
-0.7067596
<0.0001
-5.9016327
-5.1719062
<0.0001
-4.5722987
-3.8425723
<0.0001
0.9644707
1.6941972
<0.0001

IX.5 Covariate analysis graphs and statistical tables
IX.5.1 Insect pollinator temporal trends
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No insect abundance temporal trend

1

2

3

4

5

6

7

8

Day

IX.5.2 Abiotic covariate measurements

The covariate factors – wind, air temperature, iButton temperature, humidity and cloud cover
– revealed little to no significant influence temporally, at the block level, or at the species
richness treatment level. All four covariates varied by day, which is of course natural. Neither
ambient air temperature (at each observed plot) nor iButton temperature (stationed in each
block) varied significantly by block (F=0.100, p=0.751). iButton temperature differed
significantly among nurse treatments (F=5.273, p=0.022), i.e. Nurse vs Open over the course
of the 8 days. However, ambient air temperature did not vary significantly among the nurse
treatments (F=0.110, p=0.740). Wind speed varied significantly by block (F=7.821, p<0.001)
but did not vary significantly by nurse treatment (F=0.148, p=0.701). Cloud cover varied
significantly by block (F=35.364, p<0.001), but did not vary significantly by nurse treatment
(F=0.205, p=0.652). Humidity did not vary by block (F=0.228, p=0.633) or by nurse treatment
(F=0.513, p=0.474).
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