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 ABSTRACT 
 
 

 Pollination networks provide an ideal system in which to test hypotheses around 
interaction turnover across ecologically meaningful gradients, as there is already baseline 
understanding of plant and pollinator communities. Parallel declines in plants and 
pollinators imply that disruption of interactions between species in pollination networks 
may be leading to pollinator declines; therefore, beginning to understand how plant-
pollinator interactions turnover through space, time, and environment could be vital for 
future conservation and management efforts. I investigated i.) how do plant and pollinator 
species diversity (i.e., richness and evenness), phenology, and composition change across 
space, time, and environment, ii.) how do interactions between pollination networks turn 
over across these same gradients (i.e., space, time, and environment), and iii.) what is the 
relative contribution of species turnover (plant, pollinator, or both simultaneously) vs. 
host switching to interaction turnover among pollination networks? 
 Field work was conducted during summer 2012 on the Beartooth Plateau, an 
alpine ecosystem in Montana and Wyoming, with weekly observations of plant-pollinator 
interactions and the floral community across the growing season. Community diversity 
and composition were compared across space, time, elevation, slope, and aspect using 
linear regressions, t-tests, and principle coordinate analysis. Interaction turnover was 
calculated between all possible pair wise combinations of study site and week and 
compared across, space, time, elevation, slope, and aspect using a partial Mantel test and 
linear regressions.  
 We found that interaction turnover mostly occurred due to simultaneous species 
turnover of both plant and pollinator communities with host-switching having marginal 
contribution. Furthermore, interaction turnover occurred across temporal and 
environmental gradients, with no significant variation across spatial scales. 
 These results differ greatly from inter-annual patterns on the contribution of 
species turnover vs. host switching, however some results may be due to sampling or 
scale limitations. It is possible that host switching does not readily occur within-season, 
but more work is needed for confirmation. Spatial and environmental patterns remain 
possible, but did not emerge at the extents used herein. This study represents the first 
instance of the partitioning of interaction turnover into individual species components for 
a pollination network, and the first to do so intra-annually.  
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INTRODUCTION 
 
 

Species & Interaction Turnover: 
 How do Species Vary in Space and Time? 

 
 
 Understanding how the composition of communities change across space, time, 

and environment is a focal objective in community ecology (Anderson et al. 2011, Hoiss 

et al. 2012, Barton et al. 2013). A fundamental method for assessing compositional 

change in ecological communities across gradients is species turnover, also known as 

beta diversity, defined in this study as the directional dissimilarity in species identity and 

abundance among communities across a spatial, temporal, or environmental gradient 

(Anderson et al. 2011). This turnover of species across multiple gradients provides a 

framework for conservation and management; knowing the spatial or environmental scale 

at which species of interest turn over can be used to define the area or environment 

necessary for the conservation of those species (Legendre et al. 2005, Cumming et al. 

2010).  Work on the distribution of species has previously focused solely on individual 

species as the fundamental units for conservation action. However, some ecologists have 

argued that species interactions and how they change through space and time within 

networks may be more relevant for management efforts because they represent species as 

well as ecosystem processes, such as pollination (Dyer et al. 2010, Poisot et al. 2012). 

Furthermore, the tools now exist to begin to explore how different trophic levels within 

networks contribute towards interaction dynamics through the partitioning of interaction 

turnover (Figure 1, Novotny 2009, Poisot et al. 2012). Understanding how interactions 

between species change across space, time, and environments could aid in the 
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development of models that predict how ecological communities may respond to global 

change or identify those systems or interactions most at risk (Kissling et al 2011, Hoiss et 

al 2012).  

 Pollination networks, webs made up of plants and their pollinating partners; 

provide an ideal system in which to test hypotheses concerning species and interaction 

turnover across ecologically meaningful gradients, as there is already some degree of 

understanding of plant and pollinator species turnover. Therefore, the stage is set to begin 

to investigate mechanistic explanations of interaction turnover within pollination 

networks (Vazquez et al. 2009, Burkle & Alarcón 2011). Wild pollinator species are 

declining (Kearns et al. 1998, Memmott et al. 2007, Potts et al. 2010), and a mechanistic 

understanding of interaction turnover within wild pollination networks across 

spatiotemporal and environmental scales is essential to build conservation plans. Parallel 

declines in plants and pollinators have been observed (Biesmeijer et al. 2006), indicating 

that the disruption of interactions between species in pollination networks may be leading 

to pollinator declines (Potts et al. 2010).  Pollinators are known to be somewhat flexible 

in their interactions across long time scales (Burkle et al. 2013), yet very little work has 

been done at finer time scales (but see Basilio et al. 2006) to assess the degree to which 

pollinators can respond to disruptions in their interaction networks. Additionally, being 

able to attribute the cause of an interaction’s turnover to an individual trophic level 

(plant, pollinator, or both) or to behavior (host switching) could help with understanding 

the robustness of pollination networks to disturbance (Figure 1, Poisot et al. 2012). Thus, 

beginning to understand these species and their interactions through space and time is 
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vital for future conservation and management of pollination interaction networks (Kearns 

et al. 1998, Potts et al. 2003, Burkle & Alarcón 2011). 

 
Species Turnover within Pollination Networks 

 
 

 The relationship between spatial distribution of plant species and environmental 

factors has been widely studied. Plant spatial distributions are typically nonrandom and 

structured by microhabitat gradients. In particular, elevation influences both the spatial 

structure (Kikvidze et al. 2005) and diversity (Jacquemyn et al. 2005) of plant 

communities. Furthermore, these patterns of structure and diversity tend to be fairly 

consistent across latitudes and ecosystems (Kraft et al. 2011). 

 By contrast, pollinator species’ turnover has been much less studied (but see 

Basilio et al. 2006, Murray et al. 2012, Hoiss et al. 2012). Of the few studies that have 

investigated pollinator turnover, all have shown a high degree of spatial, temporal, and 

environmental turnover within pollinator communities (Minckley et al. 1999, Devoto et 

al. 2009). Pollinator communities are structured primarily by their local plant community 

(Potts et al. 2003) as well as by environmental factors across multiple scales (Burkle & 

Alarcon 2011). Several studies using variability measures of beta diversity (Anderson et 

al. 2011) have found that pollinator diversity shifts dramatically across environmental 

gradients in tropical, temperate, and alpine systems (Beck et al. 2012, Murray et al. 2012, 

Hoiss et al. 2012) and that both alpha and beta diversity decline with increasing elevation 

(Kraft et al. 2011). Devoto et al. (2009), specifically looking at species turnover, found 
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that pollinator turnover was high across a landscape-level rainfall gradient in a temperate 

region of the Andes. 

 When comparing plant and pollinator turnover, the rate of turnover for each 

community has varied depending on the gradient used. Across environmental gradients 

both plants and pollinators had similar rates of turnover (Devoto et al. 2009). Other 

studies, concerned with interannual temporal patterns, have found the rate of species 

turnover to be much higher for pollinators than for plants (Dupont et al. 2009, Fang & 

Huang 2012). The observation of similar rates of turnover between trophic levels has 

important implications for how interactions are structured. For example, if one trophic 

level had greater turnover rates through time, it could imply that turnover of that 

community structures interaction turnover. Alternatively, similar turnover rates for both 

plants and pollinators might mean that neither community individually structures 

interaction turnover or that another process, such as host switching, could be the 

dominant contributor if turnover rates were similar, yet minimal.  

 
Interaction Turnover within Pollination Networks 

 
 
 Interaction turnover within pollination networks has most often been studied 

across temporal gradients. On a daily basis, for an arctic plant-pollinator network, 

interactions between species had very high turnover (Olesen et al. 2008). There is also 

evidence, from an equatorial savannah, that rapid interaction turnover can result from 

pollinator activity (i.e., diurnal patterns of phenology) or host switching (Baldock et al. 

2011). When pollination networks are viewed across month-long time periods the 
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abundance and identity of plant and pollinator species can vary greatly as well (Basilio et 

al. 2006). In long-term networks, turnover of interactions between years varied by degree 

of diet specialization of the taxa involved. For instance, Olesen et al. (2011) found that 

turnover of specialist links was driven by species turnover, while generalist partners 

contributed more to interaction turnover through host switching. However, this generalist 

/ specialist split could merely be a result of sampling, as even generalist pollinators are 

often only observed visiting one plant species within a year, resulting in generalist 

pollinators being “apparent specialists” with unobserved generalist links when sampled at 

coarse time scales (Petanidou et al. 2008). A Mediterranean pollination network found 

similar partitioning for between-year interaction turnover, with 70% of interaction 

turnover due to species composition changes and 30% due to host switching (Petanidou 

et al. 2008). It is still poorly understood, however, how interactions turn over across fine 

(e.g., 1-2 week) temporal intervals, which may be the most important for conservation 

and management given flowering plant phenologies (Burkle & Alarcón 2011). I would 

expect that host switching measured at 1-2 week time scales would contribute a large 

proportion of interaction turnover, due to plasticity in the daily activity of pollinators. 

Alternatively, in ecosystems with limited growing seasons (e.g., alpine or arctic), species 

turnover may drive interaction turnover due to truncated phenologies of both plants and 

pollinators. 

 Across other gradients (i.e., spatial and environmental distances), interaction 

turnover for pollination networks is poorly known. The few reported results find no clear 

spatial patterns (Dupont et al. 2009, Burkle & Alarcón 2011) and a variety of patterns 
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across several environmental gradients. Interaction identity was not found to shift 

dramatically across a rainfall gradient in a temperate Andean forest (Devoto et al. 2005), 

while interaction turnover was positively correlated with increasing differences in both 

elevational and slope across subalpine meadows of the Rocky Mountains (Burkle & 

Alarcón 2011). Given these patterns and that there are significant changes in both plant 

and pollinator species richness with elevation (Arroyo et al. 1982, Hoiss et al. 2012), I 

would expect that interaction turnover would increase with increasing elevational 

difference. 

 To my knowledge, there are six studies that explicitly test interaction turnover 

within pollination networks; five of those tested interaction turnover interannually 

through time (Petanidou et al. 2008, Dupont et al. 2009, Olesen et al. 2008, Olesen et al. 

2011, Fang and Huang 2012), while the remaining study looked at interaction turnover 

across space as well as separately over a combination of environmental factors (Burkle & 

Alarcon 2011).  All of the gradients investigated in these studies were analyzed in 

isolation. The simultaneous study of spatial, temporal, and environmental patterns is 

necessary because species do not interact across each gradient in isolation; to truly gain a 

mechanistic understanding of community and network organization, the spatial, temporal, 

and environmental turnover of species and their interactions must be studied 

simultaneously (Soininen et al. 2010). Additionally, by breaking down the components of 

interaction turnover across these gradients (space, time, and environment), we can use 

alpha-diversity metrics (e.g., species richness, evenness) to gain inference on the 

mechanisms behind beta-diversity patterns. For example, if interaction turnover between 
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two plant-pollinator networks occurs primarily due to plant species turnover, then 

patterns of plant α-diversity across elevation could provide a simple explanation for how 

changes in that network’s structure occur.  

 
Study Questions 

 
 

 To assess the partitioning of interaction turnover, I investigated pollination 

networks across spatial, temporal, and environmental gradients in an alpine meadow 

ecosystem. Using observations of plant-pollinator interactions through one growing 

season, I asked i.) how do plant and pollinator species diversity (i.e., richness and 

evenness), phenology, and community composition vary across space, time, and 

environment, ii.) how do interactions between pollination networks turn over across these 

same gradients (i.e., space, time, and environment), and iii.) what is the relative 

contribution of species turnover (plant, pollinator, or both simultaneously) vs. host 

switching to interaction turnover among pollination networks? This represents the first 

study to both assess partitioning of interaction turnover within pollination networks as 

well as do so across spatial, temporal, and environmental distances. This study also 

integrates concepts in conservation biogeography with network theory in ecology, as 

addressing these questions can begin to elucidate patterns of pollination network 

interactions through spatiotemporal gradients and inform biogeographically based 

network-level conservation. 
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Figure 1: Possible explanations for change in a single plant-pollinator interaction across a 
gradient; the interaction is represented in black, pollinator species in red, and plant 
species in green. βP: the interaction changes due to the absence of the plant species while 
the pollinator persists, βH: the interaction changes due to the absence of the pollinator 
species while the plant persists, βPH: the interaction changes because neither plant nor 
pollinator persists, or β0: both species persist, but the interaction does not occur (i.e., host 
switching). Note that these possibilities are not unidirectional, i.e., the x-axis can be 
inverted.   
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METHODS 
 
 

Study Site 
 
 

 Field work was conducted after snowmelt during the summer season (June 20 to 

August 21, 2012) in the alpine tundra of the Beartooth Plateau located in the Custer and 

Shoshone National Forests of Carbon County, Montana, and Park County, Wyoming 

(Figure 2). The Plateau covers an area of approximately 186 km2, the majority of which 

is above 3,000m in elevation (Pattie & Verbeek 1966); thus, the growing season is short, 

averaging approximately 80 days long with a mean daily temperature of 8°C (Billings 

1973). The area’s vegetation is dominated by Geum rossii, Deschampsia spp., Carex 

spp., Salix spp., and several different cushion plants (e.g., Silene acaulis & Trifolium 

nanum) (Johnson and Billings 1962). I selected sixteen study meadows based on slope, 

elevation, and aspect (Table 1, Figure 2). Sites were selected within two kilometers of 

highway US-212 to allow frequent, temporally-comparable observations of all study 

meadows. Study meadows were separated by a minimum of 400 meters, which is near the 

maximum range of foraging for many pollinators (Gathmann & Tscharntke 2002); this 

reduced the likelihood of individuals moving between sampling sites. Field site selection 

took place from June 12-14, 2012, and only meadows which were free of snow by that 

time were used for this study. This was done for the purpose of keeping unmeasured 

environmental variability, such as soil moisture, to a minimum.  Elevation of study sites 

ranged from 2975 to 3310 meters, and slope varied from 1.6° to 17.7°. Across the 16 

sites, 9 were southwest facing slopes and 7 were northeast facing. 
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Hand Netting 
 
 

 Fifteen minutes were spent individually observing every plant species present in 

each of the 16 meadows once per week for nine weeks and hand netting all observed 

pollinators. Pollinators were defined as only those floral visitors which were actively 

foraging for nectar or pollen and which came into contact with the reproductive parts of 

the flower (i.e., insects merely resting on petals or near open flowers were not 

considered).  Timed observations involved watching a semi-circular area which contained 

at least one individual of a given plant species. These pollinator visitations were then 

used to populate the pollination networks at each sampling event. Multiple individuals of 

a flowering species were typically observed; however this was not always possible, such 

as with rare species or late in the season when floral density had decreased. The time of 

day (AM or PM) for sampling each study meadow was randomized by week, and all 

pollinator observations were done only during clear, calm weather from 0800-1700. This 

method was selected over transect-based methods of sampling pollinators because it 

provides an even distribution of sampling effort across all flowering species present 

(Gibson et al. 2011), and thus it provides the best opportunity for observing rare 

pollinator species and the entire range of unique pairings within these pollination 

networks. Bombus queens were identified to species in the field and released. All other 

pollinators were collected in sampling vials, put on ice, and identified in the lab under 

dissecting microscopy. While these methods did not provide a sampling of the pollinator 

community independent from the plant community, I decided not to use pan traps or bee 

bowls as they may have captured Bombus queens in an already depauperate system. 
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Plant Community 
 
 

 We marked a 50 by 2 meter band transect at each meadow for the purpose of 

quantifying the plant community and floral resources across the course of the season. 

Each transect was observed weekly, in conjunction with pollination sampling, and the 

number of flower heads per species was recorded. Any plant species flowering in the 

meadow that did not fall within the transect were recorded as singletons. 

 
Environmental Variables 

 
 

 Aspect was recorded in the field as northeast or southwest facing. Elevation was 

recorded via global positing system unit at the center of each plant transect present in the 

study meadows. Slope was calculated in ArcMap 10 (ESRI 2011) using the National 

Elevation Dataset available from the U.S. Geological Survey (Gesch et al. 2002, Gesch 

2007). This was performed to remove observer bias with recording slope via a 

clinometer.  

 
Analyses 

 
 

How do Species Vary in Space and Time? 
 
 To assess how the plant and pollinator communities varied across spatial, 

temporal, and environmental gradients, I calculated species richness, evenness and 

Whittaker’s beta diversity (species turnover) of plants and pollinators using the vegan 

package for R (Oksanen et al 2012). Plant and pollinator species richness and evenness 

were calculated for all 9 sampling weeks across all 16 sites, and turnover was calculated 
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between all possible pair wise combinations of site and week. Sampling errors of missing 

species were corrected, such as if a pollinator were collected at a site in weeks 1 and 3 

but not during week 2. Additionally, it is important to mention that “plant species 

turnover” is taken from the plant transect data, and thus is a measure of only those plant 

species which were flowering. This was done so that the plant species turnover 

information would be most relevant to pollination. Species richness, evenness, and 

species turnover were then compared to the spatial, temporal, and environmental 

gradients using linear regression for distance, time, slope, and elevation, as well as 

Welch’s t-test to compare aspects. Plant community composition was tested further with 

principle coordinate analysis (PCO) of the plant community, and analyzed across time 

and environment using surface plotting; ordinations were created and tested using labdsv 

(Roberts 2012). Additionally, for richness, evenness, and turnover across time, quadratic 

models were used instead of linear due to the trend the data presented (see Results). I also 

tested the completeness of sampling by creating a rarefaction curve of the accumulation 

of unique interactions across the number of observed plant-pollinator interactions using 

ecosim7 (Gotelli & Entsminger 2001).   

 
Phenology 
 
 To assess how the phenology of common plant species may have influenced 

interaction turnover, I used the flower transect data on the six plant species that occurred 

at all sixteen sites (Phlox pulvinata, Geum rossii, Mertensia alpina, Sedum lanceolatum, 

Trifolium parryi, and Polygonum bistortoides), and compared the date of peak flowering 

of the species to elevation using simple linear regression.  Peak flowering was defined as 
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the week during which a species had its greatest number of blooming flower heads. I then 

repeated this analysis with the peak flowering date of all fifty five plant species across all 

sites to see if there was a general trend across species. 

 
Interaction Turnover 
 
 Interaction turnover (i.e., beta diversity, or dissimilarity between pair wise 

combinations of sites and weeks) was computed as 

     βcc = b+c / a+b+c 

where “a” are those interactions shared between two networks, “b” are those present only 

in the first network, and “c” are those present only in the second. This measure, first used 

in a similar context by Colwell and Coddington (1994), was selected for two reasons: i.) 

it is a “broad-sense” measure of beta diversity, in that it incorporates differences in 

interaction composition in regards to richness changes, whereas a narrow-sense measure 

(e.g., Simpson’s index) would ignore differences in interaction richness between 

networks (Koleff et al. 2003) and ii.) because of how the index is calculated, it can easily 

be partitioned into additive components that allow us to discern the cause of an 

interaction’s turnover (Novotny 2009). 

     βcc = βPH + βP + βH + β0 

The subscript “P” and “H” represented plants and herbivores, respectively, in the original 

design for these methods (Novotny 2009). While my networks are not herbivorous I am 

keeping notation similar to its original design, and thus “H” represent pollinators herein. 

βcc, interaction turnover between two networks, is made up of four additive partitions: βP, 

the change of an interaction due to plant species turnover, βH, the change due to 
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pollinator species turnover, βPH, simultaneous turnover of both the plant and pollinator 

species involved in an interaction, and β0, when both partners in an interaction are present 

in two networks but only interact in one (i.e., host-switching).Using modified betalink 

(Poisot et al. 2012, see Appendix for modified functions) programming, I created 

distance matrices for βcc, βP, βH, βPH, and β0 between every possible pair wise 

combination of study site (16) and week (9). Additional matrices were also created for all 

possible pairwise combinations of spatial distance between (1) sites, (2) temporal 

distance between sampling events at each site, (3) elevational difference between sites, 

(4) difference in slope between sites, and (5) dissimilarity in aspect between sites. 

Relationships between interaction turnover (βcc and each partition) and spatial distance, 

temporal distance, elevational difference, difference in slope, and difference in aspect 

were tested using multiple matrix regression with 500 Mantel test permutations (i.e., 

partial Mantel test, Mantel 1967, Smouse et al. 1986), with the R package phytools 

(Revell 2012). A partial Mantel test was used because it can compare distance matrices of 

different currencies; the test compares two variables while it controls for other variables. 

Essentially, it tests differences between residual matrices made by performing a 

regression of the original distance matrices with random permutations of those matrices. 

The test statistic then reveals whether the matrices are more similar than we would expect 

by chance. The Mantel test has received criticism within ecological literature; however, it 

is appropriate to use here as there is not yet any evidence to suggest spatial 

autocorrelation of interaction turnover at local scales, and these data and hypotheses can 

only be formulated and tested in terms of distances (Legendre & Fortin 2010, Guillot & 
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Rousset 2013). Additionally, as the multiple matrix regressions do not provide 

information on the trend of the dissimilarity relationships, linear models of βcc and all 

partitions over geographic distance, elapsed time, and elevational difference were 

compared against null flat line models to test if the slopes of the relationships were 

significantly different from zero. All analyses were performed in R (R Core Team 2012). 
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Site Elevation (m) Aspect Slope (°) 

1 3111 SW 11.8 

2 3186 SW 7.8 

3 3207 NE 11.5 

4 3299 SW 17.8 

5 3278 SW 6.1 

6 3186 NE 7.6 

7 3307 SW 7.8 

8 3278 SW 9.7 

9 3245 NE 12.6 

10 3314 NE 1.7 

11 2975 NE 6.8 

12 3141 SW 10.8 

13 3082 NE 9.5 

14 3066 SW 10.2 

15 3013 NE 13.7 

16 3000 SW 5.6 

 
 

Table 1: Summary of study meadows. For Aspect, SW is Southwest, and NE is Northeast 
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Figure 2: Map of the study area. “State line” separates Montana (North) and Wyoming 

(South).  
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RESULTS 
 
 

 Over 282 hours of observation, 126 pollinator morphospecies were observed on 

55 plant species (Figure 3, see Appendix for species lists). I observed 989 individual 

pollinator visitations, with 404 of those being unique interactions (Figure 3, Figure 4). 

Taxonomic resolution of pollinator identification varied, with 19.5% identified to species, 

13.3% to genus, and 52.3% to family (Table 2). The 80.5% not identified to species level 

were classified as morphospecies; morphospecies were kept consistent among sites and 

across the entire season. 

 
How do Species Vary in Space and Time? 

 
 

 Neither pollinator richness nor evenness was spatially auto correlated, and neither 

varied by aspect among meadows (Table 3). Pollinator richness and evenness decreased 

over the growing season by factors of 0.54 and 0.084, respectively (Table 3). Pollinator 

richness and evenness both increased with slope as well, while evenness showed a slight 

decrease with increasing elevation (Table 3). Pollinator species turnover increased across 

spatial distance, time, and elevational difference (Table 3, Figure 5).  

 Plant richness and evenness were not significantly related to spatial distance or 

aspect among meadows (Table 3). Plant species richness decreased by almost 2-fold over 

time while evenness showed no change (Table 3).  Plant species richness also increased 

with slope, while plant evenness declined with elevation (Table 3). Plant species turnover 

increased significantly across spatial distance, time, and elevational difference; however, 

similar to pollinator turnover, the estimates of these increases were minute (Table 3, 
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Figure 5). For the principle coordinates analysis, the plant community among sites was 

relatively homogeneous early in the season, becoming more dissimilar and increasingly 

structured by elevation late in the season (Figure 6); time was the main factor explaining 

variability in plant community composition (D2 = 0.89, Figure 6) while elevation held a 

secondary importance (D2 = 0.39, Figure 6). 

 
Phenology 

 
 

 Geum rossii, Mertensia alpina, Phlox pulvinata, Polygonum bistoroides, and 

Sedum lanceolatum all showed a significant delay in peak flowering date with increasing 

elevation (Table 4, Figure 7). Of the six species present across all sixteen study meadows, 

only Trifolium parryi did not flower later at higher elevations (Table 4, Figure 7). When 

assessed for all 55 species no relationship was found (Table 4, see Appendix for species 

list). 

 
Interaction Turnover 

 
 
 Temporal distance was significantly related to each component of interaction 

turnover; βcc and βPH increased with temporal distance, while βP, βH, and β0 decreased 

with temporal distance (Table 5, Figure 8). βcc and βPH increased with elevational 

distance, βH declined, while βP and β0 had no significant relationship with elevation 

(Table 5, Figure 8). βcc marginally increased with greater spatial distance (Table 5, Figure 

8), while slope and aspect were unrelated to all components of interaction turnover (Table 

5). When comparing linear models of the interaction turnover components across spatial, 
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temporal, and environmental gradients, all tested relationships had slopes which were 

significantly different from zero (Table 6, Figure 8). βcc and βPH demonstrated positive 

trends for spatial, temporal, and elevational distances, while βP, βH, and β0 had negative 

slopes (Table 6, Figure 8). 

 Total interaction turnover (βcc), when calculated between all possible pair wise 

combinations of study sites and weeks, was very high with a mean dissimilarity of 0.981  

(95% CI 0.980 – 0.982) (Table 7); furthermore, the largest component was species 

turnover, with host-switching accounting for only 0.013 (95% CI 0.0118 – 0.0137) of 

total interaction turnover. Simultaneous turnover of plants and pollinators accounted for 

the largest component of interaction turnover (0.739, 95% CI 0.733 – 0.745) while plant 

(0.099, 95% CI 0.095 – 0.103) and pollinator (0.131, 95% CI 0.126 – 0.134) turnover 

were individually small components (Table 7). 
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Taxonomic  
Level  

Number of  
Samples  Hymenoptera  Diptera  Lepidoptera 

Species  193 (19.5)  124 (12.5)  -  -  

Sub-genus  79 (8.0)  79 (8.0)  -  -  

Genus  131 (13.3)  122 (12.3)  -  78 (7.9)  

Tribe  15 (1.5)  15 (1.5)  -  -  

Sub-Family  11 (1.1)  -  11 (1.1)  -  

Family  517 (52.3)  3 (0.3)  514 (52.0)  -  

Sub-Order  22 (2.2)  4 (0.4)  -  18 (1.8)  

Order  21 (2.1)  -  -  -  

Total  989  347 (35.1)  525 (53.1)  96 (9.7)  
 
 
Table 2: Taxonomic resolution of identified pollinator species. The 21 samples identified 
to order (bolded) included Coleoptera, Hemiptera, and Raphidoptera. Numbers in 
parentheses are percentages of total abundance. 

 

 

 

 

 

 

 

 

 



 
 

 
Spatial Distance  Time Elevation Slope Aspect 

 
R2  Estimate  p-value R2  Estimate  p-value R2 Estimate  p-value R2 Estimate  p-value Mean NE Mean SW p-value 

Pollinator Richness -0.006  -0.033  0.665  0.103  -0.540  <0.001  0.01  -0.005  0.12  0.043  0.259  0.007  3.73  4.80  0.123  

Pollinator Evenness 0.002  0.009  0.248  0.256  -0.084  <0.001  0.027  -0.001  0.027  0.003  0.011  0.232  0.595  0.653  0.427  

Pollinator Turnover  0.100  1.92E-05 0.0003  0.411  0.008  <0.001 0.066  1.09E-04  0.003  -0.006  -0.002  0.576  0.668  0.634  0.116  

Plant Richness -0.003  -0.088  0.429  0.616  -1.86  <0.001  0.001  -0.005 0.287  0.025  0.3  0.032  8.56  10.09  0.139  

Plant Evenness 0.006  -0.007  0.17  -0.006  -0.004  0.685  0.038  -0.001  0.011  0.009  0.01  0.13  0.556  0.605  0.318  

Plant Turnover  0.292  2.63E-05  <0.001 0.860  0.013  <0.001  0.342  1.94E-04  <0.001 -0.008  -6.79E-05  0.981  0.302  0.306  0.827  

 
 

Table 3: Summary of richness, evenness, and species turnover compared against spatial, temporal, and environmental variables. All 
results come from linear regressions with the exception of a quadratic model being fit for pollinator and plant turnover compared 
against time, and Welch’s t-test being used for aspect. p-values less than  0.05 bolded.

22 
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Species Estimate R^2 F stat  p value 
Geum rossii 0.0013 0.471 14.34 0.002 

Mertensia alpina  0.0006 0.324 8.19 0.0126 
Phlox pulvinata  0.0011 0.687 33.97 <0.001  

Polygonum bistoroides  0.0021 0.789 57.18 <0.001  
Sedum lanceolatum 0.0012 0.372 9.90  0.007 

Trifolum parryi  0.0007 0.084 2.38  0.146 
All species  0.0003 0.001 1.56 0.212 

 
 

Table 4: Linear regression results of differences in peak flowering date over an 
elevational gradient. All models on 1,14 d.f. except for “All Species”; 1,411 d.f. p-values 
less than 0.05 bolded.  

 
 

  Spatial  
Distance  Elevation Time Slope  Aspect Model  

R
2  F Stat  Model p  

β
cc 

 0.108  0.010  <0.002 0.192  0.154  0.065  99.3  <0.002  

β
PH 

 0.792  0.002  <0.002 0.802  0.358  0.174  301.0  <0.002  

β
P 
 0.548  0.250  <0.002 0.210  0.572  0.051  77.2  <0.002  

β
H 
 0.124  <0.002 <0.002 0.248  0.886  0.080  124.4  <0.002  

β
0 
 0.072  0.262  <0.002 0.958  0.152  0.047  71.1  <0.002  

 
 

Table 5: Results from multiple matrix regression with 500 Mantel permutations for 
interaction turnover components. Values under Spatial Distance, Elevation, Time, Slope, 
and Aspect are the p values for each of those gradients as they influence the beta diversity 
components at left. Gradient p-values less than 0.05 bolded. 
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  Estimate R
2  F stat p value 

βcc Spatial Distance 2.40E-06 0.008 61.27 <0.0001  
 Elevation 5.68E-05 0.009 62.93 <0.0001  
 Time 0.014  0.060  228.6  <0.0001  

βPH Spatial Distance 1.28E-05 0.011 77.77 <0.0001  
 Elevation 3.96E-03 0.019 136.2 <0.0001  
 Time 0.088  0.160  679.9  <0.0001  

βP Spatial Distance -3.24E-06 0.002 11.91 0.0005  
 Elevation -7.35E-05 0.001 11.17 0.0008  
 Time -0.017  0.048  180.1  <0.0001 

βH Spatial Distance -5.83E-06 0.005 33.48 <0.0001 
 Elevation -2.36E-04 0.014 101.4 <0.0001 
 Time -0.050  0.070  271.5  <0.0001 

β0 Spatial Distance -1.36E-06 0.006 40.92 <0.0001 
 Elevation -2.90E-05 0.005 34.03 <0.0001 
 Time -0.007  0.042  158.8  <0.0001 

 
 

Table 6: Comparison of linear models of beta diversity components across spatial, 
temporal, and environmental gradients to assess difference in slope.  Quadratic models 
were fit for time. Spatial distance and elevation models on 1,7138 d.f., time models on 
2,7137 d.f.  

 
 

 
Mean  Median  LB  UB  Min  Max  % of β

cc
 

β
cc 

 0.981  1.0  0.980  0.983  0  1  -  
β

PH 
 0.739  0.8  0.733  0.745  0  1  75.3  

β
P 
 0.099  0  0.095  0.103  0  1  10.1  

β
H 
 0.131  0  0.126  0.135  0  1  13.3  

β
0 
 0.013  0  0.012  0.014  0  0.5  1.3  

 
 

Table 7: Summary of interaction turnover between all possible pair wise combinations of 
study sites and weeks. LB and UB are the lower and upper bounds, respectively, for 95% 
confidence intervals around the mean values.   



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Plant-pollinator network summarized for all study sites and all weeks. Pollinator species on the X axis, plants on the Y axis. 
Filled squares represent the presence of an interaction between the two species, and the red number is the abundance of that interaction 
across the season. 
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Figure 4: Sampling accumulation curve of observed plant-pollinator interactions (x-axis), 
and the accumulation of unique interactions (y-axis). Circles represent 95% confidence 
intervals. 
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Figure 5: Species turnover for pollinators (hollow circles) and plants (filled circles).  The 
y axis for each plot is beta diversity, measured in dissimilarity.  A: species turnover 
across spatial distance. B: species turnover across elevational difference among sites. C: 
species turnover across temporal distance in number of weeks between sampling, all sites 
included. 
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Figure 6: Principle coordinates analysis ordination of the floral community. Surface 
numbers in red represent sampling weeks and surface values in blue represent elevation. 
Each point is the plant community at one site during one week.  
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Figure 7: Flowering phenology of six common plant species, showing week of peak 
flowering for each species across elevation. Black = Sedum lanceolatum¸ Blue = 
Mertensia alpina, Orange = Geum rossii, Purple = Trifolium parryi, Red = Polygonum 

bistoroides, and Green = Phlox pulvinata. 
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Figure 8: Interaction turnover across A: spatial distance, B: elevational difference, and C: 
temporal distance. Line colors correspond to partitions of beta diversity; dashed lines 
represent 95% confidence intervals. 
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DISCUSSION 
 
 

Implications & Inference of Interaction Turnover Patterns 
 
 

 One of the fundamental goals in community ecology is to understand the patterns 

that result from organisms’ interspecific interactions within their environments 

(Hutchinson 1953), and how those patterns change through space and time (Levin 1992). 

In an alpine ecosystem, I explored how interactions within and among pollination 

networks vary across spatial, temporal, and environmental gradients in order to identify 

the relative contribution of species turnover and host switching towards interaction 

turnover across those same gradients. I found that interaction turnover was primarily 

driven by simultaneous plant and pollinator species turnover and occurred primarily 

temporally but also across elevational distances for some partitions (βcc, βPH, and βH). 

These are key results for future conservation and management of pollination networks, as 

they provide the first within-season results of the spatiotemporal and environmental 

turnover of plant-pollinator interaction networks as called for by many authors (e.g., 

Soininen et al. 2010, Burkle & Alarcón 2011, Poisot et al. 2012). 

 
Issues of Scale: Spatial, Temporal, and Environmental Gradients 

 
 

 Interaction turnover was primarily driven by phenological changes in plant and 

pollinator species over the growing season, evidenced by the increase in interaction 

turnover that I observed with greater temporal distance between sampling events. That 

pollination, a phenologically structured process (Encinas-Viso et al. 2012), has a strong 
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temporal pattern is no surprise; what is interesting to consider is the magnitude of 

interaction turnover in this study. Previously, most temporal patterns in pollination 

networks have been assessed between years, with as few as 1.4% of interactions (Fang & 

Huang 2012) and as many as 22% (Dupont et al. 2009) persisting through time. It is 

surprising that total interaction turnover is consistently over 90% across the entire 

growing season. Even over short time periods (i.e., one week), I observed almost 

complete interaction turnover, which was due almost entirely to species turnover. 

Whether this pattern is indicative of inflexible pollinator foraging, or rather a lack of 

opportunity, or necessity, to switch hosts requires further investigation. Furthermore, it 

does not rule out the possibility that host switching may happen on finer scales, such as 

daily or within a single day (Baldock et al. 2011).  

 Spatial scaling can greatly affect conclusions regarding species or interaction 

turnover (Barton et al. 2013). Generally, it has been argued that species interactions could 

demonstrate spatial structuring (Kissling et al. 2011), however no significant trend, 

positive or negative, has yet been found for pollination interaction turnover across space 

(Burkle & Alarcón 2011), beyond the observed pattern that interaction abundance and 

richness increases with the spatial extent sampled at both local (Aizen et al. 2012, Burkle 

& Knight 2012) and regional scales (Pfeiffer 2013).  Most work on mutualistic networks 

has been focused at local spatial extents (< 106 m2) (Kissling et al. 2011, Barton et al. 

2013). My study was over an area ca. 1.6x107 m2, and my interaction turnover results 

showed a significant but marginally positive trend. Thus it is possible that interaction 

turnover may only change with spatial distance beyond local spatial scales. Differences in 
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the spatial extent of pollination studies corroborate this pattern for species turnover (i.e., 

increase in turnover at regional extents, no change across local extents) (Arroyo et al. 

1985, Colville et al. 2002, Devoto et al. 2009). Additionally, the observation that 

interaction turnover may only increase at regional scales confirms previous concerns that 

the land area necessary for conserving species interactions may require larger spatial 

extents than species-focused conservation (Burkle & Knight 2012). 

 Environmental gradients have been found to structure the diversity (Devoto et al. 

2005, Hegland et al. 2009, Hoiss et al. 2012, Murray et al. 2012) and interactions (Arroyo 

et al. 1985, Burkle & Alarcón 2011) of pollination networks. I found that neither plant 

nor pollinator species richness declined with increasing elevation as would be expected.  

Although both species and total interaction dissimilarity (βcc, βPH, and βH, but not βP) 

significantly increased with elevation, the estimates were all on the order of 10-5, 

implying essentially no meaningful change. These elevational patterns may be due to the 

elevation range used (350 meters), which is approximately one fourth the range of other 

elevation-focused studies (Arroyo et al. 1982, Arroyo et al. 1985, Kraft et al. 2011, Hoiss 

et al. 2012). Thus, it may be that the elevational range of this study was too narrow to 

capture differences observed by other researchers. There are, however, two non-mutually 

exclusive alternative possibilities which these data support. The first is that the 

distribution of some species is structured by elevation while others are not, resulting in 

the observed lack of pattern in richness, overall phenology of all plant species, and low 

estimate for interaction turnover. That possibility is likely, given peak flowering date of 

five out of six of the most common plant species was later at higher elevations. Secondly, 
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it may be that the influence of elevation on species, and thus their interactions, is not 

consistent throughout the season. In my ordination of the floral community, it is apparent 

that community composition becomes definitively more heterogeneous and increasingly 

structured by elevation as the season progresses, while in the early weeks of the season 

communities are more homogeneous across elevation.  

  
Species Turnover & the Partitioning of Interaction Turnover 

 
 

 The rate of species turnover between years for pollinators is generally much 

higher (25-50% greater) than for plants (Dupont et al. 2009, Fang and Huang 2012). 

Interestingly, this pattern persists intra-annually as well, as I found pollinator species 

turnover to be consistently higher than for plants, and this pattern was consistent through 

space and time. Pollinators had double the mean species turnover across space compared 

to plants. Given this disparity between plant and pollinator species turnover, I would 

expect pollinator turnover to make up a larger proportion of interaction turnover than was 

observed. There are at least three non mutually-exclusive possible explanations for why 

simultaneous plant-pollinator turnover was the largest partition of interaction turnover 

across all three gradients. First, this pattern in interaction turnover partitioning may be 

explained by the high number of unique interactions observed (404 out of 989 total plant-

pollinator interactions) which could be a result of insufficient sampling. In defining the 

methodology I used, Novotny (2009) makes the point that βPH can be overestimated under 

poor sampling; the mechanism for this increase is that shared interactions between 

networks can be misrepresented as βPH. Second, the high contribution of the βPH 
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component to βcc could simply be a property of high elevation or high latitude pollination 

networks. In a high-latitude arctic pollination network, Olesen et al. (2008) found that the 

phenophase of both flowering and pollinator activity drove species turnover of plants and 

pollinators, which, in turn, was a driver of interaction complexity (Olesen et al. 2008). 

Thus, in a phenologically similar ecosystem, simultaneous turnover of plants and 

pollinators readily occurred and structured the interactions of a network through time. 

Third, it is possible that the time scale of sampling (1 week intervals) may have 

overestimated the βPH component.  In such a rapidly seasonally changing environment 

(Johnson & Billings 1962), our “fine-scale” sampling may, in fact, have been too coarse, 

i.e., plants and pollinator may have been turning over separately between samplings, and 

only appear to be simultaneously turning over (i.e.,  βP or βH appear as βPH). However, 

given our phenological and species turnover data, which show many species persisting 

for several weeks, I would consider this unlikely, yet it cannot be entirely ruled out. 

 Alternatively, observed elevational patterns could provide a mechanistic 

explanation for the marked increase in βPH through time. Another study of the Beartooth 

Plateau found the plant community to be structured by microhabitat variation (Kikvidze 

et al. 2005). Early in the growing season in alpine meadows you have relatively 

homogeneous conditions: snow pack is finally melting, providing a consistent water 

source for the plant community across the Plateau. As the season progresses, it’s probable 

that water availability is going to vary more by meadow, simply due to available 

snowmelt from higher elevations. Thus, as evidenced in my data, there begins to be a 

structuring of the floral community by elevation late in the season: meadows become 



36 
 
more variable in environmental conditions and therefore more heterogeneous in 

community composition. This simple ecological change in the plant communities’ 

structuring could then scale up to influence species interactions, leading to an increase in 

interaction dissimilarity late in the season. Furthermore, if the pollinator community 

responds similarly (i.e., increasing heterogeneity across elevation through time), which 

could be inferred from the high pollinator turnover across elevation, then it would explain 

why βPH is the largest component of turnover late in the season: both communities are 

simultaneously becoming increasingly dissimilar, structured more by elevation, and thus 

their interactions are also more dissimilar. 

 Host switching has been found to be a significant contributor towards interaction 

turnover among pollination networks between years: 81% in the arctic (Olesen et al. 

2011) as well as 30% in a temperate Mediterranean pollination network (Petanidou et al. 

2008). For the networks in this study, the host switching component comprised only 1.3% 

of total interaction turnover.  It is possible that the contribution of host switching to 

interaction turnover that I observed is a property of pollination networks within-season. 

Generalist pollinators, when observed within a single season, can often appear as 

“apparent specialists”, where they have the capacity to interact with many different plant 

species but they only do so across a time-scale of several years (Petanidou et al. 2008). 

Therefore, host switching may be more of an interannual property of pollinators and their 

interactions, as opposed to within-season. Alternatively, host switching may be a 

significant component of interaction turnover within-season only at lower elevations (i.e., 
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non-alpine), due to an increase in inter- and intra-specific competition given higher 

abundance and diversity of pollinators with decreasing elevation (Hoiss et al. 2012). 

 
Sampling for Interaction Turnover 

 
 

 The effects of sampling on the relative magnitude of the partitions of interaction 

turnover are potentially many.  Within my observations there were four plant species that 

only interacted with pollinators once, as well as sixty pollinator species that were 

singletons as well. If we were to remove singletons the likely effect on interaction 

turnover would be a decrease in βPH and/or βH. However, sixty four singleton species and 

therefore at most sixty four singleton interactions out of the observed nine hundred and 

eighty nine would account for only six percent of observed interactions. Of course, this 

value would depend on the dispersion of these singletons across sampling sites and 

through time, so for the sake of argument let’s discuss it as a ten percent decrease in 

interaction turnover. Given that most of these singleton interactions were from 

pollinators, it’s most probable that the decrease in βcc would be due to a lower value of 

βH. Even if the entirety of that reduction acted within βPH, that partition would still 

represent most of interaction turnover. In either case, the removal of singleton 

interactions would not have a dramatic impact on results presented herein, as βPH would 

remain the greatest component, βH or even βP could only become less important, and 

interaction turnover would be, on average, nearly ninety percent between networks.  

 As a final sampling caveat, despite my accumulation curve not saturating, this 

was in no part due to a lack of effort: across 282 hours of observation only 989 
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interactions were observed, which is an average of 3.5 pollinators collected per hour. This 

means that for a typical hour of 15 minute observations, one out of four plant species 

observed would yield no interaction, and during the other three observation periods only 

one pollinator each would be collected. Therefore, I would argue that sampling was 

sufficient, yet there was simply not much pollinator foraging occurring, and the 

rarefaction curve reflects that rarity of occurrence rather than insufficient sampling. An 

independent or additional measurement of the pollinator community (e.g., pan trapping) 

may have helped reach quantitative conclusions on this issue, however, as mentioned in 

the Methods, this was not done for ethical reasons.  

 
Concluding Remarks & Future Directions 

 
 

 This is the first study to partition interaction turnover within a pollination network 

across spatial, temporal, and environmental gradients, as well as the first to do so at fine, 

intra-annual time scales. I found that interaction turnover occurred primarily across 

temporal gradients, yet is also structured by environmental factors. Additionally this 

interaction turnover, on the scale of weekly sampling, is primarily driven by simultaneous 

plant-pollinator turnover, with host switching occurring only rarely. 

 I recommend that future studies utilize a broader range of spatial, temporal, and 

environmental extents. However, this should only be done with a concomitant increase in 

sampling effort. Additionally, it would be helpful to document and compare intra-annual 

patterns in interaction turnover across a number of years to determine whether the 

patterns that I observed are consistent through time. An experimental approach that 
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performed removals of individual plant or pollinator species would also help with 

determining whether pollinators are plastic in their interactions at fine time scales, and 

would give inference to observed partitions of host switching versus species turnover. 

The collection of data on more environmental variables (e.g., soil moisture, soil type, 

precipitation) would help disentangle the mechanistic drivers behind observed 

environmental turnover of interactions. In this study we used a purely taxonomic 

approach towards defining species and interaction turnover. These methods could 

investigate functional or phylogenetic turnover, allowing for weighting of turnover based 

on species’ or interactions’ evolutionary histories (Poisot et al. 2012). For instance, a 

recent study found that phylogenetic turnover of plant communities affects the 

phylogenetic diversity of their pollinator partners (Pellissier et al. 2013). 

 In the context of pollination, my results contribute to the understanding of how 

interactions between plants and pollinators change through space and time. Continuing to 

explore the spatiotemporal variation in pollination networks can help inform both future 

conservation plans as well as advance methodological progress in the understanding of 

network and community ecology. 
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A1: R function modified from Poisot et al. (2012) 
 
betanew = function(w1,w2){ 
  Z<-(w1)-(w2) 
  
  #w1 and w2 must have equal dimensions 
  #Bcc is interaction turnover 
  a<-sum(w1[w1==w2]) 
  b<-length(Z[Z==1]) 
  c<-length(Z[Z==-1]) 
  Bcc<-((b+c)/(a+b+c)) 
# For Z, if = 0 it must be either a shared interaction or a lack of an interaction  
    
  #BP: turnover of interactions due to lower trophic level turnover (rows of matrices) 
  #BPb: Z=1, rows must be empty in w2, columns must be filled in w2 
  #BPc: Z=-1, rows must be empty in w1, columns must be filled in w1 
    
  BPb<-vector("numeric",length=1) 
  BPb1<-Z[rowSums(w2)==0,colSums(w2)>0] 
  BPb1<-BPb1[BPb1==1] 
  BPb<-length(BPb1) 
 
  BPc<-vector("numeric",length=1) 
  BPc1<-Z[rowSums(w1)==0,colSums(w1)>0] 
  BPc1<-BPc1[BPc1==-1] 
  BPc<-length(BPc1) 
   
  #BH: turnover of interactions due to upper trophic level turnover (columns of matrices) 
  #BHb: Z=1, rows must be filled in w2, columns must be empty in w2 
  #BHc: Z=-1, rows must be filled in w1, columns must be empty in w1 
    
  BHb<-vector("numeric",length=1) 
  BHb1<-Z[rowSums(w2)>0,colSums(w2)==0] 
  BHb1<-BHb1[BHb1==1] 
  BHb<-length(BHb1) 
   
  BHc<-vector("numeric",length=1) 
  BHc1<-Z[rowSums(w1)>0,colSums(w1)==0] 
  BHc1<-BHc1[BHc1==-1] 
  BHc<-length(BHc1) 
   
  #BPH: interaction turnover due to simultaneous turnover of both trophic levels 
  #BPHb: Z=1, rows must be empty, columns must be empty 
  #BPHc Z=-1, rows must be empty, columns must be empty 
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  BPHb<-vector("numeric",length=1) 
  BPHb1<-Z[rowSums(w2)==0,colSums(w2)==0] 
  BPHb1<-BPHb1[BPHb1==1] 
  BPHb<-length(BPHb1) 
   
  BPHc<-vector("numeric",length=1) 
  BPHc1<-Z[rowSums(w1)==0,colSums(w1)==0] 
  BPHc1<-BPHc1[BPHc1==-1] 
  BPHc<-length(BPHc1) 
  
  #See Novotny 2009 for more detail 
  BPH<-(BPHb+BPHc)/(a+b+c)    
  BP<-(BPb+BPc)/(a+b+c) 
  BH<-(BHb+BHc)/(a+b+c) 
   
  #B0 is the rewiring, tough to mathulate, but since Bcc = BP + BH + BPH + B0, 
  #and we calculated all other paritions, we can subtract to find it! 
  B0=(Bcc-BP-BH-BPH) 
  B0<-ifelse(B0<0.00001,0,B0) 
  #Whichever interactions do not change must be conserved,  
  #therefore 1-Bcc = proportion of links conserved 
  prop.links.conserved=(1-Bcc) 
   
  #Additive total for species turnover: simultaneous + herbivore + plant 
  BST=(BP+BH+BPH) 
 
  return(list(prop.links.conserved = prop.links.conserved, BST = BST, BP = BP, BH = 
BH, B0 = B0, BPH = BPH, Bcc = Bcc)) 
} 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



49 
 
A2: Second R function modified from Poisot et al. (2012) 
betanew.dist = function(W,...){ 
  dWN = matrix(NA,ncol=length(W),nrow=length(W)) 
  colnames(dWN) = names(W) 
  rownames(dWN) = names(W) 
  dBcc = dWN 
  dBPH = dWN 
  dBP = dWN 
  dBH = dWN 
  dB0 = dWN 
  for(i in c(1:(length(W)-1))){ 
    for(j in c((i+1):(length(W)))){ 
      partition = betanew(W[[i]],W[[j]],...) 
      dBcc[j,i]  = partition$Bcc 
      dBPH[j,i]  = partition$BPH 
      dBP[j,i]   = partition$BP 
      dBH[j,i]  = partition$BH 
      dB0[j,i] = partition$B0 
    } 
  } 
  distances = list(Bcc=dBcc, BPH=dBPH, BP=dBP, BH=dBH, B0=dB0) 
  distances = lapply(distances,as.dist) 
  return(distances) 
} 

 

 

 

 

 

 

 

 

 

 



 
 

A3: Pollinator species list by site. Numbers represent the weeks (1-9) during which the pollinator was present at the site 
  Sites 

               
Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Agriades franklinii   4 4-6 5   6 4-5  5      
Ammophilini 1                3 
Andrena sp. 1    4       2     1 
Andrena sp. 2         3        
Anthidium sp.              6   

Anthomyiidae 1 3 2 3-4 1-9 3 3 3-4 4-6 1 3 3-7 2-6  5-6 2-6  
Anthomyiidae 2 3-6   2-8 6 1 3-4 4 1-3    1 5 3-4  
Anthomyiidae 3 1 6 3    6    6      
Anthomyiidae 4       4          
Anthomyiidae 5    5            

 

Bibionidae    4         4    
Bombus appositus      6           
Bombus balteatus 3   5   4 4 5-6        

Bombus bifarius bifarius  3       1-4 1       
Bombus bifarius nearcticus 6           1     

Bombus centralis 2                
Bombus fernaldae 4        1-3        
Bombus flavifrons 4-6   6             
Bombus frigidus 3-7   5-7    5         
Bombus insularis  2               

Bombus melanopygus 4       2         
Bombus mixtus 4-6   6    1-7         

Bombus nevadensis          3       
Bombus sylvicola 3-5 4  6-7 1-5 1-4 4-5 3-5 4-7 3-5  5 3 1   

Bombyliidae 1           3-5 2     
Bombyliidae 2               3-4 4 
Bombyliidae 3           8      
Bombyliidae 4     4            
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A3 Continued 
  Sites 

               
Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Calliphoridae 1       2          
Calliphoridae 2 7                
Calliphoridae 3               7  
Celastrina ladon           5      

Ceratina sp. 1                5 
Ceratina sp. 2                8 
Ceratina sp. 3           8      
Chrysididae 1                5 
Chrysididae 2           6      

Clossiana titania 2 3    3   4        
Coleoptera 1               1  
Coleoptera 2                3 
Coleoptera 3            4     
Coleoptera 4           4-6  6    
Coleoptera 5               5  
Coleoptera 6           1-6     4 
Coleoptera 7               4-5  

Colias sp.    4    5   5 4   4  
Dufourea sp.           4    8  
Empididae 1       4          
Empididae 2 6         3    4   

Erebia magdalena             2    
Erebia rossii 6 5  6    6      5-6   
Erebia theano 6   6             

Euphydryas editha  2 2-3   3  3  3 1  1    
Gorytini 1    2       1-3    2  
Gorytini 2      3           
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A3 Continued 
 

  
Sites 

               

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Hemiptera 1 7                
Hemiptera 2                1 
Hemiptera 3          7    5  7 
Hesperia sp. 5 5           4    

Hesperia comma  4         3-5   4-5 3-4  
Heterocera 1           2      
Heterocera 2    3    5         
Heterocera 3     3            
Heterocera 4    4             
Heterocera 5    6             
Heterocera 6  4-8     1    3    8-9 6-7 
Hoplitis sp.           3      

Icaricia acmon           5      
Icaricia icarioides           1-2      

Lassioglossum Dialictus sp. 1-6 1-4 3 1-6 2   5   1-8 1-4  1  1-8 
Lassioglossum Evylaeus sp.           1      

Lassioglossum s. str. sp.                3 
Lassioglossum s. str. sp. 2           1     1-2 

Megachile sp. 3-6          4    5  
Megachile sp. 2 5                

Muscidae 1 1-6 2-4 1-2 3-6 2-5 2-3 2-5 2-6 1-5 2-4 1 2-3 3 4 1-3  
Muscidae 2    5-6 5 1   2-4 2-4 2   3-5 4 1-4 
Muscidae 3 6   5-7  3-6  3-6  3 4   4-6 4-6  
Muscidae 4 2-4    3 3  2 3        
Muscidae 5                3 
Muscidae 6           7 7   5  
Osmia sp. 3 1-4  1-8 5  2-5 2-5   1-6 1-4  1-6 1-3 3 

Osmia sp. 2    6   3 3-5   2-3 3   3 3 
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A3 Continued 
  Sites 

               
Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Papilio indra           2      
Parnassius pheobus  4  5 4   5   3     3 
Plebejus saepiolus           4      

Raphidioptera           5      
Sarcophagidae 1 5-9 4-8  5-9 5-6 5-8 7 6-9 7-9 6-7 6-8 7-8 5-6 4-8 3-8  
Sarcophagidae 2           7      
Sarcophagidae 3    6             
Sarcophagidae 4 7                
Sarcophagidae 5 6                
Speyeria calippe        5        

 

Sphecini 1           6      
Sphecini 2                3 
Stelis sp.            5     

Symphyta 1 7                
Symphyta 2   2              
Symphyta 3                3 
Symphyta 4                5 
Syrphidae 1        3 2        

Syrphidae 10    5-6    6 6     6   
Syrphidae 11    6       2-3 4   4  
Syrphidae 12 5                
Syrphidae 13               6  
Syrphidae 2         6        
Syrphidae 3       7          
Syrphidae 4              2  1 
Syrphidae 5  3               
Syrphidae 6 3 5 4  3-4 3 3   3   3    
Syrphidae 7         4      1  
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A3 Continued 
 

Sites 
               

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Syrphidae 8 3-6 4 2 4-6 4    3 3-4 4 3 3 8 1  
Syrphidae 9 3-4            3    

Syrphidae Eristalinae 1 5-7  3             4 
Syrphidae Eristalinae 2        2-5         
Syrphidae Eristalinae 3 6                
Syrphidae Eristalinae 4           4      

Tachinidae 1    6       1     3 
Tachinidae 2         6  5      
Tachinidae 3 5          3      
Tachinidae 4           4      
Tachinidae 5  2  2       4   1  

 

Tachinidae 6               7  
Tachinidae 7           7    6  
Trachusa sp.        5         
Xenosphecini     4-5   2    4  6  5 
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A4: Plant species list by site. Numbers represent the weeks (1-9) during which the species was present at the site. 
  Sites 

               Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Achillea millefolium 3-9   6-9       3-9 7-8  3-9 3-9 3-9 
Agoseris glauca dasycephala 4-7 3-4  4-9  2-3     3-5 3  5 3-4 8 

Arabis nuttallii         4  1-6 3-5 4-6 1-6 1-4 3-5 
Arnica rydbergii 3-6   4   2    4      

Besseya sp.    1-2             
Campanula parryi 5-9          4-8   5-7 4-9  

Castilleja sp. 2-7 3 2-6  1-6 4-5 2-6 4-5 3-6 2-5 2-4 1-3 2-3  1-3 2-8 
Castilleja miniata   4   4           

Cerastium sp. 2-8 2-5  3-9 3-5 2-4 3-5 2-5 2-6 2-4 2-6 2 2-5 3-6 2-4 3 
Claytonia sp.   3              

Claytonia lanceolata 1-2 1-2 1 1-2  1-2 1-2 1-2 1-3    1 1 2  
Delphinium sp.              2-3   

Dodecatheon pulchellum 1   1-2 1 2  1-3 2-3     1 1  
Douglasia montana         1        

Draba sp. 2  1 1-2 1 1-2 1-2  1-2 1      1 
Erigeron leiomerus 2-4 2-4  2-4 2-3 2-3   2-3 2 3  3 1-6 1 1-5 

Erigeron pinnatisectus 3-8   4-9 3-5        3-4 5 5  
Erigeron simplex 4-7                

Eriogonum flavum           4-8 3-6   4-6 3-6 
Eritrichium nanum  1 1-2  1 1-2 1-2 3 1-2 1-3 1 1 1  1 1 

Erysimium sp.                1-3 
Gentiana algida 5-8 6-9 6-7  6-8 6-9 5-8 5-8 6-9 5-8   6-8    

Geum rossii 1-7 1-7 1-5 1-9 1-6 1-6 1-6 1-9 1-9 1-5 1-7 1-6 1-5 1-6 1-6 1-7 
Geum triflorum           1-2    1-2 1-3 

Lupinus sp. 2-7 2-8  2-9  2-7     1-9  2-5 2-6 1-6 2-8 
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A4 Continued 
  Sites 

               Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Mertensia alpina 1-4 1-3 1-3 1-4 1-3 1-3 1-5 1-5 1-3 1-3 1-3 1-2 1-2 1-2 1-2 1-3 
Mertensia ciliata 2-6          3-6      

Minuartia austromontana 4-5 3-6 3-5 4-6 3-5 3-5 3-6  3-6 3-6 3-5 3-7 3-6 4-5 1-5 3-6 
Myosotis alpestris 1-6 1-3  1-5  3 2 1-5   1-4  1 1-3 1-2 1 

Oreoxis alpina 2-5 1-6 3-6 1-6 1 1-5 4-5 2-5 4 3-5 1 3-6 3-5 1-5 1 5 
Oxytropis campestris  2-3    2-3  2  2-3 1-2  1-3  1-2  

Oxytropis lagopus   2   2  2-3   1 1-2 1-2  1 1-2 
Pedicularis bracteosa 3-5  1-2   1-3 2 1-3 1-3        

Pedicularis groenlandica 3-5               
 

Pedicularis parryi 2-4     3     1-2  1-3  1-2  
Penstemon procerus 2-6   4-8 5      1-8 2-4 3-4 2-6 1-4  

Pentaphlloides floribunda            4-8     
Phlox pulvinata 1-3 1-2 1-3 1-3 1-3 1-3 1-4 1-4 1-3 1-3 1-2 1-3 1-2 1-2 1-2 1-2 

Physaria sp. 2-5                
Polemonium viscosum 1-3 1-3 2-3 1-4 1-3 1-3 3 1-3 1-4 1-3 1  1-2 1-3 1-2 1-2 
Polygonum bistoroides 2-5 2-6 2-5 2-6 2-6 2-5 2-5 2-5 2-6 2-5 1-2 1-3 1-4 1-3 1-3 1-3 

Potentilla sp. 4-5 4-5  4-7 4-7 5 4-5 4-7 4-6 4       
Pulsatilla patens      

 
    1    2 1-3 

Ranunculus sp. 1   1-2     1-2        
Sedum integrifolium        3 3        
Sedum laceolatum 4-8 4-8 5 4-8 5-7 5-7 4-8 5-8 6-7 4-8 3-6 3-7 5 5-6 4-7 3-6 
Senecio crassulus 2-4 2-3 2-4 3 3-4 3-5 2-5 2-6 3-4 4      3 
Senecio fremontii 4   4       4 3-4    3 

Silene acaulis 2  2-3 1-3 1-3 2-4 1-5 1 2-3 1-3  1-2 1-2    
Smelowskia calycina 1 1 1-2 1-2 1 1 1-2 1-2 1-2 1-2  1 1 1   
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A4 Continued 
  Sites 

               Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Solidago nana 3-8 4-8  4-9    5   3-6 3-8 4-6 3-8 4-6 4-5 
Townsendia parryi 2-4 2-5 2-4 2-5 1-4 3-4 2-5 2-4 3-4 3-5 1-3 1-4 1-4 1-5 1-3 1-4 
Trifolium nanum   1-2 2-3 1-3 1-4 1-4 1-4 1-3 1-3  1-2 1-2    
Trifolium parryi 3-4 2-5  3-7 2-5 4 1-6 3-6 3-8  1-4 2 1 1-4 1-5 2-4 
Trollius laxus 1        1         
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