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Abstract 

The overarching hypothesis tested is that cushion plants are foundation species in the 

alpine, contributing to ecosystem structure and function. This thesis provides a 

systematic review of cushion plant ecology literature, then quantifies the effect of 

cushions on higher trophic levels, and finally assesses pollen limitation with a 

manipulative experiment. The majority of cushion species in many locations have never 

been studied. Community level trophic effects of cushions are unknown. From extensive 

observations, cushions have a significant positive effect on community diversity of 

arthropods and pollinators. No evidence of pollen limitation and low rates of selfing, 

indicate that pollination rates are high. Hence, cushions are foundation species or 

module hubs in the ecological network and pollinators, critical for the reproduction of 

alpine plants. The loss of either cushions or pollinators in the alpine would therefore 

have significant community wide implications to the structure and function of the 

ecosystem. 
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Thesis Introduction 

Alpine and polar ecosystems are experiencing the largest increase in mean annual 

temperature due to climate change (Pauli et al. 1996; Guisan and Theurillat 2000; Sala et 

al. 2000; Walther et al. 2002). Even small changes in temperature or precipitation in 

alpine and arctic ecosystems will result in large changes in species composition, 

biodiversity (Sala et al. 2000), and distribution (Geng et al. 2009). Cold adapted species 

in alpine ecosystems are particularly vulnerable to changing temperatures because they 

are generally slow growing and may become isolated on the summits of high mountains 

(Geng et al. 2009). Although it is not clear exactly how these ecosystems will change, it 

is feasible that climate change will affect the composition of the alpine ecosystem due to 

extinction, extirpation, adaptation, or migration (Abbott et al. 1995). Alpine ecosystems 

are characterized by cold treeless landscapes dominated by low herbs, shrubs, mosses, 

and lichens (Billings and Bliss 1980). Soil development is very slow in these ecosystems 

which are dominated by rocky areas that are unstable (Körner 1999). Short, cold, and 

unpredictable summers limit sexual reproduction at all phases of plant development 

(Bell 1980). The main environmental factors in these ecosystems are aspect, wind, solar 

radiation, soil temperature, snow amount, snow distribution, and melt-water distribution 

(Meidinger and Pojar 1991). These characteristics can vary greatly depending on uneven 

distribution of precipitation, permafrost, soil type, and topography (Billings and Bliss 

1980). Microclimates are therefore pronounced and just a few centimetres in one 

direction may drastically change wind speed, snow accumulation, soil temperature, and 
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therefore plant growth and seedling survival (Meidinger and Pojar 1991; Billings and 

Bliss 1980). Hence, any reduction in abiotic stress can greatly affect plant survival and 

growth.  

 

In alpine and polar regions globally, many plant species have evolved a dense domed 

shaped vegetation to moderate abiotic conditions. These plants are referred to as 

cushions (sensu Arredondo-Núñez et al. 2009), and their domed shape allows them to 

moderate temperature, moisture, wind speed, and soil nutrients making them ecosystem 

engineers (Badano and Cavieres 2006; Badano et al. 2007; Badano and Marquet 2008). 

By reducing local abiotic stress, cushions increases the establishment and survival of 

other less adapted plant species as nurse plant species (Nunez et al. 1999; Cavieres et al. 

2005; Acuna-Rodriguez et al. 2006; Cavieres et al. 2006; Cavieres et al. 2008; 

Antonsson et al. 2009; Arredondo-Núñez et al. 2009). Cushions increase plant species 

diversity locally and regionally (Cavieres and Badano 2009). This role as an ecosystem 

engineer and nurse plant makes cushions irreplaceable in alpine ecosystems because 

more erect plants cannot modify the abiotic conditions to the same extent (Moen 1993). 

One cushion species, Azorella selago, has been described as a keystone plant species (le 

Roux and McGeoch 2004; le Roux et al. 2005; Badano and Marquet 2008; Mortimer et 

al. 2008; Nyakatya and McGeoch 2008; Phiri et al. 2009), but cushions in general may 

be better described as foundation species. Foundation species are different than keystone 

species in that they usually occupy lower trophic levels, create a locally stable 

environment for other species, and stabilize ecosystem processes thereby defining 
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community structure (Dayton 1972). Cushions moderate abiotic conditions creating 

locally stable environment for other plants, yet more information of trophic effects are 

needed to ensure the role of cushions in alpine communities. 

 

It is generally accepted that plant communities act in specific and largely unknown ways 

to influence the diversity and abundance of local pollinators (Potts et al. 2003). Plant 

species can unevenly affect the pollinator community, with specific plant species 

providing keystone floral resources for local pollinator communities (Machado and 

Sazima 2008). Identifying these keystone plant species to pollinators in the alpine is 

significant as alpine pollinators are scarce relative to other ecosystems (Bingham and 

Orthner 1998). The cold and unpredictable weather make these ecosystems unsuitable 

for insect pollinators (Körner 1999) resulting in low pollinator diversity, abundance, and 

activity relative to milder ecosystems (Mani 1962; Hocking 1968; Kevan 1972; Primack 

1978; Moldenke and Lincoln 1979; Arroyo et al. 1982; Primack 1983; Billings 1987; 

Totland 1993). Although effects of cushions on pollinators have not been studied, two 

studies suggest that cushions positively affect arthropods (Coulson et al. 2003; Molina-

Montenegro et al. 2006). Arthropods are benefited by the moderated temperature and 

moisture provided by cushions (Coulson et al. 2003). Research on plant-pollinator 

interactions is inherently interdisciplinary; incorporating botany, zoology, evolution, 

ecology, community dynamics, behavioural ecology, competition, facilitation, and 

mutualism, and is becoming more influential as a driver of community structure and 

function (Ramos-Jiliberto et al. 2010). Ecologists must greatly increase research efforts 
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on pollinator-plant interaction in order to make wise conservation decisions (Kearns et 

al. 1998). Plant-pollinator interactions take place on a community-level, so research on 

these interactions should be studied at a community-level (Jordano 1987). 

 

Quantifying current plant-pollinator interactions is significant because temperature 

increase may influence the timing of plants and pollinators differentially creating a 

mismatch (Inouye et al. 2000; Memmott et al. 2007; Hegland et al. 2009; Mitchell et al. 

2009). Current research suggests that pollinator emergence times could be shifted earlier 

to a greater extent compared to plant bloom times (Hegland et al. 2009). This would 

result in pollinators being present before a food source is available to them (Hegland et 

al. 2009). This mismatch could have significant implications for the health of both the 

plant and pollinator community (Hegland et al. 2009). As multiple stressors (land-use 

change, insecticides, fragmentation, and climate change) are already causing pollinators 

to decline (Thomson 2010; Colla and Packer 2008; National Research Council 2007; 

Kearns 1998; Corbet 1995; National Conservation Council 1991; Williams 1986) any 

potential buffers of climate-driven mismatch are ecologically relevant for conservation. 

Competition for pollination is likely to intensify because declines in both plants and 

animals lead to local extinctions (Biesmeijer et al. 2006; Colla and Packer 2008; 

Goulson et al. 2000). Pollination rates in the alpine are already assumed to be low 

because of the relatively low pollinator diversity, abundance, and activity. Under the 

reproductive assurance hypothesis, in areas where pollination is limited plants will 

evolve self-pollination mechanisms to ensure reproduction (Lloyd 1992; Lloyd and 
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Schoen 1992). Therefore, drivers of alpine plant evolution have been based on the 

assumption that pollen is limited (Torres-Díaz et al. 2011). However, a recent review 

found that pollen limitation in the alpine is not significantly higher than that in milder 

ecosystems (García-Camacho and Totland 2009). 

 

This thesis provides a much needed review of the current literature on cushion-forming 

plant species to clarify what is currently known and to direct future research. Then, it 

assesses the effect of the common cushion plant species Silene acaulis 

(Caryophyllaceae) on higher trophic levels with arthropods and pollinators on a 

community level to identify if cushions can be foundation species in the alpine 

maintaining and stabilizing biodiversity. Finally, the importance of pollen limitation was 

tested through manipulative experiments, the results of which have broad significance 

and implications to alpine plant evolution. Taken together, this thesis explores the 

capacity of a dominant alpine plant to be a foundation species that positively affects 

multiple trophic levels, and explores the role of pollen limitation in the evolution of 

alpine plants.  

 

 



Reid 

 

6 

Chapter 1. A systematic review of the recent ecological literature on 

cushion plants: The new heavy weight champions of plant facilitation 

Anya M. Reid 

 

Published: Reid, A. M., Lamarque, L. J. and Lortie, C. J. 2010. A systematic review of 

the recent ecological literature on cushion plants: the new heavy weight champions of 

plant facilitation. − Web Ecol. 10: 44-49. 

 

Abstract 

Cushion-forming plant species are found in alpine and polar environments around the 

world. They modify the microclimate, thereby facilitating other plant species. Similar to 

the effectiveness of shrubs as a means to study facilitation in arid and semi-arid 

environments, I explore the potential for cushion plant species to expand the generality 

of research on this contemporary ecological interaction. A systematic review was 

conducted to determine the number of publications and citation frequency on relevant 

ecological topics whilst using shrub literature as a baseline to assess relative importance 

of cushions as a focal point for future ecological research. Although there are forty times 

more shrub articles, mean citations per paper is comparable between cushion and shrub 

literature. Furthermore, the scope of ecological research topics studied using cushions is 

broad including facilitation, competition, environmental gradients, life history, genetics, 

reproduction, community, ecosystem and evolution. The preliminary ecological 
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evidence to date also strongly suggests that cushion plants can be keystone species in 

their ecosystems. Hence, ecological research on net interactions including facilitation 

and patterns of diversity can be successfully examined using cushion plants, and this is 

particularly timely given expectations associated with a changing climate in these 

regions. 

 

The ecology of cushion plants 

It is widely recognized that plant interactions are important factors when considering 

community ecology (Brooker and Callaghan 1998, Kikvidze et al. 2005, Brooker et al. 

2008, Arredondo-Núñez et al. 2009). More specifically, the structure and function of 

plant communities is now recognized as being influenced by positive interactions 

(Callaway 1995, 2007, Mulder et al. 2004, Arredondo-Núñez et al. 2009, Butterfield 

2009), especially in those with harsh abiotic conditions (Bertness and Callaway 1994, 

Callaway and Walker 1997, Arroyo et al. 2003, Cavieres et al. 2006). Although 

competition studies have dominated the plant interaction literature, facilitation studies 

are now being cited by the scientific community at approximately the equivalent rate 

(Lortie and Callaway 2009). Of the 754 publications on ‘facilitation’ and ‘plants’ listed 

by the ISI Web of Science database in Oct 2009, roughly one-third also contain the topic 

word ‘shrub’ and one-quarter with the topic words ‘arid’ or ‘semi-arid’ (Flores and 

Jurado 2003). Cushion-forming plant species can be used to advance understanding and 

assess patterns of positive plant interactions in cold alpine and polar regions globally. 
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Cushion-forming plant species (hereafter termed ‘cushions’ sensu Arredondo-Núñez et 

al. 2009) are excellent candidates to investigate positive interactions and their 

cumulative effects on community structure. There are 338 recorded cushion species in 

78 genera and 34 plant families that are distributed globally in harsh alpine and polar 

regions (Hauri and Schröter 1914, Arredondo-Núñez et al. 2009). This distinct 

vegetative form of hardy vascular plant is thought to be one of the best adapted growth 

forms to alpine and polar environments (Billings and Mooney 1968, Pysek and Liska 

1991, Chapin and Körner 1995, Körner 2003). Their domed shape enables them to 

moderate temperature (Salisbury and Spomer 1964, Cavieres et al. 1998, Molina-

Montenegro et al. 2000, Arroyo et al. 2003, Nyakatya and McGeoch 2008), store 

moisture (Pysek and Liska 1991, Cavieres et al. 1998, Nunez et al. 1999), increase soil 

quantity and nutrients (Nunez et al. 1999, Cavieres et al. 2008), and protect from 

abrasive wind (Hager and Faggi 1990, Cavieres et al. 2006). By improving growth 

conditions in severe habitats, cushions are excellent facilitators (Moen 1993, Choler et 

al. 2001, Cavieres et al. 2002, 2008, Badano and Cavieres 2006, Badano et al. 2006, 

Antonsson et al. 2009, Sklenar 2009) and may potentially stabilize species diversity 

(Badano et al. 2006). This enables cushions to aid in species succession at multiple 

spatial scales (Smith 1987, Gibson and Kirkpatrick 1992, Mark and Bastow 2005, 

Badano and Cavieres 2006) and act as a keystone species contributing to the structure 

and function of the ecosystem (le Roux and McGeoch 2004, le Roux et al. 2005, Badano 

and Marquet 2008, Mortimer et al. 2008, Nyakatya and McGeoch 2008, Phiri et al. 
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2009). Furthermore, the role of cushions as facilitators in these harsh ecosystems is not 

redundant as more erect plants cannot modify the abiotic conditions associated with 

positive effects on germination and survival (Moen 1993). Hence, while shrubs may be 

an ideal set of species to study net interactions in arid and semi-arid systems, cushions 

could be the analog for experimentation in the alpine and polar systems where 

accumulating evidence shows that climate change effects will be more intense (Pauli et 

al. 1996, Guisan and Theurillat 2000, Sala et al. 2000, Walther et al. 2002). Ultimately, 

cushion-forming plant species could be used to examine the effects of climate change at 

a neighbourhood level with the goal of extrapolating to changing communities. 

 

Systematic review 

In order to determine the potential scientific capacity of cushions to expand research on 

net interactions, I conducted a systematic review using ISI Web of Science in September 

2009. An initial search for publications containing the words ‘cushion plant’ resulted in 

79 articles, of which 13 were not used due to unrelated material (11) or language (2). 

The 66 remaining publications are all relatively recent (1987−2009) and in English 

journals. This body of literature was grouped into nine topics (facilitation, competition, 

environmental gradient, life history, genetic, reproduction, community, ecosystem and 

evolution). From these groups of literature publication number, citation rates and self-

citation biases were collected (Figure 1.1). These nine topics were also used to group 

publications on shrubs in order to contrast publication and citation rates for these two 
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growth forms. By comparing two vegetative forms in nine topics the sample size for 

statistical analysis is 18. General linear models were used to determine whether number 

of publications or citations per publication differed between shrubs and cushion plants. 

The following attributes of the literature associated with cushions were addressed: (1) a 

survey of the number of cushion species studied, (2) an assessment of the geographical 

range of cushion research, (3) the scope of ecological topics studied, and finally, (4) the 

frequency of citations to these publications relative to shrub studies. Taken together, 

these attributes provide a concrete means to review and identify the current and potential 

merits of studying cushions. 

 

The ecological significance of cushions plants: heavy or light weight players? 

The increasing number of publications on this set of species by many authors in a 

diverse range of journals indicates that cushions are an increasingly important plant form 

for studying ecological interactions. A total of 49 distinct cushion plant species have 

been studied in addition to three genera (Abrotanella, Distichia and Oxychole) being 

collectively studied. Silene acaulis is the most frequently studied species with 12 

publications, followed by Azorella monantha with 7 publications, and Laretia acaulis, 

and Azorella selago each with 6 publications. The majority of these 49 cushion plant 

species (71.4%) have, however, only been studied once. Furthermore, the 49 cushion 

species reported in this review are only a small fraction, 6.9%, of the total number of 

cushion species (334) identified by Hauri and Schröter (1914). Thus, from this review 
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93% of cushion species have not been studied. The species that have been studied 

however are distributed globally with the highest number of publications originating in 

Chile followed by the USA (Figure 1.2). 

 

Ecological interactions between cushions and other organisms have been a dominant 

focus of this literature (62 of 66 publications) including research on facilitation (15), 

competition (11), communities (19), and ecosystems (17). For instance, Azorella 

madreporica, a Chilean cushion species, was found to display both positive and negative 

associations with plant species depending on the plants location outside or inside the 

cushion vegetation (Fajardo et al. 2008). Plant interactions associated with cushions and 

environmental gradients supports the stress gradient hypothesis (Bertness and Callaway 

1994) showing that the frequency of facilitation increases with environmental severity 

(Smith et al. 1995, Badano et al. 2007, Cavieres and Badano 2009). Studies on the 

biology of cushions have also generated a substantial body of literature (32 publications) 

including research on life history (7), genetics (9), reproduction (10), and evolution (6). 

These studies have found cushions to be stress tolerant, slow growing and long lived 

plants (McCarthy 1992) with sexual reproduction (requiring active pollination) being the 

main contributor to the next generation (Arroyo et al. 1982, Morris and Doak 1998, 

Zoller et al. 2002). 

 

As these organisms have been estimated to be up to 3000 years old (Ralph 1978), the 

genetic structure can be influenced by historic distributions and colonization events 
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(Heads 1999, Geng et al. 2009). Conversely, however, high genetic variation has been 

found within populations (Abbott et al. 1995, Gehring and Delph 1999, Gugerli et al. 

1999, Pluess and Stocklin 2004), suggesting long distance pollen transport by insects 

(Gugerli et al. 1999). The current literature on cushions provides an introduction to the 

species and how they might be interacting but is still far from comprehensive.  

 

There are significantly more publications on shrubs compared to cushions on these 

broad ecological topics (GLM, 
2
= 7.1, p = 0.008, n = 18) including 250 on facilitation, 

746 on competition, 130 on environmental gradient, 206 on life history, 149 on genetics, 

259 on reproduction, 1254 on community, 853 on ecosystem and 319 on evolution. 

However, there was no significant difference between the citation rate per publication 

between cushion and shrub literature (GLM, 
2
= 1.8, p = 0.176, n = 18) in spite of the 

fact that there was an order magnitude less cushion publications (98 vs 4166 from an ISI 

Web of Science search for the topics ‘cushion plants’ and ‘shrubs’, respectively; Figure 

1.3). This strongly suggests that the cushion literature is well-cited and highly visible to 

ecologists. In other words, studies using cushion plants are as useful as those on shrubs, 

but also expand our capacity to examine these topics because cushions are found in 

different ecosystems and biomes. Importantly, cushions may be keystone species 

because they are generally found at low densities (i.e. mean density of 0.55 cushions.m
2
 

in the sub-Antarctic Marion Island, Nyakatya and McGeoch 2008, Phiri et al. 2009) and 

have large impacts on local species diversity (percentage of positive plant associations 

with cushions depends largely on environmental harshness with a mean of 47% in harsh 
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environments and 22% in less harsh environments from Arroyo et al. 2003 and Cavieres 

et al. 2006). Cushions influence the plant community over a long temporal scale as they 

have been shown to take part in successional processes (Smith 1987, Gibson and 

Kirkpatrick 1992, Mark and Bastow 2005, Badano and Cavieres 2006). Cushions are 

also nurse-plant species as they have been shown to facilitate other plant species (Núñez 

et al. 1999, Cavieres et al. 2005, 2006, Acuna-Rodriguez et al. 2006, Antonsson et al. 

2009). Research on cushion individuals and cushion community interactions is critical 

given that climate change and biological invasions are dramatically increasing in the 

alpine and polar regions (Sala et al. 2000). Hence, understanding cushion dynamics and 

their effects may be a crucial element in understanding larger ecological phenomenon, 

and cushions may become the next champions of facilitation and stress research in plant 

ecology but in systems that are warming and changing rapidly.  
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Figures 

 

Figure 1.1. The number of publications and citations from an ISI Web of Science search 

for ‘cushion plant’ and ‘shrub’. 
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Figure 1.2. A world map illustrating the geographic distribution of cushion plant 

research from the literature in this review. 
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Figure 1.3. Number of publications and average number of citations per publication 

from an ISI Web of Science search for ‘cushion plant’ and ‘facilitation’, ‘competition’, 

‘environmental gradient’, ‘life history’, ‘genetic’, ‘reproduction’, ‘community’, 

‘ecosystem’ and ‘evolution’, respectively. 
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Chapter 2. Multi-trophic facilitation by the alpine foundation plant 

species Silene acaulis. 
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Abstract 

Positive interactions or facilitation are ubiquitous processes within ecological 

communities and influence patterns of species diversity and ecosystem functioning. By 

reducing abiotic stress, such as desiccation, nurse plants facilitate associated plant 

species. Although well documented between plant species, consequences for higher 

trophic levels are rarely examined. Here I use the globally distributed cushion plant, 

Silene acaulis, in British Columbia to test for trophic facilitation. By comparing floral 

and vegetative visitors on paired cushion and non-cushion microsites throughout the 

season, I found that visitor composition differed between microsites as cushions have 

significantly higher visitation rates and visitor diversity relative to other dominant alpine 

plants. The positive effect of cushions can be explained for vegetative visitors by cooler 

and more humid conditions and for floral visitors by providing more abundant floral 

resources especially at the beginning and end of the season. Although commonly 

reported as a nurse to other plant species, contrasts of effect size estimates between 
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plants, vegetative visitors, and floral visitors, showed that S. acaulis has the greatest 

positive effect on floral visitors – not other plant species. Hence, cushions are likely 

often foundation species for many alpine organisms and have the capacity to stabilize 

species diversity at a community level by providing refuges for vegetative visitors and 

resources for floral visitors. 

 

Keywords: Arthropod, cushion plant, facilitation, foundation species, mutualism, 

pollinator, positive effect, Silene acaulis. 

 

Introduction 

Foundation species define community structure by creating a locally stable environment 

for other species and by stabilizing ecosystem processes (Dayton 1972). The loss of a 

foundation species therefore has broad consequences for both local and landscape level 

species diversity and ecosystem function (Ellison et al. 2005). Foundation species are 

different from keystone species (Paine 1966; Power et al. 1996) in that the former 

generally occupy lower trophic levels and are involved in ecosystem processes, such as, 

water balance (Ellison et al. 2005). Foundation species create new habitat and stabilize 

existing habitat thereby increasing the likelihood of survival for other species (Schwartz 

et al. 2000) a process also known as the ‘nurse effect’ that is proposed to be frequent in 

abiotically (and biotically) stressful habitats (Bertness and Callaway 1994; Callaway 

1997). Alpine and polar ecosystems are environmentally limiting or stressful habitats 
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with rocky substrates having little soil, nutrients, or moisture, and a short growing 

season with extreme unexpected weather events (Körner 2003). Ecologists must identify 

foundation species a priori, community interactions with foundation species, and how 

these interactions influence diversity (Hacker and Gains 1997; Ellison et al. 2005). 

Research of the capacity of nurse plants in alpine ecosystems to be foundation species 

may therefore provide an indicator system of the role that dominant plant species play in 

stabilizing and maintaining community diversity.  

 

Cushion-forming plant species are the vegetative form that is best adapted to harsh 

alpine conditions (Körner 2003) because their dense domed vegetation moderates 

temperature (Salisbury and Spomer 1964; Molina-Montenegro et al. 2000; Arroyo et al. 

2003; Nyakatya and McGeoch 2008), stores moisture (Pysek and Liska 1991; Nunez et 

al. 1999), increases soil nutrients (Nunez et al. 1999; Cavieres et al. 2008), and protects 

from abrasive wind (Hager and Faggi 1990; Cavieres et al. 2006). Due to the domed 

shape, these 334 plant species are referred to as cushions (sensu Arredondo-Núñez et al. 

2009). By reducing abiotic stress, cushions directly facilitate other plant species 

allowing them to establish and survive in areas otherwise too harsh for them to persist 

(reviewed by Arredondo-Núñez et al. 2009; Reid et al. 2010). As other vegetative forms 

cannot reduce stress to the same extent, cushions are irreplaceable in alpine communities 

(Moen 1993). Furthermore, positive interactions, such as those mediated by cushions, 

strongly affect the structure of ecological networks at a  community level (Hacker and 

Gaines 1997; Bascompte and Jordano 2007). Cushions create locally stable 
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environments and positively affect plant species and thus possess the potential to be 

foundation species in alpine and polar ecosystems globally.  

 

In addition to having a positive effect on plants, cushions may also positively affect 

organisms in higher trophic levels. Although positive effects of plants on multiple 

trophic levels have been shown to influence species diversity and community function in 

foodweb studies (Chapin et al. 1998; Amarasekare 2008), plant-animal interactions are 

largely limited to snap-shot observation periods and limited sampling of individuals 

within natural populations for the purposes of identifying mutualisms between pairs of 

species (i.e. Arroyo et al. 1985; Polis 1991; Dunne 2005; Kaiser-Bunbury et al. 2010; 

Waser et al. 2010). One of the best examples of trophic facilitation is in the salt marshes 

of New England where positive interactions between plants increased aphid herbivore 

abundance (Hacker and Bertness 1996). Few studies however scale up the positive 

effects of plant-plant facilitation to include effects on higher trophic levels associated 

with the nurse-plant species. For cushions, limited evidence from two previous studies 

show cushions to increase mite density (Coulson et al. 2003) and beetle abundance 

(Molina-Montenegro et al. 2006). Although these interactions occur at a community 

level (Jordano 1987), current research on trophic facilitation are narrowly taxonomically 

focussed studying aphids, beetles, or mites for example. Temperature and moisture are 

important for arthropod health, and the moderating effect of cushions is consequently 

beneficial to arthropods (Coulson et al. 2003). This positive effect of cushions could be 

reciprocated by crawling arthropods providing nutrients (non-cushion example, Lavelle 
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2000). In addition to benefitting arthropods, plants also provide crucial floral resources 

for pollinators (non-cushion example, Machado and Sazima 2008). Plant-pollinator 

interactions are ubiquitous in all terrestrial ecosystems with 87.5% of all angiosperms 

globally being reliant on animal pollinators (Ollerton et al. 2011). The effect of cushions 

on pollinators is significant because alpine pollinators are naturally scarce (Bingham and 

Orthner 1998) and the alpine will be the first ecosystem to experience the phenomenon 

of plant-pollinator phenology mismatch where pollinators become active prior to bloom 

time (Hegland et al. 2009). In the ecological network of this system, cushions may be 

module hubs contributing to community stability and diversity (Tylianakis et al. 2010) 

and ‘magnet species’ attracting pollinators thereby increasing pollination on a 

community level (Thomson 1978). Cushions may therefore not only have a positive 

effect on vegetation-visiting arthropods but also on flower-visiting pollinators at a 

community level and throughout the snow-free season. 

 

The overarching hypothesis examined herein is that alpine cushion plant species are 

similar to trees in forested ecosystems in that they serve as foundation species for 

multiple visitor groups in addition to other plant species. Hence, I tested the following 

predictions. (1) The vegetative and floral visitor assemblages are different on cushion 

versus non-cushion microsites as cushions provide unique habitat and resources. (2) 

Cushions have higher visitation rates by a more diverse vegetative and floral visitor 

assemblage because of reduced abiotic stress for vegetative visitors and high floral 

resources for floral visitors throughout the season. Taken together, these predictions 
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explore the capacity for cushion forming plant species to serve as foundation species in 

the alpine, and importantly and more broadly, this study furthers our understanding of 

the potential scope of nurse-plant effects to span multiple trophic levels. 

 

Methods 

Study site and plant species 

Research was conducted on a rocky alpine meadow (627m
2
 in size) on Whistler 

Mountain, British Columbia, Canada (50˚03’31.68”N, 122˚57’22.53”W, 2168m 

elevation) during the summer of 2010. A picture of the site is provided in Appendix A 

(Figure 1).  Silene acaulis (L.) Jacq. (Caryophyllaceae) commonly known as Moss 

Campion is a long-lived perennial with a distinct cushion form found commonly in 

alpine and arctic ecosystems throughout the northern hemisphere (Alatalo and Totland 

1997). Flowers are numerous, small, pink, and have a yellowish nectar band at the base 

of the petal (Swales 1979). S. acaulis is sexually polymorphic (Hitchcock and Maguire 

1947) at this site, being gynodioecious with some individual plants having only 

hermaphrodite flowers and some individual plants having only female flowers (Shykoff 

et al. 2003). In addition to S. acaulis, eleven other common flowering plant species were 

present: Antennaria alpina, Arnica sp., Erigeron sp., Phacelia sericea, Phlox diffusa, 

Potentilla diversifolia, P. heptaphila, P. villosa, Ranunculus eschscholtzil, Saxifraga 

bronchialis, and Solidago multiradiata. Individual S. acaulis plants were classified as 

cushion microsites and individuals of other plant species were classified as non-cushion 
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microsites. A map of the locations of all cushion and non-cushion microsites is provided 

in Appendix B (Figure 1).  

Plant-animal facilitation 

Animal visitation to target plants at each microsite was captured using Apple Ipod nanos 

(fifth generation with 640 by 480 pixel cameras built-in) erected in blinds 30cm from the 

target plant. Ipod nano cameras were chosen based on battery life, memory storage, and 

image resolution (See Appendix C for full video protocol). Footage was captured with 

eight cameras (four at each microsite, n = 8) from 10:30 to 15:30 on all rain free days in 

order to capture the maximum animal visitor activity. High temporal resolution is 

necessary to capture dynamic trophic effects (Berlow 1999; Hegland et al. 2009), so 

video recording started on 22 July, 2011 when four replicates of each microsite were in 

bloom and ended on 19 August, 2011 the last day before snow resulting in a total of 15 

days of footage at 53-paired microsites. Each microsite was marked with unique 

identification numbers with target plant species identified and recorded. Paired cushions 

and non-cushion microsites were at least 50cm apart and were selected daily based on 

high numbers of blooming flowers of the target species. Plants at or close to peak bloom 

were chosen to capture the greatest number of floral visits (Hegland and Totland 2005). 

In total, 424 hours (25, 440 minutes) of footage were analyzed to record visitation rate 

and identity of every animal visitor (see attached video clip). Animal identity was 

classified into recognizable taxonomic units (RTUs) based on taxonomy, body size, and 

color (Oliver and Beattie 1993). RTUs are a good approximation of traditional 
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taxonomic species richness estimates (Oliver and Beattie 1993). Only animals that 

directly contacted the target plant species of the microsite were recorded. Animals that 

contacted flowers were recorded separately from animals that contacted vegetation, as 

these visit events have different purposes and functions. Animals that contacted flowers 

are referred to as floral visitors and have the potential for pollen transport. Animals that 

contacted vegetation are referred to as vegetative visitors. Herein, these two categories 

are referred to as visitor groups. Although floral and vegetative visits have different 

purposes and functions, RTU groups could overlap. Animal visitation was estimated by 

visitation rate and total time. Visitation frequency is defined as visitation frequency per 

observation hour (/obs hr). Total time is defined as total visitation time (sec) per 

observation hour (/obs hr), which accounts for both visitation rate and visit duration 

(sec). Animal diversity was estimated by richness and Shannon’s diversity index as they 

are commonly considered excellent metrics of diversity (Hubalek 2000). Richness is 

defined as the total number of RTUs. Diversity is estimated by Shannon’s diversity 

index (H’) that includes total number of unique species and their relative evenness 

(Hubalek 2000) (calculated in PRIMER 6, Clark and Gorley 2006).  

Mechanisms  

The visitation rate of pollinators has a strong positive correlation to number of flowers 

and floral density (ex: Waddington 1980; Hegland and Totland 2005; Làzaro and 

Totland 2010) because pollinators’ resource acquisition (calories per unit time) is 

correlated to the number of flowers in an area (Waddington 1980). Therefore, I used 
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flower number and floral density as mechanisms to help explain variations in floral 

visitor visitation and diversity. I calculated floral density by dividing total flower 

number by microsite area (cm
2
) defined by the outer boundary of the target plant 

species. Total flower number was recorded on each microsite on the day of observation 

and microsite area was measured as an ellipse with the formula, 

microsite area = (a/2)*(b/2)*π (cm
2
)  

where a is the longest diameter of the plant and b the diameter perpendicular to a.  

As a more stable temperature and moisture regime is generally favourable habitat for 

most insects (Molina-Montenegro 2006), I measured temperature (˚C) and relative 

humidity (%) every half hour for the duration of the study using HOBO data loggers in a 

sub-sample of 12 plants at each microsite. Sensors were placed close to the centre of the 

target plant and 2mm under the cushion or soil substrate for cushion and non-cushion 

microsites respectively. Temperature (˚C) and relative humidity (%) data were 

summarized into hourly means. 

Plant-plant facilitation 

To confirm that cushions have a positive effect on other plant species and to compare the 

relative effect of cushions between plants, vegetative visitors, and floral visitors, I 

surveyed the species richness of plants at each microsite. When measuring microsite 

area, I identified all plant species within the outer boundary measured. The target plant 

species of each microsite was not counted in the plant richness measure because I were 

interested in the relative effect of the microsites. S. acaulis was not included in the plant 
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species richness measure at a cushion microsite because it is the target plant species for 

that microsite. Therefore, richness could in theory be zero if no additional plant species 

were present within a microsite. To account for microsite area, species richness of 

additional plants was divided by microsite area resulting in plant species density (/cm
2
).  

Statistical analyses 

To test whether the composition of vegetative and floral visitor assemblages differed 

between microsites, I used a non-metric multidimensional scaling (NMDS) ordination in 

PC-ord 5.0 (McCune and Mefford 2011). Visitation rate data were used for this analysis 

and results from the analysis were used to calculate the centroids and standard errors. 

Statistically significant differences were detected if the standard error bars did not 

overlap either of the two main axes of the ordination (Cavieres and Badano 2009). After 

assessing if animal assemblages differed between microsites, I then assessed how animal 

assemblages differ between microsites by calculating the proportion of total visits by 

each RTU to cushion and non-cushion microsites enabling a comparison of visitation 

and richness between visitor group and microsite. To assess if there is a microsite, 

animal group, or microsite by animal group interaction effect on visitation and diversity, 

I used a generalized linear mixed model (GLMM) with flower number, microsite area, 

and floral density as covariates. Then, to assess the differences between specific factor 

levels, Tukey (HSD) post hoc tests were done. For both analyses, significance effects 

were considered at the alpha level of p<0.05 and were done in JMP 8 (SAS 2009). To 

further explore the relative impact of cushions on visitor group richness, rarefaction 
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species accumulation curves were generated from the Moa Tau estimator calculated in 

EstimateS version 8.2 (Colwell 2006). As there is often seasonal variation in pollinator 

assemblages and activity (Hegland and Totland 2005; Petanidou et al. 2008), I 

quantified the relative effect of cushions per ordinal Julian day using the relative 

interaction index (Rii, Armas et al. 2004). This index measures neighbour effects and is 

calculated by 

Rii = (T-C)/(T+C) 

wherein C corresponds to the non-cushion control and T corresponds to the cushion 

treatment. This index ranges from -1 to 1 with positive values indicating cushions have a 

positive relative effect. I assessed if the effect of cushions on floral visitors was affected 

by the season with a GLMM testing the effect of microsite, Julian day, and the microsite 

by Julian day interaction on the Rii of visitation and diversity measures. The flowering 

season was divided into three periods of five observation days each in order to compare 

cushions relative effect between beginning, middle, and end of the season. Exponential 

lines of best fit were applied to the data in order to observe seasonal trends. I assessed 

the relationship between floral abundance and the measures of visitor group visitation 

and diversity with correlation analyses using JMP 8 (SAS 2009). Since temperature and 

moisture have been previously identified as important factors for arthropod activity and 

health (Coulson et al. 2003), I assessed if cushions stabilize temperature and relative 

humidity by testing the effect of microsite, time of day, and microsite by time of day 

interaction on temperature and relative humidity using a GLMM with Tukey (HSD) post 

hoc tests to compare specific factor levels. For both analyses, significance effects were 
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considered at the alpha level of p<0.05 and were done in JMP 8 (SAS 2009). The 

relative effect of cushions on visitor group density and richness was tested with a meta-

analysis in Metawin 2.1 (Rosenberg et al. 2000). This analysis was modeled as a random 

effect with 9999 re-sampling iterations and bootstrapped 95% confidence intervals 

reported. Heterogeneity within and between trophic groups was inspected to determine if 

the groups adequately described the data (Higgins and Thompson 2002). Confidence 

intervals non-overlapping with each other or zero indicated significant effects at the 

alpha level of p<0.05.  

 

Results 

Plant-animal facilitation 

A total of 3500 vegetative visitors and 4728 floral visitors were observed and classified 

into 22 RTUs (Table 2.A1). Cushions were associated with 17 plant species, 21 

invertebrate RTUs, and 1 vertebrate species. Vegetative and floral visitor assemblages 

significantly differed between microsites and from each other (NMDS, axis-1 28.0%, 

axis-2 27.4% and MRPP p<0.0001) with none of the standard error bars overlapping 

(Fig. 2.1). Seventeen of the twenty-two RTUs were found in both visitor groups, with 

four being unique to floral visitors and one being unique to vegetative visitors (Fig. 

2.A1). Between microsites, cushions received a higher percent visitation rate by all 

overlapping floral visitor RTUs except wasps and were visited by six unique floral 

visitor RTUs (Fig. 2.A1A). Most notably, hummingbirds, thrips, and two beetles were 
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only seen visiting cushion flowers (Fig. 2.A1A). Hummingbirds were the only 

vertebrates observed contacting target plants, although chipmunks and a songbird were 

seen in the video footage. Osmia bees observed were in the subgenus Melanosmia and 

visited cushion microsites more frequently (Fig. 2.A1A). Four vegetative visitor RTUs 

were only observed contacting cushion vegetation, whereas, two vegetative visitor RTUs 

were only observed contacting non-cushion vegetation (Fig. 2.A1B). All overlapping 

vegetative visitor RTUs had a higher percent visitation rate to cushions (Fig. 2.A1B).  

 

Visitation rate of both floral and vegetative visitor groups was significantly higher at 

cushion relative to non-cushion microsites, more species of both visitor groups were 

associated with cushion microsites, and more diverse assemblages of both visitor groups 

were present at cushion microsites (Table 2.1 and Fig. 2.2, with Tukey within-visitor 

group, between microsite post hoc contrasts, all p < 0.05). The total time spent by floral 

visitors did not however significantly differ between the microsites (Fig. 2.2B with 

Tukey post hoc floral visitor microsite contrast p = 0.7872, df = 1) whilst vegetative 

visitors did spend significantly more time on cushions (Fig. 2.2B with Tukey post hoc 

contrast p = 0.0106, df = 1). In general, the two visitor groups also differed from each 

other (Table 2.1 and Fig. 2.2). Visitation rate, total time, richness, and diversity of floral 

visitors were significantly greater than those of vegetative visitors on cushion microsites 

(Fig. 2.2 with Tukey within-microsite, between visitor group post hoc contrasts, all p at 

< 0.05) whilst at the non-cushion microsites, these visitor group differences persisted 

except for richness which is not surprising given the low number of species detected at 
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non-cushion microsites (Fig. 2.2C with Tukey post hoc non-cushion visitor group 

contrast p = 0.8044, df = 1). Rarefaction curves for the cushion and non-cushion 

microsites reached asymptotes for both vegetative and floral visitor groups (Fig. 2.A2), 

indicating sufficient sampling was conducted to accurately capture the composition of 

visitor assemblages on each microsite. Comparisons of visitor group RTU richness 

between microsites indicated that cushion microsites contain more floral visitor RTUs 

but not vegetative visitor RTUs compared to non-cushion microsites (Fig. 2.A2). 

Seasonality significantly affected all measures of visitation and richness (Table 2.2). 

Positive effect of cushions relative to non-cushions (positive Rii) is significantly higher 

at the beginning and end of the season compared to the middle of the season for all 

measures except diversity (Table 2.4 and Fig. 2.3A). There was no significant difference 

in the relative effect of cushions on vegetative visitors throughout the season (Table 2.4 

and Fig. 2.3B). 

Mechanisms 

Visitation and diversity was significantly influenced by flower number (Table 2.1) with 

S. acaulis having higher flower number compared to target plants of non-cushion 

microsites (Tukey post hoc between microsite contrast p < 0.0001, df = 1). Flower 

number was significantly positively correlated to visitation rate (r = 0.40, p < 0.0001), 

total time (r = 0.29, p < 0.0001), richness (r = 0.41, p < 0.0001), and diversity (r = 0.32, 

< 0.0001) regardless of microsite. Microsite and the microsite by time of day interaction 

had a significant effect on temperature and relative humidity (Table 2.3). Temperatures 
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were significantly lower on cushion microsites from 9:00 to 19:00 with no significant 

difference between microsites at night (Table 2.B1). Relative humidity was significantly 

higher on cushion microsites from 11:00 to 20:00 and non-cushion microsites from 

22:00 to 9:00 (Table 2.B1). Cushions regulated mean relative humidity by 10% and 

mean temperature highs by 5˚C at the hottest part of the day (Fig. 2.4B). 

Community structure 

The relative effect of cushions differed among and within visitor groups. The effect of 

cushions on plant species richness was positive but on plant density was neutral (Fig. 

2.5). The effect of cushions on both animal richness and density was positive, with a 

stronger effect on the measure of density and floral visitors (Fig. 2.5). When richness 

and density measures are pooled, cushions had the strongest relative effect on floral 

visitors (Fig. 2.5). To visuallize community structure and interactions infered from this 

study, a conceptual illustration was designed showing direct (solid lines) and indirect 

(dashed lines) positive effects of cushions on arthropods, pollinators, and vertebrates 

(Fig. 2.6). Proposed descriptions of interaction are labeled in italics next to each 

interaction arrow (Fig. 2.6).  

 

Discussion 

The general hypothesis that cushion plants are foundation species in alpine ecosystems 

that facilitate multiple trophic levels was supported by all three predictions tested with S. 

acaulis. The visitor group assemblages differed between cushion and non-cushion 
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microsites with cushion microsites having higher abundance and diversity of vegetative 

and floral visitors. Cushions are used more extensively by a higher diversity of 

vegetative visitors due to buffered abiotic conditions, and of floral visitors due to 

enhanced floral resources. Trophic facilitation of floral visitors is dynamic over the 

season, with cushions having a stronger positive effect at the beginning and end of the 

season. This study demonstrates that cushion plants have the capacity to serve as 

foundation species to alpine ecosystems by having direct positive effects on multiple 

trophic levels. The loss of cushion species would have major repercussions at a 

community scale, and it is reasonable to suggest that these species are a crucial starting 

point in understanding climate change impacts in alpine ecosystems.  

 

Cushions support a unique assemblage of species in multiple trophic levels indicating 

that true community-level diversity patterns can be understood through the study of 

cushion plants in these systems. Ecologically relevant differences in floral visitor 

visitation between microsites are from Osmia bees and hummingbirds because they are 

important pollinators in milder systems (i.e. orchards, Torchio 1991 and tropics, 

Feinsinger 1978) and are not documented as common pollinators in high alpine systems 

(Billings and Mooney 1968). Neither Osmia bees nor hummingbirds have been 

previously described to interact with S. acaulis. It is reasonable to suggest that Osmia 

bees pollinate S. acaulis because they are found in similar habitats (Müller 2002; 

Rightmyer et al. 2010; Wilson et al. 2010), their size and shape are complementary to 

the small flowers of S. acaulis, and they were seen contacting the flowers reproductive 
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organs while vigorously searching for nectar (attached video clip). S. acaulis may be 

important in provisioning important nectar resource for hummingbirds that have large 

energy needs especially at cooler temperatures, and at higher elevations (Welch and 

Suarez 2008) because these vertebrates were only seen visiting S. acaulis flowers. 

Further, S. acaulis flowers are pink and have a tube shaped corolla fitting the 

hummingbird pollination syndrome (Fenster et al. 2004; Wilson et al. 2004). 

Hummingbirds were the only vertebrate floral visitor observed, but chipmunks and 

songbirds may also benefit from food sources provided by S. acaulis in small fruits 

containing multiple seeds. Cushions also indirectly benefit predatory spiders by 

attracting a higher abundance of prey with reduced abiotic stress and enhanced floral 

resources (non-cushion examples, Morse 1986; Hurd and Fagan 1992; Gunnarsson 

1996; Henschell and Lubin 1997; De Souza and Martins 2004). Cushions are associated 

with a significantly different and diverse range of species in multiple trophic levels 

including 17 plant species, 21 invertebrate RTUs, and 1 vertebrate species thereby 

having community wide implications on its structure and function. Within this 

ecological network, S. acaulis and perhaps most alpine cushion plants, may be module 

hubs (Dupont and Olesen 2009; Tylianakis et al. 2010) i.e. critical species that are highly 

linked to many other species in multiple trophic levels (Fig. 2.6). Ecological networks 

are exceedingly complex in overall structure and behaviour, yet have relatively simple 

building blocks and interactions (Olesen et al. 2010). These simple building blocks and 

interactions are proposed here with cushions positively affecting vegetative visitors by 

providing habitat, floral visitors by providing floral resources, and vertebrates by 
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providing food (Fig. 2.6). In return, cushions benefit from vegetative visitors through 

supply of nutrients, floral visitors through pollination, and vertebrates through seed 

dispersal (Fig. 2.6). These interactions and the mechanisms driving them are a 

significant area of future research because the loss of a module hub in an ecological 

network reduces community stability and increases the chance of secondary extinctions 

(Tylianakis et al. 2010).  

 

High temporal variation in community interactions is expected in alpine ecosystems 

because environmental conditions change from one extreme to another (snow to long-

hot days) over 6-10 weeks (Holway and Ward 1965) and the outcome of interactions is 

dependent on environmental severity (Butterfield 2009). In milder ecosystems, the 

strength and direction of observed interactions vary annually (Callaway 1997) and 

seasonally (Hansen et al. 2007) due to changes in environmental conditions and/or 

ecological variables such as flower phenology. For example, during a wet-cool year 

bunchgrass species competed with a rare mustard, but during the next year, which was 

hot and dry, the bunchgrass species facilitated the rare mustard (Greenlee and Callaway 

1996). Within one season, indirect facilitation for pollination resources was dynamic 

throughout the season having the strongest effect during the five-week peak bloom 

period (Hansen et al. 2007). Here, I show that plant-pollinator interactions can change 

significantly even within a very short 7-week season. S. acaulis may buffer the impacts 

of phenology mismatch because its early bloom time (Molau et al. 2005) would provide 

one of the first sources of nectar and pollen, it can bloom up to a week earlier under 
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artificial warming (Alatalo and Totland 1997), and it strongly facilitates floral visitors at 

the beginning of the season when they would have the greatest need for floral resources 

(Fig. 2.3). The buffering capacity of plant species is ecologically relevant because plant-

pollinator phenology mismatch could have detrimental implications to both plants and 

pollinators (Hegland et al. 2009). Here, I highlight the importance of collecting data over 

the entire field season, especially in alpine ecosystems, in order to avoid inaccurate 

findings and to understand the true effects of changing abiotic conditions.  

 

The strength and direction of trophic interactions will be highly variable in the alpine 

due to unpredictable environmental conditions (Billings and Mooney 1968); however, 

due to underlying mechanisms of cushions being nurse plants, trophic facilitation by 

cushions could be widespread. The outcome of ecological interactions is highly variable 

because it depends on environmental conditions (Butterfield 2009), species diversity 

within the system (Schmitz et al. 2000), and species traits (Abrams 1995). These 

dynamic factors make a priori predictions of the magnitude or even direction of positive 

direct and indirect interactions difficult (Abrams 1995; Schmitz et al. 2000). 

Understanding mechanisms driving trophic facilitation however will help in our 

predictive power and the ability to identify foundation plant species (Stachowicz 2001). 

The trend of cushions facilitating vegetative visitors is likely widespread because many 

cushion species reduce abiotic stress (i.e. Nunez et al. 1999; Antonsson et al. 2009; 

Arredondo-Núñez 2009) which benefits the activity and health of arthropods 

(Hodkinson et al. 1998; Rae et al. 2006). Less is known about cushion-pollinator 
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interactions, but the positive effect of cushions on floral visitors is likely to be more 

variable because the mechanism on which it depends, floral resources, will differ 

between species. However, the ability for cushion plants to buffer plant-pollinator 

mismatch may be widespread because other cushions, such as Saxifraga oppositifolia, 

are also early bloomers (Molau et al. 2005). As a module hub species, the positive 

trophic effect of S. acaulis is likely widespread because in ecological networks, module 

hub species are often identical between sites because of shared mechanisms driving their 

position in the community (Dupont and Olesen 2009). Through shared mechanisms 

driving trophic facilitation, the positive effect of S. acaulis on vegetative and floral 

visitors is widely applicable to other locations, other cushion plant species, and possibly 

other nurse plants in milder ecosystems. 

 

Although plant-animal mutualisms have been well documented, especially focusing on 

one plant species (for a review see Vazquez et al. 2009), the effects of the plant 

community on higher trophic levels are rarely studied at a community level (but see 

Hacker and Bertness 1996). Our study provides an example of a nurse-plant species 

positively affecting multiple trophic levels at a community level by providing improved 

physical habitat and floral resources. The strong positive effect of cushions on floral 

visitors could have indirect effects on the plant community through the role of a ‘magnet 

species’ (Thomson 1978) attracting floral visitors thereby increasing pollination of 

neighbouring plant species on a community level (non-cushion examples, Laverty 1992; 

Johnson et al. 2003; Moeller 2004; Artz and Waddington 2006; Ghazoul 2006; Molina-
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Montenegro et al. 2008; Lazaro et al. 2009). Conversely, cushions may compete for 

pollination resources by attracting floral visitors away from other plant species (non-

cushion examples, Stanton 1994; Knight et al. 2005; Morales and Traveset 2009). No 

evidence for pollination competition or facilitation was found with the cushion 

Eritrichium nanum (Wirth et al. 2011), which is not surprising because it was found to 

be less attractive than other co-flowering plant species (Zoller et al. 2002). With 

pollinators being naturally scarce in the alpine (Bingham and Orthner 1998) and S. 

acaulis attracting a higher abundance and diversity of pollinators, it is likely that S. 

acaulis affects community level pollination and may both compete for and facilitate 

pollination in this highly variable system depending on seasonal variation and associated 

plant species assemblage. S. acaulis affecting species diversity and ecosystem processes 

such as pollination on a community-level could scale-up to a landscape-level through a 

trophic cascade (Altieri et al. 2010) where small-scale positive interactions of an 

ecosystem engineer scales-up to larger landscape-level observations (Altieri et al. 2010). 

The positive effect of S. acaulis on plant, arthropod, and pollinator species diversity 

provides evidence for the interdependence model of ecosystem structure (Clements 

1916) where ecological communities are interdependent entities and not simply a 

random composition of organisms with similar environmental adaptations (Callaway 

1997). To conclude, recently much attention has been given to the ability of cushions to 

be ecosystem engineers by moderating abiotic conditions and nurse plants by facilitating 

other plants species; however, few studies have focused on the potential for cushions to 
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be trophic facilitators affecting species diversity on a community level, which is an 

exciting and significant area for future research. 
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Tables 

Table 2.1. A GLMM testing the effect of microsite, visitor group, and their interaction on visitation and diversity of visitors. 

Flower number, microsite area (cm
2
), and floral density (/cm

2
) were modeled as covariates. Visitation rate is the number a 

visits per observation hour, total time is the cumulative time spent in seconds by visitors per observation hour, richness is the 

number of RTUs, and diversity is Shannon’s diversity index (H’). Statistical significance at p < 0.05 is indicated with bold 

font.  

  Visitation rate  Total time  Richness  Diversity 

Factor df 
2 p-value  

2 p-value  
2 p-value  

2 p-value 

Microsite 1 60.90 <0.0001  188.12 <0.0001  11.61 0.0007  6.27 0.0123 

Visitor group 1 95.88 <0.0001  7447.68 <0.0001  18.15 <0.0001  19.82 <0.0001 

Microsite*visitor 

group 

1 0.10 0.7462  669.38 <0.0001  12.10 0.0005  5.72 0.0168 

Flower number 1 81.48 <0.0001  9250.84 <0.0001  11.43 0.0007  6.06 0.0138 

Microsite area 1 18.63 <0.0001  39.79 <0.0001  0.12 0.7332  0.09 0.7656 

Floral density 1 24.30 <0.0001  1340.40 <0.0001  0.61 0.4359  0.01 0.9040 
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Table 2.2. A GLMM testing the effect of microsite, visitor group, Julian day, the microsite by Julian day interaction, and the 

visitor group by Julian day on visitation and diversity measures of visitors. Visitation rate is the number of visits per 

observation hour, total time is the cumulative time spent in seconds by visitors per observation hour, richness is the number of 

RTUs, and diversity is Shannon’s diversity index (H’). Statistical significance at p < 0.05 is indicated with bold font. 

  Visitation rate  Total time  Richness  Diversity 

Factors df 
2 p-value  

2 p-value  
2 p-value  

2 p-value 

Microsite  1 250.74 <0.0001  1358.21 <0.0001  51.13 <0.0001  28.34 <0.0001 

Visitor group 1 133.98 <0.0001  7144.15 <0.0001  13.68 0.0002  24.75 <0.0001 

Julian day 1 30.09 <0.0001  756.69 <0.0001  6.55 0.0105  4.96 0.0260 

Microsite*Julian day 1 9.86 0.0017  57.37 <0.0001  4.27 0.0388  2.83 0.0924 

Visitor group*Julian 

day 

1 12.48 0.0004  1533.17 <0.0001  4.47 0.0344  0.02 0.8817 



Reid 

 

61 

Table 2.3. A GLMM testing the effect of microsite, time of day, and the microsite by time of day interaction on temperature 

(˚C) and relative humidity (%) recorded every 30 minutes for the duration of the study. Statistical significance at p < 0.05 is 

indicated with bold font. 

  Temperature (˚C)  Relative humidity (%) 

Factors df 
2 p-value  

2 p-value 

Microsite 1 289.87 <0.0001  37.25 <0.0001 

Time of day 1 7177.51 <0.0001  2.06 0.1509 

Microsite*time of day 1 29.86 <0.0001  1190.78 <0.0001 

  



Reid 

 

62 

Table 2.4. Between season beginning, middle, and end Tukey post hoc contrasts for visitation and diversity of floral and 

vegetative visitors. Visitation rate is the number a visits per observation hour, total time is the cumulative time spent in 

seconds by visitors per observation hour, richness is the number of RTUs, and diversity is Shannon’s diversity index (H’). 

Statistical significance at p < 0.05 is indicated with bold font. 

  Visitation rate Total time Richness Diversity 

Visitor  Comparison df p-value df p-value df p-value df p-value 

Floral         

 Beginning-middle 33 0.0138 33 0.0005 33 0.0384 33 0.0959 

 Middle-end 34 0.0002 34 <0.0001 34 0.0006 34 0.3640 

 Beginning-end 33 0.3931 33 0.8801 33 0.3496 33 0.7231 

Vegetative          

 Beginning-middle 33 0.8567 33 0.8620 33 0.8366 33 0.8232 

 Middle-end 34 0.1754 34 0.4103 34 0.5560 34 0.5522 

 Beginning-end 33 0.0624 33 0.1846 33 0.2576 33 0.2444 
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Figures 

 

Figure 2.1. NMDS ordination for visitation rate of floral visitors (grey) and vegetative 

visitors (black) on cushion () and non-cushion () microsites. Error bars plotted are 

±1SE for both axes and do not overlap. Axis 1 describes 28.0% of the variation and axis 

2 describes 27.4% of the variation and the groups are different (MRPP p < 0.0001). 
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Figure 2.2. Visitation rate (A), total time (B), richness (C), and  diversity (D) of 

vegetative visitors () and vegetative visitors () on cushion and non-cushion 

microsites. The mean ±1 SE is plotted. Significantly different values identified by Tukey 

(HDS) post hoc tests are indicated by different letters (p<0.05). 
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Figure 2.3. Relative interaction index (Rii) quantifying the relative effect of cushions on 

floral visitors (A) and vegetative visitors (B) per ordinal Julian day of observation 

classified into the beginning, middle, and end of the season. Exponential line of best fit 

shows the seasonal trend of visitation rate (— —), richness (- - -), diversity (····), and 
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total time (—). Positive Rii values indicate cushions have a positive effect.
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Figure 2.4. Relative humidity (black) and temperature (grey) at cushion microsites 

(solid lines) and non-cushion microsites (dashed lines).  
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Figure 2.5. The relative effect of cushions on plant, vegetative visitor, and floral visitor 

assemblages measured by the bootstrap 95% confidence interval. Positive values 

indicate cushions have a positive effect. Measures of density denoted as (····), richness 

as (---), and pooled estimates as (—). 
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Figure 2.6. Summary of direct (solid lines) and indirect (dashed lines) positive 

interactions mediated by cushions. This conceptual diagram provides a starting point for 

examining trophic interactions mediated by cushions between arthropods, pollinators, 

and vertebrates with description of mechanisms in italics. Although, non-pollinating 

vertebrates are outside the scope of this study, chipmunks and birds were observed 

eating the fruit of S. acaulis. 
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Appendix 2.A: Floral and vegetative visitors 

Table 2.A1. Abbreviation, description, and taxonomic information for the twenty-two 

RTU groups identified in this study. An individual organism from any RTU could be 

considered a floral visitor if it visited a flower or considered a vegetative visitor if it 

visited vegetation. 

Abbrev. Description Order Family Genus Species 

Acari red mite Acari Trombidiidae Trombidium  

Apod hummingbird Apodiformes Trochilidae Selasphorus rufus 

Arach spider Arachnida    

Bombus bumblebee Hymenoptera Apidae Bombus  

Cole1 beetle Coleoptera Carabidae   

Cole2 ladybug Coleoptera Coccinellidae   

Cole3 thin beetle Coleoptera Carabidae   

Derma earwig Dermaptera Anisolabididae Euborellia  

Dip1 hoverfly Diptera Syrphidae Syrphus  

Dip2 large fly Diptera Tabanidae   

Dip3 medium fly Diptera Muscidae   

Dip4 small fly Diptera    

Dip5 thin fly Diptera Muscidae   

Formi ant Hymenoptera Formicidae   

Hemi true bug Hemiptera Pentatomidae   

Hyme1 bee Hymenoptera Megachilinae Osmia  

Hyme2 wasp Hymenoptera Vespidae   

Lep-larvae caterpillar Lepidoptera    

Lep1 butterfly Lepidoptera    

Lep2 moth Lepidoptera    

Ortho grasshopper Orthoptera Acrididae   

Thys thrip Thysanoptera Phlaeothripidae   

 



Reid 

 

71 

 

Figure 2.A1. Percent of total visits to cushion (black bars) and non-cushion (grey bars) 

microsites per RTU group for floral visitors (A) and vegetative visitors (B). A value of 
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100% indicates that an RTU group was only seen visiting one microsite. An RTU that 

visited both microsites are shown as overlapping occurrences.
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Figure 2.A2. Cumulative RTU accumulation for floral visitors (A) and vegetative 

visitors (B) between cushion () and non-cushion () microsites. Error bars plotted are 

±1SE. 
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Appendix 2.B: Temperature (˚C) and relative humidity (%) 

information 

Table 2.B1. Between microsite Tukey post hoc contrasts per hour of the day for 

temperature (˚C) and relative humidity (%). Statistical significance at p < 0.05 is 

indicated with bold font. 

 Temperature (˚C)  Relative humidity (%) 

Time of day df p-value  df
 

p-value 

1:00 1150 0.5115  1150 <0.0001 

2:00 1150 0.6253  1150 <0.0001 

3:00 1150 0.5175  1150 <0.0001 

4:00 1150 0.4297  1150 <0.0001 

5:00 1150 0.4726  1150 <0.0001 

6:00 1150 0.4355  1150 <0.0001 

7:00 1150 0.8382  1150 <0.0001 

8:00 1150 0.3838  1150 <0.0001 

9:00 1150 <0.0001  1150 <0.0001 

10:00 1150 <0.0001  1150 0.8070 

11:00 1150 <0.0001  1150 <0.0001 

12:00 1150 <0.0001  1150 <0.0001 

13:00 1150 <0.0001  1150 <0.0001 

14:00 1150 <0.0001  1150 <0.0001 

15:00 1150 <0.0001  1150 <0.0001 

16:00 1150 <0.0001  1150 <0.0001 

17:00 1150 <0.0001  1150 <0.0001 

18:00 1150 <0.0001  1150 <0.0001 

19:00 1150 0.0002  1150 <0.0001 

20:00 1150 0.2754  1150 <0.0001 

21:00 1150 0.8795  1150 0.8645 

22:00 1150 0.6590  1150 0.0006 

23:00 1150 0.6799  1150 <0.0001 

24:00 1150 0.5056  1150 <0.0001 
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Attached video clip. Video footage showing visits to a S. acaulis cushion by Osmia 

(Mason bee) and Acari (mite), which are the two most common floral visitor and 

vegetative visitor respectively. This video clip is in real time taken on a female S. 

acaulis plant. 
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Chapter 3. Pollinators vs. paintbrushes in the alpine: Pollen limitation 

and self-pollination in the cushion-forming plant Silene acaulis 

(Caryophylaceae). 

Anya M. Reid 

 

Submitted: Reid, A.M. and Lortie, C.J. 2011. Pollinators vs. paintbrushes in the alpine: 

Pollen limitation and self-pollination in the cushion-forming plant Silene acaulis 

(Caryophylaceae). American Journal of Botany. July 21, 2011. 

 

Abstract 

With extreme conditions and naturally scarce native pollinators in alpine ecosystems, it 

is assumed that pollination is limited and that self-pollination strategies have evolved to 

ensure reproduction. Evolutionary biologists assumed that alpine plants are pollen 

limited, but recent studies have experimentally shown that pollen limitation in the alpine 

is comparable to milder ecosystems and outcrossing is common. To understand long-

term patterns and the ecological role of pollen limitation in the alpine, I use the 

gynodioecious nurse cushion plant species Silene acaulis (Caryophyllaceae). An un-

manipulated natural site was selected to assess gender ratio and reproductive success, 

and a second site was used to conduct a manipulative outcrossing experiment including 

hand-pollination and pollinator exclusion treatments. Measures of percent fruit set, fruit 

weight, seeds per fruit, total seeds, seed weight, and seed germination trials were used to 
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quantify reproductive success. I found no evidence for pollen limitation and high rates of 

cross pollination that rely on animal pollinators. Alpine ecosystems may not be pollen 

limited as commonly assumed. Importantly, the evolution of gynodioecy in the alpine is 

likely related to factors not associated with pollinators. 

 

Keywords: alpine; cushion plant; cytoplasmic control; evolution; gynodioecy; pollen 

limitation; reproductive assurance hypothesis; self-pollination; Silene acaulis. 

 

Introduction 

An estimated 87.5% of angiosperms globally rely on animals for pollen transfer 

(Ollerton et al. 2011) and many of them are pollen limited (Ashman et al. 2004). Pollen 

limitation is defined as a shortage in pollen supply that then limits plant reproductive 

success (Burd 1994; Larson and Barrett 2000; Ashman et al. 2004). For animal 

pollinated plants, pollen limitation occurs as a result of either low pollinator visitation 

rates or low pollen load per visit (Galen 1985; Karoly 1992; Burd 1994; Murphy and 

Vasseur 1995). In alpine and arctic ecosystems, low temperatures, overcast conditions, 

strong winds, and unpredictable weather make these ecosystems difficult for insect 

pollinators (Körner 1999) resulting in low pollinator diversity, abundance, and activity 

relative to milder ecosystems (Mani 1962; Hocking 1968; Kevan 1972; Primack 1978; 

Moldenke and Lincoln 1979; Arroyo et al. 1982; Primack 1983; Billings 1987; Totland 

1993). Reduced pollinator diversity, abundance, and activity have lead to the assumption 
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that pollination is generally limited in alpine and arctic ecosystems (Larson and Barrett 

2000; Totland and Sottocornola 2001; Torres-Díaz et al. 2011). A recent meta-analysis 

found that pollen limitation occurs in alpine plants and that the rates are comparable to 

plants in milder ecosystems (García-Camacho and Totland 2009). Furthermore, it has 

been proposed that pollen limitation in all ecosystems is significantly overestimated due 

to publication bias, the response variables measured, and improper experimental design 

(Knight et al. 2006). Pollination rates may therefore be relatively high in the alpine when 

studied comprehensively.  

The reproductive assurance hypothesis states that self-pollination (selfing) is favoured 

over cross-pollination (outcrossing) in areas where pollinators are scarce (Lloyd 1992; 

Lloyd and Schoen 1992). High rates of selfing are expected in the alpine because pollen 

limitation is more likely in outcrossers (Larson and Barrett 2000; Muñoz and Arroyo 

2006; García-Camacho and Totland 2009) and selfing can decrease the chance of 

extinction if pollinator visitation decreases or disappears (Richards 1997; Morgan et al. 

2005). Direct causality has been drawn between the scarcities of alpine pollinators 

selecting for plants with high rates of selfing (Billings and Mooney 1968; Kevan 1972; 

Crawford 1989; Richards 1997; Zhang and Li 2008). In species with pollen limitation, it 

is expected that self-compatible plants would have an advantage over self-incompatible 

plants. A review of alpine plant species with gynodioecious breeding systems, which 

have both plants that are self-compatible (hermaphrodites) and plants that are self-

incompatible (females), found no difference in pollen limitation between the two sexual 

morphs (Shykoff et al. 2003). This unexpected result in a gynodioecious breeding 
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population provides an excellent study system to further the understanding of alpine 

plant reproduction and evolution. 

 

To study pollen limitation and the magnitude of reproduction through self-pollination, I 

use Silene acaulis because it is a cushion-forming plant species and has a gynodioecious 

breeding system. In alpine and arctic ecosystems globally, cushion-forming plant species 

(herein cushions sensu Arredondo-Núñez et al. 2009) are dominant due to their superior 

adaptations to harsh conditions (Körner 2003). Their domed shaped vegetation 

moderates temperature (Salisbury and Spomer 1964; Molina-Montenegro et al. 2000; 

Arroyo et al. 2003; Nyakatya and McGeoch 2008), stores moisture (Pysek and Liska 

1991; Nunez et al. 1999), increases soil nutrients (Nunez et al. 1999; Cavieres et al. 

2008), and protects from abrasive wind (Hager and Faggi 1990; Cavieres et al. 2006). 

Their ability to reduce abiotic stress makes them nurse plants that increase the diversity 

of plant species on a community level (Cavieres and Badano 2009). S. acaulis is a 

common long-lived evergreen cushion that is found throughout the northern hemisphere 

and is sexually polymorphic (Hitchcock and Maguire 1947). In gynodioecious 

populations, in order for females to persist they must have a reproductive advantage of 

being at least twice as fecund compared to hermaphrodites (Lewis 1941). Male-sterility 

in female morphs of S. acaulis is predominantly under cytoplasmic control (Delph and 

Carroll 2001) where the gene for male-sterility is passed on through the female gamete 

(Lewis 1941). This enables the current gender ratio of a population to indicate historic 

pollination rates because females can only become dominant if pollination rates are high 
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(Lewis 1941; Charnov 1982). The gynodioecious breeding system under cytoplasmic 

control makes S. acaulis an ideal system to examine the role of pollen limitation and 

self-pollination in the alpine. 

 

The overarching hypothesis of this study is that Silene acaulis is not pollen limited and 

outcrossing that relies on animal pollinators is common. I tested the following 

predictions. (1) Female plants comprise at least half of the population and outcrossing is 

common, indicating that historic pollination rates have been high. (2) Females produce 

at least twice the number of seeds compared to hermaphrodites, indicating that current 

pollination rates are high and that females are viable in this population. (3) Selfing and 

outcrossing in the absence of natural pollinators reduces reproductive success, indicating 

that this species relies on animal pollinators. These predictions explore the historic and 

current pollination rates of a dominant nurse plant species, which elucidates at least 

some of the drivers of plant evolution in alpine ecosystems. 

 

Materials and Methods 

Study site and species 

Research of a non-manipulative natural population was conducted in a rocky alpine 

meadow 627m
2
 in size (50˚03’31.68”N, 122˚57’22.53”W, 2168m elevation). A study 

site 240m to the east and 150m
2
 in size (50˚03’31.68”N 122˚57’22.53”W, 2137m 

elevation) was used for manipulative hand-pollination and pollinator exclusion 
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experiments. Herein, the first meadow will be called ‘natural site’ and the second 

‘manipulated site’. Pictures of the sites are provided in Appendix A of both the ‘natural 

site’ (Figure 1) and the ‘manipulated site’ (Figure 2). Both sites are located on Whistler 

Mountain, British Columbia, Canada and the experiments conducted during the snow-

free season of 2010. This area is classified as alpine tundra and is covered in snow for 10 

months of the year (Pojar et al. 1987). In addition to the cushion Silene acaulis (L.) Jacq. 

(Caryophyllacae), commonly known as Moss Campion, the plant species of Antennaria 

alpina, Arnica sp., Carex sp., Erigeron sp., Luzula sp., Phacelia sericea, Phlox diffusa, 

Phyllodoce spp., Poa alpina, Potentilla diversifolia, P. heptaphila, P. villosa, 

Ranunculus eschscholtzil, Saxifraga bronchialis, Solidago multiradiata, and lichens 

were present.  

 

Silene acaulis is a long-lived perennial that has tight aggregations of many short leaves 

that create a distinct domed shaped that is characteristic of cushion plants (Fig. 3.1A). 

Because of this shape, each plant is easy to measure and distinguish as an individual 

(Morris and Doak 1998). Each plant has a single strong taproot and there is no clonal 

reproduction (Morris and Doak 1998). Small pink flowers can cover the plant (Fig. 

3.1A). S. acaulis has been observed to be visited by bumblebees (Shykoff 1988; Shykoff 

1992; Marr 1997; Delph et al. 1999; Delph and Carroll 2001), moths, beetles, ants (Marr 

1997; Delph and Carroll 2001), and flies (Delph and Carroll 2001). At this site, in 

addition to all of the aforementioned pollinators, butterflies and Osmia bees were also 

observed (personal observations). Pollen limitation could be especially severe in S. 
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acaulis because it is a relatively early bloomer compared to 80 other alpine plants 

(Molau et al. 2005) and early blooming plants are more prone to pollen limitation 

because pollinators are scarce at the beginning of the season (Kameyama and Kudo 

2009). At this site, S. acaulis is gynodioecious, having individual plants with only 

hermaphrodite flowers and individual plants with only female flowers (personal 

observations). Genders were differentiated by female flowers having long stamens 

(usually three) without pollen and hermaphrodite having multiple (usually more than 

three) functioning stamens with visible yellow anthers (Fig. 3.1B). Three plants in the 

Manipulated site were infected with the pollinator-transmitted anther smut-fungus 

Microbotryum violaceum at the rate of 8%, 36%, and 37% of the flowers being infected. 

These plants were excluded from the experiment because the fungus causes anthers to 

become filled with spores rendering the flowers sterile in both genders (Baker 1947; 

Alexander and Antonovics 1988; Hermanutz and Innes 1994; Marr 1997).  

 

Natural population 

Within the 627m
2
 site, all S. acaulis plants were mapped and marked with a unique 

identification number. A map of the locations of each gender (female and 

hermaphrodite) is provided in Appendix B (Figure 2). Gender was recorded as plants 

bloomed. All reproductive success and covariate measures described below were 

recorded for all S. acaulis plants at this site.  
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Manipulative hand-pollination and pollinator exclusion treatments 

Before bud burst, S. acaulis plants were covered with cloth mesh, which was held above 

the plant surface with wooden sticks and sealed to the ground with stones, so that 

pollinators could not contact the flowers or enter the enclosure. As the plants bloomed 

their gender was identified and they were randomly assigned to a treatment. All plants 

were marked with a unique identification code that indicated treatment type and 

replicate number. Four treatments were designed for this experiment each with 20 

replicates.  

1. Closed H treatment: This treatment consisted of all hermaphrodite plants. 

Pollinators were excluded for the duration of the study in order to quantify 

selfing rates in the absence of pollinators.  

2. Hand-self H treatment: This treatment consisted of all hermaphrodite plants. 

Pollinators were excluded for the duration of the study. Hand-pollination with 

self-pollen was conducted using small paintbrushes to apply pollen to the stigmas 

of the same plant in order to quantify selfing rates with pollination.  

3. Hand-cross F treatment: This treatment consisted of all female plants that are 

self-incompatible. Pollinators were excluded for the duration of the study. Hand-

pollination with pollen collected from outside the study site was conducted by 

placing anthers directly onto stigmas in order to quantify if reproductive success 

could be increased with hand-pollination. 
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4. Open treatment: This treatment consisted of both female and hermaphrodite 

plants that were left uncovered to allow open access by natural pollinators in 

order to quantify the effectiveness of the current pollinator assemblage. 

For the hand-pollinated treatments all flowers on a plant were manipulated because 

resource re-allocation to flowers with a higher pollen load can create an overestimate of 

pollen limitation if only a sub-set of flowers is manipulated (Knight et al. 2006). Hand-

pollination occurred weekly between July 20
th

 and August 1
st
, 2010. 

 

Reproductive success measures 

For each of the 211 natural and 80 manipulated S. acaulis plants, five measures of 

reproductive success were recorded: percent fruit set, fruit weight, seeds per fruit, total 

seeds, and seed weight. Percent fruit set was calculated per plant by the formula, 

percent fruit set = (total number of fruits/ total flowers number) * 100 

where total number of fruits was a count of the successfully fertilized flowers that 

produced fruit and total flower number was considered to be the maximum number of 

flower counted during the experiment. All fruits were collected between August 11
th

 and 

25
th

 in small paper envelopes (6cm by 3cm) labelled with the plant’s unique 

identification number. Fruits were allowed to dry at room temperature to avoid 

decomposition. Mean fruit weight (g) was calculated by taking the average of five 

randomly selected fruits per plant. These five fruit were dissected to count number of 

seeds, which was used to calculate mean seeds per fruit. Total seed number per plant 
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was estimated by multiplying total fruits and mean seeds per fruit. Mean seed weight 

(mg) was calculated by taking the average of 10 randomly selected seeds per plant. All 

weighing was done to four significant digits. In the case where a plant produced fewer 

than five fruit or 10 seeds, the average was calculated based on the maximum number of 

fruits or seeds respectively. Weighed seeds were placed in a separate paper envelope 

with the unique identification code. All seeds were cold stratified at 4˚C for two months 

and then at 0˚C for two months in preparation for germination.  

 

Germination 

Germination trials were conducted on the 80 manipulated plants in a growth chamber set 

to standard optimum growing conditions of 20˚C and light for 12 hours then 10˚C and 

dark for the remaining 12 hours of the day (review, Baskin and Baskin 1998). Relative 

humidity was set to 90% to ensure the seeds remained moist. The 10 weighed seeds 

were placed in a petri dish lined with filter paper labelled with the unique identification 

code. Each petri dish only contained seeds from one plant. Seeds were checked weekly 

for 12 weeks, after which germination is rare for this species (Milbau et al. 2009). 

Germinated seeds were removed to speed up counting during the subsequent weeks and 

eliminates the chance of a counting error (Milbau et al. 2009). Germination was 

considered to have occurred when the radical breaks open the seed (Milbau et al. 2009). 

Percent germination was expressed as the fraction of total number of germinated seeds 

with respect to the total number of seeds per petri dish. 
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Covariate measures 

Covariates that may affect reproductive success were measured. Cushion area was 

defined by the external boundary of vegetation and calculated as an ellipse with the 

formula, 

cushion area = (a/2)*(b/2)*π (cm
2
) 

where a is the longest diameter of the plant and b the diameter perpendicular to a. 

Cushion depth was measured from the ground to the highest point of vegetation. Total 

flower number was considered to be the maximum number of flowers counted during 

the experiment. I calculated floral density by dividing total flower number by cushion 

area.  

 

Being a nurse plant species, cushions often have other plant species growing directly out 

of them that benefit from the reduced abiotic stress provided by the cushion (i.e. Arroyo 

et al. 2003; Bertness and Callaway 1994; Callaway and Walker 1997; Cavieres et al. 

2006). These plants are known as beneficiaries and may influence the reproductive 

success of the cushion plants by competing for resources (non-cushion example, 

Tielborger and Kadmon 2000). Therefore, all beneficiaries were identified to species and 

counted on each cushion plant. Beneficiary richness is the total number of additional 

plant species living on the cushions and beneficiary abundance is the total number of 

individual plants living on the cushions.  
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Statistical analysis 

For statistical analysis I separated open-pollinated females from open-pollinated 

hermaphrodites to compare the relative fecundity between genders. The 20 open-

pollinated plants from the manipulated site were combined with the 211 open-pollinated 

plants from the natural site. To test if there is a treatment or gender effect on the six 

measures of reproductive success, I used a generalized linear mixed model (GLMM) and 

cushion area (cm
2
), beneficiary abundance, and beneficiary richness as covariates. Then, 

to assess the differences between specific factor levels, Tukey (HSD) post hoc tests were 

done. For both analyses, significant effects were considered at the <0.05 and were done 

in JMP 8 (SAS 2009).  

 

To test for effects of the treatments on reproductive success, I used the log response ratio 

(LRR) calculated by the formula, 

LRR = ln (reproductive success measuret/ reproductive success measureo) 

where reproductive success measuret is one of the six measures of reproductive success 

for each treatment and reproductive success measureo is one of the six measures of 

reproductive success for open-pollinated plants in the Manipulated site. Calculations 

were done on raw data with each treatment having 20 replicates. LRR is a common 

metric used to compare the interaction strength for paired treatments (Goldberg et al. 

1999). Here I use the opposite sign of this index (following Choler et al. 2001 and 
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Freestone 2006), so that positive values occur when reproductive success from open-

pollinated plants is higher than the treatment plants indicating high rates of pollination. 

To test if the LRR between treatment comparisons significantly affects measures of 

reproductive success, I used a generalized linear model (GLM) done in JMP 8 (SAS 

2009) with significant effects considered at the alpha level of p<0.05. 

 

Results 

Treatment had a significant effect on all responses except seed weight while gender had 

a significant effect on percent fruit set, total seeds, and percent germination (Table 3.1). 

Open-pollinated females had significantly higher percent fruit set, fruit weight, and 

seeds per fruit compared to hand-pollinated females (Table 3.2 and Fig. 3.2). Open-

pollinated females had significantly higher percent fruit set and total seeds compared to 

open-pollinated hermaphrodites (Table 3.2 and Fig. 3.2). There were no significant 

differences in any of the reproductive measures between selfing rates in hermaphrodites 

that were hand-pollinated and closed to pollinators (Table 3.2 and Fig. 3.2). Open-

pollinated hermaphrodites with the possibility of outcrossing had significantly higher 

mean seed weight compared to hand self-pollinated hermaphrodites (Table 3.2), but no 

significant difference in percent fruit set (Fig. 3.2). Open-pollinated hermaphrodites had 

significantly higher fruit weight and seeds per fruit compared to closed hermaphrodites 

(Table 3.2). The gender ratio at the natural site was 54% females. Open-pollinated 

females (obligate outcrossers) were highly fecund with 2.98 times higher percent fruit 
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set and 2.86 times higher total seeds compared to open-pollinated hermaphrodites (Table 

3.3). The LRR (log response ratio) showed the open-pollinated treatment to have higher 

reproductive success compared to the other treatments except for the reproductive 

success measure of seed weight (Table 3.4). There was no significant difference of LRR 

between treatments but LRR was the greatest effect on percent fruit set and total seeds 

(Table 3.4).  

 

Discussion 

The alpine is a critical ecosystem to examine as it is assumed that pollen limitation is 

prevalent and these ecosystems are certainly experiencing a changing climate (Pauli et 

al. 1996, Guisan and Theurillat 2000, Sala et al. 2000, Walther et al. 2002). The general 

hypothesis that pollen is not limited and that outcrossing is the main method of 

reproduction were supported by all predictions tested with the dominant alpine plant 

Silene acaulis. Self-incompatible female plants are viable in this population and 

comprise more than half the population. This indicates that pollination is and has been 

sufficiently high at this site. The current pollinator community is effective at pollinating 

S. acaulis because open-pollination treatments had higher measures of reproductive 

success compared to the rigorous hand-pollination treatment. In the absence of 

pollinators, hermaphrodites can make fruits and seeds, but do not significantly contribute 

to the next generation due to low germination success.  Hence, the common assumptions 
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that pollen limitation and high rates of selfing are common in the alpine are not 

supported. 

 

Females are dominant and outcrossing commonly contributes to reproductive success 

indicating that historic pollination rates have been high. The dominance of females in 

this community and the predominantly cytoplasmic control of male-sterility suggest that 

pollen has not been limited in the lifetime of this community (Lewis 1941; Couvet et al. 

1986; Garraud et al. 2011). With growth rates of S. acaulis ranging between 0.06 and 

1.82 cm per year (McCarthy 1992), and the radius of S. acaulis plants ranging between 8 

and 59.2cm at this site, the lifetime of this community is between 4 and 986.6 years old. 

Historic pollination rates of S. acaulis in other locations may also be high because 

females are often found to comprise more than half the population (Shykoff 1988; 

Hermanutz and Innes 1994, but see Delph and Carroll 2001). In addition to females 

being dominant, based on the reproductive assurance hypothesis the high rates of 

outcrossing observed indicate that pollination rates were high, ensuring reproduction 

(Lloyd 1992; Lloyd and Schoen 1992). The role of pollinators to the reproduction of 

alpine plants is an uncertain and important question in alpine ecosystems (García-

Camacho and Totland 2009). This study provides evidence for pollinators having a 

critical role in ensuring plant reproduction in the alpine.  

 

High rates of pollination are required for female S. acaulis to maintain high fecundity 

because they are obligate outcrossers relying on animal pollinators (Larson and Barrett 
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2000; Muñoz and Arroyo 2006; García-Camacho and Totland 2009). Therefore, at sites 

where females are at least twice as fecund as hermaphrodites, pollination is effective and 

gynodioecious breeding systems will persist (Lewis 1941). I conclude that pollination 

rates in 2010 at this site were high because females produced 2.86 times more total seeds 

than hermaphrodites. High rates of outcrossing, and therefore pollination, in S. acaulis 

may be widespread. In a population of S. acaulis in Pennsylvania Mountain, Colorado, 

USA females produced 2.9 times as many seeds and 11.8 times as many fruits as 

hermaphrodites (Shykoff 1988). In Alaska, where S. acaulis plants were estimated to be 

up to 300 years old, females produced 4.4 times as many offspring in their lifetime 

compared to hermaphrodites (Morris and Doak 1998). Although fewer pollinator visits 

generally results in less pollination, here the high fecundity of obligate outcrossers 

suggests that pollination is currently effective for this species in the alpine. Hence, the 

abundance and diversity of pollinators is not the only factor affecting pollination rates 

and multiple mechanisms must be in place that compensate for the scarcity of pollinators 

and allow for high pollination rates in the alpine.  

 

Silene acaulis depends on the effective animal pollinators currently present for 

reproduction. When the natural pollinator community was excluded, both hermaphrodite 

and female reproduction was reduced. If plants are reliant on pollinators and pollination 

rates in the alpine are comparable to those in lower elevations, then mechanisms must 

exist that compensate for the less abundant alpine pollinators (Torrez-Díaz et al. 2011). 

One hypothesis is that although there are fewer pollinators, the high abundance of 
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bumblebees that are very efficient pollinators can increase pollination rates in the alpine 

(Arroyo et al. 1985; Galen and Stanton 1989; Bingham and Orthner 1998). Bumblebees 

are suggested to be the most important alpine pollinators as they travel long distances 

(Bingham and Orthner 1998) and show a high level of floral constancy improving 

pollination (Chittka et al. 1999; Gegear and Laverty 1998). Higher rates of outcrossing 

and seed set later in the season has been attributed to higher numbers of bumblebee 

workers later in the season (Kameyama and Kudo 2009). Bumblebee visitation rates and 

reproductive success of visited plants are not always correlated however (Totland 1993; 

Duan et al. 2007). Bumblebees tend to visit plants with large inflorescences (Goulson 

and Wright 1998; Ohashi and Yahara 1998; Hegland and Totland 2005) because this 

increases the probability for high resource acquisition (Hegland and Boeke 2006). Less 

well documented is the potential for crawling insects to pollinate alpine plants, which 

may be a significant source of pollination because they are abundant and less affected by 

harsh weather events. Crawling insects may be especially important for plants with 

flowers close to the substrate such as S. acaulis, of which 29.3% of the floral visitors 

were crawling. Although, classic pollinator abundance and richness may be low, 

alternative mechanisms for ensuring high pollination rates are likely. Here, I show that 

pollination rates have been high for S. acaulis allowing it to evolve a breeding system 

that relies on animal pollinators for cross-pollination in spite of adverse and highly 

variable environmental conditions. Whilst this may seem like a benefit, it may become 

an Achilles heel for many species in the alpine where there is a rapidly changing 

climate. 
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Tables 

Table 3.1. GLMMs testing the effect of treatment and gender on the six measures of reproductive success with cushion area, 

floral density, beneficiary abundance, and beneficiary richness as covariates. Percent fruit set is the proportion of flowers that 

successfully set fruit, fruit weight is the mean of five randomly selected fruits, seeds per fruit is the mean number of seeds 

within each of the five fruits weighed, total seeds is the total number of fruit multiplied by the mean number of seeds per fruit, 

seed weight is the mean weight of one seed calculated with 10 randomly selected seeds, percent germination is the percent of 

seeds that successfully germinated in optimal conditions in a growth chamber. Statistical significance at p < 0.05 is indicated 

with bold font. 

  Fruit set (%) Fruit weight (g) Seeds/ fruit Total seeds Seed weight 

(mg) 

Germination (%) 

Factor df X
2
 p-value X

2
 p-value X

2
 p-value X

2
 p-value X

2
 p-value X

2
 p-value 

Treatment 4 734.20 <0.0001 17.51 0.0015 48.50 <0.0001 12508.97 <0.0001 1.30 0.8612 148.56 <0.0001 

Gender 1 47.31 <0.0001 0.07 0.7942 0.36 0.5483 59.36 <0.0001 0.11 0.7378 78.62 <0.0001 

Cushion area 1 24.95 <0.0001 0.56 0.4535 5.57 0.0182 15216.32 <0.0001 0.22 0.6386 133.93 <0.0001 

Floral density 1 23.51 <0.0001 1.60 0.2064 0.96 0.3282 13577.21 <0.0001 0.22 0.6418 5.42 0.0199 

Ben. abundance 1 1.44 0.2293 3.39 0.0654 0.30 0.5829 901.37 <0.0001 3.79 0.0516 0.01 0.9371 

Ben. richness 1 12.11 0.0005 1.18 0.2773 6.38 0.0115 84.24 <0.0001 0.03 0.8691 6.27 0.0123 
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Table 3.2. Between treatment Tukey post hoc contrasts for each measure of reproductive success applied to raw data. 

Statistical significance at p < 0.05 is indicated with bold font.  

  Fruit 

set (%) 

Fruit 

weight (g) 

Seeds/ 

fruit 

Total 

seeds 

Seed weight 

(mg) 

Germination 

(%) 

Contrast df p-value p-value p-value p-value p-value p-value 

Open F: Hand-cross F 144 0.0000 0.0227 0.0044 0.0544 0.2108 0.9957 

Open F: Open H 229 0.0000 0.9593 0.8734 0.0005 0.4862 0.9727 

Hand-self H: Closed H 38 0.9610 0.6421 0.7025 0.2202 0.5144 0.8564 

Hand-self H: Open H 125 0.8392 0.5636 0.6353 0.2847 0.0457 0.7735 

Open H: Closed H 125 0.3119 0.0099 0.0208 0.9405 0.9486 0.2760 
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Table 3.3. Means and ± 1 standard error (SE) for reproductive and covariate measures. Closed H is hermaphrodites that were 

excluded from pollinators, Hand-cross F is hand-cross pollinated females, Hand-self H is hand-self pollinated hermaphrodites, 

Open F is open-pollinated females, and Open H is open-pollinated hermaphrodites. Statistical significance at p < 0.05 is 

indicated with bold font. 

 Closed H Hand-cross F Hand-self H Open F Open H 

Measure Mean SE Mean SE Mean SE Mean SE Mean SE 

Fruit set (%) 14.15 3.02 25.38 5.08 18.73 4.29 71.92 1.78 24.11 2.33 

Fruit weight (g) 2.84 0.46 3.01 0.39 3.61 0.48 4.10 0.11 4.26 0.21 

Seeds/ fruit 4.05 0.79 3.72 0.71 5.67 1.04 6.52 0.30 7.02 0.46 

Total seeds 71.41 20.66 141.35 37.45 511.94 334.06 556.88 68.73 194.71 31.48 

Seed weight (mg) 1.09 0.19 1.44 0.20 1.42 0.19 1.11 0.05 0.97 0.06 

Germination (%) 3.50 2.64 8.38 3.03 8.21 3.64 10.61 5.39 14.72 5.39 

           

Cushion area (cm
2
) 301.05 63.69 331.82 45.30 483.75 112.78 410.01 48.93 442.61 34.42 

Cushion depth (cm) 3.75 0.33 4.21 0.67 3.77 0.50 4.12 0.49 3.56 0.52 

Flower number 70.80 13.73 85.18 15.18 141.15 30.07 107.25 9.08 89.06 5.93 

Floral density (/cm
2
) 0.30 0.06 0.27 0.04 0.39 0.06 0.41 0.04 0.30 0.04 

Beneficiary richness 3.60 0.35 4.32 0.38 3.70 0.38 4.10 0.20 4.46 0.16 

Beneficiary abundance 20.65 2.81 28.41 4.61 28.90 5.23 9.73 1.20 13.03 1.22 
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Table 3.4. Mean and ± 1 standard error (SE) for LRR of each of the six measures of 

reproductive success: percent fruit set (%), fruit weight (g), seeds per fruit, total seeds, 

seed weight (mg), and percent germination (%). Means and standard error of the open 

treatment is compared to each of the closed, hand-self, and hand-cross treatments. 

Positive values indicate that the open treatment had high reproductive success. Chi-

squared and p-values shown test the effect of treatment on LRR for each reproductive 

success measure. 

Measure Treatment Mean SE 
2
 p-value 

Fruit set (%) Closed 0.51 0.22   

 Hand-self 0.28 0.22   

 Hand-cross 0.62 0.20 1.40 0.4969 

Fruit weight (g) Closed 0.21 0.12   

 Hand-self 0.15 0.07   

 Hand-cross 0.05 0.06 1.82 0.4022 

Seeds/fruit Closed 0.39 0.13   

 Hand-self 0.50 0.20   

 Hand-cross 0.15 0.12 2.68 0.2617 

Total seeds Closed 1.23 0.47   

 Hand-self 0.76 0.40   

 Hand-cross 0.65 0.32 1.22 0.5415 

Seed weight (mg) Closed -0.02 0.09   

 Hand-self -0.20 0.11   

 Hand-cross -0.12 0.09 1.92 0.3834 

Germination (%) Closed 0.02 0.03   

 Hand-self -0.04 0.06   

 Hand-cross 0.03 0.14 0.34 0.8435 
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Figures 

 

Figure 3.1. Silene acaulis has many small pink flowers and a dense dome shape that is 

characteristic of cushion plants. A S. acaulis plant at our study site at the Peak of 

Whistler Mountain is shown in panel A with the geological feature of Blacktusk in the 

background. S. acaulis is gynodioecious, having plants that are either female with three 

long sterile stamens (left side of panel B) or hermaphrodite with multiple functioning 

stamens carrying pollen (right side of panel B). 
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Figure 3.2. Assessing pollen limitation (left) and the magnitude of selfing (right) by 

comparing mean percent fruit set between treatments. Open F is open-pollinated 

females, Hand-cross F is hand-cross pollinated females, Open H is open-pollinated 

hermaphrodites, Hand-self H is hand-self pollinated hermaphrodites, and Closed H is 

hermaphrodites that were excluded from pollinators. Open F is compared to Hand-cross 

F to determine the effectiveness of open natural pollination. Open F is compared to 

Open H because if pollen is drastically limited, females would have lower percent fruit-

set compared to hermaphrodites. Closed H, Hand-self H, and Open H are compared to 

determine how the magnitude of selfing would be affected by a loss of pollinators. 
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Synthesis of Research 

Studies on cushions have been highly cited by the scientific community, indicating it is a 

useful and relevant area of research. Only a small fraction of the cushion species have 

been studied and those that have been studied have only been studied in a small part of 

their geographical range. Research on cushions has focused on direct plant-plant 

interactions, with little known about trophic and indirect interactions. I provide the first 

quantification of multi-trophic facilitation of cushions, which indicates they are 

foundation species that maintain and stabilize biodiversity in alpine systems. 

Furthermore, Silene acaulis and possibly other cushion species have the capacity to 

buffer impacts of climate-driven plant-pollinator phenology mismatch. Plant-pollinator 

mutualism is apparent because S. acaulis is reliant on animal pollinators for 

reproduction. Pollination rates are sufficient to maintain and allow outcrossing females 

to become dominant in a gynodioecious population of S. acaulis. Future research on 

trophic and indirect interactions with cushion-forming plant species in arctic and alpine 

ecosystems will provide further knowledge of how ecological networks function and 

indicate how these networks are affected by climate change.  

 

The increasing number of publications on this set of species by many authors in a 

diverse range of journals indicates that cushions are an increasingly important plant-

form for studying ecological interactions (Chapter 1). Of the 334 currently identified 
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cushion-forming plant species (Hauri and Schröter 1914; Arredondo-Núñez et al. 2009) 

only 49 species have been studied. Therefore, 93% of cushion species have not been 

studied. Furthermore, the majority (71.4%) of the cushion species that have been studied 

have only been studied once and only in a small geographical area of their full 

distribution. Although the literature on cushions is in its infancy, it is well-cited and 

highly visible to ecologists making it a logical area of focus for research on ecologically 

relevant questions. Research on cushions has the potential for exploring complex 

interactions with novel species in the ecosystem that are experiencing the largest abiotic 

changes. Hence, cushions could be global indicators on the effects of environmental 

conditions on plant communities and the interactions between plants and higher trophic 

levels.  

 

Cushions are foundation species to alpine ecosystems because they moderate abiotic 

conditions creating locally stable habitat for plants, arthropods, and pollinators at a 

community level (Chapter 2). As a foundation plant species, Silene acaulis, supports a 

unique arthropod and pollinator assemblages compared to the rest of the plant 

community. The moderated abiotic habitat and dense floral resources likely benefit 

higher trophic levels resulting in the more abundant and more diverse organisms on 

cushions. Cushions had the greatest positive effect on pollinators especially at the 

beginning and end of the season, indicating that S. acaulis has the capacity to buffer 

impacts of climate-driven plant-pollinator mismatch. Cushions may be highly linked to 

other organisms in the community (Fig. 2.6) and have a far reaching positive effect on 
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community structure and function. This suggests they are module hubs within the 

ecological network (Dupont and Olesen 2009; Tylianakis et al. 2010). The loss of a 

module hub in an ecological network reduces community stability and increases the 

chance of secondary extinctions (Tylianakis et al. 2010) making these species a 

reasonable starting point to understand and monitor the structure and function of alpine 

communities.  

 

Using multiple small video cameras to capture ecological interactions is a promising 

technique with many small affordable camera options (See Appendix C for a protocol 

for this technique). With no human disturbance during the observation period and 

increased accuracy when watching the footage, the resulting in high quality data. 

Additionally, the non-lethal nature of this technique ensures that the act of 

experimentation does not interfere with the results by disturbing and decreasing the 

pollinator population. For understanding community dynamics through time, this is a 

critical quality of this technique. Furthermore, this technique allows for unexpected 

discoveries because interactions that may not occur in the presence of humans can be 

observed and interactions are recorded, rather than just those deemed important by the 

observer. In this study I observed Osmia bees and hummingbirds visiting S. acaulis 

which has not been document previously. This technique also provides a long-term data 

storage medium that can be shared among colleagues and used to test many questions. 

Refining and applying the promising technique of using small, light, and powerful video 
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cameras as means for improving ecological research is made clear by the success of this 

study. 

 

Contrary to the common assumption that pollen is severely limited in the alpine, I found 

high rates of outcrossing that rely on natural pollinators suggesting high rates of 

pollination historically and currently (Chapter 3). The importance of pollen limitation in 

alpine plants has implications for the evolutionary history of a species and can 

dramatically shape the ecology of plant-pollinator interactions. Historic pollination rates 

have been sufficiently high enough to result in a plant community dominated by self-

incompatible females and drastically reduced reproduction in the absence of pollinators. 

Current pollination rates are sufficiently high to allow self-incompatible females to be 

close to three times as fecund as hermaphrodites. These findings, in conjunction with the 

findings of Chapter 2, suggest trophic mutualism where by alpine pollinators rely on S. 

acaulis for floral resources and S. acaulis relies on pollinators for reproductive success. 

This interdependence may buffer or enhance the effects of climate change in the alpine. 

 

This thesis highlights meaningful areas of future research using globally distributed 

cushion plants to study plant-pollinator interactions. Identifying the presence of indirect 

interactions between alpine plant species through pollination would aid in understanding 

the structure of alpine ecosystems. The strong positive effect of cushions on pollinators 

found in Chapter 2 suggests that there could be significant indirect effects of cushion 

plants on other associated plant species for pollination. This indirect interaction could 
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have been neutral, positive, or negative. Cushions could either facilitate pollination of 

other plant species as a ‘magnet species’ (Thomson 1978) attracting pollinators thereby 

increasing pollination on a community level (non-cushion examples, Laverty 1992; 

Johnson et al. 2003; Moeller 2004; Artz and Waddington 2006; Ghazoul 2006; Molina-

Montenegro et al. 2008; Lazaro et al. 2009). Conversely, cushions may compete for 

pollination resources by re-directing pollinators to visit them and not other associated 

plant species (non-cushion examples, Stanton 1994; Knight et al. 2005; Morales and 

Traveset 2009). The magnitude and direction of this indirect interaction will depend on 

the plant species present, their floral characteristics, and the make-up of the pollinator 

community. Furthermore, high variability of the outcome is expected due to the large 

fluctuations within and between seasons, making it reasonable that both competition and 

facilitation occur for pollination resources at different times. Further research on this 

indirect interaction is needed to determine if competition or facilitation is the dominant 

outcome. Experiments testing the effectiveness of different pollinator groups would 

greatly increase our understanding of all plant-pollinator systems (Johnson and Steiner 

2000; Sahli and Conner 2006). In the alpine, it is likely that multiple mechanisms are in 

place that increase pollination rates, compensating for the scarce pollinator community. 

One proposed mechanism is effective and unconventional pollinators (Chapter 2). 

Research comparing the effectiveness of crawling insects versus flying insects for 

pollination would provide a stepping stone for understanding plant-pollinator 

interactions in the alpine. Studying trophic and indirect interactions using cushions as 
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target species, especially with pollinators, is an exciting and important area of future 

research.  

 

In addition to the largely unknown area of trophic and indirect interactions, relatively 

simple non-trophic interactions with cushions remain unknown. To fully understand the 

interconnection of this foundation plant-form with the rest of the plant community, it 

will be important to test if beneficiary plant species negatively affect cushions. This has 

been tested in desert systems and it was found that beneficiary plant species do not 

compete with nurse shrubs (Lortie and Turkington 2008). In a sub-alpine system 

biomass was negatively impacted by neighbours but reproduction was positively 

impacted by neighbours (Kikvidze et al. 2001) suggesting important trade-offs for alpine 

plant fitness. These plant-plant interactions between cushions and associated beneficiary 

plants remain untested. These tradeoffs are difficult to detect, but as they allow for 

coexistence are important for community structure and diversity. These interactions also 

have implications for invasive/exotic species because cushions could facilitate the 

invasion of less adapted exotics into the alpine. Currently exotic plant species are rare in 

alpine and arctic ecosystems; however, climate change and increased human activity in 

these systems increases the risk of invasion (Sala et al. 2000). Invasion of exotic plants 

to the alpine is species specific (Cavieres et al. 2008). Identifying drivers and factors that 

influence the rate of invasion in the alpine is a useful area of future research. 

Furthermore, long-term monitoring programs would be beneficial for identifying trends 

in invasion and effects of climate change. 
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This thesis provides a summary of the current literature on cushion-forming plant 

species that identifies key areas of future research, provides the first quantification of the 

effect of a cushion species on higher trophic levels, and provides a holistic assessment of 

the role of pollination success in a common alpine plant. The systematic review (Chapter 

1) contributes a much needed synthesis of the rapidly growing body of literature on 

cushion-forming plant species in order to direct future research on this highly useful 

system. By identifying strong trophic effects of cushions, Chapter 2 influences how I 

understand the structure and function of ecological networks in the alpine while creating 

a new area of research on trophic and indirect interactions with cushions. Testing 

pollination success in Chapter 3 shows the reliance of cushion on pollinators in a trophic 

mutualism that has direct implications for alpine plant evolution and the ecologically 

relevant interactions between plants and pollinators. Overall, this thesis furthers 

scientific understanding of the ecological structure of a rapidly changing ecosystem.  
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Appendix A: Pictures of Sites 

 

Figure A1. Alpine meadow on Whistler Mountain, British Columbia where video 

footage was recorded for the assessment of trophic facilitation in Chapter 2 and was the 

natural site for assessing gender ratio and reproductive success of a natural community. 
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Figure A2. Alpine meadow on Whistler Mountain, British Columbia where the hand-

pollination and pollinator exclusion experiments were conducted for Chapter 3. 
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Appendix B: Maps of Site 

 

Figure B1. Map of the alpine meadow used for video observation (Chapter 2) on a 

Cartesian grid showing both cushion and non-cushion microsites. 
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Figure B2. Map of the alpine meadow for video observation (Chapter 2) and the natural 

site (Chapter 3) on a Cartesian grid showing both female and hermaphrodite genders of 

Silene acaulis. 

 



Reid 

 

132 

Appendix C: Pollinator observation protocol using small video cameras 

Anya M. Reid 

 

Reasoning and applications 

Increasing research on pollinators, especially rare species, there is a need for the 

advancement of non-lethal methodologies in this field. With potentially an increasing 

number of rare pollinator species in addition to increasing research on pollination there 

is a need to study pollinators in non-lethal ways without observer bias and disturbance. 

The use of small video cameras was used to study alpine pollinators in British Columbia 

during the summer of 2009. This protocol is generated from this study in the hopes of 

inspiring future pollination studies and answering some questions on the best way to do 

so.  

 

Video cameras 

With most fieldwork there are limitations to working with electronically 

instrumentation. With the use of small video cameras memory, battery life, resolution 

and durability are the four major areas of concern. I tested Kodax cameras, flip cameras 

and iPod nanos for these attributes and found that the iPod nano 5
th

 generation (Fig. C1) 

was the most suitable video camera. There are two versions of the iPod nano, 8GB 

($165) and 16GB ($185). I found that the 8GB version had sufficient memory space to 
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outlast the battery life. Battery life is about 3 hours of continuous video recording. This 

can be increased by to about 4 hours with the Griffin Battery Booster ($40) (Fig. C1). 

Resolution is relatively very high. For our particular application the cameras were placed 

within a range of 15-60cm from the flowers. The cameras should not be out in the rain 

but pollinator activity is low during precipitation events so this was not an issue. I found 

that the cameras held up to rough fieldwork well with no problems either physical or 

operational. One issue however is that they are pre-programmed to stop recording after 

one hour and 45 minutes so they had to be re-set twice during the day.  

 

Mounting system 

Small juice boxes fastened to plastic tent stakes were used to mount the cameras. 

Opening one end allowed for the camera to slide in place with a hole cut on one side for 

the camera and on the other for the screen (Fig. C2). This is a very cheap, light weight, 

portable and recyclable system. It is important to thoroughly rinse the juice boxes before 

use as to not artificially attract pollinators. Additionally, this mounting system can be 

camouflaged with brown paper if necessary. 

 

Video Data 

The video data storage, viewing software and methodology is equally important as 

capturing the footage. With multiple cameras large amounts of data can be collected in 

relatively short field seasons or windows of opportunity. Decide on the number of 
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replicates needed for the study and the duration of each replicate to calculate the amount 

of memory storage will be needed and how it will be backed up.  

 

Processing the data can be done using Quicktime 7.6.6, which has the capability to fast 

forward and rewind with the j-k-l buttons on the keyboard. Playing the footage at double 

or triple speed is critical when processing large amounts of data with few visitation 

events. The Pro version (Quicktime Pro 7.6.6) allows for additional editing features such 

as cropping selections of video footage, taking snap shot photos and splicing video clips 

together.  

 

When processing the video footage many forms of data can be collected. It is important 

to have a well though out procedure as re-visiting all the footage would be an ill use of 

time. Number of flowers in the field of view is recorded in addition to any other 

microsite information necessary. The footage is viewed at 2X or 3X real time. When an 

insect becomes visible the video is paused and watched in real time for identification. 

The moment the insect lands on the flower the time is recorded. This is subtracted from 

the recorded time the insect leaves the flower resulting in the total time spent on the 

flower. From this data the number of visits, average time of a visit and total visitation 

time can be easily calculated. 
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Figures 

 

Figure C1.  iPod nano (above) and battery booster (below), which together are the same 

length as a ballpoint pen.  



Reid 

 

136 

 

  

Figure C2. Mounting system for the iPod nanos and batter packs using juice boxes and 

stakes.  

 


